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ABSTRACT

This work presents the results of manufacturing a single Proton Exchange Membrane Fuel Cell (PEMFC)
with Micro-Porous Layers (MPLs) and an active area of 25 cm’, and the experimental study required to
build its polarization curve. Based on the physical model data, a numerical model of this PEMFC is created
in the ANSYS PEM Fuel Cell module. Numerical simulations were performed with boundary conditions
consistent with the experimental conditions on the test station. The calculation and experimental result
comparison of the polarization curves for voltages ranging from 0.29 V to 0.94 V proved that the utilized
numerical model is highly reliable. The simulation of PEMFC without MPLs was conducted according to
such stable input parameters and boundary conditions. The results show that the PEMFC performance
decreases significantly due to the flooding phenomenon inside PEMFC without MPLs compared to
PEMFC with MPLs. Such phenomena are challenging to observe experimentally. Numerical modeling can
be further used to optimize the fuel cell components.
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I.  INTRODUCTION

On December 13, 2023, the COP28 adopted a climate
agreement calling for the world to move away from fossil fuels
[1]. Alternative energy sources, such as hydrogen, and
replacing burning fossil fuels energy conversion methods with
electrochemical processes implemented in Fuel Cells (FCs), are
encouraged to be utilized. Currently, there are several FC types:
Proton Exchange Membrane (PEM), phosphoric acid, solid
oxide, alkaline, and molten carbonate [2]. PEMFCs are more
popular because they provide higher efficiency and energy
density with low weight, volume, and noise and have a more
straightforward structure [3]. PEMFCs can be used as a power
source for FC electric vehicles and can be combined with
batteries in hybrid electric vehicles [3]. In several studies,
researchers have used FCs in power systems for vehicles [4-
11], and physicochemical phenomena in FC and the influence
of the components of FCs on their properties have been
investigated [12-16]. Research on perfectings FCs and FC
propulsion systems is increasingly vibrant and developing.

Through a PEMFC, the electric energy is derived from
hydrogen and oxygen by electrochemical processes. The
reagents are transferred to the reaction site in a PEMFC via
supply channels. The hydrogen/oxygen reactions producing the
oxidation of hydrogen and the reduction of oxygen are
promoted in the Catalytic Layers (CLs). For a profitable
PEMFC process, delivering a consistent allocation of the
reagents in the electrode region and shunting to the collector of
all catalyst particles is required to reduce ohmic losses. This
procedure is continued by the Gas Diffusion Layer (GDL),
which is placed suitably from the bipolar plate to the CL. An
extra Micro-Porous Layer (MPL) can be adhered to the inner
surface of a GDL, contacting with the CL to enhance the
performance of GDL. The contacting resistance between the
GDL and the CL can be decreased due to the MPL leads [14].
For PEMFC development, properties such as CLs, PEM,
GDLs, MPLs, the number and configuration of channels on
flow plates, operating conditions, etc. are the target of
researchers to highlight their role in influencing PEMFC
performance and internal phenomena.
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This work aims to investigate the influence of the MPLs on
PEMFC performance and the flooding phenomenon in
PEMFCs. To do this, a PEMFC prototype was built using
commercial materials and tests were conducted to measure its
performance. The creation and calibration of this prototype
model to obtain a polarization curve close to the experimental
polarization curve and evaluate the model's reliability were
conducted with the ANSYS PEM Fuel Cell Module (17.2
version, including upgrades). Then, the ANSYS model was
numerically simulated and the flooding phenomenon inside the
PEMEFC was studied for both cases, with and without MPLs.

II. FABRICATING AND TESTING A FUEL CELL

A single PEMFC with MPL and an activated area of 25 cm®
was developed using PEM (Nafion 212), GDLs + MPL
(Sigracet 35BC), PTFE loading of 5 wt% and 25 wt% of GDL
and MPL, respectively, 0.8 porosity [17, 18], CLs with 40 wt%
Pt/C, and 40 wt% Nafion, and CL binder (Solution D520 5
wt%). The Membrane Electrode Assembly (MEA) was
fabricated by hot pressing two electrodes onto both membrane
sides at a temperature of 403 K and a pressure of 1.96 MPa for
180 s. The thickness of the MEA was 662 pum after hot
pressing. The MEA was installed between two graphite bipolar
plates (Graphite HK3), and 0.1 mm thick PTFE gaskets were
placed between the contact surfaces. The graphite bipolar
plates have serpentine grooves 1 mm wide and 1 mm deep. The
MEA and graphite bipolar plate assembly was installed
between the collector plates and then secured to the two
housing plates with eight bolts (Figure 1). The PEMFC
prototype was installed to the test bench, as shown in Figure 2.
The mass flow controllers regulate the oxygen and hydrogen
gas from the cylinders and pass through the hot water in
humidifiers. Oxygen and hydrogen feed PEMFC has a constant
relative humidity of 100% guaranteed by temperature
regulation of the humidifier. A polarization curve of the
PEMFC was evaluated in the Potentiostat.

Fig. 1.

The components and single PEMFC prototype.
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Fig. 2.

III. NUMERICAL STUDY

Assumptions and mathematical models for ANSYS
PEMFC modeling are presented in [19]. Based on the physical
model (Figure 1), a numerical model of PEMFC was created in
the ANSYS. The geometric and mesh models (Figure 3) was
built from about 7.4-10° elements and underwent many
adjustments to obtain the desired convergence based on the
meshing techniques mentioned in [20-24]. The simulation
settings for the unsteady coefficients are pressure of 0.7,
momentum of 0.3, and species of 0.95. The other parameters
are equal to 1. The SIMPLE algorithm relates pressure and
velocity to reference pressure discretization. A second-order
bottom-up scheme was applied to discretize the other
physicochemical and electrochemical quantities inside PEMFC.
Simulations were performed until the current densities on the
electrodes differed by less than 10° mA/cm?® and the other
criteria converged with 0.001% error. Cathode current densities
were calculated by adjusting voltages from 0.29 t0 0.94 V.
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Fig. 3.

The PEMFC geometric and meshing model

The input parameters for the simulation model are
determined by (1)-(7).

The porosity of GDLs is determined by [25]:

0,
gGDLzl_(l_SO)?O €8]
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The gas permeability of GDLs [m?] is evaluated by [26]:

(a+2) 2
EGDL (SGDL & ) dy

KgpL = @
opt S(IHSGDL)Z (l—g[,)a [(a+1)gGDL —SI,T

The MPL porosity and absolute permeability are also
defined by (1) - (2), respectively. The CL volume fraction is
calculated by [27]:

gcp =1=Lpyc — L 3)

1

where Lp,cis determined by [15] (4) and f is the mass fraction
of Pt, calculated by (5) [28]:

LPt/C:h L_Fﬂi x10" 4
tep \ Ppe fope
f=my (mp,+mc) )

The ionomer content of Nafion in CLs is [29]:

W, =Vypy -0.05

(6)
Li(wt%) =100-W,, /(Wy, +Wpyc )
The CL absolute permeability is [25]:
2.3
K _ dngL (7)

& 150(1- g0,

Table I presents the PEMFC component properties and the
boundary conditions. The boundary conditions for the
simulation model are consistent with the experimental

conditions.
TABLE L. INPUT PARAMETERS AND BOUNDARY
CONDITIONS
Parameter [Unit] Symbol Value Reference
GDL (with MPL) thickness [m] o 325-10° Fabricated
GDL porosity £ 0.8 Fabricated
GDL thickness after hot pressing [m] 0 275-10° Fabricated
GDL fiber diameter [m] d 6.4-10° [17]
Constants & 0.037;0.661 [26]
Platinum loading of CL [mg/cm’] My 0.4 Fabricated
Carbon loading of CL [mg/cm’] me 0.6 Fabricated
CL initial thickness [m] fer 107 Fabricated
CL area [sz] Act 25 Fabricated
Pt/C weight of CL [g] Weyc 25 Fabricated
Pt and C densities [kym3] Ppt 5 Pe 21450; 1800 [30]
Particle diameter of CL [m] d, 2:107 [31]
Nafion solution volume [ml] Vv 363 Fabricated
Nafion solution density [g/cm3] PN 0.92 [29]
Relative humidity in electrodes [%] - 100 Tested
Pressure in electrodes [Pa] - 0.2:10° Tested
Anode H; stoichiometry - 1.5 Tested
Anode O, stoichiometry - 2.0 Tested
Anode mass flow rate [g/s] - 7.8-10™ Tested
Cathode mass flow rate [g/s] - 6.4-10° Tested
Temperature in electrodes [K] - 348 Tested

IV. RESULTS AND DISCUSSION

The graphs of polarization curves, showing the voltage
dependence on current density based on the experimental and
simulation results are shown in Figure 4.
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Current density [A/cm?]
Fig. 4. Voltage-current density characteristics of PEMFC.

At lower current densities, the voltage decreases due to the
activation energy required for the electrochemical reaction at
the catalyst surface. The charge transfer coefficient and
exchange current density mainly affect this region. After
several adjustments based on the reference data in [15, 20, 22,
30], the studied model was appropriately adjusted. The voltage
decreases linearly with current density at moderate current
densities due to ohmic losses. The numerical and experimental
result comparison shows that they are almost identical.
Therefore, the input parameters have been calculated and
selected correctly. At high current density, the rate of water
formation at the cathode increases and causes flooding, and the
formed water blocks the electrode holes, reducing the oxidant
flow into the CL and causing the polarization curve to decrease
sharply. The data in [19] determine the initial equilibrium water
content at water saturation, adjusting the simulated polarization
curve in this region to coincide with the experimental one.

Figure 4 shows a difference between the simulated and the
experimental results at low current density, but the deviation is
not more than 3%. At average current density, the simulation
and experimental results coincide entirely. At the maximum
current density, there is quite a difference between the results.
However, they have high convergence overall within the
research voltage range, from 0.29 to 0.94 V (as assumed in
Section III), proving that the geometric model, input
parameters, and boundary conditions are determined accurately
and the built numerical model is highly reliable. In this study,
we focus on the problem of PEMFC component flooding as a
stated goal.

Figure 5 shows the water content of the main components,
such as the cathode CL, membrane, and anode CL of the
PEMFC with MPLs at a voltage of 0.39 V. Water is produced
at the cathode as a result of the reaction in the PEMFC as
follows:

On the anode: H, (g) — 2H" + 2¢
On the cathode: 120, (g) + 2H" + 2e — H,0
General: H, (2)+1/20, (g) — H,0O + Power + Heat
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Fig. 5. Water contents on main PEMFC components

Water generated at the cathode will be discharged through
grooves on the bipolar graphite plates of the cathode. Some of
the water will penetrate the membrane, flow to the anode, and
then exit through the groove on the bipolar graphite plates of
the anode. If the water is not drained in time, it will cause
flooding inside the PEMFC, which will hinder the reaction
between oxygen and hydrogen and degrade the performance of
the PEMFC. Good drainage is possible thanks to the groove
structure of the graphite bipolar plates or the use of MPLs.
Figure 6 illustrates water content in PEM for PEMFC with
MPL and without MPL at 0.39 V. Without MPL, the amount of
water stagnant in the membrane is more significant than when
there is MPL. This shows that MPL improves water transport
and increases the performance of PEMFCs (Figure 7).

Water content [ Water content
in membrane in membrane
177 14.29
11.62 13.88
11.47 ===

13.48 |
11.32 13.07
11.17

11.02
10.87
10.72
10.57
10.42
10.27

12.66
12.26

11.85
11.44
11.03
10.63
10.22

JUUUUUuU U

SN ND NN

0 0.02 (m)
I
With MPL Without MPL
Fig. 6. Water contents in PEMs of the PEMFC with and without MPL.
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Fig. 7. Numerical polarization curves with and without MPL.

V. CONCLUSIONS

In this study, a PEMFC prototype with MPLs was
fabricated. The polarization curve of this PEMFC was
developed during testing on the test station with calibrated
equipment. The first novelty of this research was that a fuel cell
prototype was built with good performance using suitable
commercial components, considering parameters such as
assembly force, pressing time, and pressing temperature. The
second novelty is the provision of an accurate experimental
data set that serves as a carefully calibrated input data set for
calibrating similar models in practical fuel cell design and
manufacturing.

The ANSYS software was applied to develop the numerical
model of the PEMFC prototype. The numerical polarization
curve obtained from the calibrated model agrees with the
experimental data. The numerical model simulates the PEMFC
without MPLs to evaluate the flooding phenomenon inside the
PEMFC that is difficult to measure experimentally. The
combination of experimental and numerical studies is critical in
fuel cell development. Experiments are used to create samples
and measure their characteristics. In contrast, numerical
simulation reduces the number of samples that need to be
manufactured, reduces the cost and time of complex
experiments, and allows for observation and analysis of
phenomena within the fuel cell, such as water transport and
flooding. Observing these phenomena during experiments
requires expensive measuring equipment, is difficult to
implement, and is often impossible.

Another point of interest is that the published works of
other authors [20-24] often consider GDL without MPLs when
modeling with the ANSYS PEM Fuel Cell module. Our study
highlighted this issue by adding MPLs. That is an inevitable
matter in modern fuel cell technology.

A final novelty is that oxygen was used in this study as an
oxidizing agent when modeling with the ANSYS PEM Fuel
Cell module, which typically uses air as an oxidizer [20-24].
The use of oxygen requires certain representations of the input
data.

In future studies, the numerical model can optimize the fuel
cell properties, including Pt/C loading, Nafion loading in CLs,
the porosity and permeability of GDL with or without MPLs,
and the membrane thickness for developing and manufacturing
high-performance fuel cells.
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