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Abstract— Polymer electrolyte membrane fuel cell (PEM FC)
operation is likely to be characterized by voltage dips on
timescales shorter than 1 s, arising from temporary flooding
of gas channels or porous layers, particularly when the FC is
operated at high humidity levels. If supercapacitors are employed
in hybrid systems, they can make up for the temporary lack of
energy produced by the FC. However, the steep slopes of the
voltage dips affect the energy that can be actually delivered by the
supercapacitor because of its series impedance, and this should be
taken into account when sizing it. This paper presents a simplified
approach for sizing the supercapacitor, based on some observed
peculiar features of the FC dips, which allow a simple but
accurate model for the evaluation of the supercapacitor response
to such dips. The validity of such an approach is supported by
simulation and experimental results performed on a single PEM
FC and on a supercapacitor.

Index Terms— Analytical models, fuel cells (FCs), power dip,
power transients, supercapacitor response, supercapacitor sizing,
supercapacitors.

I. INTRODUCTION

THE use of fuel cells (FCs) and particularly polymer elec-
trolyte membrane (PEM) FCs for power generation has

been widely studied in the last decades, and many applications
are gradually appearing on the market [1], [2]. However, the
complex FC behavior characterized by the interplay of several
electrochemical processes has not been completely understood
yet, and control systems are often unable to guarantee optimal
operating conditions, particularly when sophisticated systems
cannot be employed because of their high cost.

As a result, unexpected voltage variations are likely to
appear during the FC operation, on different timescales
depending on the causes of such variations. In particular,
unpredictable and deep voltage dips may occur when water
temporarily clogs the gas channels or porous layers, preventing
the gas from reaching the active layers where the chemical
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reaction takes place [3], [4]. Such cell flooding may hap-
pen when water builds up in the cell as a consequence of
nonoptimal water management or unexpected sudden changes
in the operating conditions, and it represents one of the
most important causes of performance degradation and voltage
instability at high currents.

FCs can be employed both in grid-connected [5]
and in stand-alone systems, whose typical examples are
FC vehicles [6]. Concerning stand-alone applications, it is
worth noting that FCs are usually integrated with other auxil-
iary energy sources or storage systems in so-called hybrid sys-
tems. The main reason for this is related to the slow dynamics
of FCs, which are not able to effectively deal with fast load
changes. In a hybrid system, the FC cooperates with other
sources (such as batteries or supercapacitors) thanks to power
converters supervised by a master control system [7], [8].
In this way, a fast dynamic response of the whole system is
achieved, while the FC operates in almost stationary conditions
even in the case of sudden load changes, such as strong accel-
erations and regenerative braking in powertrain applications.

The vast majority of papers on this topic available in the lit-
erature are focused on control strategies aimed at dealing with
the load energy demand [9]–[11]. However, as stated before, in
some cases the power produced by the FCs may exhibit sudden
dips that have to be covered by the other energy sources in
hybrid systems. On the other hand, to the authors’ best knowl-
edge, little attention has been paid to the ability of such sources
to compensate for the temporary lack of energy produced by
the FC when the above-mentioned voltage dips occur.

Even for a supercapacitor, which typically shows better
dynamic behavior than that of conventional batteries, the short
timescale (under 1 s) of the fast dips may become critical, as it
affects the energy that can be actually delivered, significantly
decreasing it with respect to the nominal specifications. This
should be taken into account for a correct choice of the
supercapacitor size in the design of the hybrid power system.
Significant differences between the supercapacitor response
and an ideal capacitor response were confirmed by preliminary
results reported in [12], based on a measured FC voltage
dip, an experimentally identified supercapacitor model, and
a simulation of the hybrid FC-supercapacitor system.

In this paper, the above-mentioned simulation results are
validated by experimental tests. Moreover, a simplified analyti-
cal approach is presented, suitable for sizing the supercapacitor
when it is employed to cover the fast energy dips produced
by the FC. This method is based on peculiar features of the
FC energy dips, investigated through a more comprehensive
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experimental analysis, which allow a simple but accurate
modeling of the supercapacitor response to such dips.

II. FUEL CELL FAST ENERGY DIPS

A. Water Management and Instabilities

Water management is one of the most critical issues for
proper operation of a PEM FC. Indeed, the cell membrane
needs to be well humidified to keep ohmic losses low and
avoid damages, but on the other hand, water buildup within
the cell worsens gas transport through the gas channels and
the porous gas diffusion and catalyst layers, thus reducing the
efficiency and possibly damaging the cell. The control of
the optimal humidity level within the cell is made particu-
larly difficult by the water production at the cathode, whose
rate depends on the generated current, and by the complex
water transport processes across the membrane [3], [13], [14].
Therefore, at least sporadically, nonoptimal humidity levels are
likely to occur during the FC operation.

Both the opposite failure modes associated with water man-
agement, namely, membrane dehydration and cell flooding,
may lead to some instabilities in the FC voltage, though with
very different features. In the first case, when the membrane
is not fully hydrated, small random variations in the mem-
brane humidity give rise to corresponding variations in the
membrane ohmic resistance, which in turn produce continuous
oscillations of the FC voltage. Being driven by humidity
variations, such voltage instability occurs on long timescales
(tens or hundreds of seconds) [15]. On the other hand, water
buildup within the cell due to an excessive amount of water
may lead to a sudden clog of gas paths with consequent
gas starvation. This produces an immediate and often very
significant voltage drop on a timescale shorter than 1 s, which
then rapidly vanishes as soon as the water clog is removed
by the pressure increase originated by the clog itself, thus
appearing as a fast transient in the voltage waveform [3], [4].

Although many diagnostic approaches have been studied
to detect drying and flooding occurrences [16]–[19], also
based on low-cost instrumentation suitable for commercial
applications [20]–[22], the FC control may still be unable to
avoid the appearance of some voltage dips because of their
sudden and unpredictable nature.

B. Experimental Results on a Single Cell

A typical example of the above-mentioned FC voltage dips
is shown in Fig. 1, which was measured on a single PEM FC
operated at constant current (21.9 A). The cell is composed of
commercial materials, with Nafion 212 as electrolyte (23-cm2

active area), and it is fed with humidified hydrogen and air
at the anode and cathode, respectively. Being the current kept
constant by an electronic load, the cell power is proportional
to the voltage, and the energy dip can be calculated from
the difference between the power during the transient and the
constant power produced before it. The result is also shown
in Fig. 1. If the load connected to the FC requires a constant
power, a secondary power source or energy storage system
should make up for such an energy dip. In more detail, in
the example of Fig. 1, the voltage decrease transient lasts for

Fig. 1. Typical voltage dip (top) and corresponding energy dip (bottom),
measured on a single PEM FC operated at constant current (21.9 A).

Fig. 2. Power dips measured in different operating conditions; a linear fit of
the decreasing part of the transient is superimposed to each power waveform
and its slope value is provided.

about 0.1 s, so the secondary power source must be able to
promptly deliver the required energy to the load.

It should be noted that the energy dip shown in Fig. 1 is just
an example, and different dips can appear in different operating
conditions and even in nominally identical conditions, because
of the essentially unpredictable nature of the phenomena
producing the water clog. However, some common features
can be observed in power dips with different amplitudes and
measured in different operating conditions. Fig. 2 shows the
power waveform corresponding to the same dip reported in
Fig. 1, compared with other two dips measured at lower
current and characterized by different amplitudes. For all of
them, the decreasing part of the transient is almost linear,
except for the very first instants. A linear fit of the power
transient is superimposed to each waveform, confirming the
linear behavior with good accuracy. Moreover, the slopes of
such linear fits are almost constant for all dips (the values
are reported in Fig. 2), and they appear to be independent of
the FC operating conditions and the dip amplitude. It is also
worth noting that the three dips were measured with different



Fig. 3. Cross view of the flow fields, GDL, and MEA.

membranes (though with the same nominal specification),
so the constant value of the power slope appears to be a
general feature related only to the cell design and the type of
material.

A simple interpretation of this property can be formulated
according to the following description of local processes
occurring within the cell. Fuel and oxidant are fed to the
cell through the flow fields of bipolar plates; then, to reach
the anodic or cathodic active layers (electrodes), they have to
diffuse orthogonally through the gas diffusion layer (GDL),
which is the component located between the plate and
the membrane electrode assembly (MEA). The GDL is a
two-layer material: a macroporous carbon cloth is in contact
with the bipolar plate and the gas channels, and a microporous
layer (MPL) is in contact with the MEA. In the present
setup the active catalytic layer is directly coated onto the
MPL, creating the so-called gas diffusion electrode. For clarity,
a cross view of the system is schematically represented in
Fig. 3, where gas fed through the flow field channels (in the
xy plane) reaches the catalytic layer by diffusing into the GDL
(along the z-direction).

Electrochemical reactions occur on the active sites of the
catalytic layers (electrodes) that are in contact with the
membrane. In normal operating conditions, the current can
be reasonably assumed to be uniformly distributed on the
active area, but when the above-mentioned water clog causing
the fast energy dip occurs, it entails a local shortage of
chemical reactants and a consequent sharp decrease in current
density, which must be compensated by a sharp current density
increase in the other regions of the active area, being the
total current kept constant by the electronic load. This in
turn leads to a proportional variation of the rate of reactant
consumption in a control volume around the active layer;
assuming a step increase in local current density, the reactant
concentration near the active layer would decrease linearly
with time, and this would bring about a linear change of the
exchange current density and eventually a similar decrease
in the cell potential [23]. The mathematical derivation of the
linear voltage variation based on an integral (macroscopic)
model is reported in the Appendix.

Under these hypotheses, the rate of cell power decrease
would depend only on intrinsic properties of the system,
except for local current density, namely, reaction constant,

Fig. 4. Equivalent circuit of the supercapacitor derived from (1); an infinite
number of RC branches should be theoretically considered.

pore volume, and effective diffusion coefficient. This could
explain why in different operating conditions the same slope
is observed, which can therefore be effectively employed for
sizing the required supercapacitor to cover the FC energy dip.

It should be finally noted that in a real commercial appli-
cation, an FC stack composed of several cells would be
employed instead of a single cell. In this case, temporary
flooding transients such as those described above would be
much more complex and they could propagate to other cells
in the stack in different ways depending on the stack design
and on the operating conditions. Nevertheless, it is reasonable
to assume that single cells in the stack could be affected by fast
energy dips similar to those shown above, and that such dips
could occur simultaneously on several cells. Moreover, the
water clog causing the energy dip in one cell could move to the
adjacent cell after it is removed from the first one, thus causing
a sequence of energy dips in several cells in a short time. From
the supercapacitor point of view, they would be similar to a
single bigger dip if the time interval is short enough with
respect to the system dynamics, so that the supercapacitor is
not properly recharged. Therefore, for the sake of simplicity,
this paper focuses on the sizing of a supercapacitor to cover
the energy dip produced by a single cell, but the results could
be conceptually extended also to the case of a supercapacitor
bank sized for an FC stack.

III. SUPERCAPACITOR MODEL

Several models have been proposed in the literature to
describe the behavior of supercapacitors, which can be
applied to study different phenomena ranging from fast
transients to slow self-discharge. In the frequency range from
tens of millihertz to hundreds of hertz, neglecting inductive
phenomena, the following frequency domain model can be
employed [24], [25]:

Z( jω, v) = Ri + τ (v) coth (
√

jωτ(v) )

C(v)
√

jωτ(v)
(1)

where Ri represents the limit resistance at infinite frequency,
C(v) is the dc capacitance value, which in turn depends
on the voltage v on this equivalent capacitor, and τ (v) is a
voltage-dependent time constant. The voltage v is assumed
to change slowly with respect to the angular frequency ω.

This model can be represented in terms of an equivalent
electrical circuit, as shown in Fig. 4, with a theoretically
infinite number of series-connected RC branches, although a



Fig. 5. Measured impedance spectra of the 3.3-F supercapacitor at three
dc voltage values, namely, 0 V (blue circles), 1.35 V (green diamonds), and
2.7 V (red squares) and their fit (solid lines) according to model (1).

TABLE I

IDENTIFIED PARAMETERS OF THE 3.3-F SUPERCAPACITOR

small number of them (four/five) are usually enough to obtain
a sufficiently accurate model.

The dependence of C and τ on voltage can be assumed to
be linear with a good approximation

C(v) = C0 + kv

τ(v) = τ0 + kτ v (2)

and the following relationship can be derived from (1):
τ (v) = 3C(v)(Rdc − Ri ) (3)

having defined Rdc as the low-frequency limit of the real
part of (1) [25]. Thus, the model is completely defined by
four parameters, namely, C0, k, Ri , and Rdc, which can be
experimentally identified.

Experimental tests were performed on a 3.3-F supercapaci-
tor (Maxwell BCAP0003) with a 2.7 V nominal voltage. The
supercapacitor impedance was measured by an EIS-capable
potentiostat (BioLogic SP-150) in the frequency range from
0.1 to 300 Hz, at three different dc voltage values (namely,
0, 1.35, and 2.7 V) and the results are reported in Fig. 5.
The experimental data were fitted by the model (1) in a least-
squares sense, and the fitted curves are also reported in Fig. 5,
showing good agreement with the measured values in the
selected frequency range. The identified model parameters are
reported in Table I.

To better illustrate the supercapacitor behavior at different
frequencies, Fig. 6 shows the equivalent capacitance Ceq and
resistance Req at the three considered dc voltage values, calcu-
lated according to the identified model parameters assuming to

Fig. 6. Equivalent capacitance (top) and resistance (bottom) of the 3.3-F
supercapacitor, according to (1) with the parameters in Table I, plotted for
three dc voltage values, namely, 0 V (blue), 1.35 V (green), and 2.7 V (red).

represent the supercapacitor by means of an RC series model

Z( jω, v) = Req(v) + 1

jωCeq(v)
. (4)

Fig. 6 clearly shows that the capacitance starts falling before
1 Hz, and this can be explained by the porous structure of
the electrodes and the limited electrolyte ion mobility [26].
Therefore, this frequency dependence is expected to affect the
supercapacitor response to the fast FC power dips.

It should be noted that supercapacitors with different nom-
inal capacitances and/or voltages are characterized by a sim-
ilar frequency dependence of the equivalent capacitance and
resistance. In particular, supercapacitors of the same family,
having the same rated voltage, can be assumed to be composed
of the same elementary cells, while the only difference is
the number of such cells connected in parallel. This means
that the parameters reported in Table I are approximately
directly or inversely proportional to the nominal capacitance
value. Therefore, the time constant τ (v) does not change
significantly, according to (3).

Even if different supercapacitor families are considered,
their behavior in frequency remains similar to the superca-
pacitor chosen here, so the analysis carried out in this paper
can be considered to have a general validity.

IV. HYBRID FC-SUPERCAPACITOR SYSTEM

A. Simulation Results

Having defined the supercapacitor model, its response to a
power dip when it is employed in a hybrid FC-supercapacitor
system can be investigated. A schematic of a typical configu-
ration [11], which is considered here as a case study, is shown
in Fig. 7. The FC dc/dc converter controls the FC current, as it
is usually done in many applications [9], so that the FC can be



Fig. 7. Schematic of the considered hybrid FC-supercapacitor system.

Fig. 8. Block diagram representing the simulated operation of the superca-
pacitor in the hybrid system.

assumed to be operated at constant current on short timescales,
such as those characterizing the considered transient. On the
other hand, the supercapacitor dc/dc converter is controlled in
such a way to ensure that the dc bus voltage remains constant
as far as possible.

Therefore, when a fast dip similar to those shown in
Figs. 1 and 2 occurs, the supercapacitor will supply the
required current to make up for the lack of power produced
by the FC. This ideal operation (converter losses have been
neglected) can be simulated in MATLAB/Simulink according
to the block diagram shown in Fig. 8. For the sake of
simplicity, the supercapacitor is assumed here to be initially
charged at its nominal voltage when the energy dip occurs.

The simulated supercapacitor voltage (vc) in response to the
energy dip shown in Fig. 1 is reported in Fig. 9, where the
different contributions to the total voltage are also highlighted,
according to the equivalent circuit in Fig. 4. It clearly appears
that there is a significant difference between the voltage v
on the equivalent capacitor C , representing the energy storage
element in the equivalent circuit, and the actual voltage vc

on the whole supercapacitor. Such a difference is due to
the voltage drops on the equivalent resistor Ri and on the
equivalent RC branches. In particular, the former is dominant
in the first stage of the transient, when the supercapacitor
voltage is decreasing.

It is interesting to note that, while the voltage v is monoton-
ically decreasing during the whole duration of the energy
dip (as expected, because the supercapacitor is supplying the
required energy to cover such a dip), the overall supercapacitor
voltage vc reaches its minimum value approximately when
the power requested to the supercapacitor reaches its max-
imum value. This happens because the voltage drop in the
series elements in the equivalent circuit is significantly higher
than the voltage decrease in the storage element due to the

Fig. 9. Simulated supercapacitor voltage (vc) in response to the FC energy
dip shown in Fig. 1 and its three contributions v , vr , and vrc according to
the equivalent circuit in Fig. 4.

supercapacitor discharge. In other words, the supercapacitor
voltage decrease during the considered fast transient is much
greater than what could be expected according to energetic
considerations alone. This implies that the supercapacitor is
not able to deliver the whole stored energy on short timescales,
such as those considered here.

This phenomenon has to be considered when sizing the
supercapacitor for the hybrid system, as it strongly affects
the actual available energy to make up for the sudden lack
of power produced by the FC when temporary flooding
occurs. Its impact has to be carefully evaluated, especially for
applications where steep load changes are not expected, and
therefore the dynamic response of the energy storage system
has not been considered in the design. Furthermore, this issue
may become even more critical when the temporary flooding
occurs while the supercapacitor is already generating power to
deal with a fast load transient, according to the hybrid system
control strategy.

B. Experimental Results

The simulation results are validated by experimental tests
carried out by applying the three power waveforms shown
in Fig. 2 to the supercapacitor through an electronic load.
Both the supercapacitor voltage and the current were measured
during each transient, and they are reported in Fig. 10,
compared with the simulated waveforms. The good agreement
between measurement and simulation results confirms the
validity of the supercapacitor model for the purposes of this
paper, particularly as far as the current waveform is concerned.

It is worth noting that for the two deepest energy dips,
the maximum current generated by the supercapacitor is over
2.4 A, while the maximum acceptable current according to the
supercapacitor specification is 1.9 A. On the other hand, the
energy supplied by the supercapacitor is less than 2 J for all
the transients, while the nominal energy of the supercapacitor
(derived from its nominal voltage and capacitance) is 12 J.
Thus, it appears that these fast FC power dips are more critical
for the supercapacitor in terms of maximum current capability
than energy storage capacity, and the supercapacitor design to
cover such dips must therefore be based on the former and
not on the latter.



Fig. 10. Simulated (black dashed lines) and measured (red solid lines)
supercapacitor voltage (top) and current (bottom) waveforms in response to
the three power dips shown in Fig. 2.

In general, evaluating the maximum current requested to
the supercapacitor to make up for an FC energy dip requires
either a software simulation or an experimental test, because of
the complex frequency- and voltage-dependent supercapacitor
model and the dip waveform. The results shown above confirm
that both approaches lead to very similar results, practically
indistinguishable, but they are often not suitable for the
first design stage as they require experimental tests either
to directly measure the maximum current or to identify the
model parameters necessary for the simulation (not enough
information is usually included in the specification provided
by the manufacturer).

To address this issue, in the following section a simplified
analytical model is presented, suitable for a first rough estimate
of the maximum supercapacitor current, with a reasonable
accuracy but without the need for experimental tests.

V. SIMPLIFIED SUPERCAPACITOR SIZING METHOD

The results reported in the previous sections show two
important features that can be used to formulate a simplified
supercapacitor sizing method. First, the maximum current
generated by the supercapacitor is approximately reached at
the deepest point of the FC power dip, and therefore it
can be evaluated by considering only the decreasing part of
the dip transient. Second, such decreasing transient can be
modeled as a power ramp with constant slope, with very good
approximation.

As a consequence, the maximum supercapacitor current can
be estimated from the supercapacitor response to a power
ramp, and its value will only depend on the ramp duration
(or equivalently the ramp amplitude), being the ramp slope
practically constant. Given a maximum power dip amplitude

TABLE II

ESTIMATED, SIMULATED, AND MEASURED MAXIMUM CURRENTS

for the supercapacitor design, the maximum current will
therefore be calculated and the supercapacitor will be sized
accordingly.

Even with a power waveform as simple as a ramp, an
accurate evaluation of the supercapacitor response would
require a software simulation, but the supercapacitor model
can be greatly simplified for a first rough estimate, thus
allowing an analytical solution. Indeed, according to Fig. 9,
the main contribution to the supercapacitor voltage drop arises
from the equivalent resistance Ri , therefore, the supercapacitor
equivalent circuit can be reduced to an ideal capacitor C
connected to the series resistor Ri . This assumption leads to
the following expression for the supercapacitor voltage (with
the sign convention used in Fig. 4):

vc = v + vr = v + Riic (5)

and consequently for the supercapacitor power

pc = vcic = vic + Rii
2
c . (6)

For the whole duration of the transient, the voltage v on
the storage element can be assumed to be constant and equal
to the nominal voltage Vn = 2.7 V, because the decrease in
the stored energy is negligible compared with the nominal
energy. Thus, assuming that the maximum supercapacitor
current ic,max corresponds to the peak power ppeak at the end
of the power ramp, the former can be derived as

ic,max =
−Vn +

√
V 2

n + 4Ri ppeak

2Ri
. (7)

The estimates of ic,max thus obtained are reported in
Table II, compared with the simulated and measured values
shown in Fig. 10. It can be seen that the relative difference
between the estimated and measured (or simulated) values is
less than 10% for all the three considered cases, and thus the
method is accurate enough to be employed for a first sizing
of the supercapacitor.

It is worth noting that the value of Ri used in (7) is the
value reported in Table I, experimentally identified from the
supercapacitor frequency response. This value was used here
for a meaningful comparison between the estimated maximum
current and simulation and measurement results. However, an
estimate (or maximum value) of the equivalent series resis-
tance is usually included in the supercapacitor specification
provided by the manufacturer, therefore the method presented
here does not require experimental tests carried out on the
supercapacitor, and it can be effectively employed in the
first design stage of a hybrid FC-supercapacitor system.



VI. CONCLUSION

The behavior of a hybrid power system composed of a PEM
FC and a supercapacitor was investigated, in response to fast
power dips that are likely to occur on the FC when it is
operated at high humidity levels. Experimental tests carried
out on a single PEM FC revealed peculiar features of the
power dips, which allowed the formulation of a simplified
analytical model to estimate the supercapacitor response to
such dips, particularly in terms of the maximum current
requested to the supercapacitor, which is the limiting factor
in the supercapacitor sizing for this application.

In order to validate the model and justify its assumptions,
the supercapacitor response to the FC energy dips was experi-
mentally measured, and also simulated in MATLAB/Simulink
based on an experimentally identified supercapacitor model.
The series impedance of the supercapacitor was shown to
significantly affect the delivered energy on the short timescales
of the dips, causing a voltage decrease in the supercapacitor
much higher than what is expected according to energy
considerations alone.

The maximum current values estimated according to the
simplified analytical model differed from the measured and
simulated values by less than 10%, thus confirming that the
proposed method can be effectively employed for a first rough
sizing of the supercapacitor for the considered application.

APPENDIX

The physical interpretation of the fast energy dip reported in
Section II-B was based on a local description of the processes
occurring within the cell. From an external point of view, an
integral (macroscopic) model can be formulated in terms of
the overall current produced by the cell. The current is kept
constant by the electronic load, which means that the average
current density is also constant, as the cell active catalytic
area does not change during the transient (no macroscopic
degradation of the electrodes occurs).

The current–voltage relationship in dc conditions
(polarization curve) can be expressed as follows:

Vcell = E0 − Rohm Icell − RT

αF
ln

Icell

I0
− RT

nF
ln

IL

IL − Icell
(8)

where E0 is the theoretical potential, Rohm is the ohmic resis-
tance, R is the universal gas constant, T is the cell temperature,
F is Faraday’s constant, α is the transfer coefficient, n is the
number of electrons involved in the reaction (i.e., 2), I0 is the
exchange current, and IL is the limit current.

As a first approximation, the voltage variation during the
fast energy dip can be modeled by calculating the derivative
of (8) with respect to time. In (8), Icell is constant because it
is imposed by the load and E0, Rohm, and IL are not expected
to change during the considered transient. Thus, the only
time-dependent variable is the exchange current I0, defined
as the rate at which electrochemical reactions proceed at the
equilibrium [27]. Therefore, the voltage derivative results in

dvcell

dt
= d

dt

(
− RT

αF
ln

Icell

i0

)
= RT

αFi0

di0

dt
(9)

where i0 is now written in lowercase, since it is time-variant.

The exchange current is in turn proportional to the
concentration c of reactant, according to the following
expression [27]:

i0(t) = AnFkc(t) (10)

being A the cell active area and k the chemical reaction
constant. The latter can be expressed as a function of the
Gibbs free energy �G of the electrochemical reaction and
the temperature [23]

k = kB T

h
exp

(
−�G

RT

)
(11)

being kB and h Boltzmann’s constant and Planck’s constant,
respectively. Therefore, k can be assumed to be constant here.

The concentration in the diffusive path of the gas toward
the catalytic layer decreases because of the water droplets
blocking the porous materials of the device. Assuming that
only a 1-D (along z) variation of concentration takes place
(orthogonal to gas stream in the flow field), the gas molar
flow N can be written, from Fick’s first law, as follows [28]:

N = −Deff dc

dz
= − Deff

uz

dc

dt
(12)

being Deff the mean diffusion coefficient of gas within the
pores of the GDL and uz the average linear gas velocity
(assumed to be constant). Since N is directly proportional
to Icell (according to Faraday’s law), the derivative of the
concentration with respect to time is constant

dc

dt
= − Icelluz

AnF Deff . (13)

Therefore, according to (9) and (10), the derivative of the cell
voltage, and therefore the derivative of the cell power, with
respect to time are also constant. The measured values of this
derivative are also compatible with typical values of all the
parameters appearing in the above equations, as they can be
found in the literature.
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