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Abstract- Nowadays, Proton Exchange Membrane Fuel Cells (PEMFC) are considered as a promising solution for 
transportation applications, especially for the aeronautical field in the context of development of a “More Electrical Aircraft”. 
Due to various operating conditions, the State of Health (SoH) of a Proton Exchange Membrane Fuel Cell (PEMFC) could be 
degraded implying a possible decrease of its performance and durability. Hence, there must be a development of tools 
dedicated to the PEMFC diagnosis and ageing monitoring. In this context, this paper introduces a model-based method 
contributing to the monitoring of the SoH of a PEMFC in aircraft applications. The proposed methodology consists of the 
tracking of the temporal evolution a chosen Quasi-Static (QS) model parameters, these parameters being associated with the 
various physicochemical phenomena involved in a Fuel Cell (FC): activation, diffusion and ohmic. Parameters of the model 
are identified from a measurement regularly carried out throughout the fuel cell life: the polarization curve (V–I curve). The 
present model uses also high-frequency resistance measured via Electrochemical Impedance Spectroscopies (EIS) performed at 
various current values of the polarization curve. This methodology is evaluated here in the framework of three ageing 
campaigns carried out with three 1 kW PEM stacks operating at low temperature (50 – 80 °C). In this paper, a particular 
attention is paid to calculations and results relating to the first ageing campaign. A comparison of the results related to the three 
campaigns is achieved as a part of this work. In addition to the good reproduction of experimental data and the separation of 
losses in the static domain, the QS model presented in this paper makes it possible to monitor the FC SoH via the follow-up of 
losses and their related parameters. 

Keywords Proton Exchange Membrane Fuel Cell (PEMFC), stack, ageing, polarization curve (V–I curve), Electrochemical 
Impedance Spectroscopy (EIS), State of Health (SoH). 

 

1. Introduction 

The PEM fuel cell is an ecological device making it 
possible to generate electricity, heat and water by using 
hydrogen and oxygen (coming from air or pure). Thanks to its 
good efficiency and high energy density, the PEMFC is 
considered as a good candidate for energy storage and/ or 
production. 

FCs are submitted to ageing and various operating 
conditions leading to several failures such as hydrogen 

crossover [1] [2], electrode degradations [2] [3] or abnormal 
operation modes (flooding or drying). The understanding of 
ageing mechanisms of the PEMFC remain to be enhanced 
particularly on the aeronautical field [4] [5] where 
expectations in terms of lifetime are higher than those of 
electric vehicle applications [6] [7] [8] [9] for instance. 
Therefore, methods dedicated to the SoH monitoring and 
diagnosis of the FC have to be developed. Several tools are 
proposed in the literature concerning the ageing and the 
diagnosis of failures in FCs [10] [11] [12]. Reviews of 
different diagnosis tools can be found in [13] [14]. 
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One of reliable approaches used for the FC SoH 
monitoring is based on parametric identification of a model 
through experimental data [15] [16] [17]. Widely used for the 
FC characterization, the V-I curve and the EIS coupled with a 
model describing the involved phenomena may provide 
further information about the FC SoH. 

On the one hand, the V-I curve is generally used to study 
the impact of operational conditions [18], or the evolution of 
intrinsic FC parameters as a function of operational conditions 
[19] [20] [21]. On the other hand, the EIS makes it possible to 
carry out several studies such as hydric conditions assessment 
(flooding or drying) [22] [23] [24] [25], tracking of the 
internal resistance [26] [27], detection of hydrogen crossover 
[28] [29] or the evaluation of a stack performances [30]. More 
recent articles present a new approach consisting in the 
identification of generic models based on R-C cells in series 
through EIS measurements. These models allow to generate 
spectra of time-constants related to the dynamic involved 
phenomena, such as impedance spectra [15] [31]. A review of 
different diagnosis schemes based on EIS can be found in 
[32]. 

The contribution of our works is to conjointly exploit 
both characterizations: V-I curve and EIS. This exploitation is 
firstly achieved via the identification of two models, 
respectively for the QS (V–I curve) and the dynamic (EIS) 
domains. Secondly, the originality of this work is to ensure 
the consistency between both domains by introducing into 
each parametrization process, parameters and/or laws coming 
from the other part (see Fig.1) [15]. I.e., the ohmic resistance 
used in the QS model is stemming from the EIS and laws 
governing the dynamic model are derived from the QS model 
outputs. 

The aim of the present article is in fine to separate and 
quantify each involved phenomenon with a robust and 
consistent model-based approach and to be able to monitor 
the FC ageing through the time evolution of each 
phenomenon and its related parameters.  

Regarding the complexity of the developed dynamic 
model, we will just focus, in this article, on the framed part of 
the Fig.1. In other words, a quasi-static model will be 
identified from V-I data using the high-frequency resistance 
obtained via the EIS. 

 
Fig. 1. Dedicated process to the identification of QS and 

dynamic models 

In our previous works [15] were oriented towards the 
calibration of this approach using a cell with various sets of 

materials/ components to emulate various failures. These first 
encouraging works make it possible to consider the 
monitoring of the ageing of fuel cell stacks by the model-
based methodology. In the present paper, the proposed 
method is applied to three ageing campaigns involving three 
6-cell stacks (1 kW each operating under H2/ Air) provided by 
Safran Aerosystems. The presented mission profiles in this 
paper correspond to an aeronautical application. Operating 
conditions are regarded constant during the mission profile. 

2. Presentation of the model and experimental approach 

2.1. Quasi-static model used 

The Fuel Cell voltage VFC can be expressed theoretically 
by the Equation (1) (valid for a single cell or the equivalent 
average cell of a stack):  

 VFC = Eth – ηohm – ηact – ηdiff (1) 

where ηohm, ηact, ηdiff correspond respectively to the losses 
linked to the ohmic, chemical activation, and gas diffusion 
phenomena. Eth is the maximum theoretical voltage; it follows 
Nernst’s law (see Equation (2)): 

 
Eth = Eth0 + (R T/ n F) ln(PH2 (PO2)1/2) , (2) 

where:  

Eth0: theoretical voltage calculated at standard operating 
conditions (at 25 °C and 1 bar),  

F: Faraday constant (= 96485 [C mol-1]), 

n: number of electrons involved in the reaction,  

pH2: partial pressure of hydrogen, bar, 

pO2: partial pressureof oxygen, bar, 

R: universal gas constant (= 8,314 [J K-1 mol-1]),  

T: operating temperature, °K. 

Ohmic losses are linked to the transport of electrical 
charges in the membrane (proton transport) and in the 
electrodes (electron transport) as well as to the losses at 
contact surfaces of the different layers (for example between 
the active and diffusion layers). They also take into account 
the ohmic losses of the electrical circuit up to the various 
points of voltage measurement. The voltage drop related to 
ohmic losses is proportional to the current I according to 
Ohm's law: 

 ηohm = Rohm I (3) 

In this study, Rohm is directly measured by EIS at high-
frequency, this connection is supposed to be the first link 
between the polarization curve identification and EIS. 

For the activation losses, as shown in Equation (4), their 
formula is calculated using Tafel assumption [33]:  

 ηact = (R.T)/ (α.n.F) ln((I+In)/I0), (4) 
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where I0 is the activation current, In the crossover current, 
image of the internal gas permeation and α the charge transfer 
coefficient. This coefficient is assumed constant (equal to 0.5) 
and invariant as a function of operating conditions according 
to various bibliographic references [34] [35]. 

As for diffusion losses, the evolution of gases 
concentration can be described by Fick's law, the resolution of 
this law in stationary, as described in [36], allows to estimate 
the voltage drop due to diffusion losses as shown in Equation 
(5): 

 ηdiff = - (R.T)/ (β.n.F) ln(1 - I/ Ilim), (5) 

β is a coefficient taking into account the complexity of 
the porous layers constituting the electrodes, it can also be 
linked to the order of reaction [20], its value is identified 
experimentally. Ilim is the limit current, corresponding to the 
maximum theoretical current that could be supplied by the 
FC. 

It is to note that the closer the current value to the limit 
current Ilim, the less the system becomes able to maintain the 
necessary concentration of gases, leading subsequently to a 
voltage drop of the component. 

The identification of the QS model is carried out for each 
V-I curve to make it possible to assess the evolution of each 
loss over time. The vector θ of the global identification 
problem is shown in Equation (6). 

 θ = [In ; I0 ; β ; Ilim] (6) 

The proposed approach is therefore to follow the 
temporal evolution of this vector throughout the ageing 
campaign in order to analyze the evolution of the SoH of the 
fuel cell stack. 

Given the non-linear nature of the model, the Matlab 
optimization function (lsqnonlin) makes it possible to 
establish the identification algorithm dedicated to fit 
experimental data. This function makes use of an algorithm 
called Trust-Region-Reflective Least Squares [37] [38]. It is a 
deterministic algorithm which evolution does not depend on 
random events. I.e., for the same starting point, the algorithm 
will always give the same result. In addition to its ability to 
deal with non-linear problems, this algorithm is able to handle 
domain constraints. This point interests us particularly in the 
context of our identification problem, since the parameters 
constituting our vector of parameters are subject to boundary 
constraints, particularly constraints preventing them to be 
negative. 

We also note that the used algorithm can be described as 
a local algorithm. Unlike a global algorithm, a local algorithm 
may not converge to the global minimum of a function but to 
a local minimum. Its ability to find the global minimum 
depends essentially on the initial point or starting point of the 
algorithm. Hence the need of a study of parameters dispersion 
after each identification process.  

 

2.2. Experimental procedure 

2.2.1. Ageing campaigns presentation 

The objective of these campaigns is to obtain three 
different levels of severities in terms of degradation using 
different power profiles at constant operational conditions 
(T= 65 °C, gases pressures PH2 = 1.5 bar / PAir= 1.5 bar, 
relative humidities of gases RHH2= 50 % / RHAir= 50 %, 
stoichiometries λH2= 1.5 / λAir= 2). The profiles of the three 
campaigns (Mission profile, Pmin and Pmax) are shown in Fig. 
2. A summary of cumulative hours and number of 
characterizations of each profile is given in Table 1. 

 
Fig. 2. Profiles of the 3 ageing campaigns (Mission profile, 

Pmin and Pmax) 

Table 1. Summary of cumulative hours and the number of 
characterizations of each ageing campaign 

 

Ageing 
campaign 1 

‘Mission 
profile’ 

Ageing 
campaign 2 

‘Pmin’ 

Ageing 
campaign 3 

‘Pmax’ 

Cumulative 
hours [h] 1,100 914 894 

Number of 
characteriz
ation phases 

13 10 8 

2.2.2. Experimental data 

In this study, we will think in terms of equivalent average 
cell voltage. This voltage is equal to the stack voltage divided 
by the number of cells assuming that the voltages of cells are 
well balanced. Given the repetitive character of the process 
for the 3 campaigns, we will only propose here details for the 
first campaign whose polarization curves are shown in Fig. 
3(a). 

For this campaign, two singular characterizations are to 
be reported (characterizations 5 and 6). These 
characterizations were performed after a nitrogen inerting at 
operating temperature of the stack due to an emergency stop 
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(auxiliaries’ failure). The stack has dried up causing a drop in 
performance. Except for these two characterizations, we 
clearly note a decrease in stack performance over time 
(corresponding to 48 µV h-1 at 1 A cm-2) between the first 
(characterization 1 - 0 h) and last characterization 
(characterization 13 - 1101 h) of Fig. 3(a).  

For three current densities (0.08 A cm-2, 0.55 A cm-2 and 
1 A cm-2), Fig. 3(b) shows the calculation of the ratio between 
the voltages for each characterization with respect to the 
voltage of the first characterization. It clearly appears that the 
voltage degradation increases with the considered current of 
the V-I curves. 

Fig. 3. (a) Experimental V-I curves and (b) Evolution of the 
degradation rates for three currents for campaign 1 ‘Mission 
profile’ (equivalent average cell) at T = 65 °C, PH2 = 1.5 bar/ 

PAir= 1.5 bar, RHH2= 50 % / RHAir= 50 % and λH2= 1.5 / 
λAir= 2. 

As mentioned before, a measurement of Rohm coming 
from EIS data at high-frequency is necessary to separate the 
different losses from the polarization curves. An example of 
EIS data is shown in Fig. 4 for all characterizations of 

campaign 1 at 1 A cm-2. Extracted values of Rohm are also 
represented as a function of current for each characterization 
of the campaign 1 in Fig. 4. 

It is noted that the high values of the ohmic resistance of 
the stack Rohm for the characterizations 5 and 6 are justified by 
the drying caused by a nitrogen inerting after an emergency 
stop, mentioned previously. 

 
(a) 

 
(b) 

Fig. 4. (a) EIS data at 1 A cm-2 for all characterizations of 
campaign 1 and (b) Rohm measured via EIS data at high-

frequency as a function of current for each characterization of 
campaign 1 (T = 65 °C, PH2 = 1.5 bar/ PAir= 1.5 bar, 

RHH2= 50 %/ RHAir= 50 %, λH2= 1.5/ λAir= 2). 

3. Results and discussions 

3.1. Experimental data fitting 

After the identification of V-I curves, we calculate the 
relative error between experimental and model fitting data. 
The corresponding maximum relative error of each 
characterization is given in Fig. 5. We note a very good 
correspondence between experimental and model data with a 
maximum error of less than 1 %. The reproducibility of these 
results has been tested by multiple identifications with 
randomly initialized starting points. 

 
(a) 

 
(b) 

C1: Charac 1 – 0 (h) 
C2: Charac 2 – 2 (h) 
C3: Charac 3 – 53 (h) 
C4: Charac 4 – 72 (h) 
C5: Charac 5 – 186 (h) 
 

C6: Charac 6 – 255 (h) 
C7: Charac 7 – 385 (h) 
C8: Charac 8 – 519 (h) 
C9: Charac 9 – 651 (h) 
C10: Charac 10 – 784 (h) 

C11: Charac 11 – 874 (h) 
C12: Charac 12 – 1011 (h) 
C13: Charac 13 – 1101 (h) 

 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
S. EL AABID et al., Vol.11, No.1, March, 2021 

 96 

 
Fig. 5. Maximum relative error between experimental 

data and model fitting 

It should be noted that the noisy data of characterization 
number 4 prevents the good determination of Rohm, thus not 
allowing the identification of the V-I curve of this 
characterization. 

3.2. Losses separation and their temporal tracking 

Besides the quality of experimental data fitting, the model 
allows losses separation and their tracking over time. Fig. 6 
shows the evolution of ohmic, diffusion and activation losses 
as a function of the number of each characterization of 
campaign 1.  

The activation losses are dominant. At 1 A cm-2, the 
activation losses represent 79 % of the total losses of the 
characterization 1 whereas the diffusion losses represent only 
14 % and the ohmic losses 8 % of the total losses. Several 
studies support this finding, they have shown that activation 
losses remain predominant compared to other losses [15]. 

Except for the characterizations 5 and 6, the losses 
increase almost linearly over time as shown in Fig. 7. The 
biggest increase in losses is that of the diffusion losses. In 
fact, these losses increase by 36 % between characterization 1 
and 13 at 1 A cm-2, followed by the ohmic losses increasing 
by 25 %. The activation losses only increase by 3 % of their 
initial value. 

Concerning the characterizations 5 and 6, we can 
conclude that the drying has affected all the phenomena, and 
not only the membranes. This drying has in fact also degraded 
temporarily the active layer/ membrane interfaces limiting the 
transport of protons and therefore the effective active area, 
generating respectively an increase in diffusion and activation 
losses. The same conclusions have been reached by applying 
the approach to data concerning a single cell as presented in 
[15]. 

 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 6. Losses separation of each characterization of campaign 
1 for an average equivalent cell : (a) Ohmic, (b) diffusion and 
(c) activation losses (T = 65 °C, PH2 = 1.5 bar/ PAir= 1.5 bar, 

RHH2= 50 %/ RHAir= 50 %, λH2= 1.5/ λAir= 2). 
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(a) 

 
(b) 

 
(c) 

Fig. 7. (a) Ohmic, (b) diffusion and (c) activation losses 
evolution over time of campaign 1 for 1, 0.55 and 0.08 A cm-2 

at T = 65 °C, PH2 = 1.5 bar/ PAir= 1.5 bar, RHH2= 50 %/ 
RHAir= 50 % and λH2= 1.5/ λAir= 2. 

3.3. Monitoring of model parameters 

In this part, we compare, firstly, the evolution of the 
values of parameter I0 (obtained via the model identification) 
with the values of the ElectroChemical active Surface Area 
(ECSA) calculated by Cyclic Voltammetry (CV) [36] [39] at 
the same operational conditions with a voltage scan rate of 
100 mV s-1 from 50 mV to 850 mV. The ECSA (in cmpt2 cm-

2) is assimilated to the real used surface of platinum. It is the 
image of the current corresponding to the peak of the anodic 
scanning issued from voltammetry [31]. An example of this 
comparison for the first campaign ‘mission profile’ for some 
characterizations where the VC was performed is shown in 
Fig. 8 as a function of time. 

Secondly, as the cyclic voltammetry leads also to 
estimate the equivalent current for the H2 crossover (whose 
parameter In is supposed here to be an image) [10] [31], a 
comparison between the values of this parameter obtained by 
model identification and CV is done in Fig. 8 for the first 
ageing campaign. 

 
(a) 

 
(b) 

Fig. 8. Comparison between parameter obtained via the model 
identification and those obtained via CV for the first ageing 

campaign: (a) ECSA and I0 as a function of time; (b) In 
obtained by model identification vs In obtained by CV 

As obtained in our previous work concerning a single cell 
[15], the parameter I0 is a good image of the ECSA. In Fig. 9, 
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we plot the ECSA as a function of the activation current I0 for 
the 3 ageing campaigns. It may be noted that a good 
correlation can be reached between these two parameters.  

 
Fig. 9. Evolution of the ECSA as a function of I0 for the 3 

ageing campaigns 

We can observe a clear linearity between I0 and ECSA. If 
the linearity coefficients are close for the campaigns 1 and 2, 
it is not the case for the campaign 3. That could be a 
consequence of differences between stacks (platinum 
dispersion, stack clamping, break-in of the stack…). 

Contrarily to the results obtained in the case of a single 
cell [15], the parameter In obtained by modelling is rather 
different from the crossover current obtained by CV 
(classically the reference value). A ratio of 5 to 6 can be 
observed between both values. So far, these differences are 
not really understood. The number of points at low current 
range densities could be an explanation, the value of In being 
very sensitive to this factor. A good understanding of the 
difference between CV of a stack and CV of a cell could 
provide more explanations leading afterward to a FC 
prognostic [40].  

4. Conclusion 

In this article, an identification process fed by V-I curve 
and EIS data (used in this study to estimate Rohm) was 
introduced allowing to identify parameters of a QS model 
describing the phenomena involved in the FC. The proposed 
model was built through specific physicochemical laws, such 
as activation and diffusion. 

Thanks to the QS model and by assuming that the charge 
transfer coefficient α is equal to 0.5, the presented study 
makes it possible to assess the FC performances and to track 
its voltage drops over time. In that context, three ageing 
campaigns have been tested and compared to demonstrate that 
the proposed approach got sensitiveness to degradations over 
time. 

The first achieved results are encouraging for a SoH 
assessment. In addition to the voltage drops tracking, the 
follow-up of the SoH of the Active Layer (AL) can be carried 
out through the evolution of the activation current I0. Indeed, 
we can conclude that the identified values for I0 have the 
same evolution as the reference values measured by CV.  

Although the V-I curve could provide a global overview 
in the QS mode, it does not give a dynamic view of the FC 
performances. So far, EIS was only used for the ohmic 
resistance estimation. A deeper exploitation of EIS will be 
presented in another article.  

Identification of EIS data was indeed done via a ‘without 
a priori’ approach concerning a single cell FC in our previous 
studies. First results confirm the potentiality of this approach; 
they proved that such a perspective can offer further 
information to investigate the monitoring of the SoH and the 
ageing of a FC stack. 

Another perspective of this work consists to adapt the 
developed methodology for an online diagnosis. For this 
purpose, different improvements must be performed to 
enhance the protocol of measurements (number and 
durations) and characterization phases (start and stop phases 
for instance). 
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