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Abstract: Proton exchange membrane fuel cell (PEMFC) has become one of the new energy vehicle
powertrains due to its special advantages, such as no pollution to the environment, high energy
efficiency and power density. In order to improve the performance, a three-dimensional simulation
model of the actual PEMFC is constructed. Combined with the mathematical models such as the
electrochemical model and current conservation model, the model is calibrated by experiments.
When the working voltage is 0.64 V, the error of the simulation results is 0.73%, compared with
the experimental data. Then, the Taguchi method is used to design a multi-factor and multi-level
orthogonal experimental scheme of PEMFC. Based on the orthogonal experimental table, the effects
of different anode wave channel distortion, gas diffusion layer thickness and gas diffusion layer
porosity on the current density are studied with a simulation experiment. The influence of the above
factors on the orthogonal experiment results is analyzed by the signal-to-noise ratio. The regression
equation is obtained by calculating the orthogonal experimental data. The t-test results are greater
than 3.49, which indicates that each independent variable in the regression equation is important.
R2 test is 0.915, and the F test is 53.508, indicating that the regression equation is significant and the
optimal and worst structural parameter combinations are predicted. The current density reaches
14,190.18 A/m2 under the optimal structure combination, which is 6.14% higher than the calibrated
model. Single factor experiments are carried out on these three different structural parameters to
verify the effectiveness of the Taguchi method, and the best combination of structural parameters
is obtained.

Keywords: three-dimensional simulation model; orthogonal experiment; regression analysis; single
factor experiments; proton exchange membrane fuel cell

1. Introduction

Proton exchange membrane fuel cell (PEMFC) has practical significance for improving
energy structure, alleviating fossil energy shortage and environmental pollution [1]. PEMFC
has been applied in many industries, such as vehicles [2,3], electric trains [4], unmanned
aerial vehicles [5], E-scooter [6] and achieved good results. Because the internal reaction
of the fuel cell is very complex, involving the coupling of many physical fields such as
electrochemistry [7], heat and mass transfer and gas-liquid flow [8], how to obtain high
efficiency under different conditions is the focus of recent research [9,10].

At present, researchers mainly use computational simulation and experimental meth-
ods to study the influence of many factors on performance [11,12]. In particular, due to its
flexible application and convenience, computational simulation is more widely favored
and used. Salva et al. [13] tested the operating conditions, such as cathode stoichiometry,
anode and cathode relative humidity, and working pressure, and verified the accuracy of
the one-dimensional model of PEMFC. The three-dimensional simulation model is more
effective for optimizing PEMFC. Li et al. [14] established a three-dimensional two-phase
fluid calculation model and studied the influence of assembly pressure on non-uniform
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geometric deformation, transport characteristics distribution, local distribution of oxygen
density, current density, polarization curve and net power density of PEMFC. Based on
the results of neutron imaging experiments, Penga et al. [15] improved the multiphase
flow model in CFD to accurately predict the distribution of liquid water in PEMFC under
different working conditions. Zhang et al. [16] proposed the Euler-Euler model to the three-
dimensional multiphase model, which solved the gas-liquid two-phase flow in the channel
and the porous electrode. With the progress of numerical technology, the generation of
liquid water in gas flow channel [17], the change of contact thermal resistance caused by
surface roughness of parts [18] can be simulated by CFD technology.

Optimizing the structural parameters is an effective means to improve the performance
of PEMFC. Different flow channel styles, coupling channels and rib channels [19], u-
shaped channels [20], serpentine flow channel/mesh flow channel/OPCF flow channel [21]
are optimized and the performance of PEMFC is significantly improved. Furthermore,
Liao et al. [22] studied the influence of the zigzag parallel flow field (ZPFF)and straight
parallel flow field (SPFF) of reverse anode/cathode arrangement (ZFFCA) on battery
performance by numerical simulation. Model predictions showed that the flow fields
designed by ZFFCA and ZPFF provide more uniform distributions of oxygen, water
content, temperature and current density than those designed by SPFF. Zhang et al. [23]
proposed a single-channel PEMFC with wedge-shaped fins and explored the effects of a
number of fins and the porosity of the gas diffusion layer on performance. (Modified: More
advanced intelligent methods are also used for structural optimization. An artificial neural
network is used to predict the performance of wave serpentine flow channels [24] and
optimize block channels [25] of PEMFC).

As an effective method of arranging experiments, the Taguchi method has been widely
used in various fields [26,27]. Taguchi method can optimize the performance of PEMFC
fewer times than single factor experiment. Based on the simulation model, different factors
and levels’ combinations of temperature/pressure/relative humidity [28], gas diffusion
layer porosity/hydrogen mass fraction/nitrogen mass fraction/water saturation [29], hy-
drogen flow rate/ humidification condition/fuel cell stack temperature [30], the porosity
of GDL/catalyst layer in a single cell [31] and the design of a fuel cell stack inlet and outlet
channels with different geometric sizes [32] are optimized by Taguchi method.

Based on the content of the above literature, a three-dimensional simulation model of
fuel cell based on Ansys Fluent is constructed and calibrated by experiments. The Taguchi
experiment scheme is constructed for three structural factors affecting the performance
of PEMFC, including the distortion of the anode wave channel, the thickness of the gas
diffusion layer and the porosity of the gas diffusion layer. The structure factors matching
optimization is predicted, and the single factor experiments are carried out respectively to
verify the effectiveness of this method and the optimal combination is obtained).

The research contents of this paper are as follows. Section 1 summarizes the literature
on PEMFC performance improvement and the Taguchi method. Section 2 constructs a three-
dimensional calibration model of PEMFC. Section 3 describes the process of improving
the performance of PEMFC by the Taguchi method and single factor experiment method.
Finally, Section 4 presents the conclusion of this paper.

2. Constructing Simulation Model of PEMFC
2.1. Mathematical Model of PEMFC

When using fluent software to build a fuel cell simulation model, it is necessary to
solve the gas phase control equation and the liquid phase control equation, respectively. It
mainly includes mass conservation, momentum conservation equation, energy equation,
component diffusion equation, charge conservation equation, liquid phase solution equa-
tion and liquid water transport equation [33,34]. The above equation is explained in many
pieces of the literature, and the parameters of the charge conservation equation need to be
calibrated by experiments, so only this equation is described in detail below.
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2.1.1. Electrochemical Model

The core of electrochemistry is to calculate the reaction rates of hydrogen and oxygen
at the anode and cathode, respectively. Formula (1) explains the electron transport through
solid conductive materials, and Formula (2) represents proton (H+) transport.

∇ · (σsol∇φsol) + Rsol = 0 (1)

∇ · (σmem∇φmem) + Rmem = 0 (2)

where, σsol is the conductivity of the solid material, in units of 1/ohm − m; φsol is the
potential of the solid material, in units of V; Rsol is the volume current density of the solid
material, in units of A/m3; σmem is the conductivity in the catalytic layer and the membrane,
in units of 1/ohm−m; φmem the potential in the catalytic layer and the membrane, in units
of V; Rmem is the volume current density in the catalytic layer and membrane, the unit
is A/m3.

Rsol and Rmem are non-zero in the catalyst layer. The potential equation for the solid
phase is shown in Formula (3), and the membrane phase’s potential equation is shown in
Formula (4).

Rsol =

{
−Ran(< 0)
+Rcat(> 0)

(3)

Rmem =

{
+Ran(> 0)
−Rcat(< 0)

(4)

where, the source term Ran and Rcat also known as the exchange current density are
generally defined as Formulas (5) and (6) as follows:

Ran = [ζan jan(T)]

(
[A]

[A]re f

)γan(
eaan

an Fηan/RT − e−aan
cat Fηan/RT

)
(5)

Rcat = [ζcat jcat(T)]

(
[C]

[C]re f

)γcat(
−eacat

an Fηcat/RT + e−acat
cat Fηcat/RT

)
(6)

where, jan(T) is the reference exchange current density of the anode, jcat(T) is the reference
exchange current density of the cathode, the unit is A/m3; ζan is the anode side specific
effective surface area, ζcat is the cathode side specific effective surface area, the unit is 1/m;
[A] is the species concentration on the anode side, [C] is the species concentration on the
cathode side, [A]re f is the reference species concentration on the anode side, [C]re f is the
reference species concentration on the cathode side, the unit is kmol/m3; γan is the anode
side concentration correlation coefficient, γcat is the cathode side concentration correlation
coefficient; aan

an and aan
cat are anodic transfer coefficients, acat

cat and acat
an are cathodic transfer

coefficients, and R are general gas constants; T is temperature, unit is K; F is the Faraday
constant, and its value is 9.65× 107 C/kmol.

Where, [A] and [C] represent the molar concentration of the substance respectively.
jan(T) and jcat(T) depends on the temperature, as shown in Formulas (7) and (8)

as follows:
jan(T) = jre f

an e−Ean/RT(1−T/Tre f
an ) (7)

jcat(T) = jre f
cat e−Ecat/RT(1−T/Tre f

cat ) (8)

where, Ean is the anode activation energy, Ecat is the cathode activation energy, the unit is
j/kgmol-k; Tre f

an is the anode reference temperature, Tre f
cat is the cathode reference tempera-

ture, the unit is K; jre f
an and jre f

cat are the reference exchange current density at the reference
temperature of anode and cathode, the units are A/m2.
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2.1.2. Current Conservation Model

The volume source terms of H2, O2 and the volume source terms of the dissolved
water content generated by the electrochemical reaction in the catalyst layer are calculated
by Formulas (9)–(11) as follows:

SH2 = −
Mw,H2

2F
Ran < 0 (9)

SO2 = −
Mw,O2

4F
Rcat < 0 (10)

Sλ =
Mw,H2O

2F
Rcat > 0 (11)

where, Mw,H2 is the molecular weight of hydrogen, Mw,O2 is the molecular weight of
oxygen, Mw,H2O is the molecular weight of water, 2, 4 are the number of electrons per mole
of reactants and products.

Because the total current generated by the cathode and anode catalyst layers is the
same, the current conservation equation is shown in Formula (12) as follows:∫

RandV =
∫

RcatdV (12)

2.2. Numerical Simulation Model of PEMFC
2.2.1. Drawing Three-Dimensional Geometric Model

The fuel cell model is based on a multi-channel water-cooled PEMFC produced by
a company. In order to improve the computational efficiency, two channels and one
cooling channel are selected for three-dimensional simulation calculation. The intercepted
geometric model is shown in Figure 1, and the geometric parameters are shown in Table 1.
The structure includes the following: cathode and anode plates, cathode and anode coolant
channels, cathode and anode gas flow channels, cathode and anode gas diffusion layers (in
order to simplify the calculation, the microporous layer is merged into the gas diffusion
layer), cathode and anode catalytic layers, and proton exchange membranes. The cathode
flow channel is a straight channel. The anode flow channel is a distorted-wave channel,
and the degree of distortion refers to the number of cycles within the length of a single cell.
The formula is as follows:

n =
L
l

(13)

where, n is the distortion of the wave channel; l is the wave length in a single period, the
unit is mm; L is the length of battery model, the unit is mm;
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Table 1. Geometric model parameters of fuel cell.

Geometric Parameter Value Unit

Battery model length/width 270/5.32 mm
Section parameters of anode and cathode flow channel upper bottom/lower bottom/height 1.02/1.24/0.4 mm

Cross-section parameters of cathode and anode cooling channel upper bottom/lower bottom/high 2.3/2.44/0.277 mm
Gas diffusion layer thickness of anode and cathode 0.2 mm

Anode and cathode plate height 1.5 mm
Thickness of Cathode and Anode Catalytic Layer 0.01 mm

Membrane thickness 0.03 mm
The distortion of the wave channel 30

2.2.2. Mesh Rendering

Since the geometric model contains complex wave channels, when meshing the geom-
etry, different parts are divided by different software. The gas diffusion layer, the catalytic
layer, and the proton exchange membrane are the key components, which are drawn from
the fine hexahedral structured mesh by Hypermesh software. The two ends of the plate
and the gas flow channel are meshed by the Meshing module of ANSYS Fluent. The overall
structure is shown in Figure 2.
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Figure 2. Mesh division of PEMFC. (a) Mesh of overall structure; (b) Mesh of catalytic layer
and membrane.

2.2.3. Setting Physical Parameters

In the three-dimensional simulation calculation, the physical model and other formulas
are coupled with the software solver, and the physical parameters are shown in Table 2.
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Table 2. Material parameters and boundary conditions of model.

Parameter Value Unit

Reference exchange current density of anode and cathode 0.5/10,000
(

A/m2
)

Reference concentration of anode and cathode 0.00339/0.0564
(

kmol/m3
)

Correlation coefficient of anode and cathode material concentration 1/1
Transfer coefficient of anode and cathode of anode electrode 0.5/0.5

The cathode and anode transfer coefficient of cathode electrode 1.3; 1.3
Open circuit voltage 1.06 (V)

Porosity of diffusion layer 0.5
Absolute permeability of diffusion layer 3 × 10−12 (

m2)
Contact angle of diffusion layer 150 (◦)

Porosity of catalytic layer 0.2
Absolute permeability of catalytic layer 3 × 10−12 (

m2)
Contact angle of catalytic layer 110 (◦)

Working pressure 11,325 (Pa)
Pressure of outlet 0 (Pa)

Relative inlet humidity of cathode and anode 100%
Working temperature 353.15 (K)

2.3. Calibrating Model

In order to ensure the accuracy of the simulation model, the experiment results are
needed to verify the performance parameters of the simulation model. The performance
test of the PEMFC is carried out in a manufacturing company. The test bench used in the
test is the Greenlight G60 Single Cell Test Station, and its power test range is 20–500 W.
The completed test bench is shown in Figure 3. The working temperature of the fuel cell is
80 ◦C, the initial voltage of the experiment is 0.85 V, and the termination voltage is 0.58 V.
More than 9000 experimental data are collected to correct the cathode transfer coefficient of
the fuel cell simulation model.
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Figure 3. PEMFC experiment bench.

Referring to the content of model calibration in Reference [35], the cathode transfer
coefficient and is further calibrated by the cathode transfer coefficient γcat. When γcat is
1.3, the polarization curve fits well with the experimental value in particular, when the
operating voltage is 0.64 V, the simulation model result is 13,368.94 A/m2, the experimental
result is 13,466.78 A/m2 and the error between them is 0.73%.

The calibrated simulation model is used for the following structural parameter opti-
mization matching research work, and the calculation results are shown in Figure 4. The
figures are close to the proton exchange membrane and intercepted along the channel
direction. In view of the long channel, only the head and end of the channel are displayed.
Due to the high concentration of hydrogen and oxygen in the inlet section, the current
density and water content are larger than the outlet section, which is in good agreement
with the actual working conditions.
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Figure 4. Simulation results of PEMFC model after calibration. (a) The current density
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the cathode side of the membrane.

3. Performance Analysis and Optimization of PEMFC

Based on the calibrated simulation model, the Taguchi method and single factor exper-
iment are used to analyze the performance of different structural parameters of PEMFC,
and then the optimal structural parameter combination is obtained. The optimization
process is shown in Figure 5.
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3.1. Constructing Orthogonal Experiment Scheme

There are many structural parameters that affect the performance of the PEMFC. The
distortion of the anode wave flow channel is conducive to the diffusion of hydrogen to the
membrane module and accelerates the electrochemical reaction rate, but it affects the flow
resistance appropriately. The thickness of the gas diffusion layer and the porosity of the
gas diffusion layer have a great influence on the mass transfer effect of the reaction gas
diffusion to the membrane module. The orthogonal experimental scheme is constructed by
the three structural parameters of the distortion of the anode wave channel, the thickness
of the gas diffusion layer and the porosity of the gas diffusion layer.

Other parameters of PEMFC are as follows: the inlet humidity of the anode and
cathode is 100%, the contact angle of the gas diffusion layer of the anode and cathode is
150◦, the initial value of the mass flow of hydrogen and oxygen is set when the operating
voltage of 0.64 V. Under the same working conditions, the higher the current density, the
higher the electrochemical conversion efficiency of PEMFC, then the current density is
taken as the target value. The factors and levels of the orthogonal experiment are shown in
Table 3, and the orthogonal array list is shown in Table 4.

Table 3. Orthogonal experimental factor level.

Factor
Distortion of the Anode

Wave Flow Channel
Thickness of the Gas

Diffusion Layer
Porosity of the Gas

Diffusion Layer

A B/mm C

Level 1 20 0.2 0.6
Level 2 25 0.3 0.65
Level 3 30 0.4 0.7
Level 4 35 0.5 0.75
Level 5 40 0.6 0.8

Table 4. List of orthogonal arrays.

Case
Variable Factors and Calculation Results of Each Level Grouping

A B/mm C Current Density/A/m2

Case 1 20 0.2 0.6 13,476.8
Case 2 20 0.3 0.65 13,944.893
Case 3 20 0.4 0.7 14,011.894
Case 4 20 0.5 0.75 13,733.151
Case 5 20 0.6 0.8 13,674.246
Case 6 25 0.2 0.65 13,575.083
Case 7 25 0.3 0.7 14,022.033
Case 8 25 0.4 0.75 14,087.25
Case 9 25 0.5 0.8 13,967.192

Case 10 25 0.6 0.6 13,471.345
Case 11 30 0.2 0.7 13,656.63
Case 12 30 0.3 0.75 14,083.23
Case 13 30 0.4 0.8 14,130.283
Case 14 30 0.5 0.6 13,754.372
Case 15 30 0.6 0.65 13,533.67
Case 16 35 0.2 0.75 13,828.567
Case 17 35 0.3 0.8 14,160.018
Case 18 35 0.4 0.6 13,934.971
Case 19 35 0.5 0.65 13,833.591
Case 20 35 0.6 0.7 13,722.57
Case 21 40 0.2 0.8 13,854.175
Case 22 40 0.3 0.6 13,978.937
Case 23 40 0.4 0.65 14,036.42
Case 24 40 0.5 0.7 13,919.343
Case 25 40 0.6 0.75 13,688.054
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According to the simulation results, the signal-to-noise ratio are processed at different
levels and shown in Table 5. It can be seen that the thickness of the gas diffusion layer
of the cathode and anode has the greatest impact on the performance of the fuel cell,
with a contribution rate of 54%, followed by the porosity of the gas diffusion layer, with
a contribution rate of 28% and finally the distortion of the anode flow channel, with a
contribution rate of 18%.

Table 5. Current density treatment results.

Level A B C

Average signal-to-noise ratio

1 82.77 82.72 82.75
2 82.81 82.95 82.79
3 82.81 82.95 82.84
4 82.86 82.82 82.85
5 82.86 82.68 82.89

Range of signal-to-noise ratio 0.09 0.27 0.14
Contribution rate 18% 54% 28%

In order to explore the effect of three structural factors of PEMFC on current density,
the results of independent variables, independent variables multiplied by each other, and
the square of each variable were calculated by regression analysis. The results are shown in
Table 6.

Table 6. Regression analysis results of current density.

R R2 F Sig

0.956 0.915 53.508 2.1077× 10−10

Model Coefficient t Sig

constant 11,613.26 63.0256 0.000
A 6.51 3.4911 0.002
B 7495.86 11.7542 0.000
C 1134.23 6.0781 0.000

BB −9765.88 −12.3843 0.000

Since the t-test values are greater than 3.49, the selected independent variables are
important. Among all the factors, the t-test value of the gas diffusion layer thickness is the
largest, which further indicates that it plays the most important role in the current density
of PEMFC. The R2 test is 0.915, indicating that there is a good linear correlation between the
variables of the model and the current density. The F test is 53.508, which is much larger
than the critical value F0.01(4,20) = 4.938. It shows that the regression result is significant,
and the equation can be used to predict the current density as follows:

y = 11613.25676 + 6.514816x1 + 7495.8636x2 + 1134.2292x3 − 9765.88x2
2 (14)

where, x1 is the distortion of the anode wave channel, x2 is the thickness of the gas diffusion
layer and x3 is the porosity of the gas diffusion layer.

When the anode flow channel distortion is 40, the thickness of the gas diffusion layer
is 0.38 mm. In fact, 0.4 mm is selected for convenient process production, and the porosity
is 0.8, and the current density is the highest. When the anode flow channel distortion is 20,
the thickness of the gas diffusion layer is 0.6 mm, and the porosity is 0.6, the current density
is the lowest. The predicted optimal combination and the worst combination parameters
are substituted into the model for simulation calculation. The regression value and the
simulation value are shown in Figure 6. The error between the regression value and the
simulation value is 0.39% and 0.19%, respectively, which confirms the effectiveness of the
orthogonal experimental results.
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3.2. Single Factor Simulation Experiment

In order to further explore the influence of distortion on the current density of PEMFC,
the thickness of the gas diffusion layer is fixed at the optimal value of 0.4 mm and the poros-
ity of the gas diffusion layer is fixed at the optimal value of 0.8. Single factor experiments
with distortion of 20, 25, 30, 35 and 40 are carried out, respectively, and shown in Figure 7a.
As the degree of distortion increases, the current density shows a monotonous upward
trend and its change trend is consistent with the equation of the orthogonal experiment.
The reason is that the wave flow channel can allow hydrogen to directly impact the surface
of the flow channel, reduce the boundary layer and effectively improve the mass transfer
effect in the chemical reaction process of PEMFC, thereby improving the hydrogen transfer
rate and gas utilization rate in the diffusion layer and catalytic layer, and the performance is
enhanced. However, with the increase in the distortion degree of the anode wave channel,
the pressure drop also increases. Then the inlet and outlet pressure data of the simulation
model are read, respectively. The pressure drop is 937.16 Pa when the distortion degree
is 20, and the pressure drop is 1040.82 Pa when the distortion degree is 40. Because the
inlet pressure of hydrogen is 2× 105 Pa the influence of pressure drop can be ignored. The
above simulation results show that a moderate increase in the distortion of the anode wave
channel can effectively improve the efficiency of PEMFC, and the pressure drop is within a
controllable range.

Similarly, the anode wave channel distortion is fixed at the optimal value of 40, and
the porosity of the gas diffusion layer is at the optimal value of 0.8. The single factor
experiment of the gas diffusion layer thickness of 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm and
0.6 mm are carried out, respectively, and shown in Figure 7b. With the increase in the
thickness of the gas diffusion layer, the change process of the current density presents a
quadratic polynomial change trend, which is consistent with the result of the orthogonal
experiment. When the thickness of the gas diffusion layer is too thin, it will weaken the
protection of the catalytic layer and reduce the electrochemical reaction active area. Too
thick a gas diffusion layer will prolong the gas transmission path and increase the mass
transfer resistance, resulting in a serious polarization phenomenon, which will reduce the
current density. Because the water content of the membrane will affect the performance of
the fuel cell. The membrane water content of five different models is extracted, respectively.
Because the inlet humidity is 100 %, the change value is between 5.48 and 5.54, and the
thickness of the gas diffusion layer had little effect on the membrane water content. Because
the thickness of the gas diffusion layer has a great influence on PEMFC, optimizing the
thickness of the gas diffusion layer is the key to improving the performance of PEMFC.



World Electr. Veh. J. 2023, 14, 76 11 of 14

World Electr. Veh. J. 2023, 14, x FOR PEER REVIEW 12 of 16 
 

the thickness of the gas diffusion layer has a great influence on PEMFC, optimizing the 
thickness of the gas diffusion layer is the key to improving the performance of PEMFC. 

Finally, the distortion of the anode wave channel is fixed at the optimal value of 40 
and the thickness of the gas diffusion layer is fixed at the optimal value of 0.4mm. Single 
factor experiments with porosity of 0.6, 0.65, 0.7, 0.75 and 0.8 are carried out respectively 
and shown in Figure 7c. As the current density increases with the increase in porosity, 
and it is consistent with the rule of orthogonal experiment fitting. This is mainly because 
as the porosity of the gas diffusion layer increases, the mass transfer resistance during the 
diffusion of the reaction gas to the catalytic layer is reduced, thereby increasing the current 
density of the PEMFC. For the same reason, under the condition of 100% inlet humidity, 
the change of porosity has little effect on membrane water content. 

(a) 

 
(b) 

World Electr. Veh. J. 2023, 14, x FOR PEER REVIEW 13 of 16 
 

 
(c) 

Figure 7. The influence of factors’ different levels on the current density. (a) The influence of differ-
ent anode wave channel distortion on current density; (b) the influence of different gas diffusion 
layer thickness on current density; (c) the influence of different porosity on current density. 

4. Conclusions 
Optimizing the structural parameters of PEMFC can effectively improve its perfor-

mance of PEMFC. This paper attempts to optimize the structural parameters of PEMFC 
by combining three-dimensional simulation calculations with the Taguchi method. 

(1) Based on the actual PEMFC geometric model and mathematical model, a three-
dimensional simulation calculation model of a fuel cell is established. The parameters of 
the simulation model are calibrated by the bench test. When the cathode transfer coeffi-
cient is 1.3, the error between the simulation value and the result of the experiment is 
0.73% when the working voltage is 0.64 V. 

(2) Based on the calibration model, the Taguchi method is used to design a multi-
factor and multi-level orthogonal experimental scheme. The effects of anode wave chan-
nel distortion, gas diffusion layer thickness and gas diffusion layer porosity on PEMFC 
current density are investigated, and the regression equation is obtained. The signal-to-
noise ratio analysis and t-test show that the thickness of the gas diffusion layer has the 
greatest influence on the performance of PEMFC, followed by the porosity of the gas dif-
fusion layer and the distortion of the anode wave channel. R test and F test shows that the 
regression equation is significant and obtained the optimal parameter matching combina-
tion. When the anode wave channel distortion is 40, the diffusion layer thickness is 0.4mm 
and the porosity is 0.8, the performance of PEMFC is the best. The current density calcu-
lated by the simulation model is 14,190.18 A/m2, which is 6.14% higher than the calibration 
model. 

(3) The other factors are set at the best level the single factor simulation tests of dif-
ferent the distortion of the anode wave channel, gas diffusion layer thickness and gas dif-
fusion layer porosity are carried out, respectively. The changing trend of the experiment 
results is consistent with the orthogonal experiment results, which further proves the in-
fluence law and importance of the three factors on the performance. 

Author Contributions: Conceptualization, methodology, W.Y. and G.W.; Data curation, W.Y., J.W. 
and J.L.; Formal analysis, W.Y. and J.W.; Validation, W.Y. and G.W.; Resources and funding acqui-
sition, W.Y.; Writing—original draft preparation, W.Y., J.L. and G.W.; Writing—review and editing, 
W.Y., J.W. and G.W. All authors have read and agreed to the published version of the manuscript. 

Funding: This work was funded by the National Key R&D program of China of Grant No. 
2022YFB4300700 and the Shandong province Key Research and Development Program of Grant No. 
2020CXGC011005. 

Data Availability Statement: Not applicable. 

Figure 7. The influence of factors’ different levels on the current density. (a) The influence of different
anode wave channel distortion on current density; (b) the influence of different gas diffusion layer
thickness on current density; (c) the influence of different porosity on current density.

Finally, the distortion of the anode wave channel is fixed at the optimal value of
40 and the thickness of the gas diffusion layer is fixed at the optimal value of 0.4mm. Single
factor experiments with porosity of 0.6, 0.65, 0.7, 0.75 and 0.8 are carried out respectively
and shown in Figure 7c. As the current density increases with the increase in porosity, and
it is consistent with the rule of orthogonal experiment fitting. This is mainly because as
the porosity of the gas diffusion layer increases, the mass transfer resistance during the



World Electr. Veh. J. 2023, 14, 76 12 of 14

diffusion of the reaction gas to the catalytic layer is reduced, thereby increasing the current
density of the PEMFC. For the same reason, under the condition of 100% inlet humidity,
the change of porosity has little effect on membrane water content.

4. Conclusions

Optimizing the structural parameters of PEMFC can effectively improve its perfor-
mance of PEMFC. This paper attempts to optimize the structural parameters of PEMFC by
combining three-dimensional simulation calculations with the Taguchi method.

(1) Based on the actual PEMFC geometric model and mathematical model, a three-
dimensional simulation calculation model of a fuel cell is established. The parameters of
the simulation model are calibrated by the bench test. When the cathode transfer coefficient
is 1.3, the error between the simulation value and the result of the experiment is 0.73%
when the working voltage is 0.64 V.

(2) Based on the calibration model, the Taguchi method is used to design a multi-
factor and multi-level orthogonal experimental scheme. The effects of anode wave channel
distortion, gas diffusion layer thickness and gas diffusion layer porosity on PEMFC current
density are investigated, and the regression equation is obtained. The signal-to-noise
ratio analysis and t-test show that the thickness of the gas diffusion layer has the greatest
influence on the performance of PEMFC, followed by the porosity of the gas diffusion layer
and the distortion of the anode wave channel. R test and F test shows that the regression
equation is significant and obtained the optimal parameter matching combination. When
the anode wave channel distortion is 40, the diffusion layer thickness is 0.4mm and the
porosity is 0.8, the performance of PEMFC is the best. The current density calculated by the
simulation model is 14,190.18 A/m2, which is 6.14% higher than the calibration model.

(3) The other factors are set at the best level the single factor simulation tests of different
the distortion of the anode wave channel, gas diffusion layer thickness and gas diffusion
layer porosity are carried out, respectively. The changing trend of the experiment results is
consistent with the orthogonal experiment results, which further proves the influence law
and importance of the three factors on the performance.
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Nomenclature

σsol conductivity of the solid material φsol potential of the solid material

Rsol
volume current density of the solid
material

Mw,H2 molecular weight of hydrogen

σmem
conductivity in the catalytic layer and
the membrane

Mw,O2 molecular weight of oxygen

φmem
potential in the catalytic layer and the
membrane

Mw,H2O molecular weight of water

Rmem
volume current density in the catalytic
layer and membrane

aan
an anode transfer coefficient of anode

Ran exchange current density of anode aan
cat cathodic transfer coefficient of anode

Rcat exchange current density of the cathode acat
an anode transfer coefficient of cathode

jan(T)
reference exchange current density per
active surface area of the anode

acat
cat cathodic transfer coefficient of cathode
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jcat(T)
reference exchange current density per
active surface area of the cathode

F Faraday constant

ζan anode side specific effective surface area R universal gas constant

ζcat
cathode side specific effective surface
area

T temperature

[A]
local species concentration on the anode
side

Ean anode activation energy

[C]
local species concentration on the
cathode side

Ecat cathode activation energy

[A]re f
reference local species concentration on
the anode side jre f

an
reference exchange current density at
the anode reference temperature

[C]re f
reference local species concentration on
the cathode side jre f

cat
reference exchange current density at
the cathode reference temperature

Tre f
an anode reference temperature ε porosity

γan
anode side concentration correlation
coefficient

γcat
cathode side concentration correlation
coefficient
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