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Abstract: High-performance proton exchange membrane fuel cell (PEMFC) vehicles are important
for realizing carbon neutrality in transportation. However, the optimal power density of the fuel
cell performance is difficult to achieve due to the internal complex operating conditions of a fuel cell
stack. Moreover, there is a lack of effective models to solve the coupled multi-physical fields (force,
temperature and humidity, etc.) in the PEMFC, particularly considering the gas diffusion layer (GDL)
compression. Thus, a force-temperature-humidity coupled modeling method is introduced to evalu-
ate the effects of key operating conditions for the fuel cell performance parameter matching. Firstly,
the interfacial contact resistance and GDL porosity are obtained by a force-temperature coupled sim-
ulation using a finite element analysis (FEA) modeling, then the obtained results are introduced into
a temperature-humidity coupled simulation using a computational fluid dynamics (CFD) modeling.
An iteration algorithm is proposed to realize the force-temperature-humidity coupled simulation
for the PEMFC performance. The main characteristics of the PEMFC performance parameters are
revealed and the optimum matching criteria of the main performance parameters (temperature,
stoichiometric ratio and relative humidity) are determined. The presented co-simulation method is
significant and effective for realizing the PEMFC performance parameter matching condition, and it
provides a design direction for an optimal power density of a fuel cell stack.

Keywords: PEMFC; multi-fields coupled model; GDL deformation; CFD; FEA; performance parameter
matching

1. Introduction
1.1. The Need for the Performance Parameter Matching in Fuel Cells

Nowadays, the increasing attraction of carbon neutrality and global warming is a
motivation for solving the challenge between economic growth and a sustainable envi-
ronment for human beings [1]. Because the transportation industry is responsible for a
prominent part of the CO2 emissions [2,3], it must take up the challenge and find new ways
of becoming environmentally friendly. Compared to the battery electric vehicle (BEV) and
internal combustion engine (ICE)-based hybrid electric vehicle (HEV), the hydrogen fuel
cell electric vehicle (FCEV) technology embodies a foreseeable hope of coping with the
different issues of reducing carbon pollution [4,5]. Particularly, high-performance proton
exchange membrane fuel cell (PEMFC) vehicles are important to realize carbon neutrality
in transportation [6]. Since the FCEV is suitable for long-time, long-range transportation
with zero carbon emission, which can nearly cover one thousand kilometers, refuel in a few
minutes and maintain a high energy conversation efficiency [7,8], it is considered to be the
most potential full electric technology to replace the ICE of the whole transportation sector
to reduce carbon emissions [9].
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The fuel cell stack is the energy conversation core of the FCEV to generate the required
driving power [10,11], which is composed of hundreds of cells in a series and clamped
together by enough large assembly force. The fuel cell stack and its components endure
complex and serious vehicular dynamic loads, which cause the difference in the internal
operating parameters (temperature, humidity and reactant gas concentration, etc.) and
their redistribution. The primary challenge for the FCEV’s large-scale commercialization
is the performance parameter matching and controlling of a fuel cell stack, which are
important for lowering the fuel consumption at the high current density during a long
driving range [12]. This is mainly restricted due to the complex coupled behaviors of
the fuel cell performance parameters, hindering the PEMFC in the application of the
automotive sector [13]. Specifically, at first, the fuel cell stack needs to be assembled with a
certain assembly force to ensure that the components are in good contact with each other,
to reduce the resistance of the ion and electron transport. Secondly, the electrochemical
reaction inside the fuel cell stack also needs to be maintained at a certain temperature and
humidity to make the electrochemical reaction more efficient, so it needs to ensure that the
operating conditions are appropriate. In addition, the heat generated by the electrochemical
reaction will change the contact behavior between the components, which in turn will
affect the electrochemical reaction, and the internal temperature and humidity will be
redistributed [14]. Therefore, by effectively utilizing the multi-coupling process, the fuel
cell power density can be increased and suitable to automotive applications. In a fuel cell
stack, each cell is composed of one proton exchange membrane (PEM), catalyst layers (CL),
gas diffusion layers (GDL) and bipolar plates (BPP). Under the assembly force of the fuel
cell stack, the fuel cell components are compressed and deformed, which causes certain
changes in the contact pressure on the multi-contact interfaces and the GDL porosity [15].
The contact pressure directly affects the interfacial contact resistance between the BPPs and
GDLs, which in turn affects the output fuel cell voltage [16]. The GDL is a key component
to the fuel cell performance, which plays a dual-transportation function of the supply fuel
and water removal. When the GDLs are compressed by the assembly force, their small
porosity under the ribs of the BPP will affect the electrochemical reaction rate by affecting
the diffusion of hydrogen and oxygen concentration to the CLs, especially at a high current
density, where the required reactive gases concentration is relatively higher [17,18].

Moreover, the operating temperature and the relative humidity of the fuel cell will
cause the fuel cell components to expand, swell and cause thermal stress in the components,
which also affects the initial contact pressure and the GDL porosity [19]. Meanwhile, the
operating temperature and the relative humidity have a direct influence on the electrochem-
ical reaction of the fuel cells [20]. Therefore, the fuel cell performance is subjected to the
main working conditions such as the assembly force (i.e., component deformation) as well
as the operating temperature and relative humidity, etc., which will be significant to the
performance parameters (water content, hydrogen/oxygen concentration and current den-
sity, etc.). These working conditions involve multiple physical fields such as thermal, fluid,
electric and structural force. It is extremely essential to reveal or utilize a more accurate
multi-field coupled model for performance parameter matching at a high current density
of the PEMFC. Considering the multi-coupled behaviors in the fuel cell, the FEM and CFD
are con-simulated for this situation. The FEM is an efficient and commonly used compu-
tational method that discretizes a continuous structure into several finite-sized elements
to solve continuum mechanics problems [21]. The CFD is an approximate representation
of the integral and differential terms in the control equations of the fluid dynamics into
discrete algebraic form, making it a system of algebraic equations, and then solving these
discrete systems of algebraic equations to obtain numerical solutions at discrete time/space
points. Furthermore, the FEM and CFD can be used to obtain parameters that are difficult
to measure by experiment and to accurately simulate the internal behaviors of the fuel
cell performance.
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1.2. Review of the Performance Parameters Studies for PRMFCs

The applied assembly force, which affects the porosity of the GDLs and contact
resistance, has a significant influence on the ohmic loss and concentration loss of the fuel
cell performance. In general, the GDLs and BPPs are assembled and integrated by a certain
assembly force of the fuel cell stacks, which is applied in point loads by the clamping
bolts and surface loads by the clamping steel belts [22]. A large number of experimental
studies have been conducted on the effects of assembly force on fuel cell performance
and most studies are online tests [23–25]. Due to the limitations of experimental methods
and technologies, it is difficult to measure the details, such as the GDL porosity and its
permeability, the local water content and the current density inside the fuel cell stack.
With the development of calculation algorithms and computer technologies, numerical
simulation is helpful to analyze complex coupled problems, which are applied to the fuel
cell performance parameter matching [26,27].

The GDL plays an important role in the fuel cell performance because it directly
determines the mass, charge and heat transfer rates, resulting in the ohmic and concen-
tration losses at high current density, which in turn affect the fuel cell performance and
stability [28]. In recent studies, the GDL porosity is always normally considered to be
constant, which means that the compression deformation being subjected to assembly
forces is ignored in the fuel cell performance optimization. Thus, the study on the GDL
porosity distribution according to the deformation distribution is one of the effective ways
to enhance fuel cell performance. Abraham et al. [29] established a CFD model with a
Taguchi-based optimization of the GDL porosity. It was found that the fuel cell performance
with optimized porosity of the GDL was improved by 12.5% compared to the fuel cell with
consistent GDL porosity, which can be attributed to the increased water content in the fuel
cell membrane.

The current density of the PEMFC is mainly dependent on the GDL porosity, which
directly affects the permeability of the GDL. Son et al. [30] investigated the effect of the GDL
permeability on the fuel cell performance using a CFD model with three types of cathode
flow fields (serpentine, parallel and interdigitated) and the GDL permeability are different
in three directions, i.e., x (in-plane), y (in-plane) and z (through-plane). The results showed
that the permeability in the x direction has the greatest effect on the fuel cell performance
at high current density for the serpentine flow field. This is because the in-plane GDL
deformation due to the assembly force is smaller than the through-plane deformation as the
assembly force applied; thus, it may be more appropriate to focus on the GDL porosity or
permeability in the z-direction and to take into the inconsistency of the GDL deformation.
Toghyani et al. [31] studied the effect of the GDL porosity affected by the assembly force
on the fuel cell performance using a CFD model. Similarly, the GDL deformation was
simulated using a finite element analysis model (FEA). The results showed that the GDL
intruded into the gas flow channel while the GDL thickness and porosity were reduced.
Therefore, a PEMFC performance parameter matching model is important to consider the
GDL deformation and its porosity.

In addition to the GDL deformation, some recent studies have also taken into account
the performance parameters of the water content in the membrane. Dong et al. [21] built a
coupled FEM and CFD model, and the structural deformation of the fuel cell membrane
and the PEMFC performance were all investigated with different water contents of the
membrane. The results showed that the PEM deformation increased with the water content,
which resulted in an uneven GDL surface under the BPP channels and ribs. This swelling
deformation due to the membrane water content has little effect on the PEMFC performance
at low current density, while its effect is significant at high current density.

Similarly, Shi et al. [32] developed a structural model and CFD models to analyze the
effect of the assembly force on the diameters of various GDL with different channel widths
and channel depths to simulate the fuel cell performance. The results showed that the GDL
deformation under the BPP rib is more obvious than that under the flow channel, which is
favorable to water removal during the electrochemical reaction at the high current density.
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The above studies do not provide a realistic simulation of the consistency problems
in a fuel cell stack caused by the assembly force, particularly the GDL deformation under
the BPP ribs and the channels. While the GDL deformation will lead to a more significant
change in the thermal and electrical properties of the fuel cell, thus affecting the consistency
and the overall performance of a fuel cell stack. For example, Yan et al. [24] investigated
the effect of assembly force on the PEMFC performance, considering the different physical
properties of GDL (thickness, porosity, permeability, thermal conductivity, electrical con-
ductivity and contact resistance, etc.). It turned out that there existed a proper assembly
force that allowed the stack power output to be maximized and the consistency of the fuel
cells can be improved.

The above studies are based on a co-simulation of FEM and CFD to investigate the
PEMFC performance subjected to certain assembly forces. However, there still exist some
problems. For instance, some co-simulation models above usually perform only one
iteration, i.e., the results of the FEM simulation are directly adopted as the real deformation
of the GDL, while the effect of the operating temperature and relative humidity on the
redistribution of the GDL deformation during the PEMFC electrochemical reaction should
be considered. In addition, the mechanism of multi-field coupling in PEMFC is necessary to
accurately provide the optimal matching solutions that can improve the output power of the
fuel cells. Therefore, to accurately describe the effect of the GDL deformation of the fuel cell,
a force-temperature coupled model is firstly established and then a temperature-humidity
coupled simulation is carried out, in which the force-temperature coupled simulation
effects are introduced by user-defined functions (UDFs). The key point is that an iteration
method is developed to realize the simulation of the coupled force-temperature-humidity
multi-field effects. Furthermore, the effects under the different working conditions on the
fuel cell performance parameters (temperature, hydrogen/air stoichiometric ratio, relative
humidity and the current density) are investigated. The co-simulation PEMFC multi-field
coupled model with an iteration algorithm in this study can better ensure the accurate
prediction of the fuel cell performance model, which also helps to reveal the internal force-
thermal-humidity multi-physical field coupled effects on the PEMFC performance. This
study can provide a new way for the fuel cell operating condition parameter matching
and control.

2. Model Description of Force-Temperature-Humidity Coupled Model
2.1. Force-Temperature and Temperature-Humidity Coupled Model

A 3-D PEMFC performance model is developed as shown in Figure 1, which includes
GDLs, CLs, PEM and BPP (anode BPP and the cathode BPP) with straight flow channels.
In Figure 1, the anode side is on the top of the developed model and the cathode side is on
the bottom of the model. The dimensions are shown in Table 1.

Table 1. Dimensions of each component of the model.

Component Height/mm Width/mm Length/mm

Anode BPP 0.8 2 317
Cathode BPP 1.2 2 317
Flow Channel 0.4 1.2 317

GDL 0.25 2 317
CL 0.008 2 317

PEM 0.025 2 317
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to represent the movement of the endplate during the assembly as shown in Figure 2. The 
material properties of the GDL are shown in Table 2. 

 
Figure 2. The force-temperature coupled 2-D model with loads and constraints (1 and 2 refer to 
the positions of the applied symmetric constraint , respectively). 

  

Figure 1. 3-D single PEMFC performance model and its cross-sectional shape.

The following assumptions are illustrated to establish the force-temperature coupled
model: (1) the contact resistance between the BPPs and GDLs is mainly considered; (2) the
effect of thermal expansion of CL and PEM is ignored due to its thin thickness; (3) the GDL
deformation is elastic. According to the symmetry of the fuel cell structure, a symmetric
constraint is applied on the GDL support surface 1 and the two sides of boundary 2. The
assembly force is applied by the displacement load on the upper surface of the BPP to
represent the movement of the endplate during the assembly as shown in Figure 2. The
material properties of the GDL are shown in Table 2.
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positions of the applied symmetric constraint , respectively).

Table 2. Material properties of the GDL.

Material Properties Value Units

coefficient of linear expansion 1.7 a
10−6·K−1

22 b

thermal conductivity 15 a
W·m−1 K−1

−0.8 b

elastic modulus 6.13 MPa
Poisson’s ratio 0.09

specific heat capacity 711.76 J·kg−1·K−1

density 450 Kg·m−3

* The subscript a and b represent vertical to fiber direction and parallel to the fiber direction, respectively.

The PEMFC is a multi-physics system, which contains complex coupled phenomena.
Numerical modeling of these phenomena involves differential equations of the PEMFC
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performance, which are expressed in Table 3, and the relevant parameters are shown in
detail in Table 4.

Table 3. Conservation equations of PEMFC model.

Equation Description *

mass conservation equation [33]
∂(ερ)

∂t +∇ · (ερu)= Sm

Sm, a= −
MH2
2F iv

a and Sm, c =
MH2O

2F iv
c −

MO2
4F iv

c
momentum conservation equation [33] ∂(uερ)

∂t +∇ · (uuερ)= −∇Pε+∇ · (εµ∇u)+Su

energy conservation equation [33] ∂(ρεckT)
∂t +∇ · (ρuεckT) = ∇ ·

(
keff∇T

)
+SQ

the Butler–Volmer equation [34]
Sa= jref , a

(
CH2

Cref , H2

)γa
(

e
αa Fηa

RT − e
−αa Fηa

RT

)
Sc= jref , c

(
CO2

Cref , O2

)γc
(

e
αc Fηc

RT − e
−αc Fηc

RT

)
current conservation equation [34] ∇ · (σs∇φs)+Si, s= 0 and ∇ ·

(σm∇φm)+Si, m= 0
diffusion equation in the porous zone [35] Dk= ε(1− s)bD0

k

(
P0
P

)γ( T
T0

)1.5

* The subscript a, c represents the anode and cathode; k represents one of O2, N2, H2 and H2O; s, m represents the
solid phase and membrane phase.

Table 4. Description of the parameters in conservation equations.

Parameters Units Description

ε porosity
ρ kg·m−3 gas density
u

Sm

m·s−1 gas velocity
kmol·m−3 mass source term

M kg·kmol−1 molar mass
F C·mol−1 Faraday constant
iv A·m−3 volumetric current density
P Pa pressure
Su kg·m−2·s−1 momentum source term
µ Pa·s viscosity
c J·kg−1K−1 specific heat at constant pressure
T K temperature

keff W·m−1·K−1 effective thermal conductivity
SQ W·m−3 energy source term
η V overpotential

jref A·m−2 reference exchange current density
C kmol·m−3 molar concentration

Cref kmol·m−3 reference molar concentration
γ concentration index
α charge transfer coefficient
σ s·m−1 charge or electron conductivity
φ V phase potential
Si A·m−3 current source term
s liquid water saturation
b liquid water saturation index
D m2·s−1 diffusion coefficient
D0 m2·s−1 diffusion coefficient at T0 and P0
γ pressure index
T0 K reference temperature
P0 Pa reference pressure
к m−2 viscous resistance in porous zone
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2.2. Force-Temperature-Humidity Multi-Field Coupled PEMFC Model

The GDL porosity after compression εz can be calculated from the GDL deformation
after compression [24]:

εz = 1− (1− ε0)
δ0

δz
(1)

ε0 and δ0 are the initial thickness and porosity of the GDL, respectively; δz are the
thickness after compression. The relationship between contact resistance and contact pres-
sure between the BPP and GDL can be obtained by fitting the results after the experimental
measurement as [36]:

ρc = K · p−m (2)

ρc is the interfacial contact resistance; p is the contact pressure; K and m are the fitted
parameters, and the fitting results are 29.39 and 0.60, respectively.

Firstly, the force-temperature coupled model is carried out in ANSYS® when the
initial room temperature is set to 20 ◦C. The deformation of the component at the initial
temperature is obtained as shown in Figure 3, the main deformation exists at the GDL
due to its low Young modulus. Then the GDL thickness and contact pressure on the
contact area are extracted and based on Equations (1) and (2), the GDL porosity and contact
resistance distribution are added to the temperature-humidity coupled performance model
in FLUENT® by UDFs to find the temperature field for the first iteration.

1 

 

 

 

 

 

Figure 3. BPP and GDL deformation of the force-temperature model.

The steady-state temperature field under the force-temperature-humidity coupled
simulation, as shown in Figure 4, is conducted to the presented force-temperature coupled
model, and the GDL contact pressure and deformation under the temperature field can
be obtained. Then, the contact pressure and contact resistance of each unit are compared
with the previous results. If the difference is not less than 1%, the next iteration is carried
out, i.e., the contact resistance and porosity distribution are conducted into the FLUENT®

model by UDFs, and the modified steady-state temperature field is obtained by simulation,
which is then loaded on the force-temperature coupled model again until the differences
are less than 1%, and then the co-simulation is converged.
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3. Results and Discussions
3.1. Effects of Operating Temperature on the Performance Parameters

The effects of the different operating temperatures (55 ◦C, 65 ◦C, 75 ◦C, and 85 ◦C)
on the performance parameters in the fuel cell with the following working conditions are
the following: hydrogen/air stoichiometry ratio 1.5/2.5, hydrogen/air relative humidity
80%/60%, current density 1.2 A/cm2, and displacement load 0.07 mm. The following
cross sections are perpendicular to the flow channel direction and equally spaced along the
hydrogen inlet to the air inlet direction, i.e., z-axis negative direction.

Figure 5 shows the water content in the fuel cell with different operating temperatures.
It can be seen that the membrane water content under both the flow channels and ribs at
the anode (the top part of the model as shown in Figure 1) gradually increases with the
operating temperature, which is due to the enhanced water diffusion capacity at the high
temperatures. Moreover, with the increase in operating temperature, the water contents in
the membrane under both the flow channels and ribs of the BPP at the cathode (the bottom
part of the model as shown in Figure 1) increase and then decrease from 55 ◦C to 85 ◦C.
This is because the high temperature will facilitate the electrochemical reaction rate, then
more water is generated on the cathode side. On the other hand, the operating temperature
will increase the water diffusion capacity, which results in the water diffusion through
the membrane to the anode side. The enhanced electrochemical reaction rate produces
water more significantly, so the water content rises from 55 ◦C to 75 ◦C. As the temperature
continues to rise to 85 ◦C, the effect of the water diffusion is enhanced, and the water
content at the cathode decreases.
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Figure 6 shows the hydrogen concentration in the fuel cell with different operating
temperatures. It can be found that the concentration of hydrogen in the anode GDL
gradually decreases with the operating temperature. The porosity of the GDL has little
effect on the hydrogen concentration due to the small hydrogen diffusion coefficient that is
insensitive to the GDL porosity.

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 19 
 

(the bottom part of the model as shown in Figure 1) increase and then decrease from 55 
°C to 85 °C. This is because the high temperature will facilitate the electrochemical reaction 
rate, then more water is generated on the cathode side. On the other hand, the operating 
temperature will increase the water diffusion capacity, which results in the water diffu-
sion through the membrane to the anode side. The enhanced electrochemical reaction rate 
produces water more significantly, so the water content rises from 55 °C to 75 °C. As the 
temperature continues to rise to 85 °C, the effect of the water diffusion is enhanced, and 
the water content at the cathode decreases. 

 
Figure 5. Water content in the fuel cell with different operating temperatures. 

Figure 6 shows the hydrogen concentration in the fuel cell with different operating 
temperatures. It can be found that the concentration of hydrogen in the anode GDL grad-
ually decreases with the operating temperature. The porosity of the GDL has little effect 
on the hydrogen concentration due to the small hydrogen diffusion coefficient that is in-
sensitive to the GDL porosity. 

 
Figure 6. Hydrogen concentration in the fuel cell with different operating temperatures. Figure 6. Hydrogen concentration in the fuel cell with different operating temperatures.

Figure 7 shows the oxygen concentration with the different operating temperatures.
The diffusion coefficient of the gas increases with the operating temperature since the
oxygen diffuses into the GDL more easily and the effect is more pronounced under the flow
channel because of a larger GDL porosity compared to the GDL porosity under the ribs.
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Figure 8 shows the average and maximum current density distribution of the dif-
ferent cross sections along the flow channel in the fuel cell with the different operating
temperatures. It can be seen from Figure 8 that the operating temperature has an important
influence on the distribution of the current density. The average and maximum current
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density distribution are all relatively uniform and high at 55 ◦C and 65 ◦C compared
to the high operating temperature (75 ◦C and 85 ◦C); this is because the increase in the
operating temperature is favorable to the electrochemical reaction and also the electrical
conductivity of the membrane. However, too high temperature (75 ◦C and 85 ◦C) will lead
to a non-uniform water concentration distribution along the flow channel, and current
density distribution along the flow channel and the current density at the inlet and outlet
is low.
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3.2. Effects of Hydrogen/Air Stoichiometric Ratio on the Performance Parameters

Since the hydrogen/air stoichiometry ratio is an important factor in the fuel cell perfor-
mance, the effects of different hydrogen/air stoichiometry ratios (1.5/2.0, 1.5/2.5, 1.5/3.0,
1.5/3.5) of inlet reactive gas are also investigated on the distribution of the performance
parameters (operating temperature, water content, hydrogen/oxygen concentration and
current density) in the fuel cell.

Figure 9 shows the distribution of the temperature in the fuel cell with the different
hydrogen/air stoichiometry ratios. It can be seen that as the air stoichiometry ratio increases,
the operating temperature tends to decrease. This is because the increased gas flow rate
takes away produced heat and enhances heat dissipation.
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Figure 10 shows the distribution of the water content in the fuel cell with the different
hydrogen/air stoichiometry ratios. It can be seen that as the oxygen flow rate increases, the
water content decreases, particularly on the cathode side. This is because, with the increase
in the gas flow rate in the cathode flow channel, the generated water is more easily purged
out. The difference in water content under the flow channel and rib is mainly due to the
different porosity of the compressed GDL.
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Figure 10. Water content along the flow channel in the fuel cell with different hydrogen/air stoi-
chiometry ratios.

Figures 11 and 12, respectively, show the distribution of hydrogen concentration and
oxygen concentration in the fuel cell with different hydrogen/air stoichiometry ratios.
As shown in Figure 11, there is a slight increase in hydrogen concentration as the air
stoichiometry ratio increases. This is mainly caused by the decreased water content in
the hydrogen/water mixture of the anode side, which contrarily increases the hydrogen
concentration. As the air stoichiometry ratio increases, there is a significant increase in the
oxygen concentration in the GDL, as shown in Figure 12, which is reasonable.
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Figure 12. Oxygen concentration along the flow channel in the fuel cell with different hydrogen/air
stoichiometry ratios.

Figure 13 shows the average and maximum current density distribution of the cross
sections along the flow channel with the different hydrogen/air stoichiometry ratios. It
can be found that the current density along the flow channel increases slightly and then
decreases, but the whole variance is enough small. Moreover, with the increase in the
stoichiometry ratio, the air supply is sufficient to prevent the lack of the reaction gas, and
the current density distribution in the fuel cell becomes more uniform. Meanwhile, the
enhanced gas flow rate is helpful to purge out the generated water and ensure more oxygen
diffuses through the GDL to the CL for an electrochemical reaction, increasing the effective
reaction area. Thus, the current density distribution in the fuel cell becomes uniform and
effectively avoids local hot spots.
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3.3. Effects of the Relative Humidity Distribution on the Performance Parameters

Since the hydrogen/air relative humidity has an important influence on the fuel
cell performance, the effects of the different hydrogen/air relative humidity (40%/40%,
60%/60%, 80%/80%, 100%/100%) on the performance parameters (operating tempera-
ture, water content, hydrogen/oxygen concentration and current density) in the fuel cell
are studied.

Figure 14 shows the distribution of the operating temperature in the fuel cell with the
different hydrogen/air relative humidity of the inlet gas. It can be seen that as the relative
humidity increases, the internal operating temperature of the fuel cell increases and then
decreases. Firstly, the water content in the membrane has a significant increase with the
increase in the relative humidity, which facilitates the improvement of the problem of the
membrane dryer. Then the electrochemical reaction rate and the produced heat will also
increase. When the relative humidity continues to increase while the water content in the
membrane is enough large, then the operating temperature will decrease because the heat
is absorbed, since the specific heat capacity of the water is larger than the reactive gases.

Sustainability 2022, 14, x FOR PEER REVIEW 14 of 19 
 

3.3. Effects of the Relative Humidity Distribution on the Performance Parameters 
Since the hydrogen/air relative humidity has an important influence on the fuel cell 

performance, the effects of the different hydrogen/air relative humidity (40%/40%, 
60%/60%, 80%/80%, 100%/100%) on the performance parameters (operating temperature, 
water content, hydrogen/oxygen concentration and current density) in the fuel cell are 
studied. 

Figure 14 shows the distribution of the operating temperature in the fuel cell with the 
different hydrogen/air relative humidity of the inlet gas. It can be seen that as the relative 
humidity increases, the internal operating temperature of the fuel cell increases and then 
decreases. Firstly, the water content in the membrane has a significant increase with the 
increase in the relative humidity, which facilitates the improvement of the problem of the 
membrane dryer. Then the electrochemical reaction rate and the produced heat will also 
increase. When the relative humidity continues to increase while the water content in the 
membrane is enough large, then the operating temperature will decrease because the heat 
is absorbed, since the specific heat capacity of the water is larger than the reactive gases. 

 
Figure 14. Operating temperature in the fuel cell with different hydrogen/air relative humidity. 

Figure 15 shows the distribution of the water content in the fuel cell with the different 
hydrogen/air relative humidity. It can be seen that the water content in the fuel cell in-
creases and the water content in the membrane under the rib is higher than that under the 
flow channel because the GDL porosity under the rib is small and the gas flow has less 
purging effect on the water removal. It should be noted that excessive gas humidity may 
also cause the water flooding problem under the rib. Hence, relative humidity is an im-
portant controlling factor for the fuel cell performance. 

Figure 14. Operating temperature in the fuel cell with different hydrogen/air relative humidity.

Figure 15 shows the distribution of the water content in the fuel cell with the different
hydrogen/air relative humidity. It can be seen that the water content in the fuel cell
increases and the water content in the membrane under the rib is higher than that under
the flow channel because the GDL porosity under the rib is small and the gas flow has
less purging effect on the water removal. It should be noted that excessive gas humidity
may also cause the water flooding problem under the rib. Hence, relative humidity is an
important controlling factor for the fuel cell performance.
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Figure 15. Water content in the fuel cell with different hydrogen/air relative humidity.

Figures 16 and 17 show the distribution of the hydrogen concentration and the oxygen
concentration along the flow channel in the fuel cell with the different hydrogen/air relative
humidity. It can be seen that both hydrogen and oxygen concentrations decrease with the
increase in relative humidity because the electrochemical reaction enhances and facilitates
the consumption of hydrogen and oxygen.
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Figure 17. Oxygen concentration in the fuel cell with different hydrogen/air relative humidity.

Figure 18 shows the average and maximum current density along the flow channel
of the cross sections with the different hydrogen/air relative humidity. As the relative
humidity increases, the current density distribution becomes more uniform as shown in
Figure 18; the low relative humidity (RH40%/40%) is not favorable to the current density
in this case, which will result in the hot point and local dry region, since the high relative
humidity allows the membrane to be fully moist. Thus, it can be concluded that the high
relative humidity can lead to the uniform current density distribution in the fuel cell, which
should also be well considered in controlling the fuel cell stack.
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4. Conclusions

To comprehensively simulate and analyze the PEMFC performance parameters with
the multi-field coupled behavior, this study proposes a force-temperature-humidity multi-
field coupled model considering the GDL compression to analyze the effects of key operat-
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ing conditions (operating temperature, relative humidity and hydrogen/air stoichiometric
ratio) on the performance parameters (water content, hydrogen/oxygen concentration
and current density). This presented model is effective and desirable to optimize the
performance parameters in the PEMFC stack.

Firstly, a force-temperature-humidity multi-field coupled model considering the GDL
compression is introduced to analyze the PEMFC performance parameters based on the
FEA and CFD co-simulation with an iteration algorithm.

Secondly, an optimal operating temperature is significant to facilitate the proton
conductivity in the membrane, which can decrease the internal resistance and increase the
uniform current density distribution. However, the too-large operating temperature will
lead to the non-uniform distribution of the water content along the flow channel and the
increase in the internal resistance in the membrane.

Thirdly, a high air stoichiometric ratio will lead to a slight decrease in the operating
temperature of the fuel cell, which is due to the enhancement of heat dissipation. Mean-
while, it is ideal for the uniform oxygen concentration and current density along the flow
channel, which is desirable to the PEMFC performance.

Finally, high relative humidity will cause the increase in the water content in the
membrane and the current density to be more uniformly distributed. However, too much
relative humidity is not beneficial to water removal and results in the water flooding
problem in the GDL under the rib.

This study confirms that this effective multi-field coupled model is practical for the
optimal PEMFC performance parameter matching and controlling, which will be desirable
to evaluate the performance of a large fuel cell stack design regarding the complex multi-
field phenomenon and the coupled relation of the performance parameters.
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