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ABSTRACT: This study explores the design of a tapered cathode flow channel in a proton exchange membrane
fuel cell (PEMFC), leveraging artificial intelligence and multi-objective optimization techniques to attain an optimal
configuration. First, the influence of the channel height ratio and mass flow rate on PEMFC performance was
systematically examined. The results reveal that decreasing the height ratio and increasing the mass flow rate lead
to reduction in the standard deviation of current density, accompanied by a monotonic rise in pressure drop. The
average current density initially rises before exhibiting a slight decline. Subsequently, a surrogate model based on a
Backpropagation (BP) neural network was constructed, with height ratio and mass flow rate as input variables, to
accurately predict the average current density, its standard deviation, and the channel pressure drop. The findings
demonstrate that the BP-based surrogate model can reliably predict current density, its standard deviation, and channel
pressure drop. The Mean Relative Errors (MREs) for current density, standard deviation, and pressure drop are 0.84%,
1.44%, and 1.77%, respectively, with all coefficients of determination (R2) exceeding 0.999. Finally, Pareto optimal
solutions for current density, standard deviation, and pressure drop of the tapered PEMFC were obtained through
integration a multi-objective genetic algorithm. Results show that the optimized tapered PEMFC achieves the current
density of 3141.41 A/m2, the standard deviation of 53.58 A/m2, and the channel pressure drop of 5.49 Pa. Compared with
the conventional channel, the optimized PEMFC exhibits an 7.02% increase in current density and an 3.7% reduction
in standard deviation, while maintaining the pressure drop within an acceptable range.
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1 Introduction
The proton exchange membrane fuel cell (PEMFC) offers notable advantages, including low operating

temperature, high power density, rapid start-up, robust stability, and environmental sustainability [1].
Consequently, it has been widely adopted in fields such as aerospace, military systems, power generation,
electric vehicles, and portable power systems [2].

The flow channel is a critical component of the PEMFC, facilitating reactant transport and product
removal, and directly influencing the fuel cell’s overall performance and efficiency. It remains a key area of
research in fuel cell technology [3]. Over recent decades, some researches [4,5] have shown that the design
of optimized flow channel structures significantly enhances fuel cell performance, as well as the life cycle
characteristics of the PEMFC [6]. Mohammedi et al. [2] examined the performance variations of PEMFCs
featuring 30 distinct cross-sectional shapes for both the anode and cathode channels, all having identical
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cross-sectional areas. The results revealed that the cross-sectional shape has a significant impact on PEMFC
performance at high current density, with trapezoidal and semi-elliptical base shapes yielding superior
power. Incorporating baffles represents another widely employed method to enhance PEMFC performance.
Sun et al. [7] developed nine distinct types of baffles with varying cross-sectional shapes along the flow
direction, which were applied to both sides of the PEMFC. Their study demonstrated that the combination of
inverted trapezoids and rectangles exhibited the highest current density among nine configurations. While
baffles can effectively enhance reactant supply to the catalyst layer, thereby improving PEMFC performance,
they also induce an increase in pressure drop within the channel [8], resulting in higher power demand for
the system’s pump or compressor. To address this issue, researchers have recently proposed novel flow field
designs inspired by biological systems and design principles to further improve reactant distribution and
mass transfer efficiency. For example, Tan et al. [9] based on constructal theory and Murray’s law, proposed
an innovative flow field design. Their studies demonstrated that this novel flow field design provides a
more balanced performance in terms of output power and overall pressure drop. Furthermore, strategies
were proposed to enhance the uniformity of current density distribution in PEMFCs utilizing this design.
Despite these promising performance enhancements, the complexity of its manufacturing process presents
a significant barrier to large-scale application and commercialization.

The research predominantly focuses on fuel cells with constant-height channels. In fact, channels with
gradually decreasing height along the gas flow—commonly referred to as tapered channels—represent an
effective design strategy for enhancing fuel cell performance, with relatively straightforward fabrication
processes. In traditional constant-height channels, the concentration of reactant gas progressively decreases
along the flow direction due to its consumption. In contrast, in a tapered channel, the reduction in channel
height (and corresponding decrease in cross-sectional area) helps to maintain, or even increase, the gas
velocity in the downstream region, thereby enhancing the convective transport of gases to the porous
electrode and increasing the cell’s current density. Simultaneously, a higher concentration of reactants in the
downstream region results in more uniform chemical reactions. The manufacturing process of the flow field
plate is relatively straightforward as well. Although Wang et al. [10] proposed an effective flow field design,
they did not account for the pressure changes induced by the tapered channel. Liu et al. [11] demonstrated
that while tapered channels improve cell performance, they also introduce pressure losses. However, overall,
the pressure losses are relatively low, and the practical potential of tapered channels has been validated.
Neither Wang’s nor Liu’s research extensively investigated the structural parameters of tapered channel,
lacking comprehensive investigation.

In fact, with the advancement of machine learning, an increasing number of studies employ ML
techniques to construct intelligent and rapid prediction models for fuel cell channel performance, which are
subsequently integrated with optimization techniques to achieve the optimal channel structure design. Xu
et al. [12] optimized a system to maximum power density using neural networks and genetic algorithms. The
results demonstrated that ANNs can effectively predict cell performance, and the optimized cell exhibited
improved gas concentration distribution. Chen et al. [13] combined Response Surface Methodology (RSM)
with the Non-dominated Sorting Genetic Algorithm (NSGA) to optimize fuel cell performance, targeting
power density, system efficiency, and exergy efficiency as objective functions. The Pareto optimal solutions
resulted in improvements of 13.18%, 7.06%, and 20.29% in power density, system efficiency, and exergy
efficiency, respectively, compared to the straight channel. In summary, intelligent prediction models can
rapidly and accurately assess fuel cell performance and can be integrated with optimization algorithms to
identify global optimal solutions.

These findings demonstrate the substantial influence of flow channel geometry on fuel cell performance
and the unique benefits of tapered configurations. Nevertheless, prior work has been narrowly focused on
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analyzing individual, predefined tapered designs. A significant gap persists in the literature regarding the
systematic multi-objective optimization of such channels to enhance current density and reduce pressure
drop simultaneously. This study considers a simplified channel structure and integrates computational fluid
dynamics (CFD) modeling with neural networks and genetic algorithms to optimize the design of the
PEMFC with tapered channel, thereby achieving performance optimization. Firstly, a 3D single-channel
simulation model was developed to investigate the effects of the tapered channel height ratio and mass flow
rate on the PEMFC performance, and the changing of the current density and pressure drop were obtained.
Moreover, a database correlating the tapered channel height ratio and mass flow rate with the current density
and pressure drop were established. Based on this, a high-precision surrogate model was established using
a BP neural network to predict the average current density, standard deviation, and channel pressure drop.
Finally, multi-objective optimization technology was performed using the nondominated sorting genetic
algorithm II (NSGA II) and the Linear Programming Technique for Multidimensional Analysis of Preference
(LINMAP) to obtain the optimal channel height ratio and the corresponding cell performance.

2 CFD Model

2.1 Geometric Model
Fuel cells with conventional channel and tapered channel are schematically shown in Fig. 1. The basic

geometric parameters are listed in Table 1. The inlet geometric parameters of the PEMFC with conventional
channel and tapered channel are identical, while the outlet geometric parameters remain unchanged. The
ratio of the outlet cross-sectional height to the inlet cross-sectional height for the tapered flow channel is
defined as π = Hout/Hin. The PEMFC primarily consists of seven parts: the anode and cathode gas channels,
the anode and cathode gas diffusion electrodes (GDEs), the anode and cathode catalyst layers (CLs), and the
proton exchange membrane. H2 enters the anode, passes through the gas diffusion layer to reach the catalyst
layer, where catalyzed by the anode catalyst, a hydrogen molecule is oxidized into two protons (H+), releasing
two electrons. Protons are transported through the electrolyte membrane to the cathode via hydration, while
electrons travel through the diffusion layer and bipolar plate to the external circuit, eventually reaching
the cathode catalyst layer. Oxygen or air enters the cathode, passing through the cathode diffusion layer,
undergoes a reduction reaction at the cathode catalyst layer, reacting with protons and electrons to form H2O
(liquid or vapor). Compared to the anode, the slower cathode reaction is the main factor limiting PEMFC
performance [14]. Therefore, the cathode side of a high-temperature PEMFC is selected as the research
subject in the paper. Moreover, this paper focuses on high-temperature proton exchange membrane fuel cells
(HT-PEMFCs), which operate at a working temperature of 373 K. It is assumed that the generated water
remains in a gaseous state throughout the process, and the issue of water phase change does not arise.

2.2 Conservation Equations
The mass, heat, and charge transport processes within the PEMFC are governed by the following conser-

vation equations: mass conservation, momentum conservation, species conservation, energy conservation,
liquid water and dissolved water conservation, and proton and electron transport equations, as detailed in
Refs. [15–17].
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Figure 1: Schematics of a PEMFC with conventional channel (left), tapered channel (right)

Table 1: The geometric parameters of the PEMFC

Parameters Value
Channel length L 22.36 mm

Channel width Wch 1.8 mm
Rib width Wrib 1.8 mm

Thickness of GDL Hgdl 0.2 mm
Channel inlet height Hin 1.8 mm

Channel outlet height Hout –
Height ratio of channel inlet and outlet π = Hout/Hin –

Mass conservation equation:

∇ ⋅ (ερ
→

u) = Sm (1)

where ρ is gas density,
→

u is gas velocity, and Sm is the mass source term.
Momentum conservation equation:

∇ ⋅ (ερ
→

u
→

u) = −ε∇p +∇ ⋅ (εμ∇→u) + Smom (2)

where ε is porosity, p is pressure, μ is gas dynamic viscosity, and Smom is the momentum source term.
Energy conservation equation:

∇ ⋅ (ερcp
→

uT) = ∇ ⋅ (ke f f∇T) + SE (3)

where cp is specific heat capacity, T is temperature, keff is effective thermal conductivity, and SE is the energy
source term.

Species transport equation:

∇ ⋅ (→uεci) = ∇ ⋅ (De f f
i ∇ci) + Si (4)
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where ci is species volume fraction, De f f
i is effective species diffusion coefficient, and Si is the species

source term.
Charge conservation equation:

∇ ⋅ (σsol ,mem∇φsol ,mem) + Rsol ,mem = 0 (5)

where the subscripts sol and mem represent the solid phase and membrane phase, respectively; σ , φ and R
represent conductivity, potential, and volumetric transfer current, respectively.

Water saturation equation:

∇ ⋅ [ρl
Ksγ

μl

d pc

ds
∇ ⋅ s] = rw (6)

where s is water saturation, rw is condensation rate, and Pc is capillary pressure. Table 2 shows the Source
terms for governing equations in the model.

Table 2: Source terms for governing equations in the model [15–17]

Conservation
equation Source terms

Mass CL: Sm = −
MO2

4F
Rcat +

MH2 O

2F
Rcat + nd MH2 O

F Rcat

Other domains: Sm = 0

Momentum Smom = 0

Energy

Bipolar plate: SE =
I2

σs

GDL: SE =
I2

σ e f f
s
+ hLrW

CL: SE = Ran ,cat ηan ,cat +
I2

σ e f f
s
+ I2

σ e f f
m
+ hLrW

Species
MEM: SE =

I2

σ e f f
m

CL: SO2 = −
MO2

4F
Rcat

SH2 O =
MH2 O

2F
Rcat +

nd MH2O
F

Rcat − rW

The local current density is defined by the Butler-Volmer equation:

il oc = i0
CO2

CO2re f

(exp( αc

Rg T
Fηc) − exp(− 1 − αc

Rg T
Fηc)) (7)

where i0 represents the exchange current density, CO2 and CO2re f
represent the oxygen molar concentration

and reference oxygen molar concentration, respectively. ηc represents the cathode overpotential.
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The cathode overpotential is calculated as follows:

ηc = ENernst − Vcel l − R0 il oc (8)

where ENernst is the Nernst potential, R0 is the resistance, and Vcell is the actual operating voltage. The Nernst
potential is calculated as follows:

ENernst = 1.229 − 0.87 × 10−3 (T − 298.15) + RT
2F
[ln pH2

+ 1
2

ln pO2
] (9)

where pH2
and pO2

are the partial pressures of hydrogen and oxygen, respectively, R is the universal gas
constant, and F is the Faraday constant.

The average current density of the fuel cell i l oc , and the standard deviation of the current density
distribution, θil oc , are described as follows:

il oc = ∫
il oc ds
∫ ds

(10)

θil oc =

�
����∫ (il oc − i l oc)

2 ds

∫ ds
(11)

2.3 Boundary Conditions
The model operating conditions and inlet parameters are shown in Table 3. Mass flow rate is used at the

inlet, and the gas outlet is set to a pressure boundary condition, fixed at 1 atm. The channel walls are no-slip
boundaries, while slip boundary conditions are considered at the electrodes. Moreover, the mass fractions of
oxygen, water, and nitrogen being 0.228, 0.023, and 0.749, respectively. The outlet condition is atmospheric
pressure, and the manifold effect is not considered. Thermal convection occurs on the wall surfaces of the
flow channels, while the influence of thermal radiation is neglected.

Table 3: Model operating conditions and inlet parameters

Parameters Value
Stoichiometric coefficient of H2O, υH2 O 2

Stoichiometric coefficient of N2, υN2 0
Stoichiometric coefficient of O2, υO2 −1

Operating voltage, Vcell 0.4 V
Ohmic resistance, R0 7e−5 Ω⋅m2

Cathodic transfer coefficient, αc 0.5
Oxygen inlet mass fraction, wO2 ,in 0.228
Water inlet mass fraction, wH2 O,in 0.023

Nitrogen inlet mass fraction, wN2 ,in 0.749
Inlet mass flow rate, m kg/s

Operating temperature, T 373 K
Operating pressure, P 101,325 Pa
Porosity of the GDL, ε 0.8

Permeability of the GDL, κG DL 1.38e−11 m2

Dynamic viscosity, μ 2.07e−5 Pa⋅s
Exchange current density, i0 0.17 A/m2
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2.4 Grid Independence Verification and Model Validation
The computational grid for the PEMFC model with tapered channel is shown in Fig. 2. A structured

grid was used. Since the diffusion layer is thin, the grid was refined at the interface between the diffusion layer
and the channel to improve computational accuracy. Besides, when the PEMFC operating voltage is 0.4 V,
the relative errors of current density between grid systems with 1120, 22,400 and 51,200 elements are limited
within 3%. Therefore, the grid system with 22,400 elements is dense enough and adopted in subsequent study
to save computational resources and time while ensuring result accuracy.

Figure 2: The result of the grid independence testing

To ensure the reliability of the numerical model, the model geometry, operating conditions, and other
key parameters were kept consistent with the experiment of Haghayagh et al. [18]. The polarization curve
obtained from the numerical simulation in this study and the experimental data from Haghayagh is shown
in Fig. 3. From Fig. 3, it can be observed that the simulation results closely match the experimental data,
with a maximum error not exceeding 6%. Therefore, the model is suitable for simulating the performance
of PEMFC.
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Figure 3: Model validation: comparison of polarization curve between simulation and experiment [18]
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3 Results and Discussion

3.1 Effect of Mass Flow Rate and Height Ratio on PEMFC Performance
This section investigates the effects of varying mass flow rates and height ratios (as defined in Table 1) on

the performance of the PEMFC with a tapered channel, including current density, standard deviation, and
channel pressure drop. In this study, the values of height ratio of channel inlet and outlet π were set to 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, while maintaining a constant channel inlet height. The values of inlet
mass flow rate m were set to 2.5e−7, 5.0e−7, 7.5e−7, 1.0e−6, and 1.25e−6 kg/s, respectively. The description
of cases is provided in Table 4, labeled A~E for increasing values of m, and 1~10 for increasing values of π.
Unless otherwise specified, the cell operating voltage in this paper is 0.4 V.

Table 4: Description of the simulated cases regarding the various π and m

Hin (mm) Hout (mm) π Inlet mass flow rate, m (×10−7 kg/s)

2.5 5.0 7.5 10.0 12.5

1.8

0.18 0.1 A1 B1 C1 D1 E1
0.36 0.2 A2 B2 C2 D2 E2
0.54 0.3 A3 B3 C3 D3 E3
0.72 0.4 A4 B4 C4 D4 E4
0.9 0.5 A5 B5 C5 D5 E5
1.08 0.6 A6 B6 C6 D6 E6
1.26 0.7 A7 B7 C7 D7 E7
1.44 0.8 A8 B8 C8 D8 E8
1.62 0.9 A9 B9 C9 D9 E9
1.8 1.0 A10 B10 C10 D10 E10

3.1.1 Effect on Current Density
Fig. 4 depicts the effect of m and π on the current density of the PEMFC with tapered channel. It can be

seen that for a constant height ratio, as the channel mass flow rate increases, the current density of the fuel
cell exhibits an increasing trend, with the rate of increase gradually slowing as the mass flow rate rises. This
phenomenon can be explained from Fig. 5. Fig. 5 presents the distribution of current density in the catalyst
layer at different mass flow rates when the π = 0.9. It is evident that as the mass flow rate increases, the current
density increases, and the current distribution within the latter part of the cell becomes more uniform. This
behavior is attributed to the fact that the electrochemical reaction in the PEMFC is reliant on an adequate
supply of reactants. As the inlet mass flow rate increases, the oxygen partial pressure at the cathode also
increases. According to the Nernst equation (Eq. (9)), higher gas partial pressure boosts the cell’s open-circuit
voltage, thus enhancing the driving force of the reaction, accelerating the reaction rate, and consequently
increasing current density. Additionally, increasing the mass flow rate enhances oxygen transport efficiency,
reduces the concentration gradient in the diffusion layer, and minimizes concentration polarization, which
further contributes to the increase in the cell’s current density. Since the diffusion coefficient of anode
hydrogen is typically large and the associated limitations are minimal, this study considers only the cathode
half-model. In fact, the anode hydrogen transport process is analogous, and adequate gas supply also
facilitates the maintenance of a high reaction rate.
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Figure 4: Performance of PEMFC under different m and π

Figure 5: Current density distribution under different m

As observed in Fig. 4, for a constant mass flow rate, a decrease in π initially causes a significant increase
in current density, followed by a slight decline, with the maximum value occurring near π = 0.3. This behavior
suggests the existence of an optimal fuel cell channel height ratio, where current density is maximized.
The explanation for the behavior can be seen from Fig. 6. Fig. 6 depicts the current density distribution
in the catalyst layer for different values of π at a mass flow rate of 7.5e−7 kg/s. Results reveal that as the
channel height ratio decreases, the current density generally increases. This behavior is due to the fact that
the reactant gas concentration is highest at the channel inlet, leading to the highest current density. As the
gas flows along the channel, the gas concentration progressively decreases, eventually becoming insufficient
to maintain an adequate concentration gradient for the reaction. The reduction in channel height increases
the gas volumetric density in the channel, facilitating the ingress of gas into the catalyst layer for the reaction,
thereby enhancing the current density.
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Figure 6: Current density distribution under different π

Furthermore, the mechanism underlying the height ratio’s effect on current density can also be seen
from the oxygen molar concentration distribution at various cross-sections along the channel direction, as
show in Fig. 7. In Fig. 7, m is set to 7.5e−7 kg/s, with height ratios of 0.1, 0.3, 0.5, 0.7, and 0.9, respectively.
The cross-sections S1, S2, S3, and S4 are situated at 1/5, 2/5, 3/5, and 4/5 of the channel length, measured
from the inlet. It can be seen that as the π decreases, the oxygen concentration in the channel decreases,
indicating that more gas enters the diffusion layer to participate in the electrochemical reaction. This is
because the reduction in channel height ratio decreases the channel cross-sectional area. According to
mass conservation, the gas velocity increases. Higher velocity helps increase the reactant gas concentration
gradient and improve cell voltage. However, as the height ratio continues to decrease, the rate of current
density increase gradually diminishes, and a slight decrease is observed once the height ratio reaches 0.3. This
occurs because reducing the height ratio below 0.3 significantly increases gas velocity, leaving insufficient
residence time in the reaction layer before expulsion. Consequently, diminished oxygen diffusion reduces the
supply to the catalyst layer, slowing the electrochemical reaction rate and lowering current density. This trend,
where further reductions in channel height yield diminishing returns, aligns with the law of diminishing
marginal returns.

Figure 7: Oxygen molar concentration distribution under different π
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3.1.2 Effect on Standard Deviation
Fig. 8 illustrates the variation of the standard deviation of current density for the PEMFC with tapered

channel under different m and π. It can be seen that as π decreases, the standard deviation shows a decreasing
trend; as m increases, the standard deviation similarly decreases. Specifically, when m increases from
2.5e−7 kg/s to 7.5e−7 kg/s, the standard deviation decreases significantly, indicating a substantial improve-
ment in current density uniformity. However, when m increases further beyond 7.5e−7 kg/s, the decrease in
standard deviation becomes slower, suggesting diminishing returns for further improvement in uniformity.
This indicates that increasing the mass flow rate can effectively improve current density uniformity, but it
is also apparent that the improvement diminishes as the mass flow rate continues to increase. This can be
attributed to the fact that an increase in inlet mass flow rate raises the reactant gas velocity, thereby shortening
the gas residence time within the channel. As a result, some gas is expelled before fully participating in the
electrochemical reaction, leading to lower reactant utilization. Given that the reactant gas fed into the channel
is air, if the mass flow rate is excessively high, oxygen may not have enough time to fully diffuse into the
catalyst layer. This results in localized oxygen starvation and performance degradation, negatively impacting
the uniformity of the electrochemical reaction and yielding minimal benefits for current density uniformity.
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Figure 8: Standard deviation of current density under different m and π

3.1.3 Effect on Pressure Drop
Fig. 9 illustrates the variation of the pressure drop for the PEMFC with tapered channel under different

m and π. It can be seen that although increasing the inlet mass flow rate boosts the current density, it also
results in a rise in pressure drop within the channel, leading to additional power consumption. Taking the
mass flow rate of 7.5e−7 kg/s as an example, it can be found that when the height ratio decreases from 1.0
to 0.5, the pressure drop gradually increases. This is because the channel cross-section decreases, increasing
the flow resistance. As the height ratio decreases from 0.5 to 0.3, the rate of increase in pressure drop slightly
accelerates, though it remains within a reasonable range. When the height ratio decreases from 0.3 to 0.1,
the pressure drop increases sharply. This phenomenon can be explained by analogy to Darcy’s law and the
Poiseuille law, which state that pressure loss in microchannels exhibits a nonlinear relationship with channel
size/height, as expressed in the following equation [19]:

Δp ∝ 1
D4 (12)
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where D represents the equivalent diameter of the channel. Therefore, when the height ratio is too small,
the equivalent diameter decreases, causing a significant increase in the inlet-outlet pressure difference. This
phenomenon is highly unfavorable for reducing pump power consumption. Therefore, height ratios below
0.3 are not considered.
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In summary, variations in the height ratio can affect gas transport, current density uniformity and
pressure drop in the PEMFC with tapered channel. However, overall, the decreasing in the height ratio of
inlet and outlet has a consistent effect on improving both current density and its uniformity.

3.2 Construction of a High-Precision Surrogate Model
This section aims to develop a high-precision prediction model for the average current density, current

density standard deviation, and pressure drop of the PEMFC, which is a multi-input multi-output problem.
The BP neural network is a multi-layer feedforward network with high self-learning and adaptive capabilities.
It typically consists of an input layer, hidden layers, and an output layer. The feedforward network sequentially
transmits information from the input layer to the hidden layers and subsequently to the output layer.
Different layers are interconnected via neurons, where each neuron structure is used for information
reception and transmission and can be regarded as a specific output function—the activation function (AF).
A commonly used activation function is defined as follows:

f (x) = 1/ (1 + e−x) (13)

Based on the 50 cases from Section 3.1, the height ratio and mass flow rate are selected as input
parameters, and average current density, standard deviation, and channel pressure drop of the PEMFC are
selected as output parameters. Therefore, the number of neurons in the input and output layers is 2 and 3,
respectively. The number of neurons in the hidden layer is determined using the following empirical formula:

i′ = 2s′ + 1 or i′ =
√

s′ + t + a (14)

where i′ is the number of input neurons, s′ is the number of hidden neurons, t is the number of output
neurons, and a is an integer between [0, 10].
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The 50 datasets obtained in Section 3.1 are randomly divided for training, testing, and validation sets,
accounting for 80%, 10%, and 10%, respectively. The validation set is utilized to prevent model overfitting.
The topology of the BP neural network is illustrated in Fig. 10.

Figure 10: Topology of BP neural network

The accuracy of the neural network is evaluated using the Mean Relative Error (MRE) and the
Coefficient of Determination (R2), defined as follows:

MRE = 1
N

N
∑
i̇=1
∣ yi − y−i

yi
∣ × 100% (15)

R2 = 1 −

n
∑
i=1
(yi − y−i )

2

n
∑
i=1
(y − yi)2

(16)

where N represents the number of test samples, yi represents the true value, y−i represents the model predicted
value, and y represents the average of the true values. MRE indicates the deviation between the true and
predicted values, and R2 is used to measure the degree to which the model’s predicted output explains the
actual value. In general, the closer the MRE is to 0 and the closer R2 is to 1, the higher the reliability of
the model.

The selection of the neural network architecture is mainly based on three factors: topology, training
algorithm, and activation function. The topology primarily considers the number of hidden layers and
neurons. Since there are 2 input variables and 3 output parameters, the input layer and output layer are
designed with 2 and 3 neurons, respectively. The activation function enables the neural network to handle
nonlinear problems and enhances its function approximation capability. Both the training algorithm and
hyperparameters also exert an impact on the convergence and accuracy of the model. Referring to relevant
studies and preliminary work, the hyperparameter settings of the BP neural network in this study are as
follows: the number of hidden layer neurons is set to 12, which achieves a good balance between network
complexity and generalization ability. The tansig function is adopted as the activation function, the number



14 Front Heat Mass Transf. 2026;24(2):6

of training epochs is set to 2000, and the learning rate is 0.001. Fig. 11 presents a comparison between the
numerical simulation results and the predictions of the surrogate model. Based on the calculation, the MRE
of current density, standard deviation, and pressure drop are 0.84%, 1.44%, and 1.77%, respectively. And R2

are all above 0.999. Therefore, the prediction model proposed in this study is considered capable of providing
design guidance for PEMFC performance optimization.

Figure 11: Comparison between the surrogate model and CFD model: (a) current density; (b) standard deviation;
(c) pressure drop

3.3 Multi-Objective Optimization Using NSGA-II
This section combines the BP neural network and NSGA-II to optimize the performance of PEMFC.

Based on the well-trained neural network model, the genetic algorithm is employed to perform online
optimization of the Pareto optimal solutions for the PEMFC current density, standard deviation, and
pressure drop.

During the search process for various possible optimal designs of the PEMFC using the genetic
algorithm, a large number of possible solutions are generated. The set of non-dominated solutions is referred
to as the Pareto solution set. Since different weights can be assigned to each objective parameter under
different scenarios, the genetic algorithm solving the comprehensive objective function can obtain a set of
Pareto solutions and one optimal solution that minimizes the comprehensive objective function for each
scenario. The objective functions in this study are maximum average current density, minimum standard
deviation, and minimum channel pressure drop.

The Pareto solution set obtained in this study is presented in Fig. 12. To decide an optimal tapered
channel solution among the three objectives, the LINMAP method is employed to perform a trade-off
between current density, standard deviation and pressure drop. The LINMAP method identifies the optimal
solution by calculating the Euclidean distance between the Pareto and ideal solutions [20]. The optimal
tapered channel solution in this study (marked by a star in Fig. 12) is 3161.28 A/m2 for current density,
53.31 A/m2 for current density standard deviation, 5.65 Pa for pressure drop when π = 0.385, m = 12.46e−7
kg/s. The CFD simulation results for the optimal model (with a height ratio of 0.385) were also obtained using
the input parameters corresponding to the Pareto optimal solution. As shown in Table 5, the CFD numerical
simulation of the PEMFC at the optimal height ratio yielded the average current density of 3141.41 A/m2,
the standard deviation of 53.58 A/m2, and the pressure drop of 5.49 Pa. Additionally, the CFD numerical
simulation of the PEMFC at π = 1 (for the conventional channel) were also obtained, which yielded the
average current density of 2935.31 A/m2, the current density standard deviation of 55.63 A/m2, and the
pressure drop of 1.54 Pa. Fig. 13 illustrates the current density distribution of the PEMFC with conventional
channel and optimal tapered channel at an operating voltage of 0.4 V. It can be seen that during the reaction,
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the current density reaches its maximum at the channel inlet and gradually decreases along the gas flow
direction. Compared with the conventional channel, although the pressure drop of the PEMFC with the
optimal tapered channel increases, the magnitude of the increase is relatively small. Therefore, the increase
in channel pressure drop due to height ratio reduction remains within a reasonable range. Compared to the
results of the conventional channel, the current density increased by 7.02% and the current density standard
deviation decreased by 3.7%, while the pressure drop increased 4.11 Pa. Therefore, the channel with the
optimal height ratio can achieve higher current density and power density while enhancing the uniformity
of the cell current distribution.
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Figure 12: Pareto frontier curve of the optimization results. (a) Three-dimensional results; (b) Two-dimensional
projection

Table 5: Comparison of calculation results between conventional channel and optimal channel

Current
density (A/m2)

Current density
standard deviation

(A/m2)

Pressure
drop (Pa)

CFD model:
conventional channel 2935.31 55.63 1.54

Surrogate model:
optimal channel 3161.28 53.31 5.65

CFD model: optimal
channel 3141.41 53.58 5.49
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Figure 13: Current density distribution of PEMFC with conventional channel and tapered channel

4 Conclusion
This study focused on the PEMFC with tapered cathode channel, exploring the influence of the

channel height ratio and mass flow rate on the performance of the PEMFC, and obtained an optimized
tapered PEMFC channel configuration by combining artificial intelligence and multi-objective optimization
techniques. The conclusions are as follows:

(1) The average current density exhibits a non-monotonic trend with decreasing height ratio, reaching its
maximum near π = 0.3. This peak performance is associated with enhanced current density uniformity
(lower standard deviation) at the cost of a higher channel pressure drop.

(2) Increasing the mass flow rate improves both the average current density and its uniformity while
raising the pressure drop. The magnitude of these effects, however, decreases with further increments
in flow rate.

(3) A surrogate model based on a BP neural network demonstrates excellent predictive capability for
PEMFC performance. Its accuracy is validated by low mean relative errors (MRE < 1.8%) and near-
unity R2 values (>0.999) for all three output parameters.

(4) Compared with the conventional channel, the PEMFC with the optimally designed tapered channel
configuration obtained through multi-objective optimization methods exhibits 7.02% increase in
current density, 3.7% reduction in standard deviation, while maintaining the channel pressure drop
an acceptable range. The fuel cell stack developed based on the variable-cross-section flow channel
configuration proposed in this paper achieves higher current density and lower pressure drop. This will
to a certain extent alleviate the issue of low power density associated with traditional fuel cell stacks,
verifying that the proposed configuration is worthy of further experimental research and promotion.

Although an effective optimization design and methodology are proposed in this paper, there are still
some limitations. First, to simplify calculations and save computational time, this study does not consider
contact resistance, degradation mechanisms, and aging issues in detail; moreover, complex processes such
as water transport and phase change are either simplified or neglected. Second, the model is based on a
steady-state assumption, and thus cannot directly evaluate the transient response of the designed scheme. In
addition, the research object of this paper is a single flow channel, failing to take into account factors such
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as inter-channel interactions and uneven gas supply distribution, which may exert a significant impact on
the performance of actual fuel cell stacks. Future research will focus on addressing these issues to further
improve the accuracy and applicability of the model.
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Nomenclature
→

u Gas velocity
Sm The mass source term
p Pressure
Smom The momentum source term
T Temperature
SE The energy source term
De f f

i Effective species diffusion coefficient
R Volumetric transfer current
rw Condensation rate
pc Capillary pressure
ENernst The Nernst potential
R0 The resistance
Vcell The actual operating voltage
il oc The local current density
pH2

The partial pressures of hydrogen
pO2

The partial pressures of oxygen
R The universal gas constant
F The Faraday constant
i l oc The average current density of the fuel cell
D The equivalent diameter of the channel
i′ The number of input neurons
s′ The number of hidden neurons
t The number of output neurons
N The number of test samples
yi Represents the true value
y−i Represents the model predicted value
y Represents the average of the true values
MRE Indicates the deviation between the true and predicted values
R2 Measure the degree to which the model’s predicted output explains the actual value
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i0 The exchange current density
CO2 The oxygen molar concentration
CO2re f

Reference oxygen molar concentration
cp Specific heat capacity
keff Effective thermal conductivity
ci Species volume fraction
Si The species source term
s Water saturation

Greek symbols
ρ Gas density
ε Porosity
μ Gas dynamic viscosity
σ Conductivity
φ Potential
ηc Represents the cathode overpotential
θil oc The standard deviation of the current density distribution
a An integer between [0, 10]
π The ratio of the outlet cross-sectional height to the inlet cross-sectional height for the tapered flow channel

Subscripts
sol Solid phase
mem Membrane phase
eff Refer to effective
cell Refer to battery
Nerst Refer to Nernst
loc Refer to local
ref Refer to reference
O2 Refer to oxygen
H2 Refer to hydrogen
mom Refer to momentum
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