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Abstract

A polymer electrolyte membrane fuel cell (PEMFC) stack has been operated under low humidity conditions during 1000 h. The fuel cell
characterisation is based both on polarisation curves and electrochemical impedance spectra recorded for various stoichiometry rates, performed
regularly throughout the ageing process. Some design of experiment (DoE) techniques, and in particular the response surface methodology (RSM),
are employed to analyse the results of the ageing test and to propose some numerical/statistical laws for the modelling of the stack performance
degradation. These mathematical relations are used to optimise the fuel cell operating conditions versus ageing time and to get a deeper understanding
of the ageing mechanisms. The test results are compared with those obtained from another stack operated in stationary regime at roughly nominal
conditions during 1000 h (reference test). The final objective is to ensure for the next fuel cell systems proper operating conditions leading to

extended lifetimes.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The durability and the reliability criteria are of major con-
cerns for the development of the polymer electrolyte membrane
fuel cell (PEMFC) [1-6]. Furthermore, the lifetime targets (for
example, 5000 h at least for car applications) must be reached
while the prices of the FC systems must be decreased simultane-
ously. One way to achieve cost-effectiveness is to minimise the
number, the complexity and the size of the FC ancillaries. Thus,
one possible research way is to evaluate some solutions allowing
the reduction of the external gas humidification section. Indeed,
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excessive gas hydration is obviously accompanied by additional
energy losses (especially due to the heating of the humidifier)
and it makes the water balance difficult in the particular case of
embedded FC generators. The amount of water to carry in the
vehicle for humidification purpose has to be limited in these
autonomous systems and the water produced by the chemical
reaction should be utilised as much as possible. A too high gas
humidification is also a possible source of non-homogeneousity
in the reactive gas and current distribution inside the stack. A
flooding event is generally sudden and therefore very difficult
to control. Furthermore, some flooding of the electrode regions,
inducing some local starvation phenomena, can affect the
FC lifetime. Nevertheless, it is also largely observed that
low-humidified gas conditions lead to worse performances of
FC stacks equipped with conventional perfluorinated ionomer
(such as Nafion™) membranes. Indeed, proper hydration of
these membranes is critical to maintain their conductivity
[7]. The voltage decay due to the change of the membrane
resistances can generally be restored if sufficient membrane
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water content is obtained again after a dehydration phase. The
FC degradation and the irreversible loss of performance due
to a decrease of the membrane mechanical stability shall be
considered as well. It is admitted that low humidity condition
is one of the severe environment constraints, which can have
strong impacts on the lifetime and reliability of FC systems.

Many PEMFC are tested and operated under highly humidi-
fied conditions (relative humidity close to 90% in the stack) in
order that the membranes remain well hydrated. However, dif-
ferent experimental and theoretical studies have already been
devoted to various aspects of PEMFC behaviour under low-
humidified conditions. In [8], Yoshioka et al. have determined
the effect of low-humidified conditions on current distribution
in a practical operating cell by using a segmented FC. Then, they
have also conducted an endurance test over 5000 h on a 20-cell
stack fed by air (relative humidity of 74% with stack tempera-
ture of 75 °C) and by a reformat mix (relative humidity of 57%).
Biichi and Srinivasan have also shown in [9] that stable FC per-
formances could be possibly obtained without humidifying the
gas streams through the use of the water produced by the reac-
tion. In [10], the effects of a reactive gas systematic dehydration
on a FC performance are described by Atkins et al. Besides, a
specific design of a stack flow-field is proposed in [11] by Qi and
Kaufman with the aim to allow the FC operation under dry reac-
tant conditions. Thanks to a double-path-type counter-current
flow-field design, the water produced by the FC can hydrate dry
reactants.

The L2ES laboratory based on the FC test platform of Belfort
currently carries out research on small 100 W PEMFC stacks.
This work is done with the final objective to ensure for the FC
systems proper operating conditions, leading to high power and
efficiency delivery, and to high performances as well in terms of
reliability and durability. As L2ES and INRETS work together
on FC by focusing on the system aspect, one important goal
is to evaluate and to adapt the technological choices made for
the various needed FC ancillaries (e.g. humidification units) in
order to increase stack lifetime. A first experiment was devoted
to the test of a 100 W three-cell stack operated in stationary
regime at roughly nominal conditions during 1000 h [12]. This
first experiment serves as reference test for the other studies
that are led on other 100 W stacks and in different environment
conditions. In a second stage, another 100 W stack was placed
during about 700 h under dynamical current constraint linked
to vehicle road cycle [13]. The third experiment, which is the
object of the proposed paper, consists in an ageing test performed
during 1000h with a PEMFC fed by dry hydrogen and low-
humidified air. The goal is to investigate the stack behaviour, its
failure modes, the degradation causes and mechanisms related
with low humidity conditions. Obviously, as the FC durability
experiments are expensive and time consuming, the tests have
also to be carefully implemented and exploited. Therefore, well-
suited methodologies have to be adopted as well as efficient and
practical tools for the test analyses. Some techniques derived
from the response surface methodology (RSM) are developed
with this aim in view [14,15].

The paper is organized as follows. In the next part, the experi-
mental set-up and the conditions of the durability tests performed

in the first case at nominal stack temperature and in the other case
at higher temperature are described. In the third section, some
results obtained from the FC characterisation procedures (polar-
isation curves and electrochemical impedance spectroscopy
(EIS) measurements) are presented and some physical expla-
nations are given about the results obtained. In the fourth part,
a brief description concerning the design of experiment (DoE)
methodology is provided. Then, some models are proposed in
order to analyse the experimental results collected thanks to
various RSM tools. Some optimisations are performed to select
the most appropriate conditions leading to the highest voltage
efficiencies.

2. Experimental set-up and test procedures
2.1. Experimental set-up

The PEMFC stacks used in this study have been assem-
bled with commercial membranes (Gore MESGA Primea Series
5510; active cell area of 100 cmz), gas diffusion layers and
machined graphite flow distribution plates. The FC operates
at atmospheric pressure (maximal pressure of 1.5 bar abs.) and
their temperatures are controlled using a deionised water cir-
cuit. A detailed description of the 1kW test bench used for
the durability tests can be found elsewhere [16,17]. Many
physical factors involved in the stack can be controlled and
measured in order to master the FC operating conditions as
accurately as possible. For instance: stack temperature, gas
flows, fluid hygrometry rates, air dew point temperature can
be imposed by the process. In order to achieve the air hydra-
tion, the cathode reactant is passed through a bubbler humidifier
before entering the FC stack [18]. Inlet and outlet flows, pres-
sures, temperatures, single cell voltages, and load current can
be monitored thanks to a homemade interface developed with
Labview™.

2.2. Test conditions

2.2.1. For the reference ageing test

The first experiment was devoted to the operation of a FC
during 1000 h in stationary regime, approximately at nominal
conditions. Indeed, the FC had to deliver a 50 A current (cur-
rent density of 0.5 A cm~2). The FC temperature was regulated
at 55 °C (considering the stack outlet temperature of the cool-
ing loop). The FC was fed by dry hydrogen and humidified air.
The set of anode/cathode stoichiometry rates (FSA/FSC) was
fixed to 2/4, respectively. The FC was operated in open mode:
the air and hydrogen flows were controlled by flow regulators
placed upstream of the stack. The air dew point temperature
was 25 °C, which corresponds to a relative humidity close to
22% inside the stack (value computed not taking into account
the production of water through the chemical reaction). This
value was set regarding the manufacturer recommendations.
Nevertheless, it can be noticed that this relative humidity rate
is already low in comparison with the values usually adopted
for PEMFC equipped with perfluorosulfonic acid membranes
[8,19].
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2.2.2. For the ageing test performed at low humidity
conditions

Another durability experiment has consisted in operating
another FC under low humidity conditions and with a time tar-
get of 1000h. As in the case of the first ageing experiment,
the load current was regulated at 50 A. The FC was also fed
by dry hydrogen and humidified air (air dew point temperature
of 25°C) using a FSA/FSC set equal to 2/4. Unlike the first
ageing test, the FC temperature was controlled at 65 °C, which
corresponds to a temperature level 10 °C higher than the refer-
ence one and to a relative humidity rate in the stack of 15% at
air side. Many parameters (load current, stack voltage, temper-
atures, gas flows, pressures, etc.) were recorded continuously
over the 1000 h test duration. Nevertheless, simply acquiring
these data on the stack throughout the durability test will not be
sufficient to get a comprehensive understanding of the degrada-
tion mechanisms. The FC must also be well characterised during
the ageing experiment. The additional collected data will help
us to determine and quantify the degradation that occurs over
long periods. Thus, for the investigated FC stacks, two types
of characterisation (polarisation curve test and stack impedance
measurement) were performed at regular time intervals—twice
in a week. The durability test was stopped just before each
characterisation sequence (total duration approximately equal to
6 h), and restarted after the completion of this sequence. Notice
that the characterisation hours are included in the duration total
accounts. Moreover, several initial characterisation sequences
have been achieved before the beginning of the durability tests,
in particular to check the repeatability of the measurements.

Before any polarisation test, it is usually recommended to
operate the FC in steady-state conditions in order to avoid as far
as possible any impact of the recent chronological account on
the characterisation measurement [20,21]. In the low humidity
test, the adopted conditioning procedure has consisted in oper-
ating the FC always in the same conditions at 50 A (FSA/FSC
set equal to 2/4, temperature of 55 °C) during 30 min, prior to
each characterisation sequence. During each characterisation,
five different polarisation curves were consecutively recorded,
for FSA/FSC sets equal to 2/5,2/4,2/3,1.5/3.5 and finally 1.5/4.
Notice that only four FSA/FSC sets were considered in the first
reference test: 2/5,2/4,2/3 and 1.5/3.5. A polarisation record was
realised by incrementing the FC current from 0 to 70 A (current
density of 0.7 A cm~2) by steps of 0.5 A. Once the polarisation
curves were recorded, impedancemetry technique was used to
investigate the dynamical stack behaviour.

The EIS measurements were performed with a Zahner-
Kronach, Germany-impedancemeter (IM6 and PP240 devices).
The study of the dynamical FC behaviours was carried out in
galvanostatic mode, considering a static operation point (polari-
sation current of 35 A) and a small sinusoidal alternating part
(amplitude of 1 A). Each impedance spectrum is a series of
single impedance measurements at discrete frequency points.
The data density and the measurement accuracy were selected
considering the steps per frequency decade and the number of
measured periods. The frequency of sinusoidal perturbation was
here ranging from 30kHz to 10 mHz. Impedance spectra have
been measured in the following steady-state conditions: FC tem-

perature was 55 °C, the air dew point temperature was equal to
25 °C, anode/cathode stoichiometry rates were equal to various
FSA/FSC sets: 2/5, 2/4, 2/3, and 1.5/3.5 as well as 1.5/4 but not
systematically. Notice that the dynamical behaviour of the FC
that served for the reference test was investigated considering a
single FSA/FSC set only: 2/5. Once the spectra were recorded,
the physical parameters (stack temperature of 65 °C, stoichiom-
etry rates, load current) related to the durability test were set
again and the ageing experiment in low humidity conditions
could immediately go on. Note that some additional and more
detailed information about the characterisation methodologies
can be found in [16,17].

3. Experimental results
3.1. Evolution of physical quantities over test duration

3.1.1. For the reference ageing test

Fig. 1 shows the stack voltage that was recorded continuously.
The variable is plotted each 24 h, but not during the characteri-
sation sequences. Except at the very beginning of the test (where
a slight improvement of the voltage could possibly be detected),
the stack exhibits quite constant voltage during the first 350 h
of the experiment. Then degradation has occurred quite rapidly
during the following 50 h (with a rate of about 300 mV/100 h for
the stack). Finally, a quite low steady degradation rate (about
20mV/100h) can be observed until the end of the test. If the
voltage evolution versus time has to be modelled by a single
mathematical relation, a fifth order polynomial equation can
be proposed (Fig. 1). No important failure compromising the
physical stack integrity has been encountered during the test.

3.1.2. For the low humidity ageing test

As already mentioned, the duration of the test was initially
expected to be 1000 h but unfortunately a membrane failure was
encountered around the 450th hour of stack operation. A typ-
ical pressure test performed with nitrogen at anode allowed to
detect a gas leakage inside the stack. Although the hypothesis
of sealing deteriorations cannot be dismissed, the most probable
cause of the leakage is a break (or hole) in a membrane lead-
ing to reactive gas crossover between anode and cathode. The
failed cell was detected by considering the abnormal behaviour
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Fig. 1. FC stack voltage vs. time for the reference experiment (stack temperature
of 55°C).
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Fig. 2. FC stack voltage vs. time for the low humidity experiment (stack tem-
perature of 65 °C).

of its open current voltage (OCV) after the shutdown of the
reactive gases. Actually, a rapid drop down of the cell voltage
was observed while the other safe cells could keep usual high
potentials. Then, after this diagnosis procedure, the defective
cell was removed. From that time, we chose to continue the
experiment with the stack composed of the two remaining safe
cells. Afterwards, no other problem occurred with the investi-
gated FC until the end of the test. The stack voltage evolution,
during the phases where the FC temperature and current ref-
erences are equal to 50 A and 65 °C, respectively, is plotted in
Fig. 2. The voltage is first displayed for the period correspond-
ing to the stack made of three cells and then in the case of the
two-cell stack. The global evolutions of the FC voltages during
each one of the two time intervals show that no notable regu-
lar degradation occurred during the test. On the contrary, after
each characterisation sequence, the FC voltage is subjected to a
kind of reversible decrease, which is fast the first hour because
of the stack temperature increase from 55 °C to 65 °C, and then
both slower and slighter the following hours when the stack
temperature of 65 °C is kept constant. This drop down of the
FC performances observed after the characterisation sequences
can be attributed to the gradual dehydration of the cells and thus
to the water removal process from of different layers within
the FC plates and membrane electrode assemblies (MEAs). In
this way, we can also speculate on the following possible sce-
nario. At the beginning of the new steady-state current phase,

S——

FC current [A] 2075 0

Time [h]

some water in the flow-field channels and at the GDL surfaces
might be removed first. Then, as the drying process goes on,
some water may be removed from the porous GDL and from the
membranes. But further studies coupling both experiment and
modelling tasks are still required to provide a detailed descrip-
tion of the underlying phenomena (related to water and mass
transports inside the cell) causing the changes in the cell volt-
ages with the different time constants observed. The other small
peaks linked with some sudden increases of the voltage corre-
spond most of the time to some short interruptions of the load
current and stops of the pump on the cooling circuit (duration
around 30s). These pump shutdowns are caused deliberately
in order to flush some air bubbles out of the deionised water
loop. This is sufficient to lead to a rapid decrease of the stack
temperature, down to about 55 °C, and consequently to a fast
improvement of the FC electrical efficiency (recovery time of
a 10s). However, after the start-up of the cooling pump, the
stack temperature reaches 65 °C again in about 1 min and the FC
shows a voltage level, which is similar with the one measured
just before the beginning of the flushing process. A very slight
improvement of the FC performance might even be detected if
the global evolution of the “mean cell” voltage over the com-
plete test duration is considered (around 20 mV over the 1000 h).
Notice that the quality of the stack temperature and reactive gas
flow controls, and their constancies over the ageing time, are
crucial in such a durability test. It is also very important to be
sure that no gas leakage occurs upstream of the stack. Indeed, at
the 65 °C temperature, a leakage on the air pipe (corresponding
for instance to a change of the FSC condition from 4 to 3.5)
would lead to significantly higher FC voltages. The impact of
such changing conditions will be evaluated in the next sections.

3.2. Polarisation curve results

The set of the polarisation curves recorded during the ref-
erence ageing test for FSA/FSC=2/4 is represented together
using a three-dimensional (ageing time—FC current—FC voltage)
shaded surface (Fig. 3). Its projection, a contour plot beneath the
surface, is drawn in the time—current plane. This plot is like topo-
logical maps, which show elevation versus both longitude and
latitude. However, instead of elevation, the map shows here the
levels of the measured FC voltage versus two variables: time and
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Fig. 3. Display of the polarisation curve set in the case of the reference ageing test, first using a three-dimensional shaded surface and then a two-dimensional

representation (FSA/FSC =2/4).



B. Wahdame et al. / Journal of Power Sources 182 (2008) 429—440 433

g
N o W

L

3cel| suﬁgce !__!_2 2 cell surface

FC voltage [V]
n

40
20
FC current [A] 00

Time [h]

70

Current [A]

600 800 1000
Time [h]

Fig. 4. Display of the polarisation curve set in the case of the test in low humidity conditions (FSA/FSC =2/4).

load current. Obviously, the same kind of representation can also
be used for the other stoichiometry sets and for the ageing test
performed in low humidity conditions. So defined, the contour
plot can be displayed in a two-dimensional way (time—current
plane), which may let the FC voltage degradations more clearly
appear and make the analyses easier. The same representative
approach can obviously be adopted for the test performed with
a stack temperature of 65 °C (Fig. 4). Because of the cell failure
observed during the test, it leads to two different surfaces if the
stack voltage is considered. In Section 4, a single surface will
be drawn by considering a “mean single cell” voltage, which is
basically computed from the total stack voltage and the number
of cells.

In addition, we would like to point out the fact that an absence
of voltage measurement could sometimes be detected from the
records of the polarisation curves. For instance, in the case of
the reference test, the curve measured at t=655h could not be
recorded completely for current values up to 70 A. This was
due to an intermittent potential profile inducing the crossing
of a cell voltage under the minimal threshold of 380 mV for a
load current close to 65 A (which may be caused by a sudden
uneven flow distribution in the FC and led automatically to the
interruption of the polarisation curve record). Some absences of
voltage can also be detected from the surface of Fig. 4 related
with the test in low humidity conditions, especially before that
the cell failure occurs and for load currents higher than 40 A. In
this case, the problem is most probably induced by a gradually
larger crossover rate of reactive gases through the failing mem-
brane. In this hypothesis, a perforation or leak in the membrane
of the defective cell can cause the fuel and air streams to mix,
chemically react or combust thereby leading to a significantly
reduced cell potential.

3.3. Impedancemetry results

All the impedance spectrarecorded during the two considered
durability tests are plotted in Figs. 5 and 6 (for FSA/FSC =2/5).
The spectra are displayed in the complex plane. Each impedance
plot is composed of several parts. For example, let us consider
the impedance spectrum measured at the ‘beginning of life’ of
the stack used in the reference test (“HO” curve). An inductive
part is present at high frequencies (between 30 kHz and 4 kHz
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Fig. 5. Set of impedance spectra recorded during the reference durability test
(for a 55 °C stack temperature).

approximately); it is due to the various FC connection elements
and electric wires. A first capacitive arc (in the 4 kHz—-130 Hz
frequency range) and a second capacitive arc (for frequencies
between 130 Hz and 0.2 Hz) appear. They correspond mainly to
charge transfer phenomena (electrons and protons) at high fre-
quencies and are related to mass and water transport at lower
frequencies. The larger the arc diameters are, the more diffi-
cult are the transfer of the electrical charges and the diffusion
of the reactants. We can focus on some particular locus of the
impedance spectrum diagrams as the point, from which the FC
internal resistance can be estimated (at high frequency, where the
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Fig. 6. Set of impedance spectra recorded during the durability test performed
at 65 °C (EIS measurements performed at 55 °C like in the reference test).
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imaginary part of the FC impedance equals 0). It is well known
that the internal resistance strongly depends on the membrane
water content. Its value is therefore related to the gas humidifica-
tion process and to the amount of water carried by the humidified
reactant gases. It depends also on the water quantity generated
at the cathode, on the water diffusion, as well as on the electro-
osmotic drag (i.e. the water molecules carried by the protons
through the membrane from the anode to the cathode). Another
key-point is the polarisation resistance, which can be measured
at low frequencies and determined from the point on the spec-
trum diagram where the imaginary part of FC impedance equals
0. The in situ and non-invasively recorded impedance spectra
can give some important information on the ageing of the var-
ious MEA key components. The physical interpretation of the
spectra should allow understanding, up to a point, if for instance
membranes and gas diffusion layers separately degrade with dif-
ferent ageing rates. The EIS can also be used as a diagnosis tool,
which enables providing some electrical signatures linked with
different possible failure modes. Notice for instance the unsta-
ble FC operation at low frequency (around 0.1 Hz) at the 398th
ageing hour in the case of the test performed at 65 °C (Fig. 6).
This abnormal pattern can be interpreted as a symptom of an
internal gas leakage inside the stack.

4. Modelling of the fuel cell performance through
ageing time

Such graphs like Figs. 3—6 are already helpful to provide quite
good and simple visual representation of FC ageing. However,
some techniques coming from the response surface methodology
can be adopted to lead further and deeper analyses of durability
experiment results. So, this approach is used to investigate the
impact of ageing time over the FC stack voltage in the case of the
experiment carried out in low humidity conditions. In particular,
if the optimal FC operating conditions leading to the highest
stack voltage versus ageing time have to be found (or possibly the
operating conditions highlighting the degradation of the fuel cell
performances), some various current and FSA/FSC levels have
to be considered. For these purposes, some numerical/statistical
models of the FC degradation are needed.

4.1. Brief overview of the DoE methodology

Actually, the design of experiment methodology dates from
the beginning of the last century with the work of Fisher (1925).
But in the 1960s and 1970s, many innovations were brought by
Taguchi [22]. His work enabled the dissemination of the exper-
imental designs in the business world. As a matter of fact, the
purpose of the DoE method is to increase the productivity of the
experimental process: especially by minimising the number of
test runs when many parameters are studied and by maximising
the accuracy of the results. The method allows determining the
significant factors affecting the studied process and it can also
highlight some possible interactions between the various factors.
It is a structured, efficient procedure to plan some experiments
and to obtain some data, which can be analysed in order to yield
valid and objective conclusions about the studied product or pro-

cess. The DoE techniques are largely used in the research of new
materials or advanced component designs, even in the field of
FC [23]. They are also helpful to estimate the performances of
electrochemical devices like batteries [24] or capacitors [25].
In the specific research area related with FC systems, the DoE
method can be used to evaluate the respective impacts of some
physical control parameters (such as load current, stack temper-
ature, gas flows, pressures, etc.) over the FC operation [26,27,7].
In these cases, the stack voltage or FC power are observed, but
only during a limited time period and not to broach specific FC
lifetime problems. In [28], Ordonez et al. have also used the DoE
methodology, first to build up a model for a Direct Methanol FC
and then to track the maximum power point.

Anyway, a large number of experimental tests are generally
needed to correctly determine the performances of a FC system
or to identify the parameters of a FC physical model. The choice
of an experimental design depends on the objectives of the exper-
iment and on the number of factors to be investigated [29]. The
RSM is one important particular aspect of the DoE methodology.
In this case, the experiment is designed to estimate the effects,
the quadratic effects and the interactions of a few important
factors, which have been selected before using some screening
procedures. The RSM gives then an idea about the shape of
the investigated response surface. The RSM designs are used to
find improved or optimal process settings, troubleshoot process
problems and weak points, to make a product or a process more
robust. The general expression of the RSM analytical models is
simple when written in a matrix form:

y=X-p M

y is the vector of the experimental results, ¥ is the vector of
the polynomial approximation at each experimental point (y =
9 + ¢ with the ¢ variable corresponding to the fitting error). X
stands for the experimental matrix, also called design matrix. It
depends on the experimental point position and on the type of
polynomial model used.

B is the estimated coefficient vector. It is calculated with Eq.
(2) describing the least square estimator.

B=x'-x)"" x'y )

The models used in the RSM methodology take usually either a
linear form or a quadratic form. Eq. (3) is a possible expression
for the model.

k k k k
3]:/30+Z:3i'xi+z,8ii'x,'2+zz,3ij'xi'xj 3)
i=1 i=1 i=1 j>i

Some normalised centred representations (also called sometimes
“coded values”) are generally adopted for the factor levels. Then,
the —1 and +1 values are, respectively, related to the minimal
and maximal levels of the x factors (—1 <x <+1). The interest
of such a representation lies in the fact that the values of the g
coefficients can be easily interpreted. Indeed, B is the arithmetic
mean value of the responses, f; are the factor effects, §;; are the
quadratic effects, and B;; are the interactions between factors.

Once a suitable approximation for the true functional rela-
tionship between the independent variables and the surface



B. Wahdame et al. / Journal of Power Sources 182 (2008) 429—440 435

response is found, the optimisation of the response variable y
can be made.

4.2. Static current—voltage characteristics

The static test results of the durability experiment performed
at 65 °C are employed to investigate the impact of ageing time
over the FC voltage, by considering some various load current
and FSC levels. For this purpose, one RSM full factorial design
is firstly used to analyse the endurance test and to establish a
preliminary model for the FC voltage degradation. The regres-
sion model is then used to find the optimal operating conditions
versus ageing time leading to the highest stack voltages.

4.2.1. Use of a full factorial design for the data selection

A full factorial design allows measuring the responses of
every possible combination of factors and factor levels. These
responses are generally analysed to provide some informa-
tion about every main effect and every interaction effect. A
full factorial DoE is practical when less than five factors are
investigated. Moreover, with this type of design, orthogonality
criterions are satisfied [29]. The number of needed experimental
responses depends on the numbers of factors and levels adopted
for each factor. However, taking into account the data recorded,
a stricto sensu full factorial design cannot be used here. Indeed,
as mentioned in Section 2.2, the stack performances were not
investigated for FSA/FSC equal to 1.5/3. Instead of that, a non-
conventional design with the ragged point FSA/FSC=1.5/3.5,
close to the missing one, is adopted. In our study, the experimen-
tal design factors considered are the ageing time (¢), the hydrogen
and air stoichiometry rates (FSA and FSC) and the load current
(D). The output voltage of the “mean cell” (Upean cell RSM) 1S the
response. The levels adopted for the factors are summarised in
Table 1.

4.2.2. Modelling and representation by contour plots

The quadratic model generated by the design is given by
(4). Some normalised centred representations are adopted for
the factor levels. The regression used for the estimation of the
polynomial parameters is made thanks to the rstool function of
Matlab™ [30]. This function performs the interactive fit and
plot of a multidimensional response surface.

Umean cell RSM

Table 1
Levels of the investigated factors
Factors  Levels
Minimum (—1)  Intermediate Maximum (+1)  Number
I 0A Step of 1A 70A 71
t Oh Characterisation 1028 h 13
instants
FSC 3 4 2
FSA 1.5 2 2

taken into account in the model has an influence on the descrip-
tive quality of the model. A measure of the fit goodness is the
norm of the residual vector: the smaller the norm is, the bet-
ter the fitting is. Examining the R? coefficient of the multiple
regression correlation is another key part of all statistical mod-
elling. This coefficient is a number between 0 and 1. A value
close to 0 suggests a poor model. If the R? is equal to 1, it
means that the model exactly fits the measurements and totally
explains the studied phenomena. The R* coefficient is defined
by the following equation:

At. t-

<

[
<l
<l

R = )

t.

<
<1

Yoy —
where 3'- ¥ is the sum of the squares for the mean response
vector.

The R? coefficient, equal to 0.9812, reveals the accuracy of
the chosen model. The relationship between the investigated
variables was further elucidated using the predicted model (1)
together with contour plots (Fig. 7). The most influential factor
over the “mean cell” voltage is obviously the load current. A
large performance loss is noticed at higher current densities,
owing to mass-transport loss characteristics in the MEA. The
lowest stoichiometry rates lead to lower voltages. The decrease
of the performances versus time is still more visible for FSC
equal to three.

The failure on one cell observed for ageing times around
450h has appeared quite suddenly. By observing the graphs of
Fig. 7, the difficulty encountered to operate the FC at FSA=1.5
during the first 450h of the ageing test can be observed. The
polarisation curve records were generally interrupted for load

=10.633 —0.174 x I — 0.006 x ¢ + 0.001 x FSC + 0.006 x FSA

+0.063 x 12 —0.001 x 2+ 0 x FSC2 + 0 x FSA2 —0.007 x I x t
+0.005 x I x FSC+ 0.010 x I x FSA + 0.004 x t x FSC
—0.001 x t x FSA + 0.003 x FSC x FSA + ¢

The model and its 8 values show the importance of the current
impact over the stack voltage in comparison with the influences
of ageing time, FSA and FSC factors. The model highlights also
each relative importance of the various interactions: I x FSA and
I x t are the largest ones.

One advantage of using a low order polynomial is that the
response is effectively smoothed. This is essential if the main
aim is to get a satisfying overall picture of the response variation.
The choice concerning the model order and the interactions to be

“)

currents near 50 A. This FC behaviour can be considered as a
premonitory pattern for the encountered problem. Notice that
the deterioration rate of the “mean single cell” performances is
globally not so strong, in particular if a comparison is done with
the results obtained in the reference test. To this aim, Fig. 8 shows
the example of the contour plots computed for FSA/FSC =2/4
in the case of the reference test [14]. Eq. (6) has been used to
display the surface response of the model related with this exper-
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Fig. 7. Contour plots displayed for the experimental measurements (dotted lines) and for the full quadratic model (full lines) in the case of the low humidity test.

iment. Not that the order of the polynomial model is not high
enough to reproduce the slight improvement of the performances
at the beginning of the test (0 <7< 100 h). However the model is
sufficient to fit the global trend over the 1000 h of operation.

Umnean cell RSM 15t ref test

Even though the models proposed in this study cannot be con-
sidered as physical models (indeed, they are rather statistical

= 0.6037 — 0.2070 x I — 0.0395 x t 4+ 0.0098 x FSC

+0.1078 x I3 — 0.0204 x 2 — 0.0043 x FSCZ — 0.0221 x I x t (6)
4+ 0.0146 x I x FSC+ 0.0211 x t x FSC + ¢

FSA/FSC=2/4
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Fig. 8. Contour plots displayed for the experimental measurements (dotted lines)
and for the full quadratic model (full lines) in the case of the reference test
(FSA/FSC=2/4).

models), they can be helpful to clearly dissociate the respective
impacts of the various physical parameters over the investigated
response. For instance, the approach allows the dissociation of
the cell voltage drop due to the ageing time from the voltage
evolutions caused by the setting of different operating conditions
(e.g. load current and air stoichiometry rate values).

4.2.3. Optimisation of the operating conditions

The optimisation goal is to define the hydrogen/air stoi-
chiometry rates leading to the highest FC voltage in the time and
current ranges explored. The programming problem satisfying
the constraints 1.5<FSA <2 and 3<FSC<5 can be solved
thanks to the quadprog Matlab™ function [30]. Fig. 9 shows
the results of the optimisation. FSA equal to 2 leads to the high-
est stack performances for the complete experimental domain
investigated, thus no graph related with this result is displayed.
FSC equal to three allows obtaining the best performances only
at the very beginning of the ageing test and for low current
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Fig. 9. Contour plot of the response surface for FSC leading to the highest
performances and related optimal “mean cell” voltage.

values. Then, with time, FSC equal to 5 becomes necessary to
reach the highest stack voltage. This result is quite similar with
the one already obtained in the case of the reference test [14].
The need of a growing air supply can be explained by different
factors. The increase of the crossover rate through the defective
cell during the first 450 h of operation consumes some reactive
gases, which thus cannot serve the electrochemical reaction and
the delivery of high cell potentials. Therefore, some additional
reactive gas flow quantities are requested in order to balance
the leakage flow passing in the possible membrane pinholes.
Besides, the gas flow value crossing the failed membrane can
be governed by the total pressure gradient between the anode
and cathode compartments, which is linked here with the
FSA/FSC rates since there is no back-pressure control in the
experiment. According to the sign of this pressure gap, more or
less fuel or oxidant can pass through the failed membrane and
affect the cell potential. Another probable explanation about
the rising need of higher oxidant flows can concern the ageing
of the GDLs. Some poorer gas diffusion properties can affect
the water removal inside the cells, especially at cathode, and
they can induce a higher demand of air-flow rates to enable
good cell performances. Another concern is the reduction of
the electrode active areas throughout the ageing time (caused
by poorer catalyst layer properties).

4.3. Electrochemical impedance spectroscopy

The EIS test results of the durability experiment performed
in low humidity conditions are employed to get a deeper under-
standing of the impact of ageing time over the FC voltage, by
considering here some various FSC levels. The electrochemical

impedance spectra are used to provide some additional physical
interpretations and also to corroborate the observations already
made from the static measurements. For this purpose, some RSM
full factorial designs are used to analyse the endurance test and to
establish some preliminary models for two important parameters
related with the recorded EIS spectra, namely internal resistance
and polarisation resistance. Obviously, the evolutions of these
experimentally measured parameters could be directly plotted
on various graphs as a function of ageing time and for the differ-
ent investigated FSC rates. But one of the RSM strength is also to
provide some concise graphs or maps that allow an overall pic-
ture and a better visualisation of the response trends according
to the selected factors and test conditions.

4.3.1. Internal resistance

A full factorial design is first used to select the data that will
enable the creation of two response surfaces: one for the stack
composed of three cells and another one for the two-cell stack.
The levels adopted for the factors are summarised in Table 2.

In a second step, two quadratic polynomial models are com-
puted from the data grids generated. The related Egs. (7) and (8)
as well as their respective R? coefficients are given, on the one
hand for the three-cell stack and on the other hand for the two-
cell stack. Note that the model quality, which is not very high
in this case, can be explained by the small range of the internal
resistance variation.

Rintyeye (M) = 4.528 +0.015 x ¢ +0.168 x FSC

—0.007 x > — 0.037 x FSC?
—0.052 x t x FSC @)

Rintyy, (M) = 3.436+0.01 x t + 0.107 x FSC
+0.041 x 7> — 0.033 x FSC?

—0.043 x t x E )
For the three cell stack : R? = 0.8613,
for the two cell stack :  R*> = 0.7911

The two models proposed are then used to display some con-
tour plots of the internal resistance in the ageing time—FSC plane
(Fig. 10). The decrease of the cathode stoichiometry, from five
to three, leads to a slight drop of the internal resistance. This is
due to the fact that in the experimental domain explored, some
higher air flows cause a drying of the membranes. Fig. 10 shows
that the time factor has no large impact on the internal resistance

Table 2
Levels of the investigated factors for the study of the internal resistance
Factors Levels
Minimum (—1) Intermediate Maximum (+1) Number
t 0h (three-cell stack) Characterisation instants 398 h (three-cell stack) 6
460 h (two-cell stack) 952 h (two-cell stack)
FSC 3 4 5 3
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Fig. 10. Contour plots displayed for the internal resistance measured at 55 °C
(during the characterisations).

variation, which remains restrained. It is highly probable that the
membranes were affected by the stack operation at low humid-
ity conditions and thus could deteriorate more rapidly, leading
finally to the formation of holes in one of the cell membranes.
According to [31], the membrane thinning and cracks or holes
can be caused by different physical phenomena: for instance,
the dissolution of the polymer followed by peroxide attack, the
loss of sulfonic acid groups. Here, the evolution of the internal
resistance versus ageing time does not give any significant proof
of the membrane material degradation. As stated in Section 3.1,
the abnormal behaviour of the cell OCV is rather to be consid-
ered in order to detect any larger crossover rate of the reactive
gases through the membrane pinholes. Possibly, the decompo-
sition of the membrane could also be observed by detecting
some fluoride ion releases in the FC exhaust waters. Note that
by considering Fig. 10, it is also possible that the membrane
degradation does not negatively affect the cell performances, at
least during a first ageing time period, since the membrane thin-
ning might also reduce the membrane resistance and thus lead
to lower performance losses.

4.3.2. Polarisation resistance

The same approach is used to propose some models and
display some response surfaces in the case of the polarisation
resistance study. So, a full factorial design is first generated
considering the factors levels of Table 2. Then, two quadratic
models are calculated for the three-cell and two-cell stacks. The
response surfaces related with the polarisation resistance evolu-
tion are presented in the plane ageing time—FSC plane (Fig. 11).
Finally, some observations can be made from the graph.

The consequence of a FSC increase is a drop down of the
polarisation resistance, i.e. higher FC electrical performances.
During the 180 first hours of the test and for a given FSC value,
the response surface shows a decrease of the polarisation resis-
tance (hence an improvement of the stack voltage). This initial
time period may be compared with the phases of “running in”
that are sometimes encountered with engines. Note that the
phenomenon was also observed in the case of the first ageing ref-
erence test (Fig. 3). The improvement of the stack performances

Polarisation resistance [mOhm)]

5 \
16 /\ 12 \
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- /_ 13—
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Fig. 11. Contour plots displayed for the polarisation resistance (stack tempera-
ture of 55°C).

at the test beginning can be explained by various factors: a pro-
gressive better hydration of the membranes (especially at the
anode since there is no humidification of the fuel upstream of
the stack) leading to a higher electrolyte conductivity (Fig. 10),
some better interface contacts between the different MEA com-
ponents, possibly also by a gradual elimination of solvent traces
and other residual constituents linked with the MEA manufac-
turing process. After that, between the 200th and 460th hour,
and still for a given FSC value, an increase of the polarisation
resistance (corresponding to a degradation of the FC voltage)
occurs. It can be attributed to the higher crossover rate in the
defective cell. The 540 next hours, which correspond to the oper-
ation with the two-cell stack, give rise to a stabilisation of the
FC performances.

A

Rpolaseg, (M) = 17.014 4 0.522 x £ — 2.611 x FSC

+1.125 x £ + 1.487 x FSC?
—0.275 x t x FSC 9)

A

Rpolagey, (MS2) = 12.889 +0.091 x 1 — 2.027 x FSC
—0.290 x > + 0.892 x FSC?

—0.190 x t x FSC (10)
For the three cell stack : R? = 0.9779,
for the two cell stack :  R? = 0.9605

When increasing the cathode stoichiometry rate for a given
ageing time, a higher polarisation resistance can be observed
while a rather lower internal resistance is detected. In this case,
the loss of FC global performances can rather be attributed to
difficult charge transfer and species diffusion since the polari-
sation resistance corresponds to the global sum of the various
resistances (internal resistance, transfer resistance, etc.) linked
with the different physical phenomena involved in the stack.
Besides, the effects of mass transfer limitations could already
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Fig. 12. Set of impedance spectra recorded prior the durability test (EIS mea-
surements performed for different FSA/FSC rates and stack temperatures, with
dry hydrogen and humidified air—dew point temperature of 25 °C).

be observed from the polarisation curves at high current den-
sity. These statements can be made for the entire duration of
the ageing test. However, the FSC impact over the evolution of
the internal and polarisation resistances would be different for a
stack temperature equal to 65 °C and identical gas humidifica-
tion conditions (i.e. FC fed with dry hydrogen and air with a dew
point temperature of 25 °C). A few electrochemical impedance
spectra were recorded with these operating parameters before
the beginning of the ageing test, with the aim to investigate the
impact of temperature over the FC performances. Some of these
records are depicted in Fig. 12 and it can be observed that both
internal and polarisation resistance values increase significantly
at 65 °C for a higher FSC rate. The increase of the internal resis-
tance can be explained by the water removal and the drying out
in the membranes and in any ionomer present in the catalyst
layers. The rise of the polarisation is obviously due to the higher
internal resistance, but probably also to a higher charge trans-
fer resistance as the diameter of the high-medium frequency arc
appears as larger (electrode dehydration).

5. Conclusion

The impact of low humidity conditions on the FC durabil-
ity and reliability has been investigated by operating a three-cell
stack during 1000 h and by characterising it regularly throughout
ageing time, using both polarisation curve and EIS measure-
ments performed for different gas flow rates. Some design of
experiment techniques and in particular the response surface
methodology have been employed to analyse the results of the
considered ageing test. The DoE methodology proved to be
really suitable to analyse the degradation of FC operated in dif-
ferent conditions, in particular by providing some graphic tools
that enable fine overall pictures of the investigated phenomena.
The approach would be quite difficult to apply by considering
many levels of parameters related with various ageing condi-
tions since the total duration of the complete durability test set
would lead in this case to huge experiment durations. How-

ever, the methodology seems to be rather appropriate to explore
different operating conditions during the stack characterisation
sequences within an ageing test (as in the proposed work). These
characterisations can be used especially to highlight and to better
understand the degradation phenomena.

In this work, some numerical models have been proposed
from the static current—voltage records to study the impact
of stoichiometric rates over the performance deterioration.
Although one of the three cells failed around the 450th hour of
stack operation, a quite weak degradation rate was observed for
the “mean single cell” performances. Some numerical/statistical
models have been computed from the EIS data. The monitoring
of the membrane conductivity through EIS measurements was
really suitable to obtain some information related with the elec-
trolyte hydration state. It is quite obvious that a FC operation
with a higher internal resistance will probably reduce the stack
lifetime expectancy and increase the probability of failing cell
occurrence. Moreover, a simple survey of the internal resistance
value seems to be inefficient to predict the coming next cell fail-
ures due to low humidity conditions. The ability to operate the
stack with lower anode stoichiometry rate or the OCV moni-
toring should rather be used as a diagnosis tools allowing the
detection of hydrogen crossover rate through the electrolytes.
However, it is still very difficult to give some accurate reasons
that could explain why one cell failed and not the two other ones.
One can suggest for instance that a local imperfection, formed
during the MEA manufacturing, or a minor damage, caused dur-
ing the beginning of the FC testing, such as a crack, could act
as a stress concentrating point. Some more fundamental under-
standing of physical ageing mechanisms through post-mortem
analyses by chemists or electrochemists could certainly help us
in this way [32,33]. From an experimental point of view, better
test designs combined with the use of multiple characterisation
methods in parallel (e.g. crossover and cyclic voltammetry mea-
surements) are required to ensure that the maximum amount of
information is obtained from the ageing experiments.

The final results of the durability program should be used to
propose some technological solutions for future FC generators
as well as test methodologies, which could provide a convenient
help to define the tradeoffs at the system level leading to extended
lifetimes.
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