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Abstract: This work focuses on the study of operating heterogeneities on a large MEA’s active
surface area in a PEMFC stack. An advanced methodology is developed, aiming at the prediction
of local operating conditions such as temperature, relative humidity and species concentration. A
physics-based Pseudo-3D model developed under COMSOL Multiphysics allows for the observation
of heterogeneities over the entire active surface area. Once predicted, these local operating conditions
are experimentally emulated, thanks to a differential cell, to provide the local polarization curves
and electrochemical impedance spectra. Coupling simulation and experimental, thirty-seven local
operating conditions are emulated to examine the degree of correlation between local operating
conditions and PEMFC cell performances. Researchers and engineers can use the polarization curves
and Electrochemical Impedance Spectroscopy diagrams to fit the variables of an empirical model or
to validate the results of a theoretical model.

Dataset: https://doi.org/10.57745/YLCIPH.

Dataset License: CC0

Keywords: differential cell; PEM fuel cell; local operating conditions; polarization curves;
electrochemical impedance spectra

1. Summary

Proton exchange membrane fuel cells (PEMFC) are now considered as a relevant
solution to limit CO2 emissions for transport and stationary applications [1,2]. The PEM
fuel cell is an open system, and as such, its operation is inherently heterogeneous. Indeed,
electrochemical reactions do not occur homogeneously on the active surface area. It is well
accepted that operating heterogeneities over a large cell active surface area can result in a
decrease of performance and durability [3].

On the one hand, investigating heterogeneities of local operating conditions on a large
MEA surface area in a stack remains a key challenge as most of the parameters are difficult,
or even impossible, to measure with a non-invasive device, which may perturbate the
stack performance and behavior [4–7]. Moreover, experimental campaigns on a stack are
money- and time-consuming when many operating conditions have to be investigated. On
the other hand, PEMFC stack modelling is more accessible than experimental resources.
Indeed, 3D models are able to capture the influence of the stack design and operating
conditions [8,9]. Nevertheless, a full 3D stack model requires lot of numerical resources and
an accurate calibration of the model based on relevant experimental data [10–14]. In this
work, an advanced methodology, illustrated in Figure 1, has been developed to investigate
the heterogeneities of the local operating conditions in a large MEA surface area (i.e., 250
cm2) of a PEMFC stack.
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Figure 1. Illustrated methodology to (a) determine local conditions for each flow configuration and 
initial operating state, and then (b) emulate these conditions on a differential cell through charac-
terization using I–V curves and EIS. 

Since these local conditions cannot be measured, we decided to simulate a few oper-
ating conditions at the cell scale to recover the local conditions. Once the local conditions 
have been determined, they are tested with a differential cell, as it is designed to operate 
as homogeneously as possible and can emulate the local operation of a large cell. 

Figure 1. Illustrated methodology to (a) determine local conditions for each flow configuration
and initial operating state, and then (b) emulate these conditions on a differential cell through
characterization using I–V curves and EIS.

Since these local conditions cannot be measured, we decided to simulate a few operat-
ing conditions at the cell scale to recover the local conditions. Once the local conditions
have been determined, they are tested with a differential cell, as it is designed to operate as
homogeneously as possible and can emulate the local operation of a large cell.

To this end, the local conditions of the cell must be predicted at air inlet, middle
and air outlet of the active surface area to then be experimentally emulated. These local
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conditions (temperature, pressure, concentration of species) are obtained by simulation,
thanks to the Pseudo-3D model with its initial calibration, and are emulated experimentally
on a small cell called the differential cell. The transport equations are solved in-plane
and through-plane using the Pseudo-3D approximation developed and implemented in a
previous multi-physics and single-phase model by F. Nandjou et al. [15]. Indeed, to capture
only the electrochemical response of the catalytic layer, without any other disturbance,
the local conditions applied must be as homogeneous as possible over the studied area.
These local operating conditions are then emulated thanks to a differential cell. Each local
operating condition is characterized by a polarization or I-V curve and Electrochemical
Impedance Spectroscopy (EIS) measurements.

2. Data Description

The different operating conditions investigated in this work are, therefore, emulated
using the differential cell and protocol presented in Section 3. The methodology enables
the capture of a broader range of local values for molar fractions in a dry gas, anode and
cathode relative humidity, gas pressure and temperature, as gathered from three distinct
regions of the simulated cell (air inlet, middle and air outlet) on both the anode and cathode
sides. The thirty-seven different operating conditions are defined and referenced in Table A1
(see Appendix A). For each condition, the polarization curve is measured during the first
scan with decreasing voltage from OCV down to the lower cell voltage, i.e., 0.2 V (Figure 2),
and, later on, EIS measurements are performed at three different currents (Figure 3).
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Figure 3. Electrochemical Impedance Spectra measured for all the operating conditions for the
3 different current densities (a) 45 mA, (b) 180 mA and (c) 900 mA.

Figure 3 shows the impedance spectra measured at low and moderate current values
i.e., 45 mA, 180 mA and 900 mA (or i.e., 25 mA/cm2, 100 mA/cm2 and 500 mA/cm2).

For most of the conditions tested, significant instabilities can be seen below 0.6 V in
Figure 2. These instabilities can be explained by a greater production of water at high
current density, causing the channels to be partially and temporarily blocked until the
droplet is evacuated, allowing the reactants to pass through again.

Each file contains either data from the polarization curve or the electrochemical
impedance spectrum:

• Break-in_IV and CX_IV. This file contains the experimental raw data of the polar-
ization curve of the operating condition X. All raw data files are organized with the
same structure: the first column provides the current (A) and the second one the
corresponding cell voltage (V);

• Break-in_EIS and CX_EIS. This file contains the experimental raw data of the impedance
spectrum of the operating condition X at low (i.e., 45 mA, 180 mA) or medium (i.e.,
900 mA) currents. All raw data files are organized with the same structure: The first
and second columns refer, respectively, to current (A) and cell voltage (V). The columns
3, 4 and 5 report the frequency (Hz), the real(Z) (Ω) and -Im(Z) (Ω), respectively. Fi-
nally, columns 6 and 7 give the module (Ω) and the phase angle (◦), respectively.

3. Methods
3.1. Emulated Local Operation Conditions

To obtain a large variety of local operating conditions, three different flow configu-
rations are computed, as represented in Figure 4: counter-flow with the coolant flowing
in the same direction as the hydrogen, co-flow and, finally, counter-flow with the coolant
flowing in the same direction as the air. Whatever the flow configuration, four distinct
operating conditions representative of automotive application points are simulated using
the Pseudo-3D model [15]. These conditions include a coolant outlet temperature ranging
from 60 to 80 ◦C, gas pressures between 1.1 bara and 2 bara, and relative humidity levels
of 50% for the anode and 60% for the cathode. These four different operating conditions,
considered at the cell inlet, are detailed in Table 1. Local values of molar fractions in a dry
gas, anode and cathode relative humidity, gas pressure and temperature are extracted at
the air inlet, middle and air outlet from simulations at the cathode and anode, providing
36 local conditions to be emulated. An additional operating condition is included in the
experimental protocol, supplementing the thirty-six existing conditions. This additional
condition is repeated at the start and end of the test to provide brief cell conditioning and
ensure reproducibility. The thirty-seven distinct operating conditions are presented in
Table A1.
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Figure 4. Representation of the three flow configurations simulated with the Pseudo-3D model.

Table 1. Operating conditions simulated with the Pseudo-3D model to obtain local conditions to
emulate with a differential cell.

Type of Power Output High
(1.14 A/cm2)

Nominal
(0.7 A/cm2)

Medium
(0.4 A/cm2)

Low
(0.2 A/cm2)

Cell temperature (◦C) 80 80 70 60
Gas pressure (bara) 2 1.5 1.7 1.1

H2 relative humidity (%) 50 50 50 50
Air relative humidity (%) 60 60 60 60

H2 stoichiometry 1.5 1.5 1.5 1.5
Air stoichiometry 1.6 1.6 1.6 1.6
∆T cooling (◦C) 5 5 2 2

3.2. Data Acquisition
3.2.1. Materials

In this work, a differential cell is used to emulate the thirty-seven operating conditions
that can be observed locally on larger cells. A differential or zero gradient PEM fuel
cell is typically a small cell designed to ensure homogeneous in-plane operation, thereby
enabling the application of well-controlled operating conditions [16]. The CEA-designed
cell utilized in this study exhibits an active surface area of 1.8 cm2. It features 32 parallel
straight gas channels, machined in graphite plates, with a width of 250 µm and a depth of
400 µm, separated by a rib of 250 µm width. Figure 5a shows a photo of the differential
cell during assembly. It is designed with narrow ribs and channels and a small distance
between channels inlet and outlet. These small dimensions enable a better distribution
of mechanical stress and as little pressure drop as possible in the channels. This design,
therefore, limits heterogeneities on the rib/channel scale, as well as between the inlet and
outlet of the channels. In addition, this cell is used with high fixed gas flow rates of 45 NL/h
at the anode and 113 NL/h at the cathode. These flow rates correspond to a stoichiometry
of 30 at 2 A/cm2. The reactants consumed and the water produced are, therefore, negligible
compared with what enters the cell. The pressure drop induced by these flow rates between
the inlet and the outlet of the active area is lower than 50 mbar for both reactants. Therefore,
the concentrations of water and reactants remain practically constant between the inlet and
outlet of the channels. This ensures maximum uniformity in cell operation.
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The MEA used features a commercial Catalyst Coated Membrane (CCM), specifically
the GORE® PRIMEA® MEA, comprising a 15 µm reinforced membrane and electrodes
with platinum loadings of 0.1 mg/cm2 for the anode and 0.4 mg/cm2 for the cathode. A
commercial GDL Sigracet 22BB from SGL Carbon, with an uncompressed thickness of
215 µm, is employed on both sides. This assembly is placed in the cell, enclosed by a
150 µm thick PTFE hard stop gasket, to regulate the final thickness of the compressed GDL,
ensuring a 30% compression level.

The differential cell is tested using an in-house test bench, which controls the operating
conditions. It enables feeding of the cell with dry or humidified H2, O2, N2 and air. It is
also possible to combine various types of gases, including both dry and wet gases, while
maintaining controlled flow rates from 0.5 NL/h to 200 NL/h. The differential cell can be
fed with diluted oxygen in nitrogen at various molar fractions. The gases are humidified by
passing through temperature-controlled bubblers, achieving the desired relative humidity
level. Lastly, the test bench manages a thermostatic bath that uses deionized water to
regulate the operating temperature of the cell. The differential cell on the test bench is
presented in Figure 5b. The cell voltage is regulated using a BioLogic SP-150 potentiostat
equipped with a ±20 A booster (adjustable from −20 to +20 V), combined with EC-Lab®

control and analysis software. The characteristics of the potentiostat are detailed in [17].
Once the test bench stabilizes at the desired operating conditions, the potentiostat initiates
the characterization sequence described in the next sub-section.

3.2.2. Cell Characterization Description

The chosen cell characterization protocol begins with a measurement of the available
platinum surface area by cyclic voltammetry (CV) at the beginning of the test (BoT), which
corresponds to the cell’s beginning of life (BoL), followed by a break-in or conditioning
of the cell. The protocol continues with a sequence of characterization repeated for each
operating condition. This sequence includes a short conditioning period, to mitigate cell
history effect as much as possible, followed by the measurement of the electrochemical
response of the cell to a voltage ramp (Polarization or I-V curve), and is finalized by several
measurements of electrochemical impedance spectra. After applying this characterization
sequence for all operating conditions, the break-in process is repeated. Finally, repeating
the break-in process at the end of test (EoT) of the cell enables us to assess potential damage
to the sample.

Break-in is important for complete activation of the CCM in the MEA to reach nominal
performance. A voltage scan from OCV (0.95 V) to 0.1 V with a scan rate of 100 mV/s
followed by a constant voltage period of 60 s at 0.1 V is applied. This cycle is repeated
15 times to complete the break-in process, both at the initial cell startup and before a
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polarization curve measurement is carried out. Cyclic voltammetry is a commonly em-
ployed technique for the characterization of fuel cell catalyst redox properties. In this
electrochemical technique, the cell is fed with H2 at the anode (reference/counter elec-
trode) and N2 at the cathode (working electrode) while the cell’s potential is oscillated
between two specified limits and the current is recorded. The cell’s voltage cycles between
0.090 V and 1.2 V. That measurement is performed several times at 100 mV/s. It enables the
calculation of the electrochemical surface area (ECSA), equal to 216 cm2 Pt for the cathode.
The dataset considered for data processing is that of the last cycle, because the cell’s catalyst
has likely been depolluted by the previous cycles. The operating conditions under which
these processes take place are detailed in Table 2.

Table 2. Operating condition of the break-in phase and for the cyclic voltammetry measurement of a
differential cell.

Break-In CV

Cell temperature (◦C) 80 30
Gas pressure anode/cathode (bar absolute) 2.5/2.3 1.5/1.5
Relative Humidity anode/cathode (%) 95/95 110/110
Gas flow rate anode/cathode (NL/h) 45/113 50/50
Dry gas concentration H2/O2 (%) 100/21 100/0

For each condition of Table A1, the polarization curve of the differential cell is obtained
by measuring the current produced by the cell for a voltage ramp, back and forth. The
ramp goes from OCV to 0.2 V and back at a sweep rate of 1 mV/s.

The impedance spectra are measured at 3 different currents, i.e., 45, 180 and 900 mA.
For each current, the amplitude of the small current variation during the measurement
is of 2 mA, 5 mA and 10 mA, respectively. The frequency range of the measurement is
1 Hz–200 KHz. This frequency range is divided into 20 points per decade in logarithmic
spacing and two measurements of the impedance are taken per frequency.

3.3. Validation

To ensure that the performance measured is that of a healthy cell and that the protocol
is not degrading, we compared measurements taken at the start and end of the test. The
comparison of the polarization curve for the same condition at the beginning and end of the
test is shown in Figure 6a. This condition is the one applied during the cell break-in phase,
as it is the first operating condition tested. We can observe that the I-V measurements taken
at the beginning and end of test are very similar and that the cell is not degraded by the
protocol used.

Moreover, two samples of the same MEA were tested using the protocol described
previously to evaluate its reproducibility. The results shown above are those obtained from
measurements on the first cell (Cell #1). The second sample (Cell #2) was taken from the
same batch of CCM and GDL sheets and assembled in the same differential cell hardware.
As shown in Figure 6b, the two curves almost overlap up to 0.6 V. Beyond that, the curves
diverge slightly up to 0.5 V, after which the gap widens. The section of the curve at high
current density, where the curves diverge, corresponds to mass transport effects. This
section of the curve is highly sensitive to the presence of water droplets in the cell during
the test and to GDL heterogeneities.

The superposition of the curves up to 0.6 V appears to provide sufficient evidence to
conclude that the protocol is reproducible.
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Figure 6. Comparison of polarizations curves (a) at the BoT and EoT for the same sample and
(b) measured for the two samples of MEA#1 in the same condition (C0): 80 ◦C, anode/cathode
relative humidity (RH) 95/95%, anode/cathode gas pressure 2.5/2.3 bara.

4. User Notes

A major challenge lies in analyzing the heterogeneities of local operating conditions
across a large MEA active surface area within a stack. On one hand, conducting experimen-
tal campaigns on a stack is both costly and time-intensive, particularly when numerous
operating conditions must be evaluated. On the other hand, PEMFC stack modeling offers
greater accessibility compared to experimental methods. However, calibrating PEMFC
models remains a critical hurdle. Although some MEA properties can be obtained from
the manufacturer or experimental data, the electrochemical response of the model must be
fine-tuned to reflect the actual behavior of the selected MEA. Indeed, the voltage–current
relationship incorporated into models is typically derived by fitting the electrochemical
response of a PEMFC under a limited set of operating conditions.

This paper presents an advanced methodology for emulating local operating condi-
tions across a large MEA surface area using experimental measurements from a differential
cell. Polarization curves and Electrochemical Impedance Spectra were obtained over a
wide range of parameters, including molar fractions in dry gas, anode and cathode relative
humidity, gas pressure, and temperature, effectively simulating local conditions up to
2 A/cm2. To ensure that only the electrochemical response of the MEA was captured, free
from external disturbances, a differential cell was employed to maintain the most uniform
local conditions possible over the studied area.

The data provided herein have been useful in fitting a cell voltage law to the local
electrochemical behavior on a large MEA surface area in a stack [18]. In this latter study,
these experimental data were used to fit the eight βi coefficients of a semi-empirical cell
voltage law to obtain more accurate simulation results in a wide range of operating con-
ditions. Experimental and simulated polarization curves were also compared in ref. [18],
showing a maximum deviation of 10.4%. Note that the highest current densities are the
most challenging to model, as they represent the diffusion limits and are, therefore, gov-
erned by mass transport processes. Figure 7 recaps different steps used for cell voltage
calibration. Once calibrated, the Pseudo-3D model was used for a sensitivity study of
operating heterogeneities over a wide range of operating conditions. Note that 108 operat-
ing conditions were selected according to a full factorial design of experiment featuring
variation in coolant outlet temperature, coolant temperature gradient and anode/cathode
gas RH in order to choose which ones must be experimentally tested.
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Appendix A

Table A1. Thirty-seven operating conditions tested with the differential cell (the H2 molar fraction in
dry gas is 100% for all conditions).

Name
Cell

Temperature
(◦C)

Gas Pressure
Anode/Cathode
(Bar Absolute)

Relative Humidity (RH)
(%)

Molar Fraction in
Dry Gas (%)

Anode Cathode O2 (Cathode)
C1 84

2.0

75 61 19
C2 79 75 62 19
C3 79 91 73 19
C4 82 85 104 14
C5 83 82 113 9
C6 82 84 94 14
C7 80 90 107 13
C8 83 71 117 10
C9 77 88 143 9
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Table A1. Cont.

Name
Cell

Temperature
(◦C)

Gas Pressure
Anode/Cathode
(Bar Absolute)

Relative Humidity (RH)
(%)

Molar Fraction in
Dry Gas (%)

Anode Cathode O2 (Cathode)
C10 78 72 66 20
C11 82 83 63 19
C12 78 100 75 19
C13 80 91 85 14
C14 83 77 112 9
C15 82 91 102 14
C16 82 87 103 9
C17 79 96 105 14
C18 77

1.7

95 137 9
C19 69

1.5

77 66 20
C20 71 100 74 19
C21 70 104 113 14
C22 70 104 134 14
C23 70 106 137 14
C24 69 108 79 19
C25 71 102 151 9
C26 71 101 161 10
C27 69 110 177 9
C28 59 75 68 20
C29 61 99 76 19
C30 59 106 82 20
C31 60 107 112 15
C32 60 107 137 14
C33 59 109 140 14
C34 60 104 153 10
C35 63 104 170 10
C36 58

1.1

114 185 10
C37 80 2.5/2.3 95 95 21
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