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ARTICLE INFO ABSTRACT

Handling Editor: Dr. A. Olabi In this study, we proposed a novel under-rib auxiliary channel and developed a systematic methodology
combining computational fluid dynamics (CFD), an artificial neural network (ANN), and a particle swarm
optimization (PSO) algorithm for the coupled optimization of the auxiliary-channel structure and gas diffusion
layer (GDL) porosity gradient in a proton exchange membrane fuel cell (PEMFC). First, we developed a three-
dimensional multiphase numerical model of a non-isothermal parallel flow-field PEMFC. ANN was then
applied to obtain a mapping relationship between auxiliary channels structure, GDL porosity gradient and output
performance of PEMFC with finite CFD data. Finally, PSO was employed to perform an optimization search to
determine the optimal parameter pairing, resulting in a 16.7 % increase in maximum power density and a 20.6 %
increase in the current operating range. In addition, the optimized PEMFC exhibited superior mass transfer and
water removal capabilities, where the average oxygen concentration in the intermediate section of cathode GDL
was increased by 33.3 % and the maximum liquid water saturation was reduced by 23.5 %. Moreover, the
coupled optimization of the auxiliary channels and the GDL porosity gradient can increase power density by at
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least 8.7 % and current density by 9.1 % compared to single component optimization.

1. Introduction

Due to the energy crisis and environmental pollution caused by
excessive use of fossil fuels, the development of sustainable energy
sources has attracted widespread interest [1]. Hydrogen stands out as
one of the most promising secondary energy sources due to its high
calorific value, environmental friendliness, and storability [2]. Proton
exchange membrane fuel cells (PEMFCs) directly convert hydrogen en-
ergy into electricity. They offer advantages such as low operating tem-
peratures, clean and pollution-free operation, high power density, and
high efficiency, and are now widely used in transportation, housing, and
power generation [3-5].

During actual operation, the cathode side of a PEMFC is prone to
flooding and exhibits poor mass-transfer capability, potentially leading
to inhomogeneous reactant distribution and diminished output perfor-
mance [6-8]. The ability of a PEMFC to transfer water and reactants is
significantly influenced by the flow channel design; hence, optimizing
the geometry of the flow channel is important for improving output
performance [9,10]. Chiu et al. [11] studied three conventional flow
fields, namely, parallel, cross-finger, and serpentine, and analyzed the
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effects of channel width, height, and aspect ratio on cell performance
and water removal. Zhou et al. [12] proposed a novel opposite sinu-
soidal wave flow channel to improve the mass transfer and
water-removal capacity of PEMFCs. Their results indicated that
increasing the amplitude and decreasing the period could effectively
improve the mass-transfer capacity and performance of the PEMFC. Wan
et al. [13] proposed a new M-like channel based on minimum entropy
generation, demonstrating stronger heat and mass-transfer performance
and a 21.3 % higher maximum output power compared to conventional
flow channels. Zuo et al. [14] investigated the effect of auxiliary
flow-field blocks on cell pressure drop, reactant distribution, and liquid
water removal, achieving a 21.7 % improvement in cell output perfor-
mance. Liao et al. [15] proposed an auxiliary-channel design based on a
wave-like flow field and investigated its effects on water removal using
the volume-of-fluid method. Their results showed that the subchannel
enhanced drainage performance by overcoming wall adhesion through
an enhanced pressure differential.

As another key component of PEMFCs, the gas diffusion layer (GDL)
serves important functions such as providing structural support, facili-
tating gas diffusion, and discharging reaction by-products, thereby
significantly impacting the mass-transfer performance of PEMFCs
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Nomenclature

velocity, m/s

Source term

molar mass, kg/mol

exchange current density, A/m>
ideal gas constant, J/(moleK)
Faraday constant, C/mol
temperature, K

pressure, Pa

constant pressure specific heat capacity, J/(kgeK)
current density, A/m?

liquid water saturation
permeability, 1/m?>

NmN,ﬁa”Uq*q;ukgm:%n
ISg
Q
&

Cr condensation rate constant, 1/s

Py partial pressure of water vapor, Pa

Pgyt saturation pressure, Pa

P, capillary pressure, Pa

A water activity

Y mass fraction

D diffusion coefficient

Q mass flow rate, kg/s

Rohm ohmic resistance, Q

Rrea heat production by electrochemical reaction, J
EW equivalent molecular weight of electrolyte, kg/mol
hy, latent heat of water phase transition, J

nd electro-osmotic drag coefficient

N number of auxiliary channels under rib

w auxiliary channel width, mm

H auxiliary channel height, mm

k GDL porosity gradient

Greek Letters

porosity

density, kg/m>

thermal conductivity, W/(meK)
water content

dynamic viscosity, Paes

proton conductivity, S/m
electrical potential, V
stoichiometric ratio

~NR AT QSN M

Subscript and Superscripts

w water

i species (Ho, Oy, H>0)

a anode

c cathode

sol solid

mem membrane

ref reference

eff effective

Abbreviations

CFD computational fluid dynamics
ANN artificial neural network

LHS latin hypercube sampling
PSO particle swarm optimization
BP bipolar plate

FC flow channel

GDL gas diffusion layer

CL catalyst layer

PEMFC proton exchange membrane fuel cell

[16-18]. Besides optimizing the geometric parameters of the GDL
[19-21], the gradient effect within the GDL also notably impacts cell
performance. Li et al. [22] developed a theoretical optimization model
for the porosity distribution of the cathode GDL using the variational
principle, resulting in significant improvements in both output perfor-
mance and the uniformity of oxygen and current density distributions.
Ko et al. [23] performed an in situ visualization analysis of pore gradient
GDLs to investigate the effect of porosity gradient on cell performance,
finding that the medium pore gradient GDL performed best under
different humidity conditions. Xiang et al. [24] revealed that the
porosity distribution and contact angle significantly affect liquid water
distribution and water saturation in the GDL, noting that liquid water
accumulation tends to occur in high-porosity regions.

The above literature review demonstrates optimizing the flow
channel and GDL structure alone can significantly improve the perfor-
mance of PEMFC. However, the flow and mass fields of these two
components will interact with each other, therefore some researchers
have tried to optimize both flow channel and diffusion layer. For
instance, Zhang et al. [25] investigated the coupling effect of
wedge-shaped fins and GDL porosity in a single-channel PEMFC. Their
findings showed that the effect of GDL porosity on improving PEMFC
performance was greater than that of wedge-shaped fins, although the
effect of GDL porosity weakened as porosity increased. Xu et al. [26]
optimized the depth and location of grooves in a GDL based on an
optimized wave-shaped flow channel structure, thereby enhancing cell
performance.

3D simulation models can accurately analyze the coupled processes
of heat transfer, mass transfer, flow, and electrochemical reactions
within a PEMFC. These models are useful for optimizing flow channel
structures, GDL structures, and porosity distributions. However, due to

cost constraints, most previous studies have examined only a limited
number of discrete design points and neglected the coupling relation-
ships between different variables, potentially leading to local optimum
solutions. To avoid this problem, many researchers have employed
intelligent optimization algorithms to enhance the flow field and per-
formance of PEMFCs [27-29]. For example, Cai et al. [30] investigated a
bio-inspired wave-like channel based on the fins of cuttlefish using a
genetic algorithm, revealing that such a structure resulted in lower flow
resistance and higher output efficiency. Liu et al. [31] utilized a neural
network agent model and a fast non-dominated sorting genetic algo-
rithm (NSGA-II) to simultaneously optimize flow uniformity, diffusion
flux, and ohmic resistance, showing improved power and a more uni-
form current density. The particle swarm optimization (PSO) algorithm
has also been established as a viable method for optimizing the perfor-
mance of PEMFC [32]. Wilberforce et al. [33] applied the PSO algorithm
to determine the optimal operating conditions for PEMFCs, resulting in a
9.4 % improvement in cell performance.

Given these studies, it is evident that both the flow channel structure
and GDL porosity distribution have significantly affect the output per-
formance of PEMFC. However, to the author’s knowledge, research on
simultaneously optimizing both elements while examining their
coupling effects is insufficient. Therefore, in this paper, a PEMFC model
featuring under-rib auxiliary channels and GDL porosity gradient is
established combined with computational fluid dynamics (CFD). In
order to reduce computation time and avoid falling into local optimality,
the conventional CFD model is replaced by the surrogate model estab-
lished by artificial neural network (ANN) with a small amount of
simulation data. Then, the particle swarm optimization (PSO) algorithm
could be used to find the optimal combination of the operating and
structure parameters. Finally, the original case, the single component
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Fig. 1. Schematic diagram of PEMFC structure.

Table 1

Geometric parameters of PEMFC.
Parameters Value/mm
Cell length 50
Cell width 20
Channel width 1
Channel height 1
Rib width 1
BP height 2
GDL thickness 0.19
CL thickness 0.01
Membrane thickness 0.05

optimization results and the coupled optimization result are analyzed
and compared.

2. Model development
2.1. Geometric models and assumptions

Parallel-flow-field PEMFCs have the advantages of simple structures
and low flow pressure drops. However, their inhomogeneous reactant
distributions and weak water removal capability may result in poor
output performance. Referring to dimensions of parallel-flow-field
PEMFC in other literature [22,34,35], physical model of a typical
parallel-flow-field PEMFC with ten channels is presented, as depicted in
Fig. 1. The model includes key components such as bipolar plates (BPs),
flow channels (FCs), GDLs, catalyst layers (CLs), and proton exchange

membrane. The relevant geometric parameters are detailed in Table 1.
Considering that the oxygen diffusion coefficient is much smaller than
the hydrogen diffusion coefficient, which leads to the mass transfer
resistance on the cathode side to be the main reason for insufficient mass
transfer, it is more efficient to optimize the cathode side [36]. Therefore,
the optimization in this study focuses on optimizing only the cathode FC
and GDL while keeping the anode side unchanged.

Numerous literature [14,37] suggest that auxiliary channels can help
improve mass transfer capability and homogeneity of reactants, there-
fore, this paper proposes the under-rib auxiliary channels adjacent to
GDL for flow channel optimization. Besides, the porosity gradient along
the GDL thickness direction can effectively improve the capillary
diffusion and water removal of PEMFC [38]. Therefore, we compare a
coupling-optimized parallel-flow-field (COPFF) PEMFC, featuring
under-rib auxiliary channels and a GDL with gradient porosity, against a
normal parallel-flow-field (NPFF) PEMFC. The designs for the cathode
flow field and porosity gradient are schematically illustrated in Figs. 2
and 3, respectively, where N, H, W are the number of auxiliary channels
under a rib, the height and the width of the auxiliary channels, respec-
tively, and k is the GDL porosity gradient determined by porosity close to
CL, €1, higher porosity near FC, €3, and the thickness of GDL, hgpr..

To simplify the model, the following assumptions were made: The
PEMFC operates under steady-state conditions. The flow within PEMFC
is laminar and incompressible. The gas reactants are treated as ideal
gases. The GDLs, CLs, and membranes are isotropic and homogeneous
materials. The effects of gravity on species diffusion and reaction pro-
cesses are neglected.

Fig. 2. Schematic diagrams of cathode flow-field structures (a) NPFF, (b) COPFF.
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Fig. 3. Schematic diagram of cathode GDL with linear gradient porosity of k, where k=(¢e2- ¢1)/hgpr.

2.2. Governing equations

To simulate the intricate interplay of flow, heat transfer, mass
transfer, and electrochemical reactions within the PEMFC, a 3D multi-
phase mathematical model was established. The governing equations
mainly include basic conservation equations and the liquid water
transport equations.

Mass conservation equation :

V- (epW)=Sn )}

where ¢ is porosity of porous media and for the flow channel, e = 1. p and
u are density and velocity, respectively, while Sy, is the mass source
term.

Momentum conservation equation :

V- (epU W)= — eVp+ V- (eyVTU) + Smom )

where p represents pressure, u indicates dynamic viscosity and Spmom is
the momentum source term.
Energy conservation equation :

V- (ep, UT) =V - (2T VT) + 51 3

where ¢, T, 2% are constant pressure specific heat capacity, temperature
and effective thermal conductivity, respectively. St denotes the energy
source term.

Species conservation equation :

V. (epTY)=V- (fofvyi) TS %)

where Y; and D; are the mass fraction and diffusion coefficient of species i
(i = Hp, O3 and H30), while S; is the concentration source term.
Charge conservation equation :

V- (Usolvwsol) + Ssol =0 (5)
V- (Umem V(ﬂmem) + Smem =0 (6)

where ¢ and ¢ are conductivity and electrical potential, respectively,
while the subscript sol and mem represent solid phase and membrane
phase, respectively. Sy is the electronic current source term while Syem
is the protonic current source term.

In FCs of PEMFC, liquid water transport is mainly driven by con-
vection, which is controlled by the following equation:

V- (pUs)=S @

where S is water saturation source term, standing for the net evapora-
tion of liquid water. In porous media region, convection term replaced
by capillary diffusion term:

Ks® dP,
v. (,075 = Vs) =S ®)

Table 2
Source terms in governing equations.
Source terms Components Expression
S Anode CL J
" - o
Cathode CL J J
éMH;o - ‘T;Moz
Smom GDL, CL uefte2_,
-
St All IZRohm + HAreaction + ﬂa,cJ&c
Si Anode CL J, J.
' Su, = — 55My,;So, = *ﬁMm
Cathode CL J.
S0 = ﬁMH;o
Ssol> Smem Anode CL Ssol = = JaiSmem = — Ja
Cathode CL Ssol = J¢;Smem = — Je
S FC, GDL, CL Pyy — P,
1 (1= s)er g™ U Mi1,0; (Puv > Psat)
S =
Pyy — P,
Scrva—TsmMH;O; (Pwy < Psar)
Sa Membrane _ ,(’E
S v F)

where K is permeability, s is water saturation and P, represents capillary
pressure.
Water conservation equation in membrane :

V- (D,Va)+S,=0 ©)

where S, is the water content source term. The water content of the
membrane, a, and the diffusion coefficient of the water content within
the membrane, D,, are determined by the following equations [39] :

-~ 2 3.
a— { 0.043 +17.8a — 39.85a° + 36a°; 0 <a<1 (10)

14+14(a—1);1<a<3

3.1 x 10’7%1]0((30'28" 1) xe®®T 0<a<3
D, = an
417 x 10*8%1/(1(151(“ +1) x e 23/T; otherwise

where EW denotes equivalent molecular weight of electrolyte and the
water activity a is calculated using :
_ C.RT

sat
Pw

12)

where C,, is water concentration, R is ideal gas constant and Psat w is
saturation pressure of water.

The source terms in Egs. (2)-(7) are listed in Table 2. Subscript a and
c are anode and cathode, respectively. Further, the electro-osmotic drag
coefficient in S, nd, is determined by:

2.5
nd = 2%

== 13)
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Table 3
Electrochemical parameters and operating conditions.
Parameter Value
Operation pressure, Pa 101325
Operation temperature, K 343.15
Open circuit voltage, V 0.95
Anode stoichiometric ratio 3
Cathode stoichiometric ratio 3
Anode exchange coefficient 0.5
Cathode exchange coefficient 2
Anode concentration exponent 0.5
Cathode concentration exponent 1
Inlet relative humidity 100 %
Porosity of GDL 0.4
Porosity of CL 0.4
Absolute Permeability of GDL, m > 1.76 x 10711
Absolute Permeability of CL, m 2 1.76 x 10711
Hydrogen reference diffusivity, m?/s 9.15 x 107°
Oxygen reference diffusivity, m?/s 2.2 x107°
Anode exchange current density, A/m> 1.4 x 10°
Cathode exchange current density, A/m® 2.0 x 10°
12
0.84 oy
é
110 »
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g —e— current density =
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E g
g onl 16 2
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- s
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Fig. 4. Grid independence test.

2.3. Boundary conditions

The PEMFC add-on module in ANSYS fluent is used for the numerical
simulation of this paper. The SIMPLE algorithm is applied to solve the
pressure-velocity coupling, while the F-cycle method is used to improve
the convergence speed of the calculation. The second-order difference
scheme is used to discretize the momentum equation, while a second-
order upwind scheme is applied to discretize the species conservation
equation and the charge conservation equation. In the simulation, the
flow channel outlets are set to the pressure outlet boundary and they are
equal to the operating pressure. Both the anode and cathode inlets are
set as mass-flow inlets and fed with fully humidified hydrogen and air,
respectively. The mass-flow rates at the anode and cathode are calcu-
lated using the following equations:

Calmﬂz f
= Amem 22T 1
Q. memZFYHZ 14
$eMo, et
=A 2[e 15
Q. mem4FY02 (15)

where Q, Apem and ¢ are mass flow rate, membrane area, and stoi-
chiometric ratio, respectively. I'*! is the reference current density. All
solid surfaces are set to no-slip boundary conditions. For the electron
potential equation, the anode BP upper boundary is set to O while the

Energy 301 (2024) 131734

1.0 — 10
/
—&— simulation /
® experiment[40]’l 1s
- - - -error /
0.8 |-
F ) \=
> 16 <
- ]
o g
h ] —
= 0.6 s
= _
> 4 =
=
=42
04 |
1 1 1 0
0.0 0.3 0.6 0.9 13

Current density (A/em?)

Fig. 5. Comparison of the polarization curves between the numerical results
and experiment data [40].

cathode BP lower boundary is fixed to the operating voltage. The main
electrochemical parameters and operating conditions are listed in
Table 3.

2.4. Grid independence test and model validation

To assess grid independence, five sets with different numbers of grids
were created, and their current densities at 0.55 V were calculated. As
shown in Fig. 4, the difference between the results calculated using 4.3
million grids and those using 3.6 million grids is only 1 %. Considering
the simulation accuracy and computational cost, models with 3.6
million grids were used for the simulations conducted in this study.

In addition, comparison with experimental data can further verify
the reliability of the numerical model employed in this study [34,37].
Therefore, a numerical model of a single-channel PEMFC with di-
mensions consistent with Ref. [40] was established and compared with
experimental data [40], as illustrated in Fig. 5. The channel length and
width were 70 mm and 1 mm. The operating temperature of the PEMFC
is 343 K and the operating pressure is 1 atm. At high current densities,
the relative error in voltage is large due to the low voltage value, but the
maximum error is still less than 10 %, so the PEMFC model developed in
this paper meets the requirement of calculation accuracy.

3. Optimization process

Fig. 6 outlines the flowchart for the optimal design approach, which
combines computational fluid dynamics (CFDs), an ANN, and a PSO
algorithm. In this study, we investigated the collective impact of under-
rib channels and GDL gradient porosity on PEMFC performance while
keeping other variables constant. To minimize simulation costs and
maximize the informational value of limited data, LHS was employed to
design the sampling points. These points were then geometrically
modeled, meshed, and numerically evaluated to obtain a series of cor-
responding output power values. This obtained data was used to train
the ANN, creating a fitting function that maps input parameters to
output performance. The optimal parameters were subsequently iden-
tified using the PSO algorithm.

3.1. Definition of input variables and optimization objective

To improve output performance of PEMFC, the four structural pa-
rameters, N, H, W, k, in Figs. 2 and 3 were extracted, and the selection
range of the variables are determined as follows :
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Fig. 6. Flowchart for coupled optimization.

4<N<10
0.1lmm < H < 0.9mm
0.2mm < W < 1.5mm

0<k<32

(16)

The maximum output power density, Pnax, is one of the most
important indicators for evaluating the PEMFC output performance;
therefore, Py, is used as the optimization objective function.

3.2. Latin hypercube sampling

LHS is a stratified sampling technique that enables near-random
sampling from multivariate parameters. It significantly reduces the
number of required samples while ensuring they span the entire range of
variable distributions [41]. The LHS process involves the following
steps:

1) Determine the parameters to be sampled and the range of values to
be taken.

2) Divide the value space for each parameter into ‘n’ parts, each having
an equal probability of selection, as illustrated in Fig. 7(a) (b), where

(a (b)

p—

P(X)

n

F(x)=P(X<xi)

F(x) is probability distribution function, P(x) is probability density
function, and xi is the value of the independent variable.

3) For each parameter, randomly select one value from each part of the
value space.

4) Combine these randomly selected values with those from other pa-
rameters to form a vector, serving as a sample point. Repeat this ‘n’
times to generate ‘n’ sample points.

To provide a practical example, Fig. 7(c) outlines the LHS procedure
of two parameters, X and Y. Here, samples are drawn from each segment
of the value space for every parameter. Once a value is selected from a
segment, that particular segment is no longer considered for additional
sampling.

In this study, given the number and range of the four selected pa-
rameters, 280 sampling points were designed using LHS. These sampling
points were then employed for geometric modeling, meshing, and nu-
merical simulations, focusing on optimizing the P,x. The computa-
tional data obtained from these simulations were subsequently used to
train the ANN model.

(c)

e

xi

>

Xi X

Fig. 7. LHS of two parameters (a) probability density function, (b)cumulative distribution function, (c) distribution of sampling points.
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Fig. 8. Structure of BP neural network.

3.3. Artificial neural network surrogate model

An ANN is an arithmetic model consisting of a large number of
interconnected neurons, designed to emulate the neural networks found
in human brain, from the perspective of information processing and
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forms different networks according to different connections [42]. By
adjusting the neuron weights through continuous training, ANNs can
closely approximate real-world data, enabling them to analyze complex
relationships between variables and effectively map input to output. The
BP neural network is established by MATLAB, which consists of an input
layer, a hidden layer, and an output layer, as shown in Fig. 8. Data fed
into the input layer undergo processing in the hidden layer before
reaching the output layer. Here, the error between the actual and pre-
dicted output is calculated and passed back to adjust the neuron weights
in the hidden layer. In this study, we employed the Lev-
enberg-Marquardt BP algorithm for training the ANN. The number of
neurons in hidden layer was 10 and the maximum number of iterations
is 1000. The dataset was randomly segmented into three subsets: 70 %
for training, and 15 % each for validation and test. If the error cannot be
reduced for eight consecutive training sessions, the training is
terminated.

Fig. 9 demonstrates the performance of ANN model for PEMFC
optimization. The performance of ANN in predicting output variables is
evaluated using the regression coefficient (R) and the mean square error
(MSE). A regression coefficient close to 1 and a low MSE indicate high
accuracy in the predictions of ANN. For each dataset, R is greater than
0.999 and MSE is less than 1e-6, affirming the high predictive accuracy
of ANN.

3.4. Particle swarm optimization algorithm

With the ANN model obtained above, the mapping relationship be-
tween the input parameters and the objective function can be obtained.
To identify the optimal combination of the four input variables, we in-
tegrated PSO algorithm with the ANN model. PSO is renowned for its
high accuracy, fast convergence, and ease of implementation. It

) Validation
§ o D
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é 0.52 =
.......... Y=T
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o 0.5
=
s 0.48T
>
=0l
i R:0.99949
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Fig. 9. Prediction performance of ANN for subsets of (a) training, (b) validation, (c) test, (d) all.
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f

Calculate the fitness value of each
particle

:
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Output the optimal result

End
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Fig. 10. Computational flowchart for PSO of PEMFC optimization.

simulates the foraging behavior of a flock of birds, representing each
bird as a particle characterized by two parameters: velocity and position.

Table 4

Optimal parameters of COPFF and output results.
Optimization results value
N 8
W, mm 0.3977
H, mm 0.4778
k 2.2435
Predicted power density, W/cm? 0.5354
Simulated power density, W/cm? 0.5357

Here, velocity indicates the direction and distance the particle will move
in the next iteration, while position denotes a potential solution.

In the ith iteration, the position of a particle in n-dimensional space is
represented by the vector X;=(xj, X2 ... Xp), and its velocity is repre-
sented by Vi=(v1, vz ... vy). The best solution obtained by each particle is
Ibest;, while Gbest; represents the global optimal solution across the
whole particle swarm search. Each particle adjusts its velocity and po-
sition based on Ibest; and Gbest;, with Egs. (17) and (18):

Viii=w-Vi+c xr x (Ibest; — X;) + ¢y x 2 x (Gbest; — X;) a7

Xi1=Xi+ Vi 18
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where, the parameters w denotes the inertia factor, c¢; and ¢ represent
the individual and global learning factor, respectively, while r; and ry
are random numbers between 0 and 1. The computational flowchart for
PSO is depicted in Fig. 10.

In this study, the size of the particle population was set to 2000, the
maximum number of iterations was 500, and the maximum velocity of
the particle motion was 5 % of the variable range. The optimal param-
eters and optimal output power density are obtained by PSO and
numerically verified by CFD. The results are then listed in Table 4, and
the relative error between the predicted and simulated power densities
was only 0.05 %, which further proves the validity of the surrogate
model.

4. Results and discussion
4.1. Performance analysis of COPFF and NPFF

Polarization and power curves serve as crucial metrics for assessing
the performance of PEMFCs. Fig. 11 presents the output performances
for both the COPFF and NPFF PEMFCs. While there is negligible dif-
ference in output performance at low current densities, the COPFF
significantly outperforms the NPFF at medium to high current densities.
This is due to the fact that at low current densities, the irreversible losses
in the PEMFC come mainly from activation polarization and ohmic
polarization, which are mainly affected by the nature of the catalyst and
the internal resistance of the cell. However, with the increase of current
density, the electrochemical reaction becomes more and more intense,
and the concentration polarization caused by the insufficient mass
transfer capacity at the cathode side gradually becomes the main source
of irreversible loss, at this time, improving the mass transfer capacity of
the cell is an effective way to improve the performance of the cell.
Specifically, at a voltage of 0.55 V, where both configurations reach
their maximum output power, the COPFF registers 0.5356 W/cm?,
which is 16.7 % higher than the NPFF’s 0.4588 W/cm?. Moreover, at
0.3 V, the current density for the COPFF (1.3329 A/cm?) is 20.6 %
higher than that for the NPFF (1.1056 A/cm?). These findings suggest
that strategically designed under-rib auxiliary channels and a gradient
in GDL porosity can substantially elevate the maximum output power
and broaden the current operating range of the PEMFC.

Facilitating the diffusion of reactants from the FC to the CL is a key
function of the GDL, making the distribution of each species within the
GDL an important indicator for evaluating a cell’s mass-transfer per-
formance. Fig. 12(a) displays the oxygen concentration distribution in
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the cathode GDL at 0.55 V. The COPFF exhibits both higher and more
uniform oxygen concentration compared to the NPFF, reflecting the
significant superiority of COPFF in terms of mass transfer capacity. The
average oxygen mass fraction of COPFF is 0.076, which is 33.3 % higher
than NPFF’s 0.057.

Fig. 12(b) depicts the water saturation distribution in the interme-
diate sections of GDLs of NPFF and COPFF at the same voltage. The
average liquid saturation of NPFF is 0.157 while that of COPFF is 0.112.
The NPFF has notably higher water saturation, particularly toward the
end of the flow field where liquid water accumulates significantly,
reaching saturation levels as high as 0.17. In contrast, the COPFF
maintains lower water saturation, peaking at just 0.13, which is a
reduction of 23.5 %, indicating superior water-removal performance. In
addition, water saturation tends to increase along the flow direction due
to the accumulation of liquid water. However, a region of low water
saturation exists in the middle and lower parts of the cell. This is due to
low oxygen concentration, which results in an insufficient electro-
chemical reaction and consequently lesser water production.

As shown in Fig. 12(c), the current density distribution in the middle
cross section of the CLs on the cathode side of the NPFF and COPFF
PEMFC was carried out to study whether the PEMFC active area was
effectively utilized. It can be found that the current density of COPFF is
clearly higher than that of NPFF. In addition, combined with Fig. 12(a),
it can be seen that the distribution of current density is similar to that of
oxygen concentration. The region below the rib is less capable of mass
transfer and has insufficient oxygen content, so the electrochemistry is
less intense and the current density is lower. However, the COPFF
PEMFC improves the output performance via a better oxygen mass
transfer performance.

Fig. 13 illustrates the gas motion trajectories within the cathodic
flow fields for both the NPFF and COPFF configurations. Gas flow ve-
locity in the COPFF is notably higher compared to the NPFF. Addition-
ally, the presence of auxiliary channels between adjacent flow paths
enables the gas to separate and recombine continuously, leading to a
more even distribution of gas. Due to factors such as pressure differential
and wall effects, the last four FCs in both NPFF and COPFF configura-
tions exhibit the highest flow velocities. These are followed by the initial
three channels, with the middle three channels showing the slowest
velocities. This flow velocity distribution also leads to a region of low
oxygen concentration associated with the middle and bottom of the two
flow fields, as depicted in Fig. 12(a).

4.2. Coupling effects of under-rib auxiliary channels and GDL porosity
gradient

To evaluate the effects of auxiliary channels and GDL gradient
porosity on cell performance, we developed two distinct configurations
for comparison: a parallel-flow-field PEMFC with GDL gradient porosity
(GPPFF) and an auxiliary-channel parallel-flow-field PEMFC (ACPFF).
Both configurations obtain the same optimized structural parameters
from the COPFF PEMFC. When examined alongside the data in Fig. 14, it
is evident that the GPPFF enhances the maximum power to 0.4877 W/
cm?, a 6.3 % increase, and the maximum current density to 1.145 A/
cm2, a 3.6 % increase, compared to the NPFF. Meanwhile, the ACPFF
achieves a maximum power of 0.4928 W/cm? and a maximum current
density of 1.222 A/cm?, reflecting increases of 7.4 % and 10.6 %,
respectively. In comparison to the GPPFF, the ACPFF does not display a
significant difference in performance at low and medium current den-
sities. However, it outperforms the GPPFF at high current densities.
Obviously, NPFF as the standard of comparison, the performance im-
provements offered by the COPFF (16.7 % in the maximum power
density and 20.6 % in the maximum current density) exceed the benefits
of both the GPPFF and ACPFF at medium to high current densities. This
suggests a mutually reinforcing effect between the auxiliary channels
and the GDL porosity gradient, the underlying mechanisms of which will
be explored later in combination with species distribution contours.
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Fig. 12. At 0.55V, (a) Oxygen concentration distribution in the intermediate sections of GDLs, (b) water saturation distribution in the intermediate sections of GDLs
and (c) current density distribution in the intermediate sections of CLs of the NPFF and COPFF.
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Fig. 14. Polarization curves and power curves of the GPPFF and ACPFF.

The oxygen concentration profiles in the intermediate sections of
GDLs for the GPPFF and ACPFF cathode at 0.55 V are illustrated in
Fig. 15(a). The average mass fraction of oxygen of GPPFF is 0.063 while
that of ACPFF is 0.070. When integrated with the data from Fig. 12(a), it
is evident that the oxygen mass fraction of GPPFF was slightly higher
than that of NPFF (0.057), whereas the oxygen content of ACPFF was
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COPFF

Fig. 13. Reaction gas flow traces of cathode flow field of NPFF and COPFF.
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higher than that of GPPFF. This indicates that the auxiliary channels
significantly improve the mass transfer capacity of the cell, thus
increasing the oxygen levels and enhancing their uniform distribution,
while the improvement of porosity gradient is not as pronounced as that
of the auxiliary channels. In other words, enhanced oxygen transport is
largely independent of porosity type and is driven by enhanced gas
mixing and increased transfer area offered by the under-rib auxiliary
channels.

Fig. 15(b) presents the water saturation profiles in the intermediate
sections of GDLs of GPPFF and ACPFF. The average liquid saturation of
GPPFF is 0.154 and that of ACPFF is 0.164. When compared with Fig. 12
(b), it is clear that the ACPFF has the highest water saturation among all
configurations. This is attributable to enhanced oxygen transport, which
amplifies the electrochemical reactions, thereby leading to greater water
production. In contrast, both the GPPFF and COPFF have lower water
saturation compared to the NPFF, indicating enhanced water-removal
capabilities. This feature arises not from the under-rib channels, but
from the gradient porosity, which creates higher capillary pressure dif-
ferentials in the GDL, facilitating easier water discharge. As a result, a
larger pore area becomes available for oxygen transport, explaining why
gradient porosity can positively impact oxygen distribution within the
GDL. In addition, this is the reason that the COPFF significantly out-
performs the GPPFF and ACPFF at medium to high current densities,
shown in Fig. 14. The synergy between the auxiliary channel and the
GDL porosity gradient can be explained in this way: the channel facili-
tates a better transport of oxygen, which enhances the electrochemical
reaction and consequently the production of more water, and at this
point, when the benefit of the gradient porosity for water removal
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becomes more and more important, the interaction between these two
elements culminates in further performance improvements for the cell.
The current density distribution in the middle cross section of the
catalyst layer for ACPFF and GPPFF is given in Fig. 15(c). Combined
with Fig. 12(c), it can be seen that the optimization of individual com-
ponents significantly improves the current density within the catalyst
layer compared to NPFF, but none of the improvements are as good as
COPFF. Besides, the similarity of the current density and oxygen con-
centration distributions further validates the improvement of the output
performance by the increase in mass transfer.

Finally, we investigate the interactive effects of the four input pa-
rameters, the number of auxiliary channels under a rib (N), the height of
the auxiliary channels (H), the height of the auxiliary channels (W) and
the GDL porosity gradient (k), on cell performance by response surface
analysis. Fig. 16 shows the response surface plots of the dimensionless
power versus all combinations consisting of two parameters.

As shown in Fig. 16(a), (c), and (d), there is almost no interaction
between the variation of H and N, W, or k and it has the least effect on
the output performance of the cell. With all other parameters remaining
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constant, the maximum difference in output power for different H is only
0.6 %. Fig. 16(b), (e), and (f) demonstrate the effects of N, W, and k on
output performance. Each figure shows a set of parameter combinations
that can achieve the maximum output power of the cell; the farther the
parameters deviate from this optimal combination, the more the output
power will decrease. The results indicate that variations in k and W may
lead to a large variation in the dimensionless power, which can seriously
affect the output performance of PEMFC. Even if the other parameters
are kept at optimal values, unreasonable k and W may lead to maximum
output power losses of 5.9 % and 6.5 %, respectively. Besides, the effect
of N is relatively small and may result in a power loss of 3.6 %. There-
fore, a larger number of auxiliary channels and narrower widths are
more favorable for improving the output performance of the cell, while a
GDL porosity gradient that is either too large or too small diminishes the
output power. This again demonstrates the necessity and effectiveness of
simultaneously optimizing the flow channel and GDL structure.
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5. Conclusions and outlook

In this study, we introduce a novel under-rib auxiliary channel and
develop an optimization method that combines computational fluid
dynamics, artificial neural network, and particle swarm optimization
algorithm. This approach aims to simultaneously optimize the auxiliary
channel structures and gas diffusion layer porosity gradient and inves-
tigate the coupled effect of two components optimization on the output
performance and mass-transfer capacity of proton exchange membrane
fuel cell. The following conclusions are obtained:

1) The optimization framework, integrating computational fluid dy-
namics and artificial neural network, can establish the relationship
between input structural parameters and the output power density,
significantly enhancing computational efficiency.

Under-rib channels and gas diffusion layers porosity gradient
markedly improve PEMFC’s output performance. In comparison to
the original cell, the coupled optimized cell exhibits substantial
gains: a 16.7 % increase in maximum output power and a 20.6 %
expansion in current density range.

Under-rib channels facilitate continuous separation and recombina-
tion of reactants between adjacent gas flow channels. This archi-
tecture effectively improves the mass-transfer performance of the
cell, boosts oxygen transfer, and optimizes distribution uniformity.

Gradient porosity in the cathode gas diffusion layer amplifies the
water-removal capacity of the cell. This, in turn, frees up more pore
space for oxygen transfer, bolstering both mass transfer and output
capacity.

A synergistic interaction exists between the benefits conferred by
under-rib channels and gas diffusion layer porosity gradient. While
optimizing each factor individually can enhance cell performance,
the gains from combined optimization are significantly greater.

2

—

3

~

4

—

5

~

This paper is limited by computation load and still has some regrets.
In the future, we could consider applying the optimization method to
commercial cells to obtain better application prospects. In addition,
according to the conclusion of this paper, optimizing a single component
cannot obtain the optimal output performance. The cell performance
depends on the matching of the operating and structural parameters of
all components. Therefore, we could extend the optimized components
to the anode flow channel, anode gas diffusion layer, and even catalyst
layers to achieve the systematic optimization of a whole proton ex-
change membrane fuel cell.
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