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Operational aspects of a large PEFC stack under practical conditions
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Abstract

Measurement results obtained from single-cell experiments give insight of electrochemical processes and allow for their optimization.
However, the operator of large fuel cell stacks is confronted by a different set of problems that do not arise in such small scale experiments.
Typically in a fuel cell stack the reactants and the cooling medium are fed in parallel to the cells. This can lead to an uneven flow distribution
in the flow channels and an uneven cell voltage distribution across the stack. Therefore, a cleverly devised control and monitoring system
is required to ensure that no unbalanced strain is put on the stack. This paper investigates some aspects critical to the operation of large
fuel cell stacks in automotive applications such as control issues in the supply system, stack failures, and the appropriate countermeasures
as well as some procedures to increase the voltage stability.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

For a given set of operating parameters (such as system
pressure, temperature, and gas stoichiometry) the fuel cell
voltage is essentially determined by the applied current.
All polymer electrolyte fuel cells (PEFC) exhibit similar
voltage/current relationships, as illustrated inFig. 1. The
semi-exponential behavior at low current densities is due
to the activation overpotential of the oxygen reduction. In
the intermediate current density region the pseudolinear
behavior is caused predominantly by ohmic losses. At high
current densities the cell potential decays rapidly due to
mass-transport limitations. At zero current the voltage is
the highest. Its value is given by the standard potential of
the chemical reaction. The value for the hydrogen–oxygen
couple is 1.23 V at standard conditions. However, under
practical conditions the open-circuit potential (voltage at
zero current) will settle at values slightly below 1 V. This
deviation can be explained if the open-circuit potential is
considered to be a mixed potential due to the simultaneous
occurrence of the two-electron and four-electron oxygen
reduction reactions. Impurity oxidation can also contribute
to the reduction of the observed open-circuit potential (for
more details see[1,2]).
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To achieve a high power density (W/kg) of the fuel cell
stack, it should be operated at high current densities. How-
ever, the current cannot be increased at will, as the power
output will reach a maximum due to the falling voltage. After
this maximum the power output will decrease with increas-
ing current density. The maximum power density of a fuel
cell stack is highly dependent on the operating parameters.

With increasing current density the following aspects have
to be considered:

• The fuel cell efficiency decreases along with the decreas-
ing fuel cell voltage.

• The amount of heat which has to be removed from the
system increases superproportionally.

• The supply of the reactant gases is proportional to the
current.

• The uniformity in cell voltage levels decreases.

Therefore, under practical conditions the fuel cell is often
not operated up to the maximum power output. The maxi-
mum current density which is applied to the fuel cell system
is thus case sensitive and has to be considered under the as-
pects listed above. The chosen value depends on the setup
of the fuel cell system. For well optimized system the value
may be as high as 1 A/cm2.

In this paper, several aspects are discussed, which need to
be considered when a fuel cell stack is operated under prac-
tical conditions, e.g. in an automotive application. To gain
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Fig. 1. Typical polarization curve of a H2/air fuel cell with major loss
contributions.

a better insight and a better understanding of the limitations
which arise, if a fuel cell is operated under these conditions,
a testbench was constructed to reproduce conditions simi-
lar to those in an automotive application. An almost iden-
tical setup was used in the experimental fuel cell vehicle
‘Hy.Power’ [3]. In this paper the setup of this testbench is
described and some control issues are pointed out. Further-
more, typical causes of failures based on results from the
testbench are discussed and procedures are proposed that
lead to performance improvements of the fuel cell stack.

2. Experimental setup

The testbench described in this section is closely related
to the fuel cell system used in the experimental vehicle
Hy.Power, which is a fuel cell powered electric vehicle, as-
sisted by a supercapacitor storage. It was designed and con-
structed in a joint project by the Paul Scherrer Institute, the
Swiss Federal Institute of Technology (ETH) and various
industrial partners and has been demonstrated on numerous
occasions since its completion in 2002[3].

The testbench was designed and constructed to be as sim-
ilar to the vehicle as possible. Many parts used in the test-
bench are also found in the vehicle. However, the piping in
the testbench is longer than in the vehicle in order to avoid
any physical constraints caused by components placed in
too close vicinity.

2.1. Fuel cell stack

The two main parts of a fuel cell are the bipolar plates
and the membrane–electrode-assemblies (MEA). The bipo-
lar plates have to distribute air and hydrogen to the MEA, to
comprise the cooling channels, to avoid mixing of the differ-
ent media, to ensure that none of them leak to the exterior,
and to conduct the current between the cells. New bipolar
plates have been developed and optimized with regard to vol-
ume, weight and manufacturing. More details can be found
elsewhere[4]. The MEA is made up from commercially

available membranes (Nafion 112, DuPont) and gas diffu-
sion electrodes (ELAT, E-Tek, 0.5 mg Pt/cm2), while the re-
spective preparation and assembly procedures were newly
developed.

The fuel cell stack consists of 100 cells with an active
area of 204 cm2. Under optimal conditions with regard to
pressure, humidity, reactants flow, and temperature the elec-
trical output capability of the stack is 6 kW at 0.6 V/cell. The
cells are electrically connected in series, while the reactant
gases and the cooling liquid are fed in parallel to the cells.
Since each cell has 26 flow field channels, a total of 2600
channels have to be supplied.

3. Fuel cell system

The direct hydrogen fuel cell system (seeFig. 2) may
be divided into three subsystems according to the fluid it
handles:

• air subsystem: supply the process air at the required pres-
sure, flow rate, temperature, and humidity;

• H2 subsystem: supply hydrogen at the required pressure
and flow rate;

• cooling subsystem: guarantee adequate cooling of the fuel
cell stack and ensure small temperature gradient across
the stack.

3.1. Air supply

The supply of air to the cathode is handled by a twin-screw
compressor (Opcon OA1040) and a continuous pressure
valve (Bürkert). A supersonic atomizer (Lechler) is used for
the humidification of the air stream.

With regard to the air supply of the fuel cell system, four
states need to be controlled: mass flow, pressure, inlet tem-
perature, and humidity, but only three actuators are available,
namely the compressor, the pressure valve, and the humid-
ification device. By injecting liquid water droplets into the
hot air leaving the compressor the air stream is cooled and
the humidity is increased. Therefore, the inlet temperature
and the humidity are coupled and cannot be controlled inde-
pendently in this setup. Excessively high inlet temperatures
may damage the fuel cell membrane whereas a low humid-
ity results in poor stack efficiency. The amount of injected
water is thus used to control the temperature, whereas the
humidity is allowed to float.

The control of air mass flow and air pressure was achieved
with two independent closed-loop control systems. The mass
flow control loop consists of the compressor, a mass flow
sensor (TSI 4020), and a simple PI controller. Similarly, the
pressure-control loop is made up of the continuous pressure
valve (Bürkert), a pressure sensor (Bürkert) and another PI
controller. Although mass flow and pressure interact (e.g.
an increase in mass flow translates into a higher pressure
if the valve position is kept unchanged), experiments have
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Fig. 2. Diagram of the testbench setup, consisting of air supply, hydrogen supply, and cooling.

proven that the fuel cell acts as a sufficient damping element
and that PI controllers provide satisfactory results. Never-
theless, state-based controllers decouple pressure and mass
flow more effectively and show a superior behavior with re-
gard to response time and to deviations from the setpoint.

3.2. Hydrogen supply

The hydrogen supply is described in detail elsewhere[5].
In short, hydrogen is stored in a high-pressure tank at up
to 200 bar. Using a reduction valve (Gloor) and a control
valve (Bürkert) hydrogen is fed to the fuel cell stack. Excess
hydrogen is recirculated by means of an ejector (Festo).
In addition, pressure waves are used to assist the removal
of water droplets in flow channels. These pressure waves
are generated in three different ways. First, the fuel cell is
periodically supplied (in very short intervals of less than
0.5 s) with hydrogen at pressures higher than the operating
pressure. Second, also periodically, hydrogen is sucked from
the exit of the fuel cell into a low pressure vessel generating
low pressure pulses. The pump used to build up the vacuum
in this vessel discharges the hydrogen to the entrance of
the fuel cell. Finally, hydrogen is purged to the environment
through a valve at the exit of the fuel cell (however, this
option is not used under regular operating conditions).

In order to achieve the best performance of the fuel cell
stack, mass flow, pressure, inlet temperature, and humidity
need to be controlled on the hydrogen side as well. Because
of the stringent limitations on space and weight in an auto-
motive application no humidification device was installed in
the hydrogen feed. However, since part of the hydrogen is re-
circulated, dry hydrogen from the tanks is mixed with hydro-
gen which already passed through the stack and thereby took

up water. Experiments have shown that in thin membranes
(such as Nafion 112) the water flux due to back-diffusion
to the anode can effectively compensate the flux due to
the electro-osmotic drag. Hence, the water is more evenly
distributed in a thin membrane. Due to the fact that the
hydrogen flow is considerably smaller than the air flow, the
capacity of hydrogen to carry water is also considerably
smaller. Therefore, the lack of a proper humidification de-
vice in the hydrogen feed is not considered to be of major
concern as the humidification of the air flow is much more
important. Furthermore, since the hydrogen expands from
high-pressure tanks prior to entering the fuel cell, the dan-
ger of excess temperature does not arise. Therefore, in this
setup neither temperature nor humidity are controlled on
the hydrogen side.

Although the fuel cell stack is fed with a surplus of
hydrogen, from a system point of view the fuel supply is
a deadend system. As a consequence only one degree of
freedom exists to control either mass flow or pressure. A
large pressure difference across the membrane between
the air and hydrogen side would damage the membrane.
Therefore, precautions have to be taken to avoid any large
pressure deviations by controlling the hydrogen pressure
or the pressure difference across the stack (realized again
with a PI controller). The mass flow then adjusts itself ac-
cording to the pressure drop across the pressure-regulating
valve. Under steady-state conditions the hydrogen mass
flow into the system equals the hydrogen consumed by
the electrochemical reaction. In transient conditions there
is lag, which causes a shortage of hydrogen and possibly
even a local starvation of the reaction. This phenomenon
is avoided by the above-mentioned recirculation of a cer-
tain amount of hydrogen, hence by supplying the fuel cell
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continually at larger than stoichiometric values. Without
this arrangement only very limited dynamics would be
achievable.

3.3. Cooling

The configuration of the cooling system is rather straight-
forward. The liquid cooling loop designed to cool the cells,
consists of a continuous-controlled pump and a radiator with
two fans of different size (standard automotive parts). The
fans are operated independently, although only in an on–off
mode. As the cells are fed in parallel, it is difficult to ob-
tain an equal flow through all cells, especially at reduced
flows. At low flows insufficient cooling and hot spots in the
membrane may occur, as some cells may not be properly
fed with cooling liquid. This is avoided by not operating the
pump in the region with small flows. Sufficient flows in all
cells are thus achieved even at low fuel cell loads, although
at the expense of a slightly higher power consumption. Fur-
thermore, the effect of intensive cooling with an accompa-
nying falling stack temperature has to be accepted, although
this effect is lessened if the radiator is bypassed. The pump
is controlled by a PI controller, whereas binary controllers
control the fans.

The control algorithms are centrally managed by a
dSpaceTM DS1003 Processor Board. Matlab/SimulinkTM is
used to program the control algorithms. Logical sequences
were programmed with the help of the Matlab toolbox
StateflowTM. Euler’s method was chosen as a solver, with
a fixed step size of 5 ms.

The communication between the sensors and the dSpace
system, as well as the communication to the actuators are
handled by a CAN-Bus. For this purpose the highly flexible
WAGO 750 CANopen series is installed, which is a modular
I/O system. Modules are available for almost every type
of sensor signal or actuator output, and the configuration
can be expanded easily by adding additional elements. The
load for dissipating the electric power is a Höcherl & Hackl
electronic load, type DS5010, capable to sustain loads of up
to 100 A or 5 kW.

4. Failures

Since all cells in a stack are electrically connected in
series, the reliability of a stack depends on a satisfactory
operation ofall individual cells. The probability of a stack
failure is found to increase with the number of cells in a stack
[6]. Thus, stacks with a large number of cells call for special
precautions. In the following some typical causes of failures
are outlined and feasible countermeasures are discussed.

4.1. Undersupply and negative voltage

In order to sustain the chemical reaction, the cells must
be supplied with reactant gases at stoichiometric or prefer-

ably higher values, as the completely uniform distribution
of the reactant gases to the many channels cannot be guar-
anteed. An even fluid distribution to all these channels is
difficult to achieve, since slight deviations in the flow re-
sistance lead to variations of the flow. At high utilization
rates these flow discrepancies translate into variations of
the cell voltage across the stack. These discrepancies are
assumed to result from liquid water droplets forming in
the flow channels and thereby interfering with the gas flow,
from small geometric deviations in the channel geome-
try of the plates, from thermal inhomogeneities and from
other effects. An undersupply of the cells with reactant
gases will lead to a breakdown of the chemical reaction
and a rapid loss in voltage. The voltage might even drop
to negative values and decomposition of electrochemical
components and local heat generation (“hot spots”) would
damage the cells permanently. Therefore, an undersupply
of reactant gases must be avoided under any circumstances.
Special care must be taken particularly under dynamic
load changes, when the applied current changes very fast
compared to the response of the reactants supply sys-
tem.

If only the stack voltage is monitored the breakdown of
a single cell in a large stack is difficult to detect. In a stack
of 100 cells, the failure of one cell causes the stack voltage
to decrease by only 1 %. Voltage changes in this range may
also be attributed to phenomena occurring throughout the
stack such as dehydration of the membranes or flooding
of the gas diffusion electrodes. These phenomena cause a
slight deterioration in every cell. Therefore, the monitoring
of only the stack voltage makes it difficult to distinguish the
accumulation of slight deteriorations in all cells from the
breakdown of a single cell.

A solution to improve matters is the monitoring of every
cell voltage or at least of a small group of cells. Groups of
no more than five cells seem feasible, since the failure of a
single cell will lead to a drop of at least 20% in the group
voltage, which can be identified. However, with single-cell
monitoring the wiring increases dramatically. Furthermore,
reliable and cost efficient electronics are needed to mea-
sure the cell voltages. Once the single-cell monitoring de-
vice is installed, appropriate countermeasures must be ar-
ranged. The detection of a drop in cell voltage will not give
any insight into the cause of the failure. The cell might have
failed due to the blocking of channels or reaction sites by
excess water, due to overheating by temporarily insufficient
cooling or due to a mechanical failure of the membrane. A
highly sophisticated diagnosis system is required to decide
on the appropriate countermeasure. When a cell failure is
detected the complete shutdown of the fuel cell system is the
most secure action. However, to maintain the operation of
the fuel cell other actions might be more appropriate, such
as temporary reduction of the load, increase in stoichiom-
etry of the reactant gases (to blow out excess water) or re-
duction of the cell temperature (to assist the hydration of the
membrane).
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4.2. Leaks in membrane

Either mechanical stress or hot spots might cause leaks in
the membrane that give way to a direct mixing of hydrogen
and oxygen within the cell. In the presence of the electro-
catalyst, this leads to a thermal combustion of hydrogen and
the generation of heat. This causes the leak to grow, mak-
ing matters worse. The generation of large amounts of heat
will also affect neighboring cells, as the rising temperature
causes a dehydration of neighboring membranes, resulting
in an increase in the membrane resistance and a consequent
rise of the heat generation also in the neighboring cells. In
the long run, hot spots will also form in the neighboring
cells, causing a domino effect. Hot spots are difficult to de-
tect as the effect is locally limited.

4.3. Overheating

Overheating of the fuel cell stack leads to severe dehy-
dration of the membrane, resulting in a larger resistance
and a performance loss. Furthermore, overheating might
cause permanent damage to the membrane. In practical
applications the temperature of the cooling water will only
be measured at the entrance and exit of the fuel cell stack.
Therefore, local overheating due to a varying distribution of
the cooling water across the stack is impossible to detect.
Especially at low circulation rates slight deviations in the
flow resistance of the cooling channels might lead to an
uneven flow distribution across all channels, thus causing
local overheating. Consequently, during the construction
process special care must be taken to ensure that all path-
ways have an equal flow resistance. The formation of air
pockets can also contribute to local overheating as the flow
of the cooling water is interrupted in this area. Hence the
fuel cell should be operated at all times with a sufficient
minimum cooling flow to avoid local overheating.

4.4. Large differential pressure

A large pressure difference across the membrane between
the reactant gases causes mechanical stress on the mem-
brane and may tear it. Holes in the membrane result in
the direct mixing of hydrogen and oxygen and the produc-
tion of heat through catalytic combustion. The consequence
of leaks in the membrane has already been discussed in
Section 4.2. To avoid large pressure differences, controllers
that react swiftly to pressure changes (τ < 50 ms) are re-
quired. Countermeasures must be taken against fast pressure
changes due to valve malfunctioning, bursts in the piping or
controller over-/undershoots. As a first measure, pressure re-
lief valves should be installed. Further, the pressure-control
valve should be of normally open type to allow the gases
to escape if the power supply fails. Additionally, a device is
required which can react to large differential pressures. This
may be accomplished either by a control algorithm using
pressure sensors and valves or better by a purely mechanical

device. The main advantage of a mechanical device is that
it is not impaired by controller malfunctioning, interrupts in
the power supply, or loose contacts in the wiring.

5. Results and discussion

5.1. Voltage distribution in stack

The stack voltage divided by the number of cells in the
stack gives the mean cell voltage. AsFig. 3 shows (at three
different current levels), the actual cell voltages differs from
this mean voltage. The mean voltage and the standard de-
viation are shown as a function of the current density in
Fig. 4. In the region of low current densities the deviations
are small, whereas at high current densities they may amount

0 20 40 60 80 100

0.4
0.6
0.8

1

U
 [V

] @
 0

 A

0 20 40 60 80 100

0.4
0.6
0.8

1
U

 [V
] @

 3
0 

A

0 20 40 60 80 100

0.4
0.6
0.8

1

U
 [V

] @
 7

0 
A

Cell No [−]

Fig. 3. Measured variation in single-cell voltage of a 100-cell stack at var-
ious current levels (active area 204 cm2). Cell temperature, 60◦C; air dew
point, 45◦C; air stoichiometry, 2.2; air/hydrogen pressure, 2/2.2 barabs.

0 0.05 0.1 0.15 0.2 0.25 0.3
0.4

0.5

0.6

0.7

0.8

0.9

1

vo
lta

ge
 U

 [V
]

current density i [A/cm2]

mean voltage
max voltage
min voltage

Fig. 4. Measured mean voltage of 100-cell stack with standard deviation.
Also shown are the minimum and maximum voltage levels. Stack was
operated at 30 A (0.15 A/cm2) for 30 min prior to recording. Cell tem-
perature, 60◦C; air dew point, 45◦C; air stoichiometry, 2.2; air/hydrogen
pressure, 2/2.2 barabs.



P. Rodatz et al. / Journal of Power Sources 128 (2004) 208–217 213

to 5% or more of the mean voltage.Fig. 4 also shows the
maximum and minimum voltages, whereby in this particular
stack especially the minimum voltage deviates substantially
from the mean.

Variations in the cell voltages are the cumulative result of
at least four sets of factors:

• uneven flow distribution of the reactant gases;
• non-uniform temperature field in the stack;
• different states in the ageing process;
• defects or tolerance of fabrication in particular cells.

The flow distribution is strongly coupled to the flow resis-
tance in the channels and the cells. The pressure loss in pip-
ing systems, where the gravitational head may be neglected,
is typically calculated as follows:
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(
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d
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Here f represents the friction factor,l the channel length,d
the hydraulic diameter,ρ the density,v the flow velocity and
K is the hydraulic resistance.

Using
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whereV̇ is the flow rate andA the channel cross-section and
rewriting Eq. (1)yields:
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The index k relates to one flow channel. Since all flow chan-
nels are fed in parallel, the pressure loss across all cells is the
same. Therefore, the flow in each channel will vary with the
resistanceRk. The flow resistance is primarily influenced by
restrictions in the cross-section of the flow channels. These
may be caused by variations in the flow channel depth and
width due to fabrication tolerances, the intrusion of the gas
diffusion electrode, or an accumulation of water droplets.
The pressure drop across the stack is discussed in more de-
tail in the next section.

The second set of factors causing variations in the cell
voltages relates to the temperature distribution inside the fuel
cell, which has an important effect on nearly all transport
phenomena[7]. A non-uniform temperature distribution may
arise from varying flow resistance in the flow channel of the
cooling media, air pockets in the channel, or variations in
the membrane resistance and a resulting variation in local
heat generation.

The third set of factors deals with differences in the age-
ing process. It has been shown in[8] that longtime exposure
to excess water facilitates the poisoning of the active layer

of the gas diffusion electrode, thereby accelerating the age-
ing process. Especially the cells closest to the inlet are at
risk of being exposed to excess water, as any water which
might have condensed in the piping will most probably pass
through the flow channels of these cells.

The final set of factors relates to faults in the material or
defects which occurred during the assembly of the stack.
These may include weak points in the membrane, flaws in
the bipolar plates, uneven distribution of the catalyst on the
gas diffusion electrode, or insufficient contact between gas
diffusion electrode and membrane. All these factors lead to
additional losses, thereby decreasing the voltage.

In a fuel cell stack the cell with the poorest performance,
i.e. with the lowest voltage at high current density determines
the maximum power output of the stack. The influence of
this cell on the overall characteristic of the fuel cell stack
is not significant as its power contribution is low. However,
as was discussed inSection 4, care has to be taken that
no cell reaches negative voltage. Naturally, the cells with
poor performance are the first to reach this critical point.
In order to allow for a proper margin of safety in practical
applications, none of the cells should be operated below a
threshold level of 0.5–0.6 V.

With a suitable diagnosis system, the fuel cell current is
limited to the value, where the first cell reaches the lower
boundary voltage, even when all other cells would permit an
increase in current. The maximum power output of the fuel
cell stack also settles at this current level. As the voltage is
not only dependent on the current, but also on many other
parameters, such as temperature, humidity, and pressure, the
operating range of the fuel cell cannot be correlated a priori
to a particular current range, i.e., at low temperatures the
boundary voltage is reached at a lower current level than at
higher temperatures. Therefore, the maximum current needs
to be regulated by a “watchdog” monitoring the single-cell
voltages.

5.2. Pressure drop

Fig. 5shows the measured pressure drop across the stack.
The pressure drop appears to increase linearly with the mass
flow. But, the data was fitted by a parabolic equation since
it produced better results. On the one hand, this relation-
ship between pressure drop and flow-rate seems to justify
the assumption of a laminar flow in the fuel cell flow field.
Flow friction caused by hydraulic resistances (such as sharp
edges, discharge into the manifold from the narrow chan-
nels), which typically increase quadratic with the flow rate,
seem to have only a small effect but explain the slight
parabolic tendency observed in the measurement. However,
on the other hand, the flow resistance of bends is found to
increase considerably for laminar flows with Reynolds num-
ber, Re < 100 [9]. And if this increase is assumed to be
proportional to the inverse Reynolds number, a linear pres-
sure drop, flow-rate relationship is obtained. Furthermore,
very few studies have been devoted to two phase flows in
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Fig. 5. Measured pressure drop of the cathode side in 100-cell stack.
Stack was operated at 30 A (0.15 A/cm2) for 30 min prior to recording.
Cell temperature, 60◦C; air dew point, 45◦C; air stoichiometry, 2.2;
air/hydrogen pressure, 2/2.2 barabs.

manifolds and bends, especially at very low Reynolds num-
bers. Therefore, any conclusion drawn from the observed
relationship between pressure drop and flow rate needs to
be treated with caution.

Using the Hagen–Poiseuille equation for laminar flows
the flow friction is calculated as follows:

f = 64

Re
with Re < 2300 (4)

Assuming a single phase flow the pressure drop is then de-
termined byEq. (5):

�p = v32ηl

d2
(5)

where v is the mean flow velocity,η the viscosity,l the
channel length andd the hydraulic diameter.

The presence of water droplets suggests the existence of
a two-phase flow in the channels. The pressure drop for a
two-phase flow is then calculated by applying the trapezoidal
rule onEq. (6) [10].
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where G is the mass velocity,y the axial co-ordinate,υg
the specific volume of the gas phase,υfg the difference in
specific volume between the gas and liquid phases andx the
mass vapor quality.

The estimated pressure drops for a single-phase flow and
a two-phase flow using the original channel dimensions
and disregarding the effect of the bends are both shown in
Fig. 6. Not surprisingly, large deviations are observed be-
tween model predictions of the pressure drop and measure-
ment data. The calculated values amount to only 10% of
the measured values. One possible explanation for the large
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Fig. 6. Simulated pressure drop for single and two phase flow on the
cathode side in 100-cell stack. Air pressure, 2 barabs; channel height,
0.55 mm; channel width, 0.95 mm; channel length, 0.415 m; hydraulic
resistance,K = 0.

discrepancy between simulation and measurement is found
in the compressibility of the gas diffusion electrode. Any
swelling of the membrane may be neglected, since these
changes are very small (∼ 5–10�m). However, with a thick-
ness of around 0.45 mm the gas diffusion electrodes are as-
sumed to have an effect on the flow in the channels. Since
the gas diffusion electrodes are pressed between two flow
field plates (together with the membrane), they intrude into
the flow channels. This intrusion translates into a decrease
of the channel cross-section, thus resulting in an increase of
the flow friction.

The discrepancy between the simulation and the measure-
ment results fosters speculations about the disregard of the
effect of the bends in the flow channels. The flow field has
a meander structure in which each channel has eight bends.
Assuming a value of 0.1 for the hydraulic resistanceK for
each bend and reducing the channel height slightly, a bet-
ter agreement between measurement data and simulation is
achieved, as shown inFig. 7. Here, the effects of the bends
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Fig. 7. Comparison of experimental values and simulated pressure drop
for two phase flow on the cathode side in 100-cell stack. Air pressure,
2 barabs; channel height, 0.465 mm; channel width, 0.95 mm; channel
length, 0.415 m; hydraulic resistance,K = 0.8.



P. Rodatz et al. / Journal of Power Sources 128 (2004) 208–217 215

0 10 20 30 40
70

75

80

85

90

95

100

t [min]

dp
 [m

ba
r]

Fig. 8. Measured decrease of pressure drop across stack as the result
of a reduction in current from 40 A (0.2 A/cm2) to 20 A (0.1 A/cm2)
at t = 20 min. Cell temperature, 60◦C; air dew point, 45◦C; air flow,
12.8 kg/h; air/hydrogen pressure, 2/2.2 barabs.

outweigh the effect of the reduced channel height by far.
Hence, by disregarding the effects of bends, the flow in the
channels is not correctly represented. Nevertheless, is was
found that the pressure loss scales almost linearly with the
mass flow. Thus, for control purposes it is adequately rep-
resented by an empirical equation.

Additionally, water in the flow channels affects the pres-
sure loss in the flow channels. In the course of the experiment
shown inFig. 8, the air mass flow rate was kept unchanged
and the relative humidity at the inlet was set 35±5%. How-
ever, the current was reduced by 50% att = 20 min from
40 A (0.2 A/cm2) to 20 A (0.1 A/cm2), thus applying dry
conditions to the fuel cell stack in the second half of the
experiment. Once the current is reduced, the pressure drop
decreases slowly and after about 10 min settles to a new
value, which is about 10% lower than the previous pressure
drop. The reduction of the current reduces the flux of prod-
uct water in the flow channels, and therefore reduces the to-
tal mass flow in the flow channels. Therefore, a decrease of
the pressure drop is also predicted by the simulation, though
this decrease is instantaneous. The large time constant ob-
served in the experiment suggests that water is gradually
removed from the MEA. The water droplets are then driven
out of the channels, hence the channel cross-section is en-
larged and the flow resistance is reduced.

6. Performance improvements

In this section procedures are described which have a
beneficial effect on the fuel cell stack performance. These
procedures are simple to realize and only require minor
adjustments to the control software or, in case of the flow
pulsing, slight modifications of the hardware. While the
power consumption of the additional devices is almost

negligible, the improvements they permit in efficiency and
long-term stability are considerable.

6.1. Current pulsing

Performance decrease of cells operating at low current
densities has been suggested to result from changes of the
Pt catalyst particle surface. Partial oxide coverage of the ac-
tive Pt surface reduces the rate of the oxygen reduction re-
action at the cathode[11]. Short excursions to high current
densities (or low voltages) showed improvements in perfor-
mance due to the removal of oxygenated species from the
Pt surface. In[12] a method is described by which a fuel
cell is periodically starved at the anode. These momentary
fuel starvation conditions are believed to cause the anode
potential to increase, resulting in the oxidation and removal
of poisons from the anode catalyst surface and an improved
cell performance.

The beneficial effect of current pulses was confirmed for
a large-scale fuel cell stack.Fig. 9 shows the polarization
curves recorded after the fuel cell was constantly operated
at 15 A for 30 min with (a) no pulses and (b) with pulses of
35 A and a duration of 2 s at a duty rate of 3.33%. Due to
the specific test procedure in which the current is increased
in steps from 0 to 70 A and again reduced back to 0 A, two
sets of measurement points are obtained. The respective sets
are fitted with the following equation:

E = E0 − b log i − Ri
E0 = Er + b log i0

(7)

whereE is the cell voltage,b andi0 are the Tafel slope and
the exchange current density, respectively,i is the current
density,R is the ohmic resistance, andEr is the reversible
potential.
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Fig. 9. Measured polarization curves recorded after the stack was operated
at 15 A for 30 min (0.075 A/cm2). Cell temperature, 60◦C; air dew point,
45◦C; air stoichiometry, 2.2; air/hydrogen pressure, 2/2.2 barabs. At each
measurement point the current was held for 20 s and the voltage allowed
to settle down. The upward slope (0 to 70 A) is represented by the star
symbol and the downward slope (70 to 0 A) by the diamond symbol.
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The hysteresis observed inFig. 9 between upward and
downward slopes may result either from the formation of Pt
oxides at high cathode potentials, from the build-up of impu-
rities on the catalytic surface, from partial dehydration of the
catalyst layer due to limited water generation at high cathode
potentials or from a combined effect. By applying current
pulses to the fuel cell, the voltage in the upward slope (when
the current is changed from 0 to 70 A) was increased, espe-
cially in the low to medium current density range. The fitted
Tafel slope coefficientb in the low current density region
(E > 0.75 V) is 59 mV/dec for the upward slope of case (a)
with no pulses and 56 mV/dec for the upward slope of case
(b) with pulses. This change indicates that current pulses im-
prove the oxygen reduction reaction rate. For the downward
slope a fitted value forb of 53 ± 0.5 mV/dec is obtained
in the low current density region for both cases, indicating
that similar kinetic conditions exist in both cases. Hence no
difference in voltage is observed in the downward slopes.

The effect of enhanced water generation due to the current
pulses is considered beneficial although small, since the du-
ration of the current pulses is short (2 s every 60 s). The fine
reproducibility of the difference in voltage between the ex-
periments with pulses and without pulses is not in line with
the effect of impurities on the oxygen reduction reaction rate.
These are expected to be of stochastic nature. Thus, the for-
mation of Pt Oxides most likely explains the change. Under
steady-state conditions the coverage with oxygen-containing
species is found to increase approximately linearly with the
potential[13], and the build-up of this Pt oxide layer is ef-
fectively impeded by short excursions to lower potentials.
Therefore, no difference is observed in the voltage of the
downward slope, since most oxygen-containing species are
removed in the low-voltage regions and the renewed build-up
is equal for both cases.

6.2. Flow and pressure pulsing

Previous experiments[5] had revealed the beneficial ef-
fect of pressure pulses in the supply system, especially on
the hydrogen side (Fig. 10). With the setup described in
Section 3shock waves are generated which move at great
speed through the flow channels, thereby dispersing water
droplets that may have formed inside. The wave is followed
by a temporary increase in flow, which blows the water par-
ticles out of the stack.

Furthermore, the diffusion layer between the flow channel
and the membrane is assumed to be dynamically inflected
by the pressure wave[14]. These recurring expansions and
contractions support the removal of unwanted liquid fluid
from the diffusion layer and the supply of hydrogen to the
same.

6.3. Differential pressure

The water flux due to back-diffusion is roughly inversely
proportional to the membrane thickness, whereas the flux
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Fig. 10. Measurements showing the advantage of a pulsed hydrogen
supply over a system where excess hydrogen is recirculated by means of
a pump. Cell temperature, 60◦C; air dew point, 45◦C; air stoichiometry,
2.2; air/hydrogen pressure, 2/2.0 barabs. At each measurement point the
current was held for 20 s and the voltage allowed to settle down.

due to the electro-osmotic drag is independent of the thick-
ness[15,16]. When thin membranes such as Nafion 112 are
used, back-diffusion can effectively compensate the effects
of the drag. Thus liquid water accumulated in the cathode
is drawn by a concentration gradient across the membrane
to the anode and removed with the excess hydrogen stream
[17]. However, the flux due to back-diffusion might over-
compensate the flux due to the electro-osmotic drag, leading
to the accumulation of liquid water in the anode. Since the
hydrogen flow is small these water droplets are difficult to
remove from the anode, especially at low current densities.
If the hydrogen pressure is set slightly higher (0.2 bar) than
the air pressure, an additional force is applied on the water
molecules in the membrane, which drives liquid water to-
wards the cathode and prevents accumulation in the anode.
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Fig. 11. Measurements showing the beneficial effect of a differential
pressure across membrane. Prior to measurement the fuel cell was exposed
to wet conditions (air dew point> stack temperature) for several hours.
Cell temperature, 40◦C; air dew point, 45◦C; air stoichiometry, 2.2. At
each measurement point the current was held for 20 s and the voltage
allowed to settle down.
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Fig. 11 shows the beneficial effect of a slight pressure
difference across the membrane. Prior to the recording of
these polarization curves, the fuel cell was operated for sev-
eral hours under wet conditions (i.e., the air dew point was
higher than the stack temperature). Furthermore, data on the
amount of water collected in the water trap at the anode exit
qualitatively confirmed the assumption that more water is
removed with the fuel stream when no pressure difference
is applied. If the fuel cell is operated under dry conditions
(i.e., the air dew point is lower than the stack temperature)
no increase in voltage is observed with a higher anode
pressure.

7. Conclusion

Measurements from a testbench with a 6 kW, 100-cell
PEM stack were used to investigate some aspects critical to
the operation of large fuel cell stacks in automotive appli-
cations. First, typical failures such as negative voltage due
to reactant undersupply, leaks in the membrane due to hot
spots, as well as large differential pressure were outlined.
The importance of monitoring individual cell voltage was
stressed, since the cell with the lowest voltage in the stack
restricts the maximum power output of the stack. Second,
the cause for variations in the cell voltages across the stack
was discussed. Typically these are a cumulative result of un-
even flow distributions of the reactant gases, a non-uniform
temperature field, ageing and manufacturing defects. Finally,
several procedures were proposed which have a beneficial
effect on the fuel cell performance. Current pulsing proved
to be very effective in impeding the build up of a Pt ox-
ide layer and the related decrease in performance. Flow and
pressure pulsing as well as a differential pressure across the

membrane facilitate the removal of liquid water from the
flow channels.
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