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(57) Abregé/Abstract:

One or more operating parameters, such as electrical current flow from and air flow to, a fuel cell stack within a fuel cell assembly is
periodically modulated during rehydration intervals to intermittently increase hydration levels of the fuel cell stack independently of
the electrical current demand on the fuel cell assembly from an external load, while maintaining electrical current delivery to that
external load.
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REHYDRATION OF FUEL CELLS UNDER INCREASED CURRENT DRAW INTERVALS

The present invention relates to fuel cells and in particular to proton-exchange
membrane type fuel cells in which hydrogen is supplied to the anode side of the
fuel cell, oxygen is supplied to the cathode side of the fuel cell and water by-

product is produced at and removed from the cathode side of the fuel cell.

Such fuel cells comprise a proton exchange membrane (PEM) sandwiched between
two porous electrodes, together comprising a membrane-electrode assembly
(MEA). The MEA itself is conventionally sandwiched between: (1) a cathode
diffusion structure having a first face adjacent to the cathode face of the MEA and

(ii) an anode diffusion structure having a first face adjacent the anode face of the

MFEA  The second face of the anode diffusion structure contacts an anode fluid

flow field plate for current collection and for distributing hydrogen to the second

face of the anode diffusion structure. The second face of the cathode diffusion

structure contacts a cathode fluid flow field plate for cwrent collection, for

distributing oxygen to the second face of the cathode diffusion structure, and for

extracting excess water from the MEA. The anode and cathode fluid flow field

plates conventionally each comprise a rigid, electrically conductive material

having fluid flow channels in the surface adjacent the respective diffusion structure

for delivery of the reactant gases (e.g. hydrogen and oxygen) and removal of the

exhaust gases (e.g. unused oxygen and water vapour).

An important consideration in the operation of such fuel cells 1s the management of

water within the MEA. During operation of a PEM fuel cell, product water from

the reaction between hydrogen and oxygen is formed at catalytic sites of the MEA.
This water must be exhausted from the MEA via the cathode diffusion structure at
the same time that oxygen is transported to the cathode face of the MEA.
However, it is also important that the MEA remains suitably hydrated to ensure
that the internal electrical resistance of the cell remains within tolerable hmuts.
Failure to coﬁtrol the MEA humidification leads to hot spots and potential cell

failure and/or poor electrical cell performance.
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A key function during the fuel cell electrochemical reaction between hydrogen and

oxyeen is the proton migration process via the PEM. The proton exchange process

will only occur when the solid state PEM is sufficiently hydrated. With

insufficient water present, the water drag characteristics of the membrane will

restrict the proton migration process leading to an increase in the internal

resistance of the cell- With over-saturation of the PEM there is the possibility that

excess water will ‘flood’ the electrode part of the MEA and restrict gas access to

the so called three phase reaction interface. Both these events have a negative

effect on the overall performance of the fuel cell.

Although water is produced at the cathode as part of the fuel cell reaction, it 1s

essential to maintain a water balance across the whole MEA. Where dry air 1s
introduced into the cell there is a tendency for the creation of an unbalanced water
distribution across the membrane such that the area around the inlet port 1s drier
than elsewhere. Ultimately this could mechanically stress the membrane and lead

to uneven current distribution, both of which can lead to premature failure. To

counter this, existing practice is to pre-humidify the air stream prior to its delivery

to the active part of the fuel cell. This adds to system complexity and can often be

impractical for some fuel cell applications.

In open cathode fuel cells, the cathode fluid flow field plates are open to ambient
air, usually assisted by a low pressure air source such as a fan, which provides the
dual function of stack cooling and oxygen supply. This allows a very simple fuel
cell system to be designed avoiding the large parasitic losses (i.e. the electrical

power drain of the fuel cell support systems) that would normally be associated

with a fuel cell stack utilising a pressurised cathode and a humidification sub-

system. However, the dual purpose of the air flow (for both oxygen delivery and

air cooling) may lead to a conflict in air flow requirements. A very high

stoichiometric air flow across the cathode electrodes is required for cooling and,

depending on ambient conditions and stack temperature this may result in a Jow

membrane water content (resulting in low performance) or in extreme cases a

continual net water loss from the fuel cell stack over time which will eventually

result in the stack ceasing to function. This is because for a set level of stack
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power output (current density) a balance will be achieved between the water
content of the fuel cell polymer membranes and the rate of water removal by the

flow of air. A lower current, high air flow and warmer stack will tend to reduce

the membrane water content and conversely a higher current, lower air flow and

cooler stack will increase the membrane water content.

It 1s an object of the present invention to provide an mmproved fuel cell design and

control strategy for overcoming or at least mitigating at least some of the above

disadvantages.

According to one aspect, the present invention provides an electrochemical fuel
cell assembly comprising:

a fuel cell stack comprising a number of fuel cells each having a
membrane-electrode assembly and fluid flow plates for delivery of fuel and
oxidant thereto, and an electrical output for delivery of current from the stack; and

a stack power controller for periodically and temporarily increasing the
current drawn from the fuel cell stack, in addition to or mstead of independent

current demand external to the fuel cell assembly, during rehydration intervals to

increase the hydration level of the fuel cells.

Also disclosed is an electrochemical fuel cell assembly comprising:

a fuel cell stack comprising a number of fuel cells each having a

membrane-electrode assembly and fluid flow plates for delivery of fuel and

oxidant thereto, and an electrical output for dehivery of current from the stack:

a stack controller for modulating air flow through the fuel cell stack on a
periodic basis independent of current demand on the fuel cell stack assembly to

provide rehydration intervals that increase the hydration level of the fuel cells; and

means for maintaining the current demand to a load external to the fuel cell

assembly during the rehydration intervals.

According to another aspect, the present mvention provides a method of operating

an electrochemical fuel cell assembly having a fuel cell stack comprising a number
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of fuel cells each having a membrane-electrode assembly and fluid flow plates for

delivery of fuel and oxidant thereto, and an electrical output for delivery of current

from the stack, the method comprising the steps of:

periodically and temporarily increasing the current drawn from the fuel cell

stack independent of current demand external to the fuel cell assembly during

rehydration intervals to increase the hydration level of the fuel cells; and

maintaining the current demand to a load external to the fuel cell assembly

during the rehydration intervals.

According to another aspect, the present invention provides a method of operating

an electrochemical fuel cell assembly having a fuel cell stack comprising a number

of fuel cells each having a membrane-electrode assembly and fluid flow plates for

delivery of fuel and oxidant thereto, and an electrical output for delivery of current
from the stack, the method comprising the steps ot:

modulating air flow through the fuel cell stack on a periodic basis
independent of current demand on the fuel cell stack assembly to provide
rehydration intervals that increase the hydration level of the fuel cells while

maintaining the current demand to a load external to the fuel cell assembly during

the rehydration intervals.

In a general aspect, the invention provides a fuel cell assembly in which one or

more operating parameters, such as electrical current flow from, and air flow to, a

fuel cell stack within the assembly is periodically modulated during rehydration

intervals to intermittently increase hydration levels of the fuel cell stack

independently of an electrical current demand on the fuel cell assembly from an

external load to the fuel cell assembly. During the rehydration interval, the

electrical current delivery to the external load 1s maintained.

Embodiments of the present invention will now be described by way of example
and with reference to the accompanying drawings in which:
Figure 1 1s a graph showing cell potential as a function of time for

conventional steady state operation of a fuel cell compared with pulsed current

operation of the fuel cell for two different pulse repetition mtervals;

4
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Figure 2 is a graph showing instantaneous and averaged cell potential as a

function of time for conventional steady state operation of a fuel cell compared

with pulsed current operation;

Fioure 3 is a schematic diagram of an electrochemical fuel cell power unit

for implementing a pulsed current operation scheme;

Figure 4 is a graph showing stack voltage and stack current as a function of

time before, during and after a stack hydration pulse; and

Figure 5 is a graph showing the comparative improvement in fuel cell

performance for the pulsed current operation in (i) a fuel cell with single layer

-

cathode diffuser, and (ii) a fuel cell with multi-layer cathode d1 |

ser.

The invention proposes temporarily disrupting the equilibrium (as would be

determined by existing operating conditions of a fuel cell stack) of membrane

water content and rate of water removal to achieve a higher stack and system

efficiency. The procedure involves producing excess water at the fuel cell cathode
for short periods of time and subsequently operating the stack with a higher

performance while the equilibrium with a lower water content is gradually re-

established. The process can be repeated at certain interval ifrequencies as

required.

The short periods of time during which excess water is produced are referred to in

this specification as ‘rehydration intervals® which expression is intended to indicate

a period of time in which the fuel cell assembly actively controls its operating

environment to purposively increase hydration levels above a level that would
otherwise prevail based on the external electrical load on the fuel cell and its
environmental operating conditions such as temperature. This rehydration process

can be achieved by one or both of the following techniques:

a) Operation of the fuel cell at a higher power output than the ‘normal’
operating conditions as determined by the externally applied load on the fuel cell

assembly, hence producing excess water via the electrochemical reaction, and
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b) Modulation or brief stoppage of the amount (flow rate) of air through the

fuel cell to minimise the water removal process,

The main benefit of this procedure is an improved performance during the normal

operating conditions due to a higher cell voltage, giving improved energy

conversion efficiency. This results in a lower stack operating temperature that can

extend the life expectancy of the membrane. The beneficial effects of the
rehydration procedure described here is most evident during start-up of a fuel cell
assembly. This is particularly the case for conditioning a newly-built fuel cell

where the rehydration process can improve the response of an unconditioned fuel

cell stack to immediate large load demands. )

A secondary benefit is allowing air-cooled (open cathode) fuel cell stacks to
operate in a wider range of environments, especially hotter and drier ambient
conditions. In a fuel cell system utilising an open cathode stack, conventionally
the only way to adjust the fuel cell membrane water content is to change the air

flow delivered by the cooling fan, where an increase in air flow will result in a

lower stack temperature and conversely a lower air flow will heat the stack.

However, depending on ambient air humidity, either of these actions can actually

result in further water loss from the stack. The invention proposes integrating a

fuel cell stack into a system with hardware and an operational controller to provide

for rehydration not directly dependent on operating ambient and external load

conditions so as to maintain a more optimum performance.

The effect of periodically and temporarily increasing the current drawn from a fuel
cells above its base load to a higher current is shown in figure 1. Here, the stack

was operating at a base load of 320 mA/cm®. The base load may be considered as

that which is determined by the external current demand on the fuel cell assembly,

together with any continuous parasitic load on the fuel cell stack by the fuel cell

assembly itself (i.e. control circuits, fans, etc). The periodic and temporary

increased current demand on the fuel cell stack occurred as current pulses in which
the stack current was increased to 900 mA/cm® for a rehydration interval of

approximately 5 seconds at two and five minute intervals respectively. The overall
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improvement in efficiency was based on the lower heating value (LHV) ot H» at 50

degrees C and assumes zero efficiency during the 5 second rehydration pulse at

high load.

A steady state base load of 320 mA/cm” results in a cell voltage of just over 0.65 'V
as shown by line 10 in figure 1 and an LHV of 52.4%. The cell voltage when
operated with rehydration intervals of 5 seconds duration every 2 minutes 1s given
by line 11 in figure 1. This corresponds to a rehydration duty cycle of about 4.2%
and gives an LHV of 57.6%. The cell voltage when operated with rehydration

intervals of 5 seconds duration every 5 minutes is given by line 12 in figure 1.

This corresponds to a rehydration duty cycle of about 1.7% and gives an LHV of
57.2%.

The scale of the immediate increase in cell voltage after the rehydration intervals

and the following decay is clear in figure 1. The improvement in performance will

depend on the water retention factors of the fuel cell, in particular the

characteristics of the polymer membrane and any gas diffusion layers incorporated

therewith as well as the temperature and air flow through the cell stack. The

hydration intervals are especially effective when used in conjunction with
advanced diffusion media adjacent to the MEA which assist in control and

retention of water levels at the membrane. The invention is therefore particularly

advantageous when used in conjunction with multi-layer diffusion structures that

assist in water trapping, such as the arrangement for open cathode stacks described

in UK patent application 0501598.7 and the corresponding international patent
application PCT/GB2006/000074. Figure 5 shows a comparison between the

improvements in fuel cell performance observed for the pulsed current operation 1n

(1) a fuel cell with a single layer cathode diffuser, and (ii) a fuel cell with a multi-

layer cathode diffuser. The upper trace shows the cell voltage for configuration (11)
and the lower trace shows the cell voltage for configuration (1). The rehydration

pulses occur every ten minutes.

Figure 2 illustrates the effect on real time and averaged cell voltage of a fuel cell

with and without rehydration current pulses. The cell voltage axis represents the
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average cell voltage across an entire stack, i.e. the stack voltage divided by the

number of cells in the stack. The upper straight line 20 shows the time-averaged,

cell voltage of just over 0.69 V, and the upper trace 21 shows the mstantaneous cell
voltage, both when the stack is operated with rehydration intervals. The lower

straight line 22 shows the time-averaged cell voltage of just over 0.65 V, and the

lower trace 23 shows the instantaneous cell voltage, both when the stack is

operated without rehydration intervals. It should be hoted that the lower trace 23

&

exhibits some periodicity at a different frequency than that of the upper trace 2_1

because there is, in both cases, a periodic anode purge to clear water build up on an
otherwise closed-ended anode conﬁgﬁration, and this dominates the lower trace 23.
Periodically, the closed-ended anode is switched to open-ended configuration to

purge water from the anode for about 1 second. However, the effects of the

rehydration intervals are very clear from the significant increase in average and

instantaneous voltages 20, 21 over the equivalent voltages 22, 23 without

rehydration 1intervals.

To use the effect of rehydration intervals on a fuel cell system requires an

additional control system as described in connection with figure 3.

An electrochemical fuel cell assembly 30 comprises a fuel cell stack 31 having a

number of fuel cells 32 connected in series. Each fuel cell 32 includes a

membrane-electrode assembly and fluid flow plates for delivery of fuel and

oxidant thereto, in accordance with conventional fuel cell stack design. An

electrical output 33 provides for delivery of electrical current from the stack 31. A

cooling system 34, such as a fan, provides both cooling air flow and oxygen to the

flow plates. Power from the fuel cell assembly 30 is delivered to an external load

41 by external power output terminals 35 via relays 42 and 43.

An internal electrical load 36 is switchable, by switch 37 under the control of a

power controller 38, to periodically and temporarily increase the current drawn

from the fuel cell stack 31. An auxiliary or ‘reservoir’ power source 39 1s

connected to the output terminals 35, through relay 43, to supply power to the

power output terminals 35 at times when the fuel cell stack 31 1s switched to

8
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supply the internal load 36. The load control circuit 40 and cooling system 34 may

also be under the control of the power controller 38. The reservoir power source

39 is preferably a rechargeable battery but any other form of suitable charge

storage device may be used, such as supercapacitors. The load control circuit 40 1s

preferably a DC/DC converter.

use, the fuel cell stack 31 is normally switched to supply the external load 41,

and the internal load 36 and reservoir power source 39 are both electrically 1solated

from the fuel cell stack 31 and the power output terminals 35.

However, during rehydration intervals, the power controller 38 opens relay 42 and

operates switch 37 so that the reservoir power source 39 is isolated from the fuel

cell stack 31 and current from fuel cell stack 31 is diverted to the internal load 36.

To avoid interruption of power to the external load 41, at the same time, the power

controller 38 maintains relay 43 in a closed condition to maintain electrical

continuity between the reservoir power source 39 and the power output terminals
35 thereby supplying the external load 41. At the end of a rehydration interval, the
controller 38 operates switch 37 and relay 42 to isolate the internal load 36 from

the fuel cell stack 31 and to reconnect the fuel cell stack to the output terminals 41.

At this time, the reservoir power source 39 preferably remains connected so that it

can be recharged by current from the fuel cell stack 31. After a suitable charging

period, the load control circuit 40 may operate to isolate the reservoir power source

39 using a third relay 44. Alternatively, the reservoir power source 39 could

simply remain connected at all times.

Thus, it will be understood that the fuel cell stack 31 is the main power source but

during the rehydration interval, the battery 39 is the sole provider of power to the
external load 41. When the fuel cell stack 31 comes back on line, it is able to fully

recharge the battery 39 and as the battery approaches full state of charge the

current into it will diminish.

Various modifications may be made to this arrangement. For example, the switch

37 need not be of the double throw variety if it 1S not necessary to isolate the fuel

9
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nd internal load 36 from the external load 41 during the rehydration

—liyaf

cell stack 31 ¢

interval. In other words, providing that the required power can still be delivered to

the external load 41 during a rehydration interval, then in principle the internal

load 36 can simply be added to the external load 41 in parallel during the
rehydration interval. In this case, a reservoir power source 39 might not be strictly
necessary since current is maintained from the fuel cell stack 31 to the external
load 41 even during the rehydration interval. Similarly, the power output terminals
35 could be directly connected to the fuel cell stack 31; the internal load 36
switched in and out in a first parallel circuit as required; and the reservoir power

source switched in and out with charge control in a second parallel circuit, as

required.

Thus, in a general aspect, it will be recognised that the stack power controller 38
may use the internal load 36 for periodically and temporarily increasing the current

drawn from the fuel cell stack in addition to or instead of independent current

demand external to the fuel cell assembly during the rehydration intervals. If

necessary, a power control device could be used to switch in the internal load 36

on a controlled basis to avoid large switching transients.

Rehydration intervals may also be implemented using a periodic and temporary

reduction in air flow to the cathodes of the fuel cell stack 31. Thus, the power

controller 38 may be configured to reduce power to the cooling fan 34 during a

rehydration interval. Preferably, the cooling fan is switched off during the

L o |

rehydration interval.

Thus, in a general aspect, the stack power controller 38 may modulate air flow
through the fuel cell stack 31 on a periodic basis independent of electrical current
demand on the fuel cell stack to provide rehydration intervals that increase the

hydration level of the fuel cells. The expression ‘independent’ in this context 1s

intended to indicate independence from immediate or transient changes in the

external electrical load 41 on the fuel cell assembly 30.

10
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Both air flow modulation and increased load may be used for the purposes of

implementing rehydration intervals. The graph of figure 4 illustrates current and

I

voltage profiles for this operation. The upper trace 50 represents stack voltage as a

function of time, and the lower trace 51 represents stack current as a function of

time.

During time period 52 (t = 0 — 6 seconds), normal operation of the fuel cell is

illustrated. During the next time period 53 (t = 6 — 10 seconds), the cooling fans

34 providing the cathode air flow are turned off causing a rise in stack temperature.

Towards the end of this time period, a small reduction in cell voltage is observed,

with a corresponding small rise in current to maintain constant power, due to mass

transport limitations. At the point where the voltage input to the DC/DC converter
40 approaches that of the terminal voltage of the battery 39, current from the fuel

cell is reduced towards zero. Here, power delivery to the output terminals 35 will

be supplemented by the battery 39.

The output from the fuel cell stack 31 is then isolated by opening relay 42 under

minimum electronic load leaving the battery 39 to provide the continuous power

supply to the application (e.g. external load 41), evidenced by the current falling to
zero in time period 54 (t ~ 10 — 11 seconds). At time t = 11 seconds, the internal
load resistor 36 is switched across the terminals 33 of the fuel cell stack 31, as '
evidenced by the spike 55. This electrically loads the fuel cell stack 31 further for

a controlled period of time, namely a high current interval 56 (t ~ 11 — 12 seconds).

During this high current interval 56, the remaining oxidant within the fluid flow
channels of the fuel cell stack 31 is consumed and the stack terminal voltage is

pulled down towards 0 V. Without the fans 34 drawing the water by-product

away, excess water remains at the MEA / gas diffusion layer interface of each cell

31. After the high current interval 56, the fuel cell stack 31 is isolated from all

electrical load during isolation interval 57 (t = 12 — 16 seconds). During this

isolation interval, current flow is zero and the stack voltage 50 recovers to a peak

at point 58 (t = 16 seconds). During a reconnection time interval 59 (t ~ 16 — 18

seconds), power from the stack 31 is brought back on line in a controlled manner

11
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using the digital control on the DC/DC converter 40 to gradually increase the

current limit set point. At point 60, the fuel cell 1s fully on Ime and commences

recharging the battery 39 (at t = 18 seconds). The fuel cell recharges the battery as

well as supplying power to the external load 41 during the following time period

61. The current gradually falls as the battery 39 approaches full state of charge.

After a suitable time interval, e.g. between 2 and 5 minutes, the next rehydration

operation is initiated (not shown in figure 4). Any suitable time interval may be

used that is effective to provide a useful average increase in cell voltage.

Depending upon ambient conditions, such as temperature and humidity, and on

whether the fuel cell is run under a constant fixed or variable load, the time interval

might be as short as 1 minute or as long as 2 hours, for example.

The optimum frequency of the rehydration operations can depend on a number of

factors, including atmospheric conditions such as temperature and humidity.

When a multi-layer cathode gas diffusion layer is used, there can be a significantly

larger increase in electrochemical performance and a longer period of time for the

fuel cell performance to return to an equilibrated level compared to a single gas

diffusion layer arrangements. This is also the case for using the technique with

open cathode stacks as opposed to conventional pressurised cathodes where, 1n the

latter case, the forced air flow channelling quickly removes the excess water.

Preferably, the rehydration operations are implemented automatically on a fixed

periodic basis. However, it will be understood that a further control algorithm may

be used to switch the fuel cell assembly 30 between a normal mode in which no

rehydration operations take place, and a rehydration mode in which the periodic

and temporary rehydration operations are performed. The periodicity of the

rehydration operations may be controlled according to some measurable stack

operating parameter, such as average temperature, humidity, voltage profile,

current profile and power demand etc. The duty cycle of the rehydration intervals

may be controlled according to some measurable stack operating parameter such as

average temperature, humidity, voltage profile, current profile and power demand

etc. Preferably, zero current is drawn during the isolation interval 57, but it will be

12
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understood that a low current might be drawn. In some embodiments, the 1solation

interval might not be required.

Other embodiments are intentionally within the scope of the accompanying claims.
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CLAIMS

1. An electrochemaical fuel cell assembly comprising:
a fuel cell stack comprising a number of fuel cells each having a membrane-electrode
assembly and fluid flow plates for delivery of fuel and oxidant thereto, and an electrical

output for delivery of current from the stack; and

a stack power controller comprising a switchable load device, the stack power
controller adapted to periodically and temporarily increase the current drawn from the fuel
cell stack, in addition to or instead of independent current demand external to the tuel cell
assembly, by passing current from the fuel cell stack through the switchable load device

during rehydration intervals to increase the hydration level of the fuel cells.

2. The assembly of claim 1 further including a reservoir power source coupled to
external power output terminals of the fuel cell assembly, in which the stack power controller
is adapted to electrically isolate the electrical output of the fuel cell stack from the external

power output terminals during the rehydration intervals.

3. The assembly of claim 1 further including a reservoir power source coupled to
external power output terminals of the fuel cell assembly, and a load control device tor
controlling delivery of current to the external power output terminals from one or both of the

reservoir power source and the fuel cell stack.

4, The assembly of claim 2 or claim 3 in which the reservoir power source 1s a

rechargeable battery.

5. The assembly of claim 1 in which the stack power controller 1s adapted to implement

the rehydration intervals at regular tumes.

6. The assembly of claim 1 or claim 5 in which the stack power controller 1s adapted to

implement the rehydration intervals in response to a fuel cell stack parameter being within a

threshold criteria.

14
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7. The assembly of claim 1 in which the stack power controller is adapted to implement
rehydration intervals which each include a high current interval in which current drawn from
the fuel cell stack 1s higher than the normal operating current demand and an isolation

interval in which the current drawn from the fuel cell stack is lower than the normal operating

current demand.

8. The assembly of claim 7 in which the controller is adapted to electrically isolate the

fuel cell stack during the 1solation interval.

9. The assembly of claim 3 in which the load control device is adapted to ramp up power
delivery from the fuel cell stack to the external power output terminals following the

rehydration interval.

10. The assembly of claim 1 in which the stack power controller is adapted to modulate

air flow through the fluid flow plates of the fuel cell stack during the rehydration interval.

11. A method of operating an electrochemical fuel cell assembly having a fuel cell stack
comprising a number of fuel cells each having a membrane-electrode assembly and fluid flow
plates for delivery of fuel and oxidant thereto, and an electrical output for delivery of current
from the stack, the method comprising the steps of:

periodically and temporarily increasing the current drawn from the fuel cell stack
independent of current demand external to the fuel cell assembly during rehydration intervals
to mcrease the hydration level of the fuel cells by passing current from the fuel cell stack
through a switchable load device within the fuel cell assembly; and

maintamning the current demand to a load external to the fuel cell assembly during the

rehydration intervals.

12. The method of claim 11 1n which the step of maintaining the current demand during

rehydration intervals comprises using a reservoir power source.

15
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