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bstract

The transient response of a proton exchange membrane fuel cell (PEMFC) was measured for various cathode gas compositions and gas utilisations
fraction of supplied reactant gas which is consumed in the fuel cell reaction). For a PEMFC operated on pure hydrogen and oxygen, the cell
oltage response to current steps was fast, with response times in the range 0.01–1 s, depending on the applied current. For a PEMFC supplied
ith air as cathode gas, an additional relaxation process related to oxygen transport caused a slower response (approximately 0.1–2 s depending
n the applied current). Response curves up to approximately 0.01 s were apparently unaffected by gas composition and utilisation and were most
ikely dominated by capacitive discharge of the double layer and reaction with surplus oxygen residing in the cathode. The utilisation of hydrogen

ad only a minor effect on the response curves, while the utilisation of air severely influenced the PEMFC dynamics. Results suggested that air
ow rates should be high to obtain rapid PEMFC response.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are electrochemical devices that convert chemical
nergy directly into electrical energy [1]. The potential of this
echnology lies within the transportation sector where fuel cells
perated on hydrogen and air may replace the conventional inter-
al combustion engine, thus eliminating CO2 emissions from
ehicles and increasing energy efficiency. For successful imple-
entation in the transportation sector, the fuel cell must be able

o supply a power demand that varies rapidly with time [2]. The
roton exchange membrane fuel cell (PEMFC) is promising for
uch applications, due to its low operating temperature, high

ower density and system simplicity.

The power output of the fuel cell can be controlled by a well-
esigned power conditioning system. Instabilities in fuel cell
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ower due to slow processes such as cell heating and membrane
umidification can be controlled by adjusting the current out-
ut of the cell. In contrast, faster processes, occurring in the
ub-second time range are more difficult to compensate for.
pon rapid changes in power demand, these processes may

ause power over- or undershoots which can be harmful to elec-
ronic components or cause unfavourable transient behaviour. A
horough understanding of transient processes in the sub-second
ime range is therefore necessary to establish design criteria for
suitable power conditioning system.

According to published literature on PEMFC dynamics, gas
ransport is one of the faster processes that occur in a PEMFC,
eside ohmic drop and capacitive discharge. Brett et al. [3] inves-
igated the propagation of oxygen into the gas diffusion layer
GDL) of a PEMFC and reported a response time for this pro-
ess of approximately 2 s. Dong et al. [4] measured real-time
as composition in the cathode gas channel upon steps in cell

oltage. The time resolution of these measurements was, how-
ver, too low to reveal the relaxation in detail, but a response
ime of less than 1 min was estimated. Several model studies
f mass transport in the PEMFC cathode have been carried

mailto:Steffen.Moller-Holst@sintef.no
dx.doi.org/10.1016/j.jpowsour.2008.01.037
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ut [5–9], reporting response times ranging from 0.1 to a few
econds.

In a previous study from our group, we assessed the dynamic
esponse of a PEMFC supplied with excess amounts of pure oxy-
en and hydrogen [10]. PEMFC response under minimal mass
ransport limitations was limited by a cathodic charge transfer
rocess with a potential dependent response time. In real fuel
ell applications, however, air rather than oxygen is most com-
only used as cathode gas, and the utilisation of reactant gases

fraction of supplied reactant gas which is consumed in the fuel
ell reaction) should be high to keep parasitic power losses low.
im et al. [11–13] assessed the effects of fuel utilisation on

ransient PEMFC response with special focus on starved fuel
onditions (high utilisation). At stoichiometries 1.0 and 1.2 for
ydrogen and air, respectively, the increased current following
rom a step decrease in cell voltage could only be sustained for
certain amount of time before it decreased to a lower value

ue to insufficient supply of reactant gases. In real applications,
step increase in power demand must be accompanied by a

orresponding step increase in fuel cell power, so gas utilisa-
ions in the range near 100% must be avoided. Kim et al. [11]
lso measured PEMFC response at low utilisation, showing that
EMFC response under these conditions was at least as fast as

he electronic load used to control cell voltage during the step.
his illustrates the importance of using a fast load and high

esolution measurements when studying PEMFC response.
If reactant gases are supplied in excess (low utilisation), gas

omposition in the gas channels will be fairly uniform. In con-
rast, at high utilisation of reactant gases, most of the supplied gas
s consumed in the fuel cell reaction, giving a highly non-uniform
omposition along the gas channel and starved conditions near
he channel outlet. With this in mind, gas utilisation should be
ow to ensure stable fuel cell operation and optimal dynamic
erformance, but this entails a corresponding increase in para-
itic power losses. Also, gas flow rates affect the delicate heat
nd water balance in the fuel cell. These considerations stress
he importance of a careful selection of gas flow rates to obtain
oth high system efficiency and optimal dynamic performance.

detailed characterisation of PEMFC response at varying gas
tilisations provides criteria for a careful selection of gas flow
ates.

The purpose of this paper is to investigate how the oxygen
ontent in the cathode gas and the utilisation of reactant gases
ffect the transient PEMFC response. This is done by measur-
ng the PEMFC response to current steps at different oxygen
ontents in the cathode gas and varying utilisations of hydrogen
nd oxygen. Contrary to Kim et al. [11–13], we focus on fast
ransient processes, appearing in a sub-second time range. We
herefore apply current steps with low switching times. We also
ocus on gas utilisations that give sustainable increases in power
ince this is essential in real applications. Three effects on the
ransient response are assessed: The effect of current step size
t varying cathode gas compositions, the effect of cathode gas

omposition and the effect of oxygen and hydrogen utilisation.
uch measurements provide valuable background data for an
ptimal selection of gas flow rates as well as design criteria for
uxiliary system components and power conditioning units.
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. Experimental

.1. Hardware and operating conditions

A membrane electrode assembly (MEA) from W. L. Gore
Associates (PRIMEA® MEA, Cleo Series 58, 18 �m nomi-

al membrane thickness, 0.4 mg cm−2 Pt loading on both anode
nd cathode) was sandwiched between two GDLs from E-
EK (ELAT® carbon only). The geometric electrode area was
.25 cm2. The MEA and GDLs were mounted in a fuel cell
ousing from ElectroChem (EFC05-01SP-REF) with triple ser-
entine flow fields. Two MEAs from the same batch were
sed in this study, showing only minor differences in dynamic
ehaviour.

The cathode was supplied with either pure oxygen (99.5%
urity) or prepared mixtures of oxygen and nitrogen (99.999%
urity). The oxygen content of the prepared mixtures was 60
nd 21% (synthetic air). The anode was supplied with hydrogen
99.999% purity). Flow rates were set by calibrated mass flow
ontrollers from Flow-Teknikk. Flow rates for the anode and
athode gases were chosen according to the wanted experimental
onditions. Details are given in the next section.

Anode and cathode gases were humidified in separate sparge
ottles. To ensure an equal and even temperature, both the
EMFC and sparge bottles were put in a heating cabinet from
ermaks (TS8136). There was a substantial heat generation at
igh currents, so in order to keep the temperature as stable as
ossible, the heating cabinet was set to 40 ◦ C unless otherwise
tated. The temperature of the cathode hardware was monitored
y a thermocouple from Omega®, and the operating temperature
as 41.5 ± 1.5 ◦ C during the experiments (46 ± 1 ◦ C for exper-

ments in Fig. 1). We do not expect these temperature variations
o affect our results significantly.

.2. Current steps

All measurements were performed on a two-electrode setup
full cell) using an IM6e electrochemical workstation and PP200
dd-on module from ZAHNER® elektrik. Current steps from
ero to larger currents were programmed using the potentiostat
oftware. Current step measurements on ohmic resistors showed
hat the potentiostat had a rise time of less than 0.1 ms. To obtain
imilar initial conditions before each step, the PEMFC was oper-
ted at 0.8 A cm−2 for at least 1 min, then the current was turned
ff and the step routine was started when the open circuit voltage
ad reached a certain value. The step routine consisted of 30 s
t zero current followed by a step to a higher current which was
eld for another 100 s.

. Results and discussion

.1. Effect of current step size for different cathode gas
ompositions
The effect of current step size on the PEMFC response was
tudied with both synthetic air and pure oxygen as cathode gases.
urrent steps from zero to higher currents were applied, and the
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ig. 1. Comparison of response to current steps using oxygen (left) and air (rig
node flow rate was 300 (left) and 200 N ml min−1 (right). The corresponding

orresponding response in cell voltage was monitored as shown
n Fig. 1. The ohmic resistance estimated from the ohmic drops
not included in the figure) corresponded to the ohmic resistance
f the PEMFC measured by electrochemical impedance spec-
roscopy. For the PEMFC supplied with oxygen (Fig. 1, left),
ell voltage first decreased quickly, reached a minimum, then
ncreased slightly for a few seconds and then decreased again,
ery slowly for the remaining duration of the measurement. The
nal slow decrease could be due to various slow responding pro-
esses, such as cathode flooding, and is not assessed further here.
wo main trends for increasing final current (increasing step
ize) was identified for the response curves with pure oxygen:
i) The undershoot in cell voltage increased, and (ii) the response
ime decreased. For a step to 0.011 A cm−2, the undershoot was
mV, while for a step to 1.5 A cm−2 it was 12.5 mV. Measuring

esponse time as the time it takes to reach the minimum cell
oltage, the steps to 0.011 and 1.5 A cm−2 had response times
f 0.8 and 0.016 s, respectively. The potential dependence of
he response time for a PEMFC supplied with pure oxygen was
ddressed previously by our group [10] and found to be related
o a charge transfer process on the cathode. We do not have a
atisfying explanation for the increase in cell voltage follow-
ng the initial decrease at this time, but it could be related to
ast improvements in local conditions, i.e. increased tempera-
ure or membrane humidity near the active sites in the cathode.
et changes in temperature and membrane water content may

ake several minutes, but we find it likely that local changes can
ppear in less than a second. Furthermore, the results of Wilson
nd Gottesfeld [14] suggest that the active region narrows as
urrent density increases. Thus, for steps to higher current den-
ities, a larger amount of heat and water is released in a smaller
olume of the cathode. This may explain why the increase in cell
oltage following the initial decrease becomes more pronounced
ith increasing step size.
When the cathode was supplied with air (Fig. 1, right), the

esponse curves were similar in both shape and response time
or the initial 0.01–0.1 s. This suggests that the initial response is
elated to capacitive discharge and reaction with oxygen residing
ear the active sites. At 0.13 A cm−2, mass transport was not a

ignificant limitation, and the response curves for oxygen and air
ere similar. For steps to 0.48 A cm−2 and higher, mass trans-
ort limitations were seen as the onset of a second relaxation
rocess around 0.03 s, causing a further decrease in cell voltage.

a
c
g
i

cathode gas. Cathode gas flow rate was 150 (left) and 476 N ml min−1(right).
tion of hydrogen and oxygen was thus less than 25% (left) and 32% (right).

he exact time where the second relaxation appeared cannot be
recisely determined from this plot, but a linear plot of cell volt-
ge vs. time (not shown) suggested that the second relaxation
ppeared earlier for higher current densities. This is reasonable
ince surplus oxygen is consumed faster and the double layer is
ischarged faster at higher current densities. Between approxi-
ately 0.03 and 0.09 s the cell voltage decreased linearly with

ime for the three highest current densities. This can be seen as
“shoulder” in the logarithmic plot around 0.05 s (Fig. 1, right).
he slope of this linear region increased linearly with current
ensity. We are not yet aware of processes that should yield
uch a linear dependence and cannot give a theoretically based
xplanation for this behaviour at this time.

The linear voltage–time behaviour levelled out and reached
preliminary stable value after approximately 0.2 s for the step

o 0.86 A cm−2. For the steps to 1.2 and 1.3 A cm−2 this stable
alue seemed to disappear in a further, more uneven decrease in
ell voltage. This could be related to cathode flooding and for-
ation/removal of water droplets from the cathode gas channel.
rratic fluctuations at 1.3 A cm−2 indicate severely flooded cath-
de conditions, and a stable cell voltage at this current density
ould not be obtained.

In summary, increasing the current step size for a PEMFC
upplied with pure oxygen gives a shorter response time due
o faster charge transfer at lower cell voltages [10]. For a
EMFC supplied with air, the increased mass transport limita-

ion imposed by nitrogen causes a further decrease in cell voltage
nd an increased response time.

.2. Effect of cathode gas composition

The response curves with air and oxygen from the previous
ection cannot be directly compared since current values and
tilisation rates were not identical for the two data sets. There-
ore, another experiment was carried out to study the effect of
iluting the oxygen for a chosen current step. The cathode was
upplied with O2/N2 mixtures with 21, 60 and 100% oxygen,
nd a current step from 0 to 1.22 A cm−2 was carried out for
ll three cathode gas compositions. To avoid oxygen starvation

nd large variations in cathode gas composition along the gas
hannel length, we chose to carry out this experiment at low
as utilisation (29%). In order to keep a constant oxygen util-
sation for all compositions, the total flow rate was 476, 167
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F three levels of oxygen content in the cathode gas. Right: Expanded view of response
c rate of oxygen was 100 N ml min−1 (29% utilisation) for all gas compositions. The
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Fig. 3. Response in cell voltage to a current step from 0 to 1.22 A cm−2 for 30,
5
I
o

3

The third variable studied in this paper is the rate of utilisation
for both hydrogen and oxygen. The same current step as in the
previous section (0–1.22 A cm−2) was applied for various flow
ig. 2. Left: Response in cell voltage to a current step from 0 to 1.22 A cm−2 for
urves for 60 and 100% oxygen. Gas flow rates were adjusted so that the supply
ow rate of hydrogen was 200 N ml min−1 for all compositions.

nd 100 N ml min−1 for 21, 60 and 100% oxygen, respectively.
igher flow rates causes a slightly higher pressure in the gas

hannel, and this pressure variation may affect our results. How-
ver, we expect that this effect is negligible compared to the
ffect of changing the gas composition.

Fig. 2 presents the cell voltage response to an identical cur-
ent step at three cathode gas compositions. Reducing oxygen
artial pressure had a severe impact on the PEMFC response.
uring the initial response (up to approximately 7 ms) a lower
artial pressure of oxygen caused a lower cell voltage value, but
therwise this part of the curve was almost equally shaped for
ll compositions. This supports our assumption that the initial
esponse is related to discharging of the double layer capacitance
nd reaction with oxygen already residing in the catalytic layer
f the cathode. Effects of mass transport limitations appeared
t approximately 0.04 s for the 60% curve (Fig. 2, right) and at
pproximately 0.01 s for the 21% curve. We assume that this time
ifference is a result of different amounts of oxygen residing in
he catalytic layer.

After reaching a minimum at approximately 0.02 s, the
esponse curve for 100% oxygen increased to a maximum at
pproximately 4 s. This effect, which could be due to local heat
r water production, was commented in the previous section. The
scillations in the response curve for 60% oxygen (Fig. 2, right)
re not yet interpreted nor verified from repeated measurements.
he 21% curve decreased linearly with time between approxi-
ately 0.02 and 0.1 s, similar to the response curves in Fig. 1,

ight. A linear plot (not shown) of the response curve for 21%
xygen showed that cell voltage levelled out at a preliminary
table value at approximately 3 s.

For all compositions, a slow decrease in cell voltage was
bserved from approximately 10 s. This decrease was more pro-
ounced for lower oxygen concentrations and could be related
o cathode flooding. A sudden jump in cell voltage for the 60%
urve (Fig. 2, right) at approximately 90 s indicates that a water
lug was removed from the cathode gas channel, exposing a
arger electrode area.

In summary, decreasing the amount of oxygen in the cathode

as causes an additional transient to appear at approximately
.01 s. This transient is probably related to relaxation of oxygen
artial pressure in the catalyst and GDL of the cathode and levels
ut in a few seconds.

F
5
s
u

0, 70 and 90% cathode gas utilisation for a PEMFC supplied with pure oxygen.
nset shows an expanded view of the undershoot. The arrow shows the direction
f increasing oxygen utilisation. The flow rate of hydrogen was 200 N ml min−1.

.3. Effect of gas utilisation
ig. 4. Response in cell voltage to a current step from 0 to 0.80 A cm−2 for 30,
0 and 70% oxygen utilisation for a PEMFC supplied with synthetic air. Inset
hows an expanded view of the voltage dips and oscillations at 70% oxygen
tilisation. The flow rate of hydrogen was 200 N ml min−1.
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ig. 5. Response in cell voltage to a current step for 30, 50, 70 and 90% utilisa
upplied with 100 N ml min−1 pure oxygen, current step from 0 to 1.22 A cm−2.
nsets show an expanded view of the response.

ates of oxygen or air, giving utilisation rates varying from 30
o 90%.

Fig. 3 shows the effect on cell voltage response of changing
he utilisation for a fuel cell supplied with pure oxygen. The ini-
ial response (up to approximately 10 ms) was independent of
tilisation rate, another indication that discharging of the dou-
le layer and reaction with surplus oxygen are dominating the
EMFC response in this time range. From approximately 0.01 s,
n increased utilisation caused a shift in cell voltage towards
ower values. This can be related to increasingly starved con-
itions along the cathode gas channel. At 90% utilisation, the
oltage response started fluctuating after approximately 1 s, indi-
ating a non-uniform distribution of oxygen along the cathode
as channel.

The effect of utilisation was also measured for a PEMFC
upplied with air instead of oxygen. A smaller current step (0
o 0.80 A cm−2) was imposed for these measurements since a
tilisation rate of 30% at 1.22 A cm−2 required a higher gas
ow rate than the mass flow controller could provide. Response
urves for different utilisation rates are shown in Fig. 4. Increas-
ng the utilisation had a substantial effect on the cell voltage
esponse. Up to approximately 0.06 s the response curves were
verlapping as the initial response was dominated by double
ayer discharge and reaction with surplus oxygen. Effects of util-
sation appeared at approximately 0.06 s. A linear plot showed
hat cell voltage decreased linearly with time from approxi-

ately 0.03 s for all utilisations, similar to the response curves in
igs. 1 and 2. An increasing utilisation caused the linear decrease

o appear in a wider time range: up to approximately 0.06 s
or the 30% curve, 0.1 s for the 50% curve and 0.2 s for the
0% curve. These trends should be further assessed in future
tudies.

After the linear decrease, the response curves levelled out at
pproximately 0.3 and 1 s for the 30 and 50% curve, respectively.
hus, an increasing utilisation gave a longer response time. The
0% curve did not reach a stable cell voltage, but decreased for
he remaining time of the measurement. This could be due to
athode flooding, since the flow rate and hence also the water

emoval rate at 70% utilisation were low. The oscillations in cell
oltage (Fig. 4, inset) could be due to the dynamic behaviour of
iquid water in the cathode channel. Small oscillations appear
hen water droplets are formed while the larger voltage dips

P
g
v
o

f hydrogen. Arrows show the direction of increasing utilisation. Left: PEMFC
: PEMFC supplied with 476 N ml min−1 air, current step from 0 to 0.80 A cm−2.

ppear when the droplets coalesce into water plugs which are
emoved from the cathode gas channel.

Finally, the effect of hydrogen utilisation was investigated.
ell voltage response to identical current steps at varying hydro-
en utilisation is shown in Fig. 5. Measurements were carried
ut with both pure oxygen and air as cathode gas. Increasing the
ydrogen utilisation mainly decreased the cell voltage by a few
illivolts, similarly to the effect of an increasing utilisation of

ure oxygen (ref. Fig. 3). The shape of the response curves was
therwise not significantly affected. Compared to the effect of
ncreasing the oxygen utilisation in a PEMFC supplied with air,
he effect of hydrogen utilisation was minor. This is an encour-
ging result, since hydrogen utilisation should be high to obtain
igh fuel efficiency and low parasitic power losses.

In summary, for a PEMFC supplied with pure gases,
n increasing gas utilisation shifts the dynamic cell voltage
esponse to lower values after approximately 0.01 s. For a
EMFC supplied with air, the same effect is seen for an increas-

ng hydrogen utilisation, while an increasing oxygen utilisation
auses a further decrease in cell voltage and a longer response
ime.

. Conclusion

Results suggested that the initial PEMFC response up to
pproximately 0.01 s is determined by capacitive discharge of
he charge double layer and reaction with surplus oxygen resid-
ng in the cathode. Increasing the current step size for a PEMFC
upplied with pure oxygen gives a shorter response time due
o faster charge transfer at lower cell voltages. Decreasing the
mount of oxygen in the cathode gas causes an additional tran-
ient to appear at approximately 0.01 s. For a PEMFC supplied
ith air, this additional transient levels out in a few seconds.
Increasing the oxygen utilisation for the PEMFC supplied

ith air has a major impact on the transient PEMFC response.
hus, to obtain a fast response to current steps, oxygen utilisation
hould be kept low, but this consideration must be balanced
gainst the increased parasitic power loss at high flow rates. For a

EMFC supplied with pure hydrogen and oxygen, an increasing
as utilisation shifts the dynamic cell voltage response to lower
alues after approximately 0.01 s, but does not affect the shape
f the response curves.
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