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Abstract: Today the world is full of time-dependent phenomena in all fields: physics, chemistry, mechanics and many others.
Time acts on the performance of any system whatever its nature is. Moreover, proton exchange membrane fuel cells are
promising alternatives to conventional power sources due to their high energy density and zero gas emission. However, this
technology is still not sufficiently mature to reach large-scale deployment due to its limited lifespan. To extend the lifespan, the
“Prognosis and Health Management” discipline has been developed, which is considered to be efficient in improving the
reliability, durability and maintainability of fuel cell systems. However, it involves a deep understanding of the reversible and
irreversible degradation phenomena and their impacts on fuel cell performance. Based on this, this paper deals with analyses of
reversible and irreversible degradation. The criticalities of these losses and their impacts on the fuel cell lifetime are underlined
with a useful lifetime estimation based on an autoregressive moving average model. Indeed, to do so, three scenarios are studied.
First, the remaining useful life is predicted by taking into account only reversible degradation, and this gives the minimum
lifetime. Second, the real remaining useful life is estimated by taking into account both reversible and irreversible degradation.
Finally, the maximum lifetime that can be reached is estimated by taking into account only irreversible degradation.

Keywords: Prognostics, Proton Exchange Membrane Fuel Cell, Reversible/Irreversible Degradation, Remaining Useful Life,
Fuel Cell Ageing

considered and investigated in research and industry. Despite
its various advantages, it is still limited in terms of large
deployment. Cost, durability and reliability are the main
barriers to scale-up of fuel cell technologies [1]. In the last
decade, significant progress has been made in achieving the
required costs and durability in automotive and stationary
applications of proton exchange membrane fuel -cells
(PEMFCs) [2]. For PEMFC technology, the cost can be split
into three parts: these are stack parts, electrochemical

1. Introduction

One of the major problems facing humanity is global
warming, which is caused by intensive use of fossil fuels
emitting huge amounts of greenhouse gases. To face this
problem, new technologies and new alternatives are making
their way into the energy market. However, fuel cells provide
a more promising alternative that is increasingly being
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packages comprising membrane electrode assemblies (MEAs)
and gas diffusion layers (GDLs) and machine setups. The
cost of the stack parts represents 47% of the final cost, the
electrochemical package accounts for 33%, and the machine
setup accounts for 20%. [3]. Thus, research deals with
catalyst loadings [4-6] and use of platinum-free catalysts
[7-9]. With respect to the membrane cost, the resistance of
the membrane is reduced when its thickness is reduced. This
process allows an increase in the performance of the fuel cell
but affects its overall cost [10]. Moreover, the membrane
electrode assembly (MEA) still exhibits limited durability
due to the various degradation phenomena that occur during
its operation [11, 12]. The membrane quality and state greatly
influence fuel cell performance. Performance can be
characterized by MEA parameters, including ohmic
resistance, hydrogen crossover current, double layer
capacitance, and catalyst roughness factor [13]. Membranes
can be susceptible to three types of degradation: chemical,
mechanical and thermal degradation. The production of
hydrogen peroxide during fuel cell operation is one of the
root causes of chemical membrane degradation. Futter et al.
[12] proposed a physics-based model of chemical membrane
degradation by taking into account the influence of pressure,
relative humidity and cell voltage. Frensch et al. [14]
investigated the influence of hydrogen peroxide and iron ions
on fluoride emission in ex situ and in situ experiments and
with a computational model. Li et al. [15] proposed a
three-dimensional model with a thin MEA. A thin membrane
results in low ohmic resistance and is more easily hydrated
under low humidity but can suffer from hydrogen crossover.
Lim et al. [16] studied membrane degradation during
combined chemical and mechanical accelerated stress testing
of PEMFCs. The experimental test consists of performing
open-circuit  voltage cycling combined with high
temperature/low relative humidity conditions. Venkatesan et
al. [17] studied the effects of isolated chemical and
mechanical degradation stressors on the ionomer morphology
in fuel cell membranes. Several remarks were offered: i)
hydrophilic pores are dilated by chemical degradation, ii)
mechanical degradation increases water uptake without major
changes in morphology, and iii) chemically degraded
ionomers are susceptible to damage by mechanical stress.
Singh et al. [18] tracked the evolution of mechanical
degradation in fuel cell membranes using 4D in situ
visualization. Accelerated stress tests were performed to
periodically track membrane mechanical degradation. The
location of membrane cracking was shown to be strongly
correlated with beginning-of-life MEA defects. Unlike crack
initiation, crack propagation in the membranes does not
appear to be significantly influenced by electrode
morphology. Khorasany et al. [19] exposed MEAs to cyclic
uniaxial tension at controlled temperature and relative
humidity to study the effects of cyclic stresses on the fatigue
and mechanical stability of perfluorosulfonic acid
membranes. The fatigue lifetime was measured in terms of
the number of cycles before ultimate fracture. The fatigue
lifetime increased exponentially while reducing stresses. The

effect of temperature was mentioned as a more significant
stress than humidity, and it caused a reduced fatigue lifetime
at high temperatures. Khetabi et al. [20] reviewed the effects
of mechanical compression on the performance of polymer
electrolyte fuel cells and analysed them with in situ
characterization techniques. They detailed the sources of
mechanical stress, their respective impacts and the effects of
mechanical compression on GDL characteristics.

To address the durability problem, the discipline of
Prognosis and Health Management (PHM) has been
developed. It aims at predicting fuel cell performance and
constructing new degradation indicators [21]. Sutharssan et al.
[22] proposed a review on PHMs dedicated to PEMFCs.
Different approaches can be used for prognostics of PEMFC
in order to forecast the remaining useful life (RUL) of the
system. The RUL is the time before failure of the system or
the time when the fuel cell system loses 10% of its initial
power [23]. To perform lifetime prediction, data-based or
non-data-based approaches can be used. Robin et al. [24]
developed a multiscale model of catalyst dissolution that is
coupled to a dynamic fuel cell model to predict the
performance loss of PEMFCs. They simulated the equivalent
active surface area loss and compared it with durability tests.
Javed et al. [25] proposed a data-driven approach for
prognostics of PEMFC stacks using an ensemble of
constraint-based Summation Wavelet-Extreme Learning
Machine (SW-ELM) models. Regarding model-based
approaches, Mao et al. [26] investigated variations in
PEMFC internal behaviour under different operating
conditions to predict future fuel cell performance. Liu et al.
[27] presented an efficient semi-empirical model-based
prognostics method estimating the health state and the
remaining useful life of PEMFCs based on the adaptive
unscented Kalman filter algorithm.

To obtain an accurate estimation of the remaining useful
life of a fuel cell, a good understanding of the degradation
phenomenon is required so as to take good corrective actions
and extend the lifetime. However, this is a tricky task
because of the numerous and different phenomena involved.
They can be chemical, mechanical or thermal in nature [28].
Furthermore, the reversibility of degradation must be taken
into account [29]. Indeed, during operation, a fuel cell is
subject to several degradation phenomena that can be
eliminated; these are known as reversible degradations, such
as flooding or drying [30]. Other degradations cannot be
eliminated. For example, irreversible degradations are related
to the ageing of the fuel cell and are connected to physical
degradations of the fuel cell, such as loss of active area,
carbon corrosion or even catalyst layer poisoning [31].
Dijoux et al. [32] proposed a table in which reversibility and
the parameters involved in each kind of fault appearing in a
fuel cell system were detailed.

The purpose of this paper is to highlight the difference
between the reversible and irreversible degradation of fuel cells.
To do so, a long-term experiment is performed with periodic
characterization used to manage fuel degradation. Some
reversible losses are observed after each characterization. A
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complete study of reversible and irreversible losses is performed
to better understand recovery phenomena. On the other hand, an
estimation of the remaining useful life is performed by taking
into account reversible degradation and then the irreversible
degradation that gives the maximum lifetime of the tested fuel
cell.

This paper is organized as follows; the experimental details
are presented in the first section. The second section deals with
the analysis of reversibility and irreversibility of fuel cell
degradations. Then, the prognostic approach and the results are
presented.

2. Description of the Experimental
Equipment

The fuel cell was run at the nominal operating conditions,
ie., with a constant current density of 0.6 A/em? a
temperature of 60°C, and a relative humidity at the cathode
side of 70%; at the anode side, the hydrogen was dried, and
pressures were 1.5 bars on both sides and stoichiometries of
1.5 and 2 were used for the anode and cathode, respectively.

Table 1. Summarises the 5-cell stack specifications.

Parameter Value
Number of cell 5
Active area 100 cm?
Anode stoichiometry 1.5
Cathode stoichiometry 2

Inlet air pressure (abs.) 1.5 bars
Inlet hydrogen pressure (abs.) 1.5 bars
Maximal difference pressure between both compartments 50 kPa
Stack temperature 60 °c

Anode relative humidity 0%
Cathode relative humidity 70%
Current density 0.6 A/cm?

Over time, the fuel cell naturally aged, and its performance
decreased. The total time of the experiment was 1800 hours
(figure 1). The voltage drop for the stack was 0.54 V, a

degradation of 60 pV/cell/h. The power loss was
approximately 36 W, which corresponded to 18%.
il N
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Figure 1. 5-cell stack ageing experiment.
Nevertheless, strong  misunderstandings of  this

multiphysical and multiscale system imply that no one can
predict the rate of degradation of this fuel cell. Degradation
markers were collected weekly on the system. They enhanced

the base of information needed for the prognostics.

Several measurements were made each week on a
polarization curve ranging between 0 and 0.9 A/cm? and
electrochemical impedance spectra (EIS) at five current
densities: 0.2, 0.4, 0.6, 0.8 and 0.9 A/cm? These
characterisations were made successively on a single day. EIS
was performed with an in-lab spectrometer that performed EIS
with each cell and for the whole stack. EIS was performed at
0.9 A/cm? at the beginning of life, since the maximal current
density was 1.1 A/cm?.
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Figure 2. Polarisation curves over time for the 5-cell stack.

Obviously, this current density value could not be realized
during the complete ageing test, since the fuel cell degraded
over time.

Figure 2 presents the evolution of the stack voltage as a
function of current for various times. The maximal current that
the fuel cell achieved decreased over time. This limit was
fixed by a minimum voltage threshold fixed at 0.4 V/cell.

3. Reversible and Irreversible
Performance Losses

3.1. Definition of Reversible and Irreversible Losses

It is important to emphasize that after each characterization
phase, the stack voltage was higher than the stack voltage just
before the characterization phase. Thus, the characterizations
acted as a recovery protocol for the fuel cell. Jouin et al. [33]
mentioned this and made it clear that the power recovery of
the fuel cell stack also depends on ageing. This means that the
fuel cell stack does not recover the same performance ratio
after each characterization. Reversible losses are caused by
the change in operating conditions during characterizations.
Indeed, during the static characterization of the fuel cell
(polarization curve), the whole range of the current density
was considered. This leads to better humidification of the
membrane and thus improves the fuel cell performance during
a specific time. Figure 3 shows these phenomena in the
long-term experiment running under a constant load.

In the literature, several other durability tests on fuel cell
stacks led to the same observations [34]. Liu et al. [35] tested a
25 cm? single-cell PEMFC with the “MEA/Stack Durability
Protocol” developed by the Fuel Cell Technical Team [2],
which comprised wet and dry load cycling. At the beginning
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of life, the performance was 0.8 V@100 mA/cm?, whereas the
performance decreased to 0.7 V@100 mA/cm? after 210 hours
of run time (end of the test).
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Figure 3. Reversible and irreversible voltage losses of the 5-cell stack under
a constant load.

The overall voltage decay rate was approximately 0.48
mV/h. The voltage drop phenomenon resulted from both
irreversible durability decay and also reversible stability decay,
with some recoveries occurring after the interruption for
diagnostic testing or low voltage. Cleghorn et al. [36]
presented the results of a 26,300-hour 25 cm? PEM single-cell
lifetime test operated with a commercial MEA under
conditions relevant to stationary fuel cell applications. The
degradation rate for total performance was between 4 and 6
uV/h @ 800 mA/cm?. Again, different voltage decays were
observed over time, which were more or less important. Hu et
al. [37] presented interesting experimental results obtained
with a two-cell PEMFC with an area of 335 cm? They
analysed the voltage degradation rates for several 100-hours
periods of time. Depending on the interval number, the
absolute value of the degradation rate for cell 1 was 25 pV/h,
and it was 35 pV/h for cell 2 in the complete test. Dubau et al.
[38] performed a long-term test (12,860 h) on a 110-cell
PEMFC stack (86 cm?) under a constant load (j=0.25 A/cm?).
The overall degradation rate was approximately 3.5 pV/h, but
there was such large heterogeneity of performance, especially
in the first and last 3,000 hours. Liu et al. [39] and Lechartier
et al. [40] presented results on a 1 kW-PEMFC stack (100 cm?).
The degradation observed for the stack voltage over 1154
hours was again nonlinear.

This suggests that the voltage degradation was composed of
reversible and irreversible losses. A clear definition of
reversible and irreversible losses and calculations were
proposed in the Science for Policy report by the Joint Research
Center, the in-house science service of the FEuropean
Commission [41].

The reversible voltage losses result from transient processes.
Their impact on the stack voltage is observable. However, this
voltage loss can be reversed by changing the operating
conditions or by using a recovery procedure. One of the most
common reversible degradations concerns the water
management of the system. Membrane humidification varies
during static characterization, and it could explain the
performance recovery [33]. AVrev is the recoverable part of
the voltage. It is the difference between the starting voltage

V(ti+1) and the ending previous voltage V(ti+Ati).

Irreversible voltage losses are often associated with natural
ageing. Indeed, irreversible degradation includes irreversible
changes in the fuel cell components and materials, such as
pinhole formation in the membrane, platinum migration or
carbon corrosion [42]. AVirrev is the non-recoverable part of
the voltage. It is the difference between the starting voltage
V(ti) and the ending voltage V(ti+1). Both reversible and
irreversible degradation lead to voltage decay; therefore, it is
important to determine the difference when voltage decay is
observed and whether it is due to reversible or irreversible
degradation. Equations 1 to 4 give show the calculations of
reversible and irreversible voltage losses, the total irreversible
voltage loss and the degradation rate.

AVyeyi = V(tiyr) — V(& + Af) in pV (1)
AVir‘rev,i = V(ti) = V(tiy1) in uv 2
AVi‘rrev,tot = ngzl AVir‘rev,i in pv 3)

Z{V: AVirrev,i .
Virrev,tot = w n MV/h (4)

3.2. Analysis of Reversible and Irreversible Losses

Based on the definition given in the previous section, the
reversible and irreversible losses were calculated in the
long-term experiment. In figure 4, several intervals are
defined. They correspond to periods during which the fuel cell
ran under the nominal operating conditions and under constant
load. For each continuous part, the degradation rate (denoted A
in table 2), voltage losses and reversible and irreversible losses
were calculated by using equations 1, 2 and 4 and expressed in
mV/h and V, respectively. Table 2 presents the results. For
reversible losses, the sign “+” is conventionally added as the
performances are recovered, whereas for irreversible losses,
the sign “-” is conventionally added as the performance
remains lower.

At interval No. 0 (conditioning phase of the fuel cell), the
reversible losses are null because a first characterization
(recovery phase) is needed to observe the recoverable voltage.
Thus, during the first 24 hours, only the voltage was ageing in
the fuel cell, which is considered an irreversible loss. It is not
possible to calculate the irreversible losses for the last interval
of time (No. 13) because the voltage value after the last
characterization phase is unknown.

5

4.5 b

AJ(D o | ® ® o1 ® ® ® oloe|oe |

TN

25 I I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800
Time [h]

Stack voltage [V]

Figure 4. Stack voltage evolution with a recoverable voltage threshold and
continuous operation parts.
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Depending on time, the reversible and irreversible losses
are different even for the same interval of time. Generally,
the reversible losses increased over time from 0.041 V at
the BOL to approximately 0.3 V at the end of the test, while
the irreversible losses were quite similar over time. For
interval No. 4, both reversible and irreversible losses were
high due to an unavoidable shutdown that occurred during

the experimental test. After the 10% power loss (interval
Nos. 11, 12 & 13), both reversible and irreversible losses
increased significantly. Thus, the fuel cell performance
recovery was higher but occurred during a shorter time (one
day), which finally resulted in higher irreversible losses.
The trend for the last three parts was more severe than the
previous ones.

Table 2. Degradation rate (A) and different loss expressions.

N# Interval (h) A (mV/h) Voltage losses (V) Reversible losses (V) Irreversible losses (V)
0 8—24 +1.7 +0.027 0 +0.068
1 31—-167 -0.7 -0.099 +0.041 - 0.005
2 180—287 -0.8 - 0.088 +0.094 +0.001
3 298—344 -14 -0.065 +0.089 +0.294
4 361—480 -3.1 -0.37 +0.359 -0.308
5 491—-504 -3.5 - 0.045 +0.062 +0.005
6 506—647 -0.9 -0.124 +0.05 -0.004
7 658—790 -0.9 -0.12 +0.12 -0.023
8 800—938 -1 -0.138 +0.97 -0.013
9 948—1106 -0.9 -0.142 +0.125 -0.02
10 1116—1321 -1.2 -0.248 +0.122 -0.033
11 1334—1466 2.4 -0.313 +0.215 -0.031
12 1477—1610 -2.6 -0.347 +0.282 -0.069
13 1619—1755 -25 -0.341 +0.278 X

Total 8—1755 -0.3 -0.479 1.934 -0.138

4. Prognostic Approach

The discipline of Prognosis and Health Management (PHM)
aims to extend the reliability and lifetime of engineering
systems by monitoring and predicting their degradation. It
also allows the construction of new degradation indicators.
For fuel cells, PHM is used to estimate their RUL, schedule
maintenance and improve their durability. This work focuses
on prognosis, which can be categorized into three main
approaches: (i) model-based, (ii) data-based and (iii) hybrid.
The use of a model-based approach requires deep physical
knowledge of the system studied, and it is also called the white
box model [28]. The combination of data and a prediction
process is a data-based approach that will be used in this study
and does not require any physical knowledge of the studied
system. This approach is also called a black-box model [44].
Finally, the combination of the two previous approaches
results in the hybrid approach [44].

In this work, an autoregressive moving average (ARMA)
model was used to predict the voltage degradation and estimate
the RUL of a fuel cell stack. Indeed, the ARMA model has
proven its prediction accuracy in various fields [45-47]. It
describes a stochastic stationary process varying with time.

The autoregressive AR(p) process describes an observation
X, as a linear function of previous observations X, ; and white
noise, according to the following equation:

X = ZZ:l O Xe T & %)

The Moving Average part has been first introduced by
Slutzky [48] according to the following equation:

X = ZZ=1 O Xe—i + & (6)

Where ¢, and ¢, (k=1,2,...,q) are respectively the
autoregressive and moving-average processes parameters, X,
is the observation “k” time-units before the current time “¢”
and ¢, is a white noise which has independent and identical
distribution with X, E(e,) = 0, Var(e,) = 0> 0.

The ARMA model, a combination of the two last processes,
used the first time by Yule [49] to model the number of
sunspot time series. It describes future variable values with a
linear function which depends on previous observation and
random errors according to the following equation:

Xe= Yoo X+ Xp 0k Xk + & (7

This study is aimed at prediction of the voltage degradation
and accurate estimation of the RUL of the tested fuel cell stack.
This estimation remains difficult due to the various
phenomena that occur during fuel cell operation. Some of
these phenomena are reversible, and others are not. In the rest
of the paper, the conditioning phase will be removed from our
study. The interval time No. 1 will be considered the
beginning of the life of the fuel cell stack.
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Figure 5. RUL estimation without performance recovery.
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In the first time period, the RUL estimation was done
without taking into account the performance recovery; in other
words, the prediction was done by considering the reversible
degradation. To ensure that the ARMA model was adjusted
only on the first part of the voltage signal (interval No. 1)
lasting for 136 hours, the prediction phase began just before
the characterization between intervals No. 1 and No. 2. The
RUL estimation, represented in Figure 5, was computed with
reference to the end of life (EOL), which corresponds to a 10%
loss in stack power. In this case, this corresponds to a voltage
0f 3.065 V. The RUL estimation gave a value of 560 operating
hours, which is denoted as RUL,,;,.

To obtain a precise estimation of RUL that was closer to
reality (1320 h), performance recovery had to be considered in
the adjustment of the ARMA model. In this case, the
prediction phase began after the fifth characterization (after
interval No. 6), as represented in Figure 6. The learning phase
of the ARMA model was approximately 40% of the total
signal length (720 hours), and the prediction was performed
100 steps ahead. The results obtained corresponded to the
RUL,..;, with a mean square error MSE of 0.0002% compared
with the experimental data.
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Figure 6. RUL estimation with consideration of reversible and irreversible
losses.

The last step is to estimate the RUL of the tested stack by
considering only irreversible degradation. The voltage signal
was computed by picking up the upper voltage value reached
after each characterization (12 values or samples). The ARMA
model was adjusted to the 11th sample, which corresponded to
the irreversible voltage obtained at the beginning of interval
No. 12 and further predicted the 12™ sample. The prediction
gave the exact voltage value resulting after the last
characterization (No. 13). A further prediction computed for
2240 operating hours allowed us to estimate the third RUL
denoted RUL,,,,, which corresponded to 2100 operating hours,
as illustrated in Figure 7.

The maximum RUL is supposed to be real if fuel cell
operation is not subjected to degradation phenomena. It can
be associated with the maximal RUL value that can be
achieved. However, this value does not correspond to reality
due to other phenomena that occur during operation; it is
associated with the natural ageing of the fuel cell stack.
Reversible degradation phenomena are unavoidable but can
be minimized by applying characterization or shutdown
phases.
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------ Experimental data

- -Voltage forecast with
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Figure 7. EIS during the second test campaign.

When no characterization or shutdown is applied to the fuel
cell stack during its operation, there will be an accumulation
of reversible degradations, which leads to a significant
performance loss. This accumulation results in irreversible
degradation and thus leads to reduced stack RUL, which
explains the characterization RUL,,;,.

5. Conclusions

The study of reversible and irreversible degradations as
well as the prediction of performance and the estimation of
remaining useful life are the subjects of various research
works. In this study, these different issues were highlighted.
First, the results of experimental ageing tests were presented;
based on those data, reversible and irreversible aspects of the
degradation were explained and analyzed.

This analysis allowed computation of the degradation rate
of the tested stack over time, which saw exponential growth
after having reached a loss of 10% of the BOL power of the
stack. The effect of reversible and irreversible degradation
was highlighted by estimating the RUL, according to three
scenarios that resulted in the three RUL values.

The first case corresponded to operation without recovery
performance, which resulted in a consistent loss of fuel cell
performance. In this case, the RUL was approximately 600
hours, but this remains a theoretical result. This scenario is
unlikely to exist in a fuel cell application, either for stationary
applications or an automotive application. In this study, the
parameter RUL,;, was computed only for comparison
purposes. To extend the fuel cell lifetime, some
characterizations or shutdowns might be performed, which
would lead to recovery of the fuel cell performance.

The second case considered both reversible and irreversible
losses and represents the real degradation of a fuel cell stack.
Over time and after the characterization steps, some voltage
recovery was observed. In this case, the RUL was 1320 hours,
based on the end-of-life definition. The last case considered
performance losses caused by stack ageing. In this case, the RUL
was maximal and was equal to 2100 hours, which corresponded
to a gain of 60% versus the real RUL if perfect recovery
performance is expected. Consequently, it is necessary to
consider reversibility phenomena to estimate the real lifetime of a
fuel cell, as the RUL can vary by +50% from the real one.
According to the results obtained, the significant gap between
RUL,,, and RUL,, needs further investigation. Thus, the
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recovery performance protocol is an issue requiring development
in order to extend the durability of the fuel cell stack.
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