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1. Introduction

Numerical analysis of the impact of hon-uniform
gas diffusion layer deformation on the performance
of proton exchange membrane fuel cells

Wang Zheng, Yuzhen Xia, Hangwei Lei, Haoze Wang and Guilin Hu®~*

Proton exchange membrane fuel cells (PEMFCs) typically require assembly under specific conditions to
ensure good air-tightness, mass transfer, and electrical conductivity. However, the stress and strain
produced on cell components due to assembly pressure can affect the performance and lifespan of the
cells. To thoroughly investigate the effects of assembly mechanics on the transport processes and
output performance of the cells, this study employed the finite element method (FEM) through the
ANSYS static structural module to analyze the deformation of the gas diffusion layer (GDL) and its
material property changes under pressures ranging from 0.0 to 2.5 MPa. The adjustment of material
properties following non-uniform deformation of the GDL was implemented using UDFs (User-Defined
Functions) in FLUENT. A three-dimensional two-phase flow computational fluid dynamics (CFD) model
of the PEMFC was established, and the transport processes and output performance of a single PEMFC
under different assembly pressures were simulated based on the variable material properties UDFs. The
results indicate that the optimal assembly pressure for the PEMFC lies between 1.0 and 2.0 MPa. At low
voltages of 0.3 to 0.4 V, the cell exhibits better performance under assembly pressures of 1.0 to 1.5 MPa;
at voltages of 0.5 to 0.7 V, better performance is achieved under pressures of 1.0 to 2.0 MPa. Finally, the
impacts of different operating temperatures, gas relative humidity levels, and gas stoichiometric ratios on
the cell performance for an optimal pressure of 1.5 MPa were analyzed. The results show that the cell
performs best at a temperature of 353.15 K, with an anode relative humidity of 80% and a cathode
relative humidity of 100%, and with an anode stoichiometric ratio of 2 and a cathode stoichiometric ratio
of 3. These findings provide a theoretical basis for the assembly and high-performance operation of fuel
cells.

higher ohmic overpotential. As GDL was over-compressed, both
gas transportation and water drainage capabilities significantly

PEMFCs using hydrogen and oxygen as electrochemical reac-
tants are widely applied due to the advantages, including high
energy efficiency, rapid startup, and zero emission." The fuel
cell components are assembled to avoid reactant gas leakage
and maintain good contact and charge transfer. Under a certain
assembly pressure, the electrode, typically made from porous
carbon-based materials such as carbon paper, inevitably
undergoes non-uniform deformation because of the channels
and ribs.>* Previous studies mainly focus on the gas diffusion
layer (GDL), including the impact of assembly pressure and
deformation on its microstructure, mechanical properties, and
mass transfer characteristics, as well as the effect on water and
heat transportation of the fuel cells.

The deformation degree of GDL is related to the value of
assembly pressure.*® Chen et al.® found that lower assembly
pressure resulted in lower mass transport overpotential and
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decreased, indicating the great increase of mass transport
polarization. Wang et al.” found that, in the region of assembly
pressure below 1 MPa, the contact resistance decreased sharply
with increasing pressure. Above 1.0 MPa, the effect is slight.
As the assembly pressure increases, the compression of GDL,
particularly in the rib region, becomes more pronounced,
resulting in increased electrical conductivity, reduced thickness
and porosity.**® Comparatively, GDL under the flow channels
maintains a high stability because it is not directly compressed.
The non-uniform between the two regions forms a gradient,
which will change the electron pass path and mass transfer. Yan
et al."* found that the non-uniform deformation produces a strong
convection flux at the direction from GDL to flow channel, which
is helpful for the liquid water drainage from GDL. The research
results also indicated that water drainage from PEMFC stack by
gas sweeping occupies a more important position than capillary
effect. Therefore, the inhomogeneous deformation can enhance
water management. Yang et al' indicated that the effect of
assembly pressure was different in the regions of GDL under the
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rib and channel. It was reported that there is big differences in
GDL porosity and GDL permeability near the rib/channel
connection area causing more inhomogeneous transportation
and distribution of reactants.’®* In addition, non-uniform
deformation can also lead to uneven contact resistance distribu-
tion, which further affects the current density distribution and
thermal management characteristics of PEMFC.'**

Due to the complex and coupled transportation phenomena
happing inside the fuel cell, CFD is pretty important and
sometimes unique method to obtain distributions of physical
parameters such as temperature species concentration.' The
physical model is often simplified in the simulation of PEMFC
research for the non-uniform deformation in the GDL. Chi
et al.** assumed that GDL were uniform under the flow channels
and ribs, using the average physical parameters in their simu-
lation. Chippar et al.>* combined FEM and CFD methods to
numerically study the effects of GDL compression/intrusion on
high-temperature PEMFCs using polybenzimidazole. The
results showed that the compression and intrusion of inho-
mogeneous GDL had a significant impact on the transport
performance of PEMFC. Su et al.** proposed a non-uniformly
deformed GDL model, but did not consider the deformation
at the junction of the channel and the rib. Zhang et al*
developed a comprehensive two-phase flow model coupling
solid mechanics, heat and mass transfer, and electrochemical
reactions. The results indicated that the distribution of ribs and
channels caused significant deformation of the GDL and
channel intrusion. Jiao et al.** established a gas-liquid-solid
coupling model to study water and thermal management in
PEMFCs after compression. Their research found that for the
entire heat transfer process, the primary pathway for heat
conduction was through the solid fiber layers in both dry and
wet GDLs, while the concurrent water transport was also crucial
in the wet GDL. Dong et al.*® used a coupled FEM and CFD
model to investigate the structural deformation and perfor-
mance of PEMFCs at different membrane water contents. The
study revealed that membrane deformation increased with
higher water content, with greater expansion occurring beneath
the flow channels compared to beneath the ribs. In the low
current density range, the structural changes induced by
membrane water content had a minimal impact on PEMFC
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performance; however, this influence became significant in the
medium and high current density ranges.

In summary, assembly pressure significantly affects the
internal transport processes and overall performance of fuel
cells. Currently, there are much different kind of problems
about the research on effects of assembly pressure on the
transportation phenomena and cell performance. Some studies
focus on the mechanical properties of PEMFCs, exploring the
force distribution among components, but do not delve into the
performance of the cells under actual operating conditions.
Moreover, most studies are limited to single-channel PEMFCs,
and the experimental conclusions drawn from single channels
are difficult to fully reflect the complex situations of single cells,
especially the internal transport characteristics. Additionally,
many studies only consider single-phase fluids, overlooking the
critical factor of water generation within the cell during opera-
tion. In light of this, this research builds upon the foundation of
single-channel and single-phase flow fuel cell studies*® and
specifically investigates the issue of uneven deformation in the
GDL for individual cells, proposing a new method to obtain the
physical parameters of the uneven GDL. At the same time, a two-
phase flow model is introduced into the PEMFC simulation,
making the model more aligned with real operating conditions.
This study not only identifies the optimal assembly pressure but
also comprehensively analyzes the internal transport mecha-
nisms of the cell. Lastly, the effect of operating temperature, gas
relative humidity and stoichiometric ratio under optimal
deformation conditions were further optimized after
compression.

2. Mathematical model of the
compression process
2.1 Geometric model

The schematic diagram of the PEMFC model is shown in Fig. 1.
The overall model is a rectangular solid with dimensions 50 mm
x 50 mm x 3.63 mm. The components of the model include
a PEM with a thickness of 0.05 mm, a CL thickness of 0.01 mm,
a GDL thickness of 0.28 mm, and a BP thickness of 1.5 mm. The
flow channels have a height and width of 1 mm each, and the
width of the ribs is also 1 mm (Table 1).

(b) Assembling Pressure ‘ ‘ ‘

» BP
»« GDL
» CL
» PEM
> CL
“ GDL
- BP

SIN

LA B |

Fig. 1 PEMFC model: (a) single cell model; (b) main components of the PEMFC and schematic of compression deformation with girds.
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Table 1 Basic parameters of the model

Parameter Value
Channel width/height (mm) 1/1

Rib width (mm) 0.5
Electrode plate width/length/height (mm) 50/50/1.5
Initial GDL thickness®” (mm) 0.28
PEM thickness (mm) 0.05

CL thickness (mm) 0.01
Initial contact resistance®” (mQ cm?) 14.3

Table 2 Parameters of PEMFC components

Parameter PEM GDL CL Electrode plate
Density (kg m ) 1980 1000 1000 1000

Young's modulus (MPa) 232 6.3 249 13 000
Poisson's ratio 0.253  0.256 0.3 0.26

Initial porosity 0.4 0.78 0.3 0
Conductivity®® (S m™) 9.825 300 300 20 000

2.2 Stress-strain equations

To deeply explore the solid mechanics performance of a three-
dimensional PEMFC, particularly focusing on stress distribu-
tion and the deformation characteristics of the GDL, an
analytical approach that integrates statics, geometry, and
physics is employed. The quantitative relationships between
strain and displacement, as well as between strain and stress,
are described as follows.
The equation of force equilibrium:

do, 01 Jt..
F Uox X >
7 0x + dy 0z 0
do, Ot Jt
Fo 9% Oy 0Ty _
y dy + 0z dx 0 (1)
do. 0t 01,
F z Xz y:_
=t 0z + dx dy 0

where F,, F, and F; represent the volumetric forces in the x, y
and z directions, respectively; o,, 0, and ¢, are the corre-
sponding normal stresses; and 1.y, 7,, and 1, are the shear
stresses on the xy, yz and zx planes, respectively. The shear
stresses on different planes obey the principle of equal shear
stress.

Distorted geometric equations:

du 1 /0u dv
‘/&—aﬂ/@-—z(@"‘a)

av 1 /dv dw
‘//y_aﬂl/yz_z(&—'_@) (2)

aw 1 /0w Ou
w:_g7¢zx_i(a+£)

where ¥y, ¥, and ¥, represent the normal strains in the x, y and z
directions, respectively; u, v and w are the displacements in the
corresponding directions; ¥, ¥, and ., represent the shear
strains in the respective directions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The physical equation between stress and strain:

0o, +7)

Vo= ¢
oy — (o + o)
v, = Mot ®)
_ O'Z_H(Ux—f—o'y)
1//2 - E

where E is the modulus of elasticity, and u is the Poisson's ratio
(Table 2).

2.3 Impact of assembly pressure on the physical properties
of GDL

It is assumed that all components except the GDL in a PEMFC
remain rigid. Due to the structure of flow channels and ribs in
the BP, the deformation of the GDL is non-uniform. Along the x-
axis of the fuel cell, the thickness of the GDL under the channels
and ribs varies, and this difference becomes more obvious
under higher pressures. Moreover, the physical properties of the
GDL change with its compression deformation. For instance,
properties such as porosity,” permeability,®® contact resis-
tance,* and conductivity®® are all affected by the compression
deformation of the GDL. The corresponding relation equations
can be found from these literatures.

From our previous research, it is known that under the
assembly load, the flow channels and the ribs exert distinctly

Fig. 2 Mesh diagram of the PEMFC under 0.5 MPa.
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Table 3 Basic model parameters and operating conditions

Parameters Values
Operating temperature (K) 353.15
Operating pressure (Pa) 101 325
Anode stoichiometric ratio 1.5
Cathode stoichiometric ratio 2
Anode gas relative humidity 80%
Cathode gas relative humidity 100%

Open circuit voltage®* (V) 1.1
Faraday constant (C mol ) 96 485

different forces on the GDL beneath them, creating different
stresses and strains. Under these forces, the porous GDL and CL
under the ribs undergo microstructural changes, such as
a decrease in porosity and the transformation of large pores into
smaller pores, while there is virtually no change in the middle of
the flow channels. However, at the junction of the ribs and flow
channels, a significant nonlinear transition occurs. These
microstructural changes lead to complex variations in physical
properties such as thermal conductivity, electrical conductivity,
permeability, and diffusion coefficients of components, thereby
affecting fluid flow and mass transfer. These research findings
can be referenced from our previous study.>*

3. Computational fluid dynamics
model for transport processes within
a fuel cell

3.1 Basic assumptions

When the PEMFC operates, its internal transport processes is
extremely complex, involving multi-component, multiphase, and
multidimensional flow phenomena, accompanied by the transfer
of heat and mass, as well as electrochemical reactions. These
complicated phenomena primarily occur in the very thin porous
structures of the GDL, CL, and PEM.?*** The further research is
needed to deeply consider the specific impact of compression
deformation on the above transport processes caused by the fuel
cells assembly.

In order to construct a simplified mathematical model of the
PEMFC, the following basic assumptions were made:

(1) The fuel cell is in a stable operating state;

(2) Other materials are isotropic except the GDL;

(3) The deformation of GDL under different assembly pres-
sures is considered, the rest of the PEMFC components main-
tain their shape and size;

Table 4 Material properties of PEMFC components
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Fig. 3 Mesh independence verification.

(4) All gaseous species are treated as ideal gases, and the
fluid flow is taken as laminar for the low Reynolds numbers.

3.2 Basic governing equations

Mass conservation equation:

d(ep)
ot

+ - (epu) = S (4)

where ¢ represents the porosity of the porous medium; p is the
density; u is the velocity vector. I is the operator; S, is the mass
source term.

Momentum conservation equation:

d(epu)
at

+ V- (epuu) = —Vp + V- (euVu) + S, (5)

where p represents the fluid pressure; S, is the momentum
source term.
Energy conservation equation:

d(epc,T)

3 + V- (epeouT) = V-2V T) + Sq (6)

where C,, represents the specific heat capacity of the fluid; T is
the temperature; 2°7 is the effective thermal conductivity; Sq is
the energy source term.*®

Species conservation equation

d(ec;)
at

+ V- (euc;)) = V- (Di"Pe;) + S 7)

where ¢; represents the concentration of the component; DfT is
the effective diffusion coefficient for the component; S; is the
source term for the component.

Liquid water transport equation

Parameters PEM GDL CL End plate
Electrical conductivity®® (S m™1) 9.825 300 300 20 000
Thermal conductivity (W m™" K™7) 0.95 1 1 20
Specific heat capacity (J kg~ " K™ ") 833 568 3300 1580
Thermal expansion coefficient®” (K) 1.23 x 107* 2.5 x 107° 3.7 x107° 0.9 x 107°
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_ 9(ep2)
=Ty

+ V- (pmz) (8)

where p; represents the density of liquid water; z is the liquid
saturation; u is the liquid velocity.
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Fig. 4 Comparison between the simulated and experimental
performance.
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Charge conservation equation
V() = Sy, )

where vy represents the electrical conductivity; ¢ is the electric
potential; j refers to the solid and membrane phases (s or m); eff
stands for effective; S, is the charge source term. The expres-
sions for the source terms are consistent with our previous
research.”®

3.3 Computational methods and model parameters

The deformed fuel cells model obtained from the previous FEA
was meshed as shown in Fig. 2 and imported into FLUENT for
fuel cells CFD simulation calculations. The SIMPLEC algorithm
was used to solve the coupled equations for velocity and pres-
sure. The method using a given working voltage to obtain the
current density was employed to obtain the fuel cells perfor-
mance curve. The open circuit voltage was set as 1.1 V, with
working voltages ranging from 1.0 V to 0.3 V, in increments of
0.1 V. The parameters and operating conditions of the PEMFC
used in the simulation are listed in Tables 3 and 4.

0.5 MPa 1.0 MPa

2.0 MPa 2.5 MPa

0.5 MPa 1.0 MPa

2.0 MPa 2.5 MPa

Fig. 5 Distribution at the xy cross-section in the non-uniformly deformed GDL under the 12th and 13th channels: (a) hydrogen; (b) oxygen.
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Fig. 6 Temperature distribution: (a) the interface of PEM and CL; (b) the xy cross-section of the fuel cell under the 12th and 13th channels.

3.4 Mesh independence verification

In order to balance the accuracy and time of calculation, the
grid independence of compressed model was verified, using
mesh sizes of 135 000, 585 000, 1 188 000, and 1 821 000. For the
compressed single-channel model under pressures of 0.0, 0.5,
and 1.5 MPa, respectively, the current densities at the voltage of
0.4V were compared. As illustrated in Fig. 3, the value increased
with the mesh count. The variation in current density was less
than 1% with 188 000 grids, which was therefore selected for the
later simulations.

4. Results and analysis

The simulation results of PEMFC considering non-uniformly
deformation obtained at 1.0 MPa was compared with the

14750 | RSC Adv, 2025, 15, 14745-14755

experimental data from ref. 35. The results showed good
agreement, indicating the reliability of the mathematical model
and numerical simulation (Fig. 4).

4.1 Mass transfer distribution

The influence of non-uniform deformation obtained at various
assembly pressures on the mass transfer in each electrode and
also the compressed GDL is studied. Fig. 5 shows the reactants
concentration distributions at anode and cathode (z = 25 mm
cross-section), respectively. As the degree of compression
increased, the average hydrogen molar concentration in the
anode increased from 16.11 to 18.1 mol m >, and the average
oxygen value in the cathode increased from 0.54 to 1 mol m . It
was revealed that the gas concentration under the rib region is
significantly lower than that under the flow channel. In

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Distribution of current density under the 12th and 13th channels (at the cross-sections at z = 25 mm).
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Fig.8 Performance curves under different deformation conditions: (a) the voltage—current density curves; (b) the power density-current density

curves.

contrast, the flow channel region had less deformation, result-
ing in lower gas transfer resistance. Additionally, because of
higher diffusion coefficient, the increase of hydrogen concen-
tration in the anode is lower than that of oxygen in the cathode.
Moderate deformation could optimize the gas distribution,
enhancing the transport of reactant gases to the catalyst layer
and thereby improving cell performance.

4.2 Temperature distribution

Fig. 6 shows the temperature distribution at the PEM-CL
interface and on the xy-plane at z = 25 mm within the cell. It
can be seen from the figure that the peak temperature at the
PEM-CL interface initially increases and then decreases with
pressure. The highest temperature is reached at 0.5 MPa,
peaking at 386.6 K, and then decreases to 375.9 K at 2.5 MPa.
The peak temperature has a nonlinear relationship with

© 2025 The Author(s). Published by the Royal Society of Chemistry

pressure; at 0.5 MPa, due to active electrochemical reactions but
insufficient heat dissipation, the temperature accumulates to
the highest. While this condition can enhance performance in
the short term, prolonged high temperatures will reduce fuel
cell life. From 1.0 to 2.0 MPa, as pressure increases, the gas flow
rate accelerates, which benefits heat dissipation and helps
control the temperature. At 2.5 MPa, the rate of chemical
reactions decreases, heat production is reduced, and the
temperature subsequently drops. Fig. 6(b) reveals that the
temperature is always highest in the MEA area, due to the main
chemical reactions occurring there.

4.3 Current density distribution

The distribution of current density in the fuel cell at cross-
section (z = 25 mm) after compression is shown in Fig. 7. It
can be seen from the figure that the peak current density is

RSC Adv, 2025, 15, 14745-14755 | 14751
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Fig. 9 Performance curves at different operating temperatures under pressure 1.5 MPa: (a) the voltage—current density curve; (b) the power

density—current density curve.

found at the GDL beneath the joint of the channel and the rib,
whose value increased with the deformation degree. As elec-
trons flowed from the shortest distance through the rib to the
external circuit, a significant number of electrons accumulated
at the intersection of the channel and the rib, resulting in
higher current densities. The non-uniformly distributed current
density may lead to localized overheating, affecting fuel cell
performance and lifespan.

4.4 Performance curves

Fig. 8 shows the output performance of the fuel cell under
different compression conditions. The assemble pressure
mostly affected the mass transfer at high current density. The
highest current density and power density were achieved under
proper assembly. As higher pressures contributed more serious
non-uniformly deformation, the porosity and permeability of
GDL and the contact resistance between the GDL and BP were
reduced. Therefore, an optimal compression range that
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current density/A-cm™

balanced mass transfer conditions and contact resistance could
optimize cell performances. So the medium pressure 1.5 MPa is
the optimal assemble pressure.

4.5 Influence of operating temperature, gas relative
humidity and stoichiometric ratio on polarization curves
under optimal assembly pressure 1.5 MPa

Fig. 9 shows the fuel cell performance curves at three different
operating temperatures 353.15 K, 343.15 K, and 333.15 K under
optimal assembly pressure 1.5 MPa. As the temperature
decreases, the current density also gradually decreases, with
values of 1.6 A cm 2, 1.37 Acm %, and 1.26 A cm ™2 respectively.
The peak power densities are 0.725 W ecm ™2, 0.534 W cm ™2, and
0.486 W cm 2. The reductions are approximately 16.8% to 27%
and 35.8% to 49.2% at 343.15 K and 333.15 K, respectively,
compared to 353.15 K. This indicates that within the tempera-
ture range of 333.15 K to 353.15 K, the operating temperature
significantly impacts cell performance. A decrease in operating

(b)

—8— anode:80% cathode:100%
—e— anode:70% cathode:70%
—&— anode:50% cathode:50%
—y— anode:30% cathode:30%

0.0 V4 L L 1 L 1 L 1 1
00 02 04 06 08 10 12 14 L6

current density/A-cm’

Fig. 10 Performance curves under different gas relative humidity: (a) the voltage—current density curve; (b) the power density—current density

curve.
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Fig. 11 Performance curves under different stoichiometries: (a) the voltage—current density curve; (b) the power density—current density curve.

temperature leads to a significant reduction in current and
power density, which is consistent with the conclusions of most
studies. The main reason is that higher temperature can cause
faster reaction and higher exchange current density.

To investigate the effects of inlet gas relative humidity on
performance in PEMFCs, four sets of relative humidity combi-
nation were used: anode 80% and cathode 100%, anode 70%
and cathode 70%, anode 50% and cathode 50%, and anode 30%
and cathode 30%. Fig. 10 shows the cell performance curves at
different gas relative humidity under optimal assembly pressure
1.5 MPa. It can be observed that the highest current density (1.6
A cm~?) and power density (0.725 W cm™?) occur at an anode
humidity of 80% and a cathode humidity of 100%. As the
humidity decreases from anode 80% and cathode 100% to both
anode and cathode at 30%, the current density and power
density decrease by 40.4% and 62.6%, respectively. This indi-
cates that lower humidity significantly reduces cell perfor-
mance, primarily due to a decrease in the water content of the
proton exchange membrane, which increases its membrane
resistance, thereby reducing current density and power density.

In order to study the effects of stoichiometry on the perfor-
mance of PEMFCs, a comparative analysis of three combina-
tions was conducted: anode 1.5 and cathode 2, anode 2 and
cathode 1.5, and anode 2 and cathode 3. The polarization curves
of fuel cells under different stoichiometric ratios combination
under optimal assembly pressure 1.5 MPa are shown in Fig. 11.
The maximum current densities and power densities increased
with the ratio. It was also indicated that better performances are
obtained with higher reactant ratio at cathode. The bigger
stoichiometric ratios can remove liquid water and transfer
reactants to the CL under rib more effectively, and then obtain
better performance.

5. Summary

In this paper, the influence of different assembly pressure (0-
2.5 MPa) on the geometrical deformation and performance of
PEMFC was studied using ANSYS static analysis. Using CFD

© 2025 The Author(s). Published by the Royal Society of Chemistry

technology and FLUENT software, a three-dimensional two-
phase flow PEMFC model was constructed and solved, and
the influence of assembly pressure on mass transfer and
performance of PEMFC was deeply analyzed.

(1) Due to non-uniform deformation, the porosity and
permeability of GDL decrease significantly, especially the region
under rib, which is not conducive to chemical species, resulting
in water retention and decreased gas concentration. At the same
time, GDL compression reduces the contact resistance and
increases the conductivity, thereby reducing the total resistance
and helping to suppress the thermal effect of the fuel cell.

(2) The ideal range of assembly pressure for PEMFCs is
between 1.0 to 2.0 MPa. At an assembly pressure of 1.5 MPa and
a voltage of 0.3 V, the cell achieves a maximum current density
of about 1.6 A cm™?; while at an assembly pressure of 2.0 MPa
and a voltage of 0.6 V, the maximum power density of the cell is
0.73 W cm 2, For low voltage conditions of 0.3 V and 0.4 V, an
assembly pressure of 1.0-1.5 MPa is suitable; whereas for
voltage conditions of 0.5-0.7 V, an assembly pressure of 1.0-
2.0 MPa is more appropriate, significantly enhancing cell
performance.

(3) At an optimal assembly pressure of 1.5 MPa, the cell
exhibits the best overall performance at a temperature of 353.15
K, with an anode at 80% and a cathode at 100% relative
humidity, and a stoichiometric ratio of 2 at the anode and 3 at
the cathode.
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