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Abstract: Although a large channel-to-rib width ratio (CRWR) of the bipolar plate (BP) leads to a large
electrical performance of PEMFC, an excessive CRWR leads to excessive pressure and destroys the gas
diffusion layer (GDL), thus reducing the electrical performance of PEMFC. Revealing the relationship
between the CRWR and GDL is of urgent necessity for improving the electrical performance of
PEMFC. In this study, a three-dimensional model of PEMFC incorporating the compressed neo-
Hookean theory is developed to accurately depict the stress-strain relationship. Compared with the
traditional model incorporating the linear-elastic theory, the current density deviation of the proposed
model is decreased from 9.81% to 2.55%. The correlation among CRWR of BP, stress, strain, and
elastic modulus of GDL is fitted. The average stress deviation of the correlation from the simulated
data is 3.41%. Based on the correlation, when the compressive strength of GDL is 2.5 MPa, the
peak permissible CRWR is achieved at 2.91, indicating the peak value of CRWR without damaging
the GDL structure. A power density enhancement of 29.04% compared to the conventional case is
achieved. The strategies of this study can be used to guide the design of the channel of bipolar plates
and enhance the power density of PEMFC.

Keywords: power density; PEMFC; bipolar plate; channel-to-rib width ratio; gas diffusion layer;
nonlinear-elastic theory

1. Introduction

Proton Exchange Membrane Fuel Cell (PEMFC) has garnered significant attention as
a promising green energy device, attracting extensive research efforts [1,2]. The commer-
cial viability of PEMFCs depends on their electrical performance, stability, and dura-
bility. Improving the power density of fuel cells has an important driving effect on
their application [3,4]. Figure 1a gives a schematic illustrating the components of PEMFC.
Among these components, the bipolar plate (BP) is a focal point for many researchers
because the structural design of BP has a significant impact on the electrical performance
of PEMFC [1]. The BP is composed of the gas channel (GC) and the rib. The coupling effect
between the BP and the gas diffusion layer (GDL) has a significant impact on the heat and
mass transfer behavior of fuel cells. During the assembly process of PEMFC, a compressive
force is applied to ensure the sealing of the structure. As known, the GDL is the thickest
porous layer in the membrane electrode assembly (MEA) and possesses the lowest elastic
modulus within the MEA [5]. Consequently, the GDL is susceptible to deformation and
damage under high compressive forces. This deformation can cause the GDL under the GC
to intrude into the GC, thereby altering the heat and mass transfer characteristics within the
PEMFC [6]. As one of the essential components, the GDL plays the role of draining water
out of the catalyst layer (CL) and providing enough gas pathways. The large-scale com-
mercialization of PEMFCs requires higher power and current densities; however, at high

Energies 2024, 17, 762. https://doi.org/10.3390/en17030762 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17030762
https://doi.org/10.3390/en17030762
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en17030762
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17030762?type=check_update&version=3


Energies 2024, 17, 762 2 of 27

operating current densities, the massive accumulation of liquid water in the GDL will lead
to flooding and impede gas diffusion, resulting in rapid degradation of cell performance [7].
Accordingly, improving GDL’s water management ability is imperative for pursuing better
cell output. The output performance of PEMFC is significantly affected by the heat and
mass transfer behaviors of GDL. Thus, investigating the relationship between the GC and
the output performance of PEMFCs under GDL deformation holds great importance.
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Figure 1. Components of PEMFC and the simulated meshing scheme of PEMFC. (a) Main components
of PEMFC (non to scale). (b) Simulated meshing scheme of rectangular GC. The red arrows indicate
the direction of fluid flow. (c) Meshing scheme of MEA.

The channel-to-rib width ratio (CRWR, the channel width divided by rib width) is
usually used to describe the relation between the GC and rib [8]. Researchers have focused
on improving the electrical performance of PEMFCs by optimizing CRWR. Acar et al. [9]
investigated the temperature distribution in a fuel cell under five CRWRs (0.33, 0.6, 1, 1.66,
and 3). They found that the highest temperature distribution uniformity was achieved at
CRWR = 3, leading to a high heat stability of the fuel cell. Pan et al. [10] found that the
optimal electrical performance and oxygen utilization rate were achieved at CRWR = 2.4
among five CRWRs (0.8, 1.2, 1.6, 2, and 2.4). Qiu et al. [11] found that the best electrical
performance was achieved at CRWR = 3 among seven CRWRs (0.09, 0.14, 0.33, 0.6, 1, 1.67,
and 3). Zeng et al. [12] optimized the CRWR to maximize the power density. They found
that the power density of the fuel cell in the optimized case (CRWR = 1.45) was 8.09%
higher than that in the conventional case of CRWR = 1. These researchers investigated
the CRWR from the perspective of fuel cell electrical performance, heat, and mass transfer
characteristics. Large CRWR implies better heat and mass transfer characteristics and higher
electrical performance. However, large CRWR signifies large GDL stress, and excessive
CRWR may destroy the structure of GDL. This brings the necessity of investigating the
stress behavior exerted on the GDL.

The material properties of GDL play a crucial role in the assembly of BP and GDL.
In the deformation of GDL, the elastic modulus, strain, and stress of GDL are the key
parameters. The elastic modulus of GDL is related to the type of GDL. The strain of
GDL is represented by compression ratio (CR). The CR serves as an indicator of sealing
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performance since different component materials and types of GDL have different stress-
strain properties [13,14]. A large CR of GDL indicates a better sealing performance of
PEMFC. The stress of GDL is proportional to the elastic modulus and strain of GDL.
Moreover, the stress of GDL is inversely proportional to compressive area. The compressive
area of GDL is dependent on CRWR. When the CRWR increases, the compressive area
of GDL decreases. When the stress of GDL is larger than the compressive strength of
GDL, the GDL breaks. Simon et al. [14] and Mason et al. [15] found that most of Toray’s
GDLs experienced structural collapse under compressive stresses of 2.5 MPa by experiment.
Excessive compressive stress causes GDL fibers to break, leading to structural damage
to the GDL. These broken fibers may puncture PEM, allowing hydrogen to cross and
form a short circuit. Excessive compressive stress causes irreversible structural damage to
GDL, which affects its porosity, thickness, electrical resistance, and gas permeability [16].
Niblett et al. [17] found that a broken GDL attenuates the mass transfer properties within
the PEMFC, leading to an increase in concentration polarization. The electrical performance
of PEMFC is reduced when the GDL is broken. Yu et al. [18] measured the power density
of PEMFC and provided scanning electron microscope images of GDL when the GDL is
broken/unbroken. They found that the peak power density of broken GDL was 33.33%
lower than that of unbroken GDL. Moreover, Kang et al. [19] found that the peak power
density of broken GDL was 30.43% lower than that of unbroken GDL in their experiment
study. Therefore, it is necessary to capture the broken conditions of the GDL exactly for cell
performance analysis, which requires an accurate mechanical relationship between GDL
and BP.

To accurately describe the mechanical relationship between GDL and BP structures,
many researchers have developed mathematical models to investigate the structure and
electrical performance of PEMFC. The traditional approach is to use the linear-elastic theory
to describe the stress-strain relationship between the GDL and the BP [5] and then combine
it with the electrochemical, heat, and mass transfer models of the PEMFC for simulation and
analysis. The porosity, conductivity, and gas diffusion coefficient of GDL are determined
by the CR of GDL, which significantly impacts the heat and mass transfer behavior of
PEMFC [20]. Zhou et al. [21] used a linear-elastic model to simulate the performance of
the PEMFC of GDL at different stresses and found that the polarization curves for the case
of a stress of 1 MPa were closest to the experimental data. The average current density
deviation of their model from an experiment was 8%. In 2021, Zhang et al. [5] proposed
a linear-elastic model to analyze the relationship between the CR of the GDL and the
electrical performance of the PEMFC, and the polarization curves of their simulations
deviated from the experimental data by 7.8%. Chen et al. [20] used a linear-elastic model
to investigate the effect of GDL on heat and mass transfer behavior under different CRs
and stress conditions. The polarization curves of their simulations deviated from the
experimental data by 6%, but they ignored the concentration loss in the polarization curve,
resulting in limited applicability. Other researchers have described the deformation of
GDL based on linear-elastic theory, and the average current density deviations of their
simulation from experimental data were 9.3% [22] and 7.3% [23], respectively. Therefore,
using the linear-elastic theory to describe the deformation of GDL leads to a significant
current density deviation of simulation from the experiment.

However, Zhang et al. [24], Meng et al. [25], and Yan et al. [26] revealed through
mechanical experiments that GDL is a nonlinear-elastic material. The nonlinear deformation
of GDL is a complex phenomenon, including carbon fiber slip, fracture, and elastic-plastic
deformation [27]. The nonlinear-elastic theory is more accurate for describing the stress and
strain of GDL than the traditional linear-elastic theory. Xiao et al. [28] proposed an improved
nonlinear-elastic model applicable to carbon paper GDL and verified it experimentally.
They found that the average stress deviation of mechanical simulation from the experiment
at a GDL porosity of 0.75 was reduced from >35% to 15%, using nonlinear-elastic theory.
In 2023, Afrasiab et al. [29] proposed a correction factor for describing the nonlinear
deformation of GDL based on the Timoshenko beam theory in the macroscopic case and
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showed that the average stress deviation of the simulation from the experiment was 10%.
However, they focused on the mechanical properties of the ex-situ GDL (without PEMFC
assembly), which is different from the in-situ GDL (with PEMFC assembly). Besides, some
researchers coupled the nonlinear-elastic theory with the PEMFC model to investigate the
effect of the stress-strain of GDL on the performance of PEMFC. Li et al. [30] applied a
nonlinear-elastic theory in the in-plane direction and through-plane direction of GDL and
found that the average current density deviation of the simulation from the experiment
was 6.5%. Yan et al. [26] investigated the deformation of GDL using a nonlinear-elastic
theory and found that the average current density deviation of the simulation from the
experiment was extremely small. However, they did not consider the impact of stresses
on the GDL. The maximum compressive stresses of the GDL in their experiments were
5.0 MPa [30] and 3.5 MPa [26], which may damage the GDL structure [31].

Despite the impressive research on the elastic theory of GDL deformation, a compre-
hensive investigation of the CRWR of BP, elastic modulus, strain, and stress of GDL is neces-
sary for improving the electrical performance of PEMFC. In this study, a three-dimensional
PEMFC model incorporating nonlinear-elastic theory is proposed and validated. It can be
used to calculate the GDL mechanical parameters and the corresponding fuel cell electrical
performance for different CRWR cases. The mechanical, electrochemical, heat, and mass
transfer behaviors of the PEMFC during the assembly process are solved using COMSOL
Multiphysics. Stress-strain analysis is used to reveal the correlation among CRWR of
BP, stress of GDL, strain of GDL, and elastic modulus of GDL. Based on the correlation,
specific GC shapes are established to analyze the quantitative relationship among electrical
performance, heat, and mass transfer behaviors inside PEMFC.

2. Methods

In this study, a three-dimensional, steady-state, and non-isothermal PEMFC model
is developed. The PEMFC model consists of several parts. Section 2.1 describes the
mechanical model of GDL. Compared with Hooke’s law in the traditional model, the me-
chanical behavior of the GDL is modeled based on the compressed neo-Hookean theory [32].
Section 2.2 involves the electrochemistry and charge conduction within the PEMFC. The
Nernst equation and Butler-Volmer equation are employed to represent the electrochemical
reactions and charge transport processes [33]. Section 2.3 describes the flow, heat transfer,
and mass transfer phenomena in the PEMFC. This is accomplished through the utilization
of the Navier-Stokes equation, Brinkman equation, Newton’s law of cooling, and Fourier’s
law of heat conduction [34].

This study is based on the following assumptions:

• The strain of components is ignored except for GDL;
• All gases follow the ideal gas equation;
• All water is in the vapor state;
• The compressive force of PEMFC is perpendicular to the BP;
• All flowing states are laminar;
• All structures of PEMFC are integral.

2.1. Mechanical Model of GDL

To describe the deformation process of GDL, the linear-elastic and nonlinear-elastic
model of GDL is established in this section. Figure 2 gives the schematic diagram of
rectangular GC (CRWR = 1) and trapezoidal GC (CRWR > 1). Due to space limitations, only
the anodic side of the PEMFC is shown in Figure 2. In Figure 2, a is the groove width of
GC. c is the height of GC. b is the top width of GC. d is the rib width of GC. In rectangular
GC, a = b = c = 1 mm. In trapezoidal GC, the area of GC is 1 mm2 [35]. The height of
rectangular and trapezoidal GC is equal. The GDL region deformed when compressive
force was applied. The GDL under the rib is compressed, and the GDL under the GC
is uncompressed. Therefore, the GC is invaded by the GDL deformation. The invasion
in GC from GDL changes the distribution of heat and mass transfer of GC. To facilitate
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comparison between different cross-sectional shapes of GCs, the cross-sectional areas of
the GCs are designed to be equal. In this study, the cross-sectional area of GC is 1 mm2,
including the area that is invaded, and the height of cross-sectional GC is 1 mm [5,36].
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As a traditional approach, the linear-elastic theory is used to describe the stress-strain
of GDL. In this study, Hooke’s law, as the linear-elastic theory, is described by Equation (1),
where δ is the stress, Y is Young’s modulus, and St is the strain. The force balance for GDL
is formulated by Equation (2), where fv is the force in the vertical direction.

δ = Y·St (1)

0 = ∇·δ + fv (2)

Notably, some researchers pointed out that GDL is a nonlinear-elastic material [24]. In
many nonlinear-elastic theories, neo-Hookean theory is adopted to describe the stress-strain
behavior of GDL in the PEMFC assembly [32]. The neo-Hookean theory is introduced in
this study to develop the model.

The material properties of the PEMFC component are shown in Table 1 [21,33,35]. The
conservation of volume force is described by Equation (3). P is the first Piola–Kirchhoff
stress, which is determined by Equation (4). Fv is the volume force vector. The superscript
T means matrix transposition. F is the deformation gradient tensor, which is determined
by Equation (5), where I is the unit matrix, and u is the displacement. S is the second
Piola–Kirchhoff stress, which is described by Equation (6), where Sinel is the inelastic stress
tensor, and Ws is the strain energy density.

0 = ∇·PT + Fv (3)

P = F·S (4)

F = I +∇u (5)
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S = Sinel +
∂Ws
∂ε

(6)

Table 1. Material properties of PEMFC component.

Parameters BPs GDLs CLs PEM

Young’s modulus (MPa) 13,000 14 249 232
Poisson ratio 0.26 0.256 0.3 0.253

Density (kg m−3) 1780 405 2059 2000
Porosity (uncompressed) / 0.4 0.2 /

“/” means no data is available.

In the neo-Hookean theory, the Cauchy stress is determined by Equation (7). The elastic
volume ratio is described by Equation (8). The elastic Green-Lagrange strain is determined
by Equation (9). Table 2 gives the geometric dimensions of PEMFC components [34]. The
dimensions of PEMFC components selected in this study are based on the experiment [34],
which is used to validate the model proposed in this study. In addition, as a case study,
keeping the consistency with an experiment is a reasonable approach [37–39].

σ = J−1PFT (7)

J = det(F) (8)

ε = 1
2
(

FT F− I
)

(9)

Table 2. Dimensions of PEMFC components.

Parameters Value

Thickness of PEM (µm) 108
Thickness of CL (µm) 12.9

Thickness of GDL (µm) 300
Thickness of BP (µm) 2000

Width of GC (µm) 1000
Height of GC (µm) 1000

Length of PEMFC (mm) 20
Width of cooling channel (µm) 1000
Height of cooling channel (µm) 1000

In addition, analogical reasoning is a logical approach in the development of the
ontological theory of GDL. The study and analysis of GDL usually start from its structural
composition, which is a porous structure consisting of many longer fibers piled up and
sintered. In 2023, Afrasiab et al. [29] proposed a modification factor for describing the
nonlinear deformation of GDL based on the Timoshenko beam theory for the macroscopic
case. From the analogical reasoning point of view, the fibers of GDL are like some beams;
therefore, they used the Timoshenko beam theory in the macroscopic case to describe the
deformation between the individual fibers of GDL. The average stress deviation of their
simulation from mechanical experiments is about 7%. In 2021, Meng et al. [25] used the
micro-mechanical theory of fiber to describe the stress-strain of GDL, and they started
from the deformation of a single-bent fiber to establish an intrinsic model. From the
analogy point of view, the long-bent fiber is closer to the real structure of GDL. As a result,
the minimum average stress deviation of the results of the ontological model from the
experiments is 5.30%.

The GDL is a porous structure sintered by the stacking of many layers of fine fibers,
and if it is simply a stacking of fibers, then the structure can be analogized to the Timusingo
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beam theory or the micro-mechanical theory of fiber. However, the fibers of GDL are
tightly connected, not only compressing each other but also pulling each other. In 2021,
some scholars described the deformation damage of GDL based on the uncompressed neo-
Hookean theory [40]. However, they did not explain why they chose this theory. The neo-
Hookean theory is modeled based on long-chain polymers of rubber materials. Since rubber
is an incompressible material, the uncompressed neo-Hookean strain energy equation is
shown in Equation (10). Since GDL is made of many fibers that are stacked and sintered,
this is very similar to the relationship between the long chains that make up rubber, but the
difference is that GDL is compressible while rubber is incompressible. In order to extend
the applicability of the neo-Hookean theory, in 2003, Attard [41] proposed the compressed
neo-Hookean theory with the strain energy equation as in Equation (11). Notably, based
on the principle of analogy, this study envisions that the compressed neo-Hookean theory
can be used to describe the strain of GDL. Jel is the elastic volumetric deformation [41].
Lamé parameters µ and λ are determined by Equation (12) and Equation (13), respectively.
I1 is the first invariant of the elastic right Cauchy–Green deformation tensor. Compared to
the uncompressed neo-Hookean theory, the compressed neo-Hookean theory incorporates
two deformation terms in the strain energy formulation of the original uncompressed
neo-Hookean theory [41]. In addition, the traditional elastic strain energy is determined by
Equation (14).

Ws =
1
2 µ(I1 − 3) (10)

Ws =
1
2 µ(I1 − 3)− µ ln(Jel) +

1
2 λ[ln(Jel)]

2 (11)

µ = Y
2(1+νp) (12)

λ =
νpY

(1+νp)(1−2νp)
(13)

Ws =
1
2 δ·St (14)

To analyze the electrochemistry, heat, and mass transfer behavior of PEMFC, the
models of charge conduction, electrochemistry, flow, heat, and mass transfer are established
in the rest section of Methods.

2.2. Electrochemistry and Charge Conduction of PEMFC

To establish the model of electrochemistry and charge conduction of PEMFC, the
Nernst equation, Bulter-Volmer equation, and Ohm’s law are adopted in this section. The
electrochemical reaction of PEMFC is described by Equation (15).

H2(g) + 1
2O2(g)→ H2O(l) (15)

The reversible potential of the electrochemistry is described by the Nernst equation
as formulated by Equation (16), where R is the ideal gas constant, T is the operating
temperature of PEMFC, pH2 is the partial pressure of hydrogen, pO2 is the partial pressure
of oxygen. pref is the reference pressure, which is 1 atm. Eeq,ref(T) is the balance potential at
reference temperature, which is determined by Equation (17).

Eeq = Eeq,re f (T)− RT
nFFC
· ln
[(

pH2
pre f

)(
pO2
pre f

)0.5
]

(16)

Eeq,re f (T) = − ∆G
nFFC

(17)

The electrochemical reaction in PEMFC can split into two semi-reactions, namely, the
hydrogen oxidation reaction (HOR) in the Anodic catalyst layer (ACL) and the oxygen
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reduction reaction (ORR) in the Cathodic catalyst layer (CCL). Both of the semi-reactions
are determined by the Bulter-Volmer equation as formulated by Equation (18).

ian
icath

}
=

 i0,an·
[
exp

(
αa FFCη

RT

)
− exp

(
− αc FFCη

RT

)]
, for HOR

i0,cath·
[
exp

(
αa FFCη

RT

)
− exp

(
− αc FFCη

RT

)]
, for ORR

(18)

The anode/cathode current density is determined by Equation (19), where vi is the
stoichiometric coefficient of the reacting species of index i. The anode/cathode reference
exchange current density is io,ref,an = 100 A m−2, io,ref,cath = 1 × 10−4 A m−2. η is the activation
loss, which is determined by Equation (20). The ∆Φ is the Galvanic potential of the electrons
and protons, which is equal to the difference between the electron potential and the proton
potential. Φ0 is the reversible potential difference, which is determined by Equation (21). The
∆S is the total reaction entropy, which is equal to the sum of ∆SHOR and ∆SORR.

i0,an
i0, cath

}
=


i0,re f ,an·

(
pH2
pre f

) αcνi
ηan ·
(

pO2
pre f

)−αaνi
ηan , for anode

i0,re f ,cath·
(

pH2
pre f

) αcνi
ηcath ·

(
pO2
pre f

)−αaνi
ηcath , for cathode

(19)

ηan
ηcath

}
=

{
∆φ− ∆φ0
∆φ0 − ∆φ

(20)

∆φ0,HOR
∆φ0,ORR

}
=

 − T∆SHOR
2FFC

− RT
2FFC

ln
( pH2

pre f

)
−∆H−T∆SORR

2FFC
+ RT

4FFC
ln
( pO2

pre f

) (21)

Lampine and Fomino [42] proposed that ∆SHOR = 0.104 J mol−1 K−1 and
∆SORR = −163.3 J mol−1 K−1. The enthalpy change of water is ∆H = −285.83 kg mol−1

under 25 ◦C and 1 bar [43].
In addition, the partial pressure of hydrogen is described by Equation (22). The partial

pressure of steam is described by Equation (23). The saturated vapor pressure of water is
described by Antonie equation as formulated by Equation (24) with a temperature scope of
50–100 ◦C [36].

pH2 =
(

1− pH2O
pan

)
pan (22)

pH2O = RH·psat(T) (23)

psat(T) = exp
(

23.1963− 3816.44 K
T−46.13 K

)
(24)

There are two types of charge conduction: proton conduction and electron conduction.
Proton conduction involves the ionomer area (catalyst-coated membrane, CCM), while elec-
tron conduction involves all components except PEM. The charge conduction is described
by Ohm’s law. Ohm’s law for electrons is determined by Equation (25), where σe is the
electronic conductivity. Ohm’s law for proton is determined by Equation (26), where σp is
the protonic conductivity.

∇·(−σe ∇φe) = Se =

{
−ian, In ACL
icath, In CCL

(25)

∇·
(
−σp ∇φp

)
= Sp =

{
ian, In ACL
−icath, In CCL

(26)

As for PEM in this study, the physical data of PEM is from Nafion, EW 1100 [44–46].
The specific surface area of the anode activity is determined by Equation (27) [44].
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mpt = 0.3 mg cm−2 [34]. As = 11 m2 g−1 [46]. The platinum loading of the CCL is three
times that of the ACL.

aan = mPt As
Lcl(1−εcl)

(27)

2.3. Flow, Heat, and Mass Transfer of PEMFC

The flow of coolant water in the cooling channel is described by the Navier-Stokes
equation as formulated by Equation (28). The viscous stress tensor is determined by
Equation (29). β is described by Equation (30), where cF is the Forchheimer parameter.

0 = ∇·[−pc·I + K]−
(

µ·κ−1 + β·ρ·u f +
Qm
ε2

p

)
·u f + Fv (28)

K = µ
εp

(
∇u f +

(
∇u f

)T
)
− 2

3 ·
µ
εp

(
∇·u f

)
·I (29)

β = cF√
κ (30)

The hydrogen, oxygen, and water transfer behavior in a porous medium is determined
by the Brinkman equation as formulated by Equation (31). The heat transfer between fluid
and solid is determined by Equation (32) [47]. The heat conduction of PEMFC is described
by Fourier’s law of heat conduction Equation (33).

∇·
(

ρ·u f

)
= Qm (31)

ρ·Cp·
(

∂T
∂t + u f ·∇T

)
+∇·qcond = τ : ∇u f + Q (32)

qcond = −k·∇T (33)

In addition, the thermal conductivity of compressed GDL is determined by Equation (34),
where kuncomp,GDL is the thermal conductivity of uncompressed GDL. The porosity of com-
pressed GDL is determined by Equation (35), where εGDL is the porosity of uncompressed
GDL [5]. The gas permeability of compressed GDL is determined by the Carmen-Kozeny
equation as formulated by Equation (36), where Dr = 7 × 10−6 and Ck = 6.

kcomp,GDL =
2kuncomp,GDL(1−εcomp,GDL)

2+εcomp,GDL
(34)

εcomp,GDL = εGDL−CR
1−CR (35)

κcomp =
D2

r×ε3
comp,GDL

16×Ck(1−εcomp,GDL)
2 (36)

The coolant medium is pure water. The operating parameters are shown in Table 3 [5,35,46].
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Table 3. Operating parameters.

Parameter (Units) Value

Compression ratio of GDL 20%
Reference temperature (K) 293.15
Anode transfer coefficient 0.5

Cathode transfer coefficient 3
Gas permeability of GDL under the GC (m2) 1.76 × 10−11

Gas permeability of GDL under the rib (m2) (1 − CR) × 1.76 × 10−11

Gas permeability of CL (m2) 1 × 10−13

Hydrogen flow of GC (L min−1) 17.14 × 10−3

Oxygen flow of GC (L min−1) 31.43 × 10−3

Thermal conductivity of BP (W m−1 K−1) 55
In-plane/through-plane thermal conductivity of
GDL under GC (uncompressed) (W m−1 K−1) 8.55/1.71

Thermal conductivity of CL (W m−1 K−1) 0.27
Thermal conductivity of PEM (W m−1 K−1) 0.12

Temperature of reaction gases (K) 343.15
Pressure of reaction gases (atm) 3
Temperature of cooling fluid (K) 343.15
Flow rate of cooling fluid (m/s) 0.05

Tortuosity of GDL 1.86
Gas Relative Humidity 85%

3. Results
3.1. Mesh Independence and Model Validation

To simulate the mechanical, electrical, heat transfer, and mass transfer behaviors of
PEMFC, the present models are built and solved by COMSOL Multiphysics 6.0. Half of
PEMFC is calculated because the PEMFC structure is symmetric. The prefixes A and C
mean the Anode and Cathode side, respectively. To minimize the impact of the meshing
schemes on the accuracy of the calculation results, six meshing schemes of the PEMFC
are proposed, as shown in Figure 1b,c. The current density and power density of these
six schemes are calculated and compared at a voltage of 0.5 V. The operating parameters
are shown in Table 3. Figure 3a gives the results of the mesh schemes. The relative error
of current density between scheme M3 and scheme M4 is lower than 0.05%. The relative
error of current density between scheme M4 and scheme M5 is lower than 0.01%. The
simulated result of using scheme M4 has little impact on the calculated accuracy. Therefore,
scheme M4 with 651,463 elements is adopted for the subsequent simulations.

To compare the stress of GDL using different mechanical theories, Figure 3b presents
the comparisons of simulation results among the compressed neo-Hookean theory, uncom-
pressed neo-Hookean theory, linear-elastic theory, and previous experiments [29,48]. The
average stress deviations from the experiment for the simulation based on the compressed
neo-Hookean theory and the simulation based on linear-elastic theory are 1.38% and 14.26%,
respectively. In Figure 3b, the average stress deviation of uncompressed neo-Hookean
theory from the experiment is 35.24% at a strain less than 0.12. However, the average stress
deviation of the uncompressed neo-Hookean theory from the experiment is huge (>200%)
when the strain of GDL is greater than 0.12. Then, compared with the uncompressed
neo-Hookean theory and the linear-elastic theory, the compressed neo-Hookean theory is
more accurate for describing the stress-strain of GDL.

To validate the PEMFC models, Figure 3c,d demonstrate the comparisons of sim-
ulation results among the proposed PEMFC model, the traditional PEMFC model, and
previous experiments conducted at different operating temperatures [34]. In Figure 3c,
the average current density deviation of simulation using the nonlinear-elastic approach
(proposed model) from the experiment is 2.55%. The average current density deviation
of simulation using the linear-elastic approach (traditional model) from the experiment
is 9.81%. In Figure 3d, the deviation from the experiment for the simulation using the
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proposed model and the simulation using the traditional model is 3.42% and 10.87%, re-
spectively. These findings prove that the proposed model in this study is more accurate
than the traditional model.
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3.2. Comparison of Structural, Heat, and Mass Transfer Parameters with and without GDL Degradation

The GDL structure in the models is assumed to be unbreakable. To prove the signifi-
cance of the structural integrity of GDL to PEMFC’s electrical performance, the structural,
heat, and mass transfer parameters from simulation and experiment are compared. Porosity,
thermal conductivity, and gas permeability are selected to evaluate the structural, heat
transfer, and mass transfer behaviors of GDL, respectively. Previous data is selected to
assess the deviation of the model from the experiment after the GDL collapse. Radhakr-
ishnan and Haridoss [16] compared the porosity of GDL (from TGP-H-120 [48]) under
a compressive force of 1.7 MPa and 3.4 MPa by experiment. They found that the GDL
is unbroken under 1.7 MPa compressive force (CR of GDL is 13%), and the GDL is bro-
ken under 3.4 MPa compressive force (CR of GDL is 23%). Then, the experiment data of
TGP-H-120 [17,49] is used to validate the significance of the structural integrity of GDL
in this study. The effective porosity and thickness of uncompressed GDL are 0.73 and
0.37 mm, respectively [16]. Table 4 gives the simulation results. When the GDL structure is
broken, the porosity, thermal conductivity, and gas permeability are drastically changed.
Therefore, the PEMFC model is not suitable for situations where GDL is broken.
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Table 4. Comparison of porosity, thermal conductivity, and gas permeability when GDL is broken
or unbroken.

Is GDL Broken? Experiment Simulation Deviation

Porosity (%)

Unbroken 68.89 68.96 0.10%
Broken 4.20 64.94 1446.19%

Thermal Conductivity (W m−1 K−1)

Unbroken 5.32 5.31 −0.19%
Broken 21.58 6.09 −71.78%

Gas Permeability (m2)

Unbroken 1.72 × 10−12 1.74 × 10−12 1.16%
Broken 4.12 × 10−17 1.14 × 10−12 2,770,000%

3.3. Relationship among Average Stress, CR, Elastic Modulus, and CRWR

To analyze the relationship among CRWR of BP, CR of GDL, average stress of GDL, and
elastic modulus of GDL, full combination simulations are performed. The ranges of CR from
0.08 to 0.22 in step of 0.01 [45,49]. The ranges of CRWR from 1 to 4 in step of 0.1 [8]. The ranges
of elastic modulus from 5 to 33 in step 8 [34]. The dependent variable is the average stress of
GDL. The total of 4920 points is calculated based on the compressed neo-Hookean theory.

Figure 4 shows the relationship among stress, CR, elastic modulus, and CRWR. Firstly,
stress is proportional to the square of CR (Figure 4a). Secondly, elastic modulus and stress
show a linear relationship (Figure 4b). Thirdly, stress is proportional to the fourth power of
CRWR (Figure 4c). Therefore, the regression model is described by Equation (37), where an
(n = 1, 2, 3, 4, 5, 6, 7, 8) is the coefficient term.

δ = a1·CR2 + a2·CR + a3·Y + a4·C4
RWR + a5·C3

RWR + a6·C2
RWR + a7·CRWR + a8 (37)
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In addition, the regression model is imported to Matlab 2020a to obtain the correlation
among the CRWR of BP, stress, CR, and elastic modulus of GDL. The correlation is shown
in Equation (38). The applicable range is shown in Equation (39).

δ = 19.0842·CR2 + 9.4408·CR + 0.1022·Y− 0.1583·C4
RWR

+1.6767·C3
RWR − 6.5187·C2

RWR + 11.5147·CRWR − 9.5907
(38)


0.08 ≤ CR ≤ 0.22

5 MPa ≤ Y ≤ 33 MPa
1 ≤ CRWR ≤ 4

(39)

To validate this regression equation, 350 sets of CR, elastic modulus, and CRWR
combination data are randomly selected for calculation in this study. The average stress
deviation of the regression equation from the simulated data is 3.41%. Therefore, the
correlation among the CRWR of BP, stress, CR, and elastic modulus of GDL is acceptable.

3.4. Comparison of Proposed and Traditional Model with Stress, Gas Flux, Gas Pressure Drop, and
Power Density

To compare the specific impact on PEMFC properties between the proposed model
and the traditional model, the cross-sectional area of the proposed and traditional model
is focused on the elastic theory. The stress-strain relationship is investigated to assess the
realistic stress of GDL. The gas pressure drop and flux on the cathodic side are examined
to assess the impact of different elastic models on mass transfer. Additionally, the output
performance of the PEMFC models is compared in this study to evaluate their reliability.

Firstly, Figure 5a gives the geometric deformation of the cross-section of MEA. In
Figure 5a, the cross-section geometric of the anodic MEA of the proposed model is over-
lapped with that of the traditional model. The green zone in Figure 5a is the same area as
the proposed and traditional models. The red zone in Figure 5a represents the prominent
part of the proposed model compared to the traditional model. According to the calculation,
the invasive area of the GDL into the GC of the proposed model is 9.09% higher than that of
the traditional model. According to Equations (10) and (11), the strain energy density of the
proposed model at CRWR = 1 is 22.56% higher than the traditional model, indicating that
the deformation volume of the proposed model is smaller than that of the traditional model.
Therefore, the intrusion area of the proposed model is higher than that of the traditional
model. This indicates a larger contact area in the proposed model, suggesting a higher mass
transfer behavior in the GDLs. As the mass transfer performance improves, the reactant
gas supply improves. Therefore, the electrical performance of PEMFC improves.

To exclude the influence of other factors, the modulus and CR of GDL are 14 MPa
and 0.2, respectively [14,47]. The compressive strength of specific GDL is 2.5 MPa [14].
Figure 5b illustrates the relationship between the CRWR and the average stress of GDL.
The unbroken GDL means the stress of GDL is less than the compressive strength of GDL.
Therefore, the peak CRWR of 2.91 is obtained by the correlation of Equation (38) when
the compressive strength of GDL is 2.5 MPa. Moreover, the stress of GDL under the rib,
calculated based on the traditional model, is represented by the red line in Figure 5b. It is
evident that the stress of GDL in the assembly of PEMFC, based on the linear-elastic theory,
is significantly underestimated (by over 90% when CRWR = 2.91). This underestimation
results in excessive stress being applied to the GDL during assembly. Therefore, the
refined simulation employs the compressed neo-Hookean theory to account for these
factors accurately.
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In order to verify the analysis, the gas pressure drop of GC, net gas flux of GDL,
and power density of the proposed model and traditional model are compared. Table 3
gives the operating parameters. Figure 5c gives the gas pressure drops on the cathodic
side. In high current density conditions (U = 0.4 V), the gas pressure drop of the proposed
model is 1.05% higher than that of the traditional model, indicating a higher flow resistance
in the proposed model. Furthermore, Figure 5d gives the inlet gas flux in the interface
between the CGDL and CGC. When the voltage is between 0.8 and 1.0 V, the net inflow is
negative. There are two possible reasons for this. Firstly, the cathodic electrode reaction is
slower than that of the anodic, leading to a main species transfer progress from the anodic
side to the cathodic side. Secondly, the steam volume in CCL is higher than the liquid
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water volume, especially at low current densities. In Figure 5d, the inlet gas flux in the
CGDL/CGC interface of the proposed model is 1.54% higher than that of the traditional
model, indicating a higher reaction consumption in the proposed model. Additionally,
the peak power density of the proposed model is 5.88% higher than that of the traditional
model (Figure 5e).

In a word, compared with traditional linear-elastic theory, the compressed neo-
Hookean theory is more reliable and accurate in predicting the stress and strain of GDL.
Based on the accurate stress-strain of GDL, the gas pressure drop, gas flux, and power
density of PEMFC are predicted more realistically. Therefore, it can be concluded that the
proposed model is more reliable than the traditional model.

3.5. Polarization Curve and Power Density of PEMFC

In this section, the relationship between CRWRs and the electrical performance of
PEMFC is investigated. The CRWR of 1, 1.5, 2, 2.5, and 2.91 are chosen to reveal the
relationship among CRWR of BP, polarization curves, and power density of PEMFC. The
operating parameters are shown in Table 3. Figure 6 gives the polarization curve and
power density in the cases of CRWR = 1, 1.5, 2, 2.5, and 2.91. The power density of PEMFC
demonstrates an increase with the increase in CRWR. The CRWR = 1 is a conventional
design of gas channel, and the CRWR = 2.91 is the peak CRWR design in this study; then,
comparing the designs of these two schemes helps to explain the relationship between
different CRWRs and heat and mass transfer behavior. CRWRs of 1.00 and 2.91 were
selected to investigate the relationship among CRWR, polarization curves, heat, and mass
transfer within the PEMFC. These specific CRWRs correspond to rectangular (Figure 2a)
and trapezoidal (Figure 2b) cross-sectional shapes of the GC.
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Figure 6 exhibits the polarization curve and power density for CRWR of 1 and 2.91. It is
observed that the electrical performance of the PEMFC of CRWR = 2.91 is higher than that of
CRWR = 1. During normal fuel cell operation, the voltage range primarily consists of ohmic
loss. The voltage loss range is determined by the slope of voltage [50]. In activation loss,
the slope change of voltage is very drastic. In ohmic loss, the slope of the voltage remains
almost unchanged. In concentration loss, the slope of the voltage changes dramatically
again. Therefore, in this study, the ohmic loss voltage is 0.8–0.5 V. The peak power density
in the case of CRWR = 2.91 and CRWR = 1 is 9144.3 W m−2 and 7086.6 W m−2, respectively.
That is, the peak power density in the case of CRWR = 2.91 is 29.04% higher than that of
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CRWR = 1. Furthermore, at an output voltage of 0.5 V, the current density for CRWR = 2.91
and CRWR = 1 is recorded as 1.83 A cm−2 and 1.42 A cm−2, respectively. Thus, the case of
CRWR = 2.91 enhances the available current density of the fuel cell when compared to the
case of CRWR = 1.

3.6. Distribution of Hydrogen, Oxygen, and Steam in GDM

To quantitatively investigate gas distribution in GDM, the mass transfer behaviors of
CRWR = 2.91 and CRWR = 1 are analyzed. In particular, the analysis focuses on the distribution
of species measured by mole fraction at the GDL/BP interface and GDL/CL interface. The
mole fraction is a useful metric for studying species distribution in PEMFC and has a direct
impact on the fuel cell performance. Furthermore, to illustrate the performance of the PEMFC
under different operating conditions, three output voltages (0.8 V, 0.6 V, and 0.4 V) are selected
as representatives of low current density (LCD), medium current density (MCD), and high
current density (HCD), respectively.

3.6.1. Hydrogen Distribution in GDL

Figure 7 gives the mole fraction distribution of hydrogen in the anodic gas diffusion
medium (AGDM). Due to the limited space, the distributions at U = 0.4 V are shown in
Figure 7a–d. Comparing the CRWR of 2.91 and 1, it can be observed that the decline
magnitude of hydrogen at the AGDL/ABP interface is higher for CRWR = 2.91 (0.3118) than
CRWR = 1 (0.2254). This discrepancy can be attributed to the transfer rate of hydrogen within
GDL, which directly influences the electrochemical reaction rate. Specifically, CRWR = 2.91
exhibits a greater contact area between the GDL and GC compared to CRWR = 1. As a result,
the hydrogen transfer rate of CRWR = 2.91 surpasses that of CRWR = 1. Furthermore, the
difference in the mole fraction of hydrogen in the AGDL under the GC is higher than that
in the AGDL under the rib. This indicates that the compression of the GDL enhances the
performance of hydrogen transfer.

The average mole fraction of hydrogen at the AGDL/ABP and AGDL/ACL interfaces
is presented in Table 5. It can be observed that the difference in average mole fraction at the
GDL/BP interface between the two CRWRs is small, being less than 6.16%. Additionally,
the difference in mole fraction at the AGDL/ACL interface between the inlet and outlet
is summarized in Table 5. The mole fraction gradient of hydrogen in CRWR = 2.91 is
higher than that in CRWR = 1 for MCD and HCD. Indeed, the difference in mole fraction
between the inlet and outlet represents the consumption of hydrogen. In LCD, both
CRWRs exhibit low consumption of hydrogen, indicating that the electrochemical rates
are nearly equal under that condition. However, in MCD and HCD, the consumption
of hydrogen in CRWR = 2.91 is 44.15% (U = 0.4 V) and 17.75% (U = 0.6 V) higher than
that in CRWR = 1. This suggests that at higher current densities, CRWR = 2.91 has a
more pronounced facilitating effect on the reaction rate. Thus, the case of CRWR = 2.91
improves fuel cell performance by enhancing the reaction rate in high and medium current
density scenarios.

Figure 7e,f illustrate the mole fraction of hydrogen at Line1 and Line2 of the AGDL/ABP
interface. Line 1 is the centerline of AGDL/ABP under the GC, and Line 2 is the centerline
AGDL/ABP under the rib. These lines represent the typical trends of gas distribution under
the rib and GC, respectively, and the most extreme values occur on these two lines. Therefore,
selecting these two lines can facilitate comparison. It can be observed that as the channel
length increases, the mole fraction of hydrogen decreases. The slope of CRWR = 2.91 is
higher than that of CRWR = 1, indicating that the consumption of hydrogen is higher in
CRWR = 2.91. Additionally, in Figure 7e,f, the difference between Line1 and Line2 is small,
being less than 0.85%. This suggests that although the GDL beneath the rib is not directly in
contact with the hydrogen in the GC (Gas Channel), the hydrogen still diffuses efficiently
in the in-plane direction within the GDL. Therefore, as long as the porous structure of
the compressed GDL remains intact, hydrogen diffusion in the compressed GDL remains
effective. However, if the GDL structure is compromised due to excessive compressive force,
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the hydrogen diffusion performance in the compressed GDL will be reduced because the
broken GDL leads to a huge decrease in mass transfer behavior, which is shown in Table 4.
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Figure 7. Mole fraction of hydrogen in AGDM: (a) on the AGDL/ABP interface when U = 0.4 V at
CRWR = 1; (b) on the AGDL/ABP interface when U = 0.4 V at CRWR = 2.91; (c) on the AGDL/ACL
interface when U = 0.4 V at CRWR = 1; (d) on the AGDL/ACL interface when U = 0.4 V at CRWR = 2.91;
(e) on Line1; and (f) on Line2.

Table 5. The value of parameters.

Parameter (Unit) Location U = 0.8 V U = 0.6 V U = 0.4 V

Hydrogen distribution

Difference of mole fraction between inlet
and outlet

AGDL/ACL of CRWR = 1 0.0286 0.1386 0.2059
AGDL/ACL of CRWR = 2.91 0.0234 0.1632 0.2968

Average mole fraction of hydrogen

AGDL/ABP interface of CRWR = 1 0.7224 0.6607 0.6237
AGDL/ABP interface of CRWR = 2.91 0.7254 0.6539 0.6016

AGDL/ACL interface of CRWR = 1 0.7209 0.6535 0.6132
AGDL/ACL interface of CRWR = 2.91 0.7242 0.6459 0.5754

Oxygen distribution

Difference of mole fraction between inlet
and outlet

CGDL/CCL of CRWR = 1 0.0562 0.1484 0.1508
CGDL/CCL of CRWR = 2.91 0.0258 0.1181 0.1341

Average mole fraction of oxygen

CGDL/CBP interface of CRWR = 1 0.1346 0.0862 0.0781
CGDL/CBP interface of CRWR = 2.91 0.1480 0.1180 0.1052

CGDL/CCL interface of CRWR = 1 0.1220 0.0310 0.0032
CGDL/CCL interface of CRWR = 2.91 0.1359 0.525 0.0079

Steam distribution

Average mole fraction of steam

CGDL/CBP interface of CRWR = 1 0.2837 0.3409 0.3562
CGDL/CBP interface of CRWR = 2.91 0.2537 0.3096 0.3285

CGDL/CCL interface of CRWR = 1 0.2985 0.4096 0.4522
CGDL/CCL interface of CRWR = 2.91 0.2860 0.3946 0.4580

Temperature distribution

Average temperature (K) CGDL/CBP interface of CRWR = 1 343.41 345.09 346.98
CGDL/CBP interface of CRWR = 2.91 343.47 345.94 349.10
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3.6.2. Oxygen Distribution in GDL

Figure 8 gives the mole fraction of oxygen in CGDM. It can be observed that as the
current density increases, the mole fraction of oxygen decreases. Table 5 gives the difference
in mole fraction between the inlet and outlet. As the current density increases, the difference
in mole fraction between the inlet and outlet increases. This can be attributed to the fact that
the distance from the GC beneath the rib in CRWR = 2.91 is shorter compared to CRWR = 1.
Furthermore, in Figure 8a,b, the mole fraction of oxygen under the rib in CRWR = 2.91 is
higher than that in CRWR = 1. This is because the distance from the center of the rib to
the GC in CRWR = 2.91 is shorter than that in CRWR = 1. Therefore, the oxygen diffusion
performance of CRWR = 2.91 is higher than that of CRWR = 1. Besides, the average mole
fraction of oxygen in the CGDL/CBP interface is provided in Table 5, indicating that the
average mole fraction of oxygen in CRWR = 2.91 is higher than that in CRWR = 1. Therefore,
the flow into the GDL in the case of CRWR = 2.91 is higher than that of CRWR = 1.
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Figure 8. Mole fraction of oxygen in CGDM: (a) on the CGDL/CBP interface when U = 0.4 V at
CRWR = 1; (b) on the CGDL/CBP interface when U = 0.4 V at CRWR = 2.91; (c) on the CGDL/CCL in-
terface when U = 0.4 V at CRWR = 1; (d) on the CGDL/CCL interface when U = 0.4 V at CRWR = 2.91;
(e) on Line5; (f) on Line6; (g) on Line7; and (h) on Line8.
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The average mole fraction of oxygen in the CGDL/CCL interface is presented in
Table 5. The average mole fraction of oxygen at the CGDL/CCL interface exhibits similar
behavior to the CGDL/CBP case. In the CGDL/CCL interface, the average mole fraction of
oxygen in CRWR = 2.91 is 11.39% (U = 0.8 V), 69.35% (U = 0.6 V), and 146.88% (U = 0.4 V)
higher than that in CRWR = 1. As a result, the oxygen transfer performance is superior for
CRWR = 2.91 when compared to CRWR = 1. Additionally, Figure 8c,d demonstrate that
the mole fraction of oxygen beneath the rib is lower than that under the GC. This contrast
with the behavior calculated for hydrogen can be attributed to the fact that oxygen is more
affected by this change than hydrogen when GDL compression leads to reduced porosity.

Figure 8e–h display the mole fraction of oxygen in the CGDM. It is observed that
the mole fraction of oxygen in CRWR = 2.91, which is higher than that in CRWR = 1,
both beneath the GC and the rib. Specifically, for CRWR = 2.91, the mole fraction of
oxygen under the GC is higher compared to CRWR = 1, and the difference is even more
significant beneath the rib (>30% when U = 0.8 V). This difference in mole fraction between
CRWR = 2.91 and CRWR = 1 is greater for oxygen than for hydrogen. This suggests
that the transfer performance of oxygen is significantly influenced by the CRWR of BP.
Consequently, the average mole fraction of oxygen in GDL beneath the rib is higher in the
case of a smaller CRWR compared to a larger CRWR. Furthermore, when U = 0.4 V, the
mole fraction of oxygen beneath the GC is sufficient (mole fraction > 0.1). However, the
mole fraction of oxygen under the rib is insufficient (mole fraction is near to zero) when
U = 0.4 V. This indicates that the electrochemical reaction under the rib is in a state of lack
of oxygen in HCD. Then, PEMFC performance under the rib is decreased. Therefore, the
CRWR should decrease as much as possible in the case of the porous structure integrity of
the GDL in order to improve the gas transfer performance.

3.6.3. Steam Distribution in GDL

Figure 9 illustrates the mole fraction of steam in the CGDM. Unlike oxygen and
hydrogen, steam is predominantly produced through electrochemical reactions in the CCL,
making it the focus of this study. In Figure 9a,b, it can be observed that the mole fraction of
steam at the CGDL/CBP interface beneath the rib is higher than that under the GC. This
difference can be attributed to the decrease in porosity of the GDL due to compression under
the rib. As a result, as the porosity decreases, transfer resistance increases, indicating that
the permeability of steam in the compressed GDL is lower compared to the uncompressed
GDL. Furthermore, Table 5 presents the average mole fraction of steam at the CGDL/CBP
interface. The average mole fraction of steam at the CGDL/CBP interface for CRWR = 2.91
is 10.58% (U = 0.8 V), 9.18% (U = 0.6 V), and 7.78% (U = 0.4 V) lower than that for CRWR = 1.
This discrepancy is attributed to the higher contact area between the GDL and gas in the
case of CRWR = 2.91 compared to CRWR = 1, resulting in improved transfer performance
of steam for CRWR = 2.91. Moreover, as the current density increases, the difference
in the mole fraction of steam at the CGDL/CBP interface between the CRWR = 1 and
2.91 decreases. This is because the mass transfer limitations emerge at the high current
density regions (U = 0.4 V).

In Figure 9c,d, the average mole fraction of steam in the CGDL/CCL interface is
presented in Table 5. For the case with a CRWR of 2.91, the average mole fraction of steam
at the CGDL/CCL interface is 4.19% (U = 0.8 V) and 3.66% (U = 0.6 V) lower compared to
the case with a CRWR of 1. The average mole fraction of steam in the CGDL/CCL interface
in the case of CRWR = 2.91 and CRWR = 1 is less different when U = 0.4 V (<1.28%).
Therefore, the transfer performance of steam in the case of CRWR = 2.91 is higher than that
of CRWR = 1 under MCD (U = 0.6 V) and LCD (U = 0.8 V).

Figure 9e–h present the mole fraction of steam in specific regions. Figure 9e,f illustrate
the data in the CGDL/CBP interface. It can be observed that when CRWR is 2.91, the
mole fraction of steam is lower compared to CRWR = 1. This is attributed to the contact
area between GDL and reactant gas in the case of CRWR = 2.91 is higher than CRWR = 1.
Consequently, the steam transfer performance at CRWR = 2.91 is higher than at CRWR = 1.
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Moreover, the mole fraction of steam beneath the rib is lower than that below the GC in the
CGDL/CCL interface. This disparity suggests that the steam transfer in the CGDL/CCL
interface is influenced by the CRWR, which is distinct from the distribution of hydrogen.
Figure 9g,h demonstrate the data at the CGDL/CCL interface. When compared with
the CGDL/CBP interface, the mole fraction below the rib exhibits slight differences in
comparison to the mole fraction below the GC. This indicates that the GDL efficiently
diffuses uneven gas to achieve a uniform plane. Furthermore, the mole fraction of steam at
CRWR = 2.91 is higher than at CRWR = 1 (Figure 9h). The porosity of the compressed GDL
in both GC shapes is similar due to the equal CR. Consequently, the gas permeability in
the compressed GDL for both GC shapes is also equal. The primary difference lies in the
CRWR, where a large CRWR leads to improved steam transfer performance. In Figure 9f,h,
within the inlet region (y = 0–2 mm), the mole fraction of steam decreases as y increases
due to uneven reactions beneath the rib and GC.
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Figure 9. Mole fraction of steam in CGDM: (a) on the CGDL/CBP interface when U = 0.4 V at
CRWR = 1; (b) on the CGDL/CBP interface when U = 0.4 V at CRWR = 2.91; (c) on the CGDL/CCL in-
terface when U = 0.4 V at CRWR = 1; (d) on the CGDL/CCL interface when U = 0.4 V at CRWR = 2.91;
(e) on Line5; (f) on Line6; (g) on Line7; and (h) on Line8.
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3.7. Distribution of Temperature and Heat Flux in GDM

Temperature significantly influences the operational efficiency and longevity of fuel
cells, particularly in the context of proton exchange membrane fuel cells (PEMFCs). The
recommended operational temperature range for PEMFCs is typically between 60 ◦C
and 80 ◦C [1]. On the one hand, operating temperatures above 80 ◦C may trigger thermal
runaway, leading to PEM degradation. The loss of the -SO3H groups will lead to a reduction
in proton conductivity and irreversible chemical degradation in the perfluorosulfonic
acid membrane such as Nafion. Then, high temperature exacerbates the possibility of
performance degradation and reduced PEMFC lifespan. On the other hand, operating
temperatures below 60 ◦C lead to a decrease in the reaction rate.

Figure 10 gives the temperature distribution of GDM. In Figure 10a,b, the CGDL/CBP
interface experiences a temperature difference of 3.06 K (CRWR = 1, U = 0.4 V) and 4.89 K
(CRWR = 2.91, U = 0.4 V), respectively. The difference in temperature between the inlet and
outlet in the CGDL/CBP interface of CRWR = 2.91 is higher than that of CRWR = 1. This
indicates that heat production in the case of CRWR = 2.91 is higher than that of CRWR = 1
under the same output voltage. In Figure 10a–d, the peak temperature is reached in the
outlet under the GC. The peak difference temperature between the CGDL/CBP interface
and the CCL/PEM interface is 1.4 K (CRWR = 1) and 1.2 K (CRWR = 2.91). Remarkably, as
shown in Figure 10e–h, the temperature increases with ascending y-values. It is noteworthy
that the temperature underneath the rib structure is lower than that in the GC region. This
is attributed to the fact that the heat conduction performance in PEMFC is higher than
that of heat convection performance. Moreover, the average temperature in the CGDL/BP
interface is shown in Table 5. That is, the average temperature in the CGDL/BP interface in
the case of CRWR = 2.91 is 0.85 K (U = 0.6 V) and 2.12 K (U = 0.4 V), higher than that of
CRWR = 1, respectively. There are two different possible reasons. First, heat production in
the case of CRWR = 2.91 is higher than that of CRWR = 1 due to the reaction rate in the case
of CRWR = 2.91 being higher than that of CRWR = 1. Second, the heat transfer performance
in the case of CRWR = 1 is higher than that of CRWR = 2.91.

To determine the exact reason, the average heat flux in the sub-rib, sub-GC, and
whole of the CGDL/BP interface is calculated. Figure 11 gives the average heat flux and
thermal power in the specific interfaces. In Figure 11a, the average heat flux of the case of
CRWR = 2.91 is higher than that of CRWR = 1. When U = 0.4 V, the average heat flux in the
sub-rib of the CGDL/BP interface for CRWR = 2.91 is 139.13% higher than that of CRWR = 1.
This is attributed to the fact that the pathway of sub-rib in the case of CRWR = 2.91 is lower
than that of CRWR = 1. In the sub-GC of the CGDL/CBP interface, the average heat flux for
CRWR = 2.91 is 25.07% higher (U = 0.4 V) than that of CRWR = 1. This can be attributed to a
larger contact area between the GDL and gas for CRWR = 2.91, resulting in a higher reaction
rate under the GC compared to CRWR = 1. Considering the entire CGDL/CBP interface, the
average heat flux for CRWR = 2.91 is 87.45% higher (U = 0.4 V), 120.40% higher (U = 0.6 V),
and 139.38% higher (U = 0.8 V) than that of CRWR = 1, respectively. This indicates a higher
reaction rate and heat production in the case of CRWR = 2.91 compared to CRWR = 1 under
the same output voltage. Therefore, the electrical performance is higher for CRWR = 2.91.

Furthermore, the thermal power through the rib is significantly higher than that
through the GC. The heat conduction in the rib is approximately 3.5–5.3 times higher than
the heat convection in the GC, depending on the conditions (Figure 11b). This indicates
that heat conduction in the rib is more important than heat convection in the GC. As the
CRWR increases, the thermal power of the heat conduction in the rib increases. Ensuring
the integrity of the porous structure of GDL benefits by improving the stability of heat
dissipation performance. Therefore, the integrity of the porous structure of GDL should be
ensured while reducing the CRWR of BP.
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Figure 10. Temperature distribution of PEMFC: (a) on the CGDL/CBP interface when U = 0.4 V at
CRWR = 1; (b) on the CGDL/CBP interface when U = 0.4 V at CRWR = 2.91; (c) on the CCL/PEM
interface when U = 0.4 V at CRWR = 1; (d) on the CCL/PEM interface when U = 0.4 V at CRWR = 2.91;
(e) on Line5; (f) on Line6; (g) on Line3; and (h) on Line4.
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4. Conclusions

A three-dimensional model of PEMFC, incorporating the compressed neo-Hookean
theory of GDL, was proposed and compared with a traditional model incorporating the
linear-elastic theory of GDL. The previous experimental data was used to validate the
models. The correlation among the CRWR of BP, stress, CR, and elastic modulus of GDL
was obtained. The peak CRWR of BP was obtained based on the correlation. A comparison
was made between the peak CRWR and conventional CRWR cases, revealing differences in
species distribution, temperature distribution, and electrical performance of the PEMFC.
The main conclusions were as follows:

• The average stress deviation from the experiment for the simulation based on the
compressed neo-Hookean theory and the simulation based on linear-elastic theory
was 1.38% and 14.26%, respectively. The compressed neo-Hookean theory was more
accurate than the linear-elastic theory for describing the GDL deformation. The current
density deviation from the experiment for the simulation based on the proposed model
and the traditional model was 2.55% and 9.81%, respectively. The proposed model
(incorporating the compressed neo-Hookean theory) was more accurate than the
traditional model (incorporating the linear-elastic theory).

• The correlation among the CRWR of BP, stress, CR, and elastic modulus of GDL was
obtained. The average stress deviation of the regression equation from the simulated
data was 3.41%. Based on the correlation, the peak CRWR of 2.91 was found at the
compressive strength of 2.5 MPa. The peak power density of CRWR = 2.91 was 29.04%
higher than that of CRWR = 1.

• The mole fraction of hydrogen and steam between the region under the rib and GC
was slightly different (<0.85% for hydrogen, <1.28% for steam). However, the average
mole fraction of oxygen in the CGDL/CCL interface for CRWR = 2.91 was 11.39%
higher than that for CRWR = 1. The CRWR design had a significant impact on the
mass transfer behavior of oxygen. Moreover, the thermal power through the rib was
significantly higher than that through the GC (>3.5 times). As the CRWR increases,
the importance of heat conduction in the rib becomes more pronounced.
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Abbreviations

The following abbreviations, variables and subscripts are used in this manuscript:

CRWR channel-to-rib width ratio
GDL gas diffusion layer
BP bipolar plate
PEMFC proton exchange membrane fuel cell
GC gas channel
MEA membrane electrode assembly
CR compression ratio
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HOR hydrogen oxidation reaction
ACL anodic catalyst layer
ORR oxygen reduction reaction
CCL cathodic catalyst layer
CCM catalyst-coated membrane
Symbols Meaning (units)
P First Piola–Kirchhoff stress (Pa)
δ Stress (Pa)
F Deformation gradient tensor (/)
Fv Volume force vector (N m−3)
I Unit matrix (/)
u Displacement field (m)
St Strain (/)
fv Force in the vertical direction (N)
S Second Piola–Kirchhoff stress (Pa)
Sinel Inelastic stress tensor (Pa)
Ws Strain energy density (J m−3)
σ Cauchy stress (Pa)
J Elastic volume ratio (/)
ε Elastic Green-Lagrange strain (/)
Jel Elastic volumetric deformation (/)
µ Lamé parameters (Pa)
λ Lamé parameters (Pa)
vp Poisson ratio (/)
Y Young’s modulus (Pa)
I1 First invariant of the elastic right Cauchy–Green deformation

tensor (/)
Eeq Reversible potential (V)
R Ideal gas constant (J kg−1 K−1)
T Operating temperature of PEMFC (K)
pH2/pO2/pH2O Particle pressure of hydrogen/oxygen/steam (Pa)
pref Reference gas pressure (Pa)
ian/icath Anode/cathode electrochemical reaction rate (A m−3)
i0,an/i0,cath Anode/cathode exchange current density (A m−2)
aan/acath Anode/cathode active specific surface region (m−1)
η Activation overpotential (V)
Φe/Φp Electric potential of the electron/proton phase (V)
n Charge number in electrochemical reactions (/)
αa/αc Anode/cathode transfer coefficient (/)
vi Stoichiometric coefficient of the reacting species of index i (/)
∆S Total reaction entropy (J mol−1 K−1)
∆G Change in Gibbs free energy (J mol−1)
∆Φ0 Reversible potential (V)
FFC Faraday constant (C mol−1)
∆SHOR Reaction entropy of HOR (J mol−1 K−1)
∆SORR Reaction entropy of ORR (J mol−1 K−1)
RH Relative humidity (%)
∆H Enthalpy of reaction (J mol−1)
psat Saturated vapor pressure of water (Pa)
σe/σp Electronic/protonic conductivity (S m−1)
Se/Sp Source term of electron/proton transport equation (A m−3)
mPt Specific surface area of Pt (kg m−2)
As Surface area of Pt (m2 g−1)
K Viscous stress tensor (Pa)
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µ Dynamic viscosity (kg m−1 s−1)
κ Permeability of gas(m2)
ρ Density (kg m−3)
εp Porosity (/)
Qm Mass source per unit volume of the porous medium (kg m−3 s−1)
cF Forchheimer parameter (/)
Cp Specific heat capacity at constant pressure (J kg−1 K−1)
qcond Heat flux density of heat conduction (W m−2)
pc Pressure of cooling medium (Pa)
τ Viscous stress tensor (Pa)
uf Flow velocity (m s−1)
k Thermal conductivity (W m−1 K−1)
kuncomp, GDL Thermal conductivity of uncompressed GDL (W m−1 K−1)
εcomp, GDL Porosity of compressed GDL (/)
εGDL Porosity of uncompressed GDL (/)
CR compression ratio (/)
“/” means dimension is 1.
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