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1. The constructed regression model is verified by ANOVA. 

2. RSM and NSGA-II is combined for multi-objective optimization of PEMFC. 

3. Effects of interaction term on power density and system efficiency are revealed. 

4. The distribution of Pareto-optimal solutions is obtained. 

5. The optimal design parameters of PEMFC are determined. 
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Abstract: This study optimized the performance of a proton exchange membrane fuel cell by 12 

combining the response surface methodology and non-dominated ranking genetic algorithm. Firstly, 13 

the design variables are determined, including operating pressure (p), operating temperature (T), 14 

Anode stoichiometry ratio (λa), thickness of the proton exchange membrane (Hmem) and gas diffusion 15 

layer (GDL) porosity (εGDL). The objective functions are also identified, including power density (P), 16 

system efficiency (η) and exergy efficiency. Then, the Box-Behnken design is employed to arrange 17 

the numerical investigations. Analysis of variance is used to verify the appropriateness and reliability 18 

of the constructed regression models. Response surface analysis is used to show the interaction 19 

between each pair of design parameters. Finally, the Pareto optimal frontier is obtained by non-20 

dominated ranking genetic algorithm II and the regression models constructed by response surface 21 

methodology. The Pareto optimal solution offers a power density of 0.6327 W·cm-2, a system 22 

efficiency of 26.16% and an exergy efficiency of 43.94 %, which is 13.18 %, 7.06 % and 20.29 % 23 

better than the initial direct current channel, respectively. The corresponding design variables is 24 

p=2.6498 atm, T=341.621 K, λa =1.1808, Hmem =0.0577 mm and εGDL =0.4908. This work provides a 25 

new multi-objective optimization method for designing more efficient proton exchange membrane 26 

fuel cells. 27 

Keywords: Proton exchange membrane fuel cell; Multi-objective optimization; Response surface 28 

methodology; Non-dominated sorting genetic algorithm II 29 
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Nomenclature 

A   area (m2) 

C   molar concentration (mol·m−3)  

cp   constant pressure heat capacity (J·kg-1·k−1)  

D   mass diffusivity of species (m2 ·s−1)  

ex  exergy (W) 

F   Faraday’s constant (96485C mol−1) 

ℎ   specific enthalpy (kJ·kg−1) 

H   thickness 

i    current density (A·cm−2) 

I    electric current (A) 

j    exchange current density (A·m−3)  

k    thermal conductivity (W·m-1·k−1)  

p     pressure (atm)  

pin    inlet air pressure to the compressor 

P     power density(W·cm-2) 

r     condensing rate (kg·m-2·s−1) 

R     universal gas constant (8.314 J·mol-1·K−1) 

R2    coefficient of determination 

𝑠     specific entropy (kJ·mol−1·K−1) 

Te    entry air temperature (K) 

T     temperature (K)
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W    power (W)

 

𝑢
→    velocity (m·s−1) 

x     Mass fraction 

Greek letters 

α    transfer coefficient  

β     overpotential (V) 

ε     porosity 

μ     viscosity (Pa·s−1) 

ρ     density (kg·m−3) 

η     efficiency  

ηc    compressor connecting efficiency 

ηmt    motor efficiency 

σ     conductivity (S·m−1) 

𝜑     phase potential (V) 

λ     stoichiometric ratio 

𝛾     specific heat ratio 

𝜓     exergy efficiency 

subscripts  

a     anode  

c     cathode 

ch    chemical exergy 

eff    effective 

H2    Hydrogen 



 5 

  34 

in     inlet 

l      liquid phase 

i      species (H2, O2, H2O) 

w     water 

mem   membrane 

O2     oxygen 

ref     reference 

s       solid phase  

Abbreviations 

ANOVA  Analysis of variance 

BPP    bipolar plate 

CFD    computational fluid dynamics 

CL     catalytic layer 

GDL    gas diffusion layer 

LHV    lower heating value of hydrogen (2.4×105 J·mol−1) 

NSGA-II  non-dominated sorting genetic algorithm 2 

PEMFC  proton exchange membrane fuel cell 

RSM     response surface methodology 

RH   relative humidity 

UAV     unmanned aerial vehicle 
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1. Introduction 35 

Nowadays, fuel cells are considered a renewable energy source and have been used as power 36 

sources for many mechanical devices because they are environmentally friendly, reliable and efficient 37 

[1-3]. Among various types of fuel cells, proton exchange membrane fuel cells (PEMFCs) perform 38 

better in terms of specific energy density, conversion efficiency, transient response and operating 39 

temperatures [4-7]. However, there are still many key challenges for PEMFCs before large-scale 40 

commercialization, such as reducing cost [8-10], improving durability [11-13], and increasing power 41 

density [14-16]. 42 

Investigations were carried out on performance optimization of PEMFC to address the above 43 

issues [17-21]. Seyhan et al. [22] showed that the maximum power of a serpentine flow channel with 44 

the lowest amplitude was increased by 20.15 % compared to the conventional serpentine flow channel 45 

at 0.7 SLPM H2 and 1.5 SLPM air. Saleh et al. [23] investigated the operation of a PEMFC unmanned 46 

aerial vehicle (UAV) in a high-altitude environment. Ubong et al. [24] simulated the performance of 47 

a single cell with three serpentine flow channels at different temperatures, pressures, and air 48 

stoichiometry ratios. The results showed that the theoretical model could accurately predict the 49 

experimental results. Haraldsson et al. [25] explored the effect of environmental causal conditions on 50 

the performance of fuel cell vehicles. Ghasabehi et al. [26] studied the porosity of different working 51 

pressures, temperatures, stoichiometry and gas diffusion layers (GDL). They found that porosity and 52 

pressure played an important role in determining the water saturation focal and resistance. Li et al. 53 

[27] proposed that the thickness of the proton exchange membrane had an important effect on power 54 

density, efficiency and oxygen homogeneity at different proton exchange membranes. Son et al. [28] 55 

investigated the effect of anisotropic GDL porosity on PEMFCs with different flow channels. Cho et 56 

al. [29] investigated the effect of temperature, relative humidity and cathode stoichiometry on the 57 

dynamic response of voltage at different current variations. Sim et al. [30] systematically investigated 58 
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the effects of operating temperature, hydrogen humidification, cathode opening zone orientation, and 59 

GDL substrate thickness on OC-PEMFC performance. 60 

Furthermore, system and exergy efficiencies of PEMFCs were extensively investigated [31-33]. 61 

Authayanun et al. [34] analyzed the effects of temperature, pressure and stoichiometry ratios of anode 62 

and cathode on battery efficiency and performance. Chen et al. [35] studied the effect of auxiliary 63 

equipment energy consumption on fuel cell power system efficiency and total system cost under 64 

dynamic operating conditions. Midilli et al. [36] investigated the effect of irreversibility on the 65 

thermodynamic properties of PEMFC under different operating conditions. The results showed that 66 

increasing the thickness of the membrane would reduce the exergy efficiency of the PEMFC. Kazim 67 

et al. [37] performed an integrated exergy analysis under variable operating temperature, pressure, 68 

cell voltage and air stoichiometry. Luo et al. [38] comprehensively analyzed the energy consumption, 69 

emissions and economics of methanol, electric, gas and gasoline vehicles. Zhao et al. [39] 70 

investigated the effect of PEMFC operating parameters and refrigeration system on the energy, exergy, 71 

economy and environment (4Es). 72 

Multi-objective optimization is critical for obtaining a better comprehensive performance of 73 

PEMFCs. Kanani et al. [40] used the central composite second-order response surface method (RSM) 74 

to model the effects of various parameters on the power. The results showed that optimal performance 75 

could be achieved under certain values of cathode stoichiometry, anode stoichiometry and relative 76 

humidity. Li et al. [41] proposed a fast and systematic optimization method by combining ANOVA, 77 

substitution model and non-dominated ranking genetic algorithm (NSGA-II) to reduce common 78 

PEMFC parameters from eleven to six. An optimization procedure combining NSGA-II and 79 

substitution model was also introduced, which took only 9 min 37 s to complete the multi-objective 80 

optimization. Silva et al. [42] combined RSM with error propagation to provide an efficient robust 81 
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design, which could find the best working conditions, maximize the power density and reduce the 82 

normal working variability of PEMFC. Sohani et al. [43] proposed an objective function based on 83 

one possible combination of efficiency, power density, levelized cost and size. The best solution based 84 

on four preference criteria for traffic and stationary applications was selected by comparing the 85 

optimal answers of different scenarios. The effect of capacity variation on decision and the 86 

corresponding values of the four performance criteria were also investigated. Yao et al. [44] 87 

investigated multiple objectives for the performance optimization of a PEMFC by verifying the 88 

feasibility of water recovery and the effect of pressure, temperature and relative humidity on the 89 

electrochemical performance and water recovery performance. Chen et al. [45] applied a new 90 

evolutionary algorithm (MOEA/D) for system optimization and discussed the system performance 91 

under different operating conditions. 92 

As reviewed above, multi-objective optimization is an effective tool to help improve the 93 

comprehensive performance of PEMFCs. However, it is necessary to understand the interaction 94 

effects of different factors on the performance of PEMFCs for the multi-objective optimization. To 95 

fill this knowledge gap, this work combined the RSM and NSGA-II to obtain the optimal power 96 

density, system efficiency and external energy efficiency of PEMFCs. This work provides a new 97 

method for multi-objective optimization of PEMFCs. 98 

 99 

2. PEMFC Model 100 

2.1. Physical model 101 

In this work, a three-dimensional geometry of a single-channel PEMFC is constructed by 102 

SOLIDWORKS (Figure 1). The geometric parameters are presented in Table 1. The model includes 103 

seven components, i.e. cathode gas channel, anode gas channel, gas catalytic layer, GDL, and proton 104 
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exchange membrane [46]. In the anode catalytic layer, hydrogen is catalytically decomposed into 105 

protons, which reach the cathode through the proton exchange membrane. The electrons generated 106 

by hydrogen decomposition go to the cathode through the load, which can generate electricity. 107 

Cathode gas channel

Gas Diffusion Layer

Gas catalytic layer

Membrane

Anode gas channel

Gas Diffusion Layer

Gas catalytic layer

 108 

Figure 1 Geometry of a single-channel PEMFC. 109 

Table 1 Geometric parameters 110 

Parameters Value (mm) Ref 

Channel width 0.7874 [24] 

Channel depth 1.0 [24] 

Channel length 20.0 [24] 

Rib width 0.90932 [24] 

Cell width 2.0 [24] 

GDL thickness 0.38 [24] 

CL thickness 0.05 [24] 

Membrane thickness 0.1 [24] 

2.2. Governing equations 111 

Assumptions are made to simplify the mathematical model of PEMFC [40]. Firstly, the PEMFC 112 

works under steady state. Secondly, the flow in the gas channel is incompressible stratified flow with 113 

constant physical parameters. Thirdly, the gas mixture is considered ideal gas. Finally, the membrane, 114 

CL and GDL are isotropic porous mediums. Thus, the governing equations of continuity, momentum, 115 

energy, species and charge conservation are as follows: 116 
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Continuity equation [40]: 117 

∇ ∙ (𝜌𝑢⃗ ) = 0                                                                               (1)  118 

Momentum equation [40]: 119 

1

𝜀2
 𝛻 ∙ (ρ u⃗  u⃗ ) = -𝛻p+ 

1

𝜀
 𝛻 ∙ (𝜇𝛻𝑢⃗ ) + Su                             (2)  120 

where p is the pressure, μ is the viscosity, and Su is the momentum source term, for GDL and CL, 121 

𝑆u = −
𝜇

𝐾
𝜀2𝑢⃗                                                                              (3)  122 

Energy equation [52]: 123 

 124 

𝜀𝜌𝑐p𝑢⃗ ∙ ∇𝑇 = ∇ ∙ (𝑘eff∇𝑇) + 𝑆h                                             (4)  125 

where cp is the constant pressure specific heat, T is the temperature, keff is the effective thermal 126 

conductivity, and Sh is the energy term. 127 

𝑘eff = 𝜀𝑘l + (1 − 𝜀)𝑘s                                                               (5)  128 

𝑆h = ℎreact + 𝑗a,c𝜂a,c + 𝐼2𝑅ohm + 𝑟wℎl                                (6)  129 

where kl is the thermal conductivity of the fluid and ks is the thermal conductivity of the solid. 130 

Species conservation equation [40]: 131 

∇ ∙ (𝜀𝑢⃗ 𝐶i) = ∇ ∙ (𝐷i,eff∇𝐶i) + 𝑆i                                             (7)  132 

where Ci is the volume fraction of different species, Si is the species source term, and Di,eff is the 133 

effective diffusivity of the species which represents the effect of porous media and can be expressed 134 

as follows: 135 

𝐷i,eff = 𝜀1.5(1 − 𝑠)2.5𝐷i
0 (

101325

𝑝
) (

𝑇

300
)
1.5

                   (8)  136 

Charge conservation equation [40]: 137 

∇ ∙ (𝜎s∇𝜑s) + 𝑆s = 0                                                                  (9)  138 

∇ ∙ (𝜎m∇𝜑m) + 𝑆m = 0                                                          (10)  139 
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where σs and σm are the conductivity of the solid region and the membrane, respectively, φs and φm 140 

are the phase potentials of the solid region and the membrane, respectively, and Ss and Sm are the 141 

volume transfer currents of the solid region and the membrane, respectively. σm can be described as: 142 

𝜎m = (0.514𝜔 − 0.326)𝑒1268(
1

303
−

1
𝑇
)                                (11)  143 

where 𝜔 is the water content of the membrane and T is the temperature. 144 

Sources terms in the electron and proton transport equations are derived from electrochemical 145 

reactions that occur only at the anode and cathode catalyst layers and are presented as: 146 

Anodic catalytic layer: 147 

𝑆m = 𝑗a     𝑆s = −𝑗a                                                                  (12)  148 

Cathodic catalytic layer: 149 

𝑆m = 𝑗c     𝑆s = −𝑗c                                                                 (13)  150 

where ja and jc are the transfer current densities corresponding to the electrochemical reactions at the 151 

anode and cathode catalyst layers, respectively. 152 

The source terms in both the substance and charge equations are related to the transfer current 153 

densities ja and jc, which are calculated by the simplified Butler-Volmer equation: 154 

𝑗𝑎 = 𝑎𝑖0,𝑎
𝑟𝑒𝑓

(
𝐶H2

𝐶𝐻2,𝑟𝑒𝑓
)

0.5

(
𝛼a + 𝛼c

𝑅𝑇
𝐹𝛽a)                            (14)  155 

𝑗𝑐 = 𝑎𝑖0,c
𝑟𝑒𝑓

(
𝐶O2

CO2,ref
)𝑒𝑥𝑝 (−

𝛼c

𝑅𝑇
𝐹𝛽c)                                   (15)  156 

where 𝛽 denotes the potential difference between the solid substrate and the electrolyte, defined as: 157 

Anode side: 158 

𝛽a = 𝜑s − 𝜑m                                                                         (16)  159 

Cathode side: 160 

𝛽c = 𝜑s − 𝜑m − 𝑈oc                                                              (17)  161 

where Uoc is the open circuit potential. 162 
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2.3. Numerical scheme 163 

COMSOL Multiphysics is used to solve the above governing equations. The inlet velocities of 164 

anode and cathode flow channels are kept constant. The inlet gas velocities are calculated based on 165 

stoichiometric ratios, fuel cell active area and flow channel dimensions [24]: 166 

𝑢
→

in_c
=

𝜆c
𝐼

4𝐹 𝑥o2
𝑅𝑇

𝑝 ∙ 𝐴channel
                                                         (18)  167 

𝑢
→

in_a
=

𝜆a
𝐼

4𝐹 𝑥H2
𝑅𝑇

𝑝 ∙ 𝐴channel
                                                        (19)  168 

The reference pressure is set to atmospheric pressure at the outlet of the flow channel. Symmetric 169 

boundary conditions are applied at the left and right sides of the GDL and CL. No-slip boundary 170 

condition is employed at the other walls [24]. The voltage of the anode receiver is set to zero and the 171 

cathode receiver is set to 0.95 V. During the simulations, the cathode voltage value is varied between 172 

0.95 and 0.4 V with an interval of 0.05 V [41]. 173 

2.4. Grid independence study 174 

The effect of grid number on voltage and current density was examined to obtain a proper grid 175 

size for the optimal computational cost and calculation accuracy. As shown in Figure 2, the current 176 

density difference between 5056 and 19708 grids at 0.2 V is 10.08 %. However, the three polarization 177 

curves of 19708, 78648 and 124644 grids almost overlap. Therefore, the calculation results are 178 

independent of the grids when the grid number is larger than 19708. Considering the calculation time 179 

and accuracy, the model with the grid number of 19708 is chosen in this work. 180 
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Figure 2 Effect of grid size on voltage and current density. 182 

2.5. Model validation 183 

To verify the model, the simulation results are compared with the experimental data [24] under 184 

the same working conditions. The geometric parameters of the model are the same as those of the 185 

experimental device (Table 2). The experimental and numerical results under different pressure 186 

conditions are shown in Figure 3. The CFD results agree well the experimental data. The error is 187 

within an acceptable range, indicating that the model is feasible in this work. 188 
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 189 

Figure 3 Model validation. 190 

Table 2 Main operating parameters of the PEMFC 191 

Parameter Value Ref 
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Entry air temperature (Te) (K) 301.15 [24] 

Fuel cell temperature (T) (K) 453.15 [24] 

Reference ambient temperature(T0)(K) 293.15 [49] 

Anode inlet gas flow rate (λa) 1.2 [24] 

Cathode inlet gas flow rate (λc) 2 [24] 

Backpressure (Pa) 101325 [24] 

Membrane conductivity (S·m-1) 9.825 [24] 

Membrane permeability (m2) 1.80E-11 [24] 

Gas diffusion layer conductivity (S·m-1) 222 [24] 

Gas diffusion layer permeability (m2) 2.36E-12 [24] 

Mass fraction of H2O at cathode 0.037319 [24] 

Mass fraction of O2 at cathode 0.20216 [24] 

Mass fraction of H2 at anode 0.96268 [24] 

Open-circuit voltage (V) 0.95 [24] 

Anode exchange current density (A·m−2) 1.00E+02 [24] 

Cathode exchange current density (A·m−2) 1.00E-03 [24] 

GDL porosity 0.4 [24] 

CL surface-to-volume ratio (1/m) 1.00E+07 [24] 

Cathode transfer coefficient 1 [24] 

Compressor efficiency (ηc) 0.85 [45] 

Inlet pressure (pin) (atm) 1 [45] 

Motor efficiency (ηmt) 0.85 [45] 

Specific heat constant of air (cp) (J·K−1·kg−1) 1004 [45] 

Standard chemical exergy of hydrogen 

(𝒆𝒙𝐇𝟐

𝐜𝐡 )(kJ·kmol
−1) 

235150 [50] 

Standard chemical exergy of oxygen 

(𝒆𝒙𝐎𝟐

𝐜𝐡 )(kJ·kmol
−1) 

3970 [49] 

Standard chemical exergy of nitrogen 

(𝒆𝒙𝐍𝟐

𝐜𝐡 )(kJ·kmol
−1) 

720 [49] 

Standard chemical exergy of water 

(𝒆𝒙𝐇𝟐𝐎
𝐜𝐡 )(kJ·kmol

−1) 
3120 [49] 

3. Multi-objective optimization 192 

3.1. Response surface methodology 193 

The RSM developed by Box and Wilson in 1951 [48] is a statistical method to solve multivariate 194 
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problems by using a reasonable experimental design method and obtaining certain data through 195 

experiments. It employs a multiple quadratic regression equation to fit the functional relationship 196 

between factors and response values. The optimal process parameters are identified through the 197 

analysis of the regression equation. The relationship between the objective function G and the design 198 

variables x1, x2, ..., xk is expressed as: 199 

𝐺 = 𝑓(𝑥1, 𝑥2, …𝑥k) + 𝜀                                                             (20)  200 

where f denotes the approximation function and ε denotes the residual error between the actual value 201 

and the approximation value. The approximation function can be a quadratic polynomial function 202 

reflecting the nonlinear relationship between the target function and the design variables. The 203 

quadratic polynomial function containing the linear, squared and interaction terms is expressed as: 204 

𝐺 = 𝑎0 + ∑𝑎i𝑥i +

𝑘

𝑖=1

∑𝑎ii𝑥i
2

𝑘

𝑖=1

+ ∑𝑎ij𝑥i𝑥j + 𝜀

𝑖≤𝑗

                (21)  205 

where a0, ai, aii, and aij denote the intercept regression coefficient, the linear effect of xi, the quadratic 206 

effect of xi, and the linear interaction effect between xi and xj, respectively. 207 

3.1.1. Design variables 208 

Previous studies [22] found that the operating temperature (T), operating pressure (p), Anode 209 

stoichiometry ratio (λa), porosity of the GDL (εGDL), and thickness of the membrane (Hmem) were the 210 

main factors affecting the performance of the PEMFC. Therefore, this study selected these five design 211 

variables for optimization. As shown in Table 3, each design variable has three levels which were 212 

chosen based on the general range of PEMFC parameters and some experience [51]. 213 

Table 3 The design variables and levels 214 

Factor Level A Level B Level C 

Operating pressure (P) (atm) 1 2 3 

Operating temperature (T) (K) 333 343 353 

Anode stoichiometry ratio (λa) 1 1.5 2 
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Membrane thickness (Hmem) (mm) 0.05 0.1 0.15 

GDL porosity (εGDL) 0.3 0.4 0.5 

3.1.2. Objective functions

 

215 

The objective function in this work includes the power density (W·cm-2), system efficiency (%) 216 

and exergy efficiency (%).

 

217 

The power density is defined as [52]: 

218 

𝑤 = 𝑖𝑉                                                                           (22)  219 

where i is the current density of the PEMFC and V is the corresponding voltage. 

220 

The system efficiency is: 

221 

𝜂 =
𝑊 − 𝑊prs

𝑊fuel
                                                                (23)  222 

where W is the output power of PEMFC, Wprs stands for parasitic power and Wfuel is the inherent 

223 

power of the fuel. They are expressed as: 

224 

𝑊 = 𝑤𝐴                                                                              (24)  225 

𝑊prs = 𝑊comp + 𝑊others                                                  (25)  226 

𝑊fuel = 𝜆a

𝑖𝐴

2𝐹
𝐿𝐻𝑉                                                             (26)  227 

where λa is the stoichiometric ratio of the anode, Wcomp is the power consumption of the compressor, 

228 

and Wothers are other power losses: 

229 

𝑊comp =
𝑐p𝑇e

𝜂c𝜂mt
[(

𝑝

𝑝in
)
0.286

− 1]𝑚air                                (27)  230 

𝑚air = 3.57 × 10−7𝜆c𝑖𝐴                                                      (28)  231 

𝑊others = 0.05𝑊                                                                    (29)  232 

Some parameters in the above equations are assumed to be constant although they may vary with 

233 

compressor size and full load ratio. However, this does not affect the optimization procedure, and 

234 

similar assumption was made in the previous studies [42,52]. 

235 

The system has the ability to do work externally when there is an imbalance between the 

236 
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chemical potential, concentration, and electromagnetic field of the given position between the 

237 

thermodynamic system and the environment. Exergy is the part of energy that can theoretically be 

238 

infinitely converted to any other form of energy when the system is reversibly changed from an 

239 

arbitrary state to a state in equilibrium with the given environment. Any irreversible process is subject 

240 

to exergy loss. Therefore, in mathematics, the exergy balance can be calculated by the following 

241 

equation [49, 50, 53, 54]: 

242 

∑𝐸̇𝑥in
fc = ∑𝐸̇𝑥fav,out

fc + ∑𝐸̇𝑥RWE
fc + ∑𝐸̇𝑥UWE

fc + ∑𝐸̇𝑥des
fc                       (30) 243 

where ∑ 𝐸̇ 𝑥fav,out
fc , ∑ 𝐸̇ 𝑥RWE

fc , ∑ 𝐸̇ 𝑥UWE
fc  and ∑ 𝐸̇ 𝑥des

fc  represent favorable exergy, reusable waste 244 

exergy, unavailable waste exergy, and destructive exergy, respectively. 245 

Exergy can be decomposed into various components. In PEMFCs, kinetic and potential exergy 

246 

can be neglected. So the total exergy can be written as: 

247 

𝑒𝑥i = 𝑒𝑥tm + 𝑒𝑥ch                                                                        (31) 248 

The thermal potential energy is defined as: 

249 

𝑒𝑥tm = (ℎ − ℎ0) − 𝑇0 (𝑠 − 𝑠0)                                                       (32) 250 

where h and s denote the specific enthalpy and the entropy, respectively. The reference ambient 

251 

temperature and pressure are 298 K and 1 atm, respectively. The thermal potential exergy of an ideal 

252 

gas with constant specific heat capacity and constant specific heat ratio is expressed as: 

253 

𝑒𝑥tm = 𝑐p𝑇0 [
𝑇

𝑇0
− 1 − ln(

𝑇

𝑇0
) + ln(

𝑝

𝑝0
)
γ−1
γ

 
]                                           (33) 254 

where the specific heat capacity and the specific heat ratio are given in Table 4 [49, 50]. 

255 

Chemical potential exergy is the result of a compositional imbalance between the substance and 

256 

the other parameters of the medium. It is defined as: 

257 

𝑒𝑥ch = 𝑥i(𝑒𝑥i)
ch + 𝑅𝑇0𝑥i ln(𝑥i)                                                    (34) 258 

where xi and (𝑒𝑥i)
ch represent the molar fraction and the chemical potential energy of species i in 259 
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the standard state, respectively. The favorable exergy is defined as: 260 

∑𝐸̇ 𝑥fav,ou𝑡
fc = 𝑊                                                                   (35) 261 

The exergy efficiency equation is: 

262 

𝜓ex =
𝑊

(𝑛̇ × 𝑒𝑥)H2,in + (𝑛̇ × 𝑒𝑥)O2,in
                                                  (36) 263 

Table 4 Specific heat capacity and specific heat ratio 264 

Material cp (kJ·kg-3·K-1) ρ (kg·m-3) 𝜸 

Hydrogen 
13602.45+3.402317∙T -0.003358423∙T2 

-3.907953∙10−7∙T3 +1.705345∙10−9∙T4 
1.46 1.409 

Oxygen 

834.8265+0.292958∙T  

-0.0001495637∙T2+3.41389∙10-7∙T3 

-2.278359∙10−10∙T4 

1.299 1.393 

Nitrogen 

979.043+0.4179639∙T 

- 0.001176279∙T2+1.674394*10−6∙T3 

 -7.256297∙10−10∙T4 

1.138 1.400 

Water vapor 

1563.077 + 1.603755∙T 

-0.002932784∙T2 + 3.216101∙10-6∙T3 

−1.156827 ∙10−6∙T4 

0.5542 1.327 

Liquid water 4182 988.2 — 

3.1.3. Optimization process 265 

Figure 4 shows the flow diagram of the optimization procedure used in this work. Box-Behnken 266 

design (BBD) is an experimental design method that can evaluate the nonlinear relationship between 267 

indicators and factors. Unlike the central composite design, it does not require multiple consecutive 268 

trials and is more economical than the central composite design because the number of test 269 

combinations in a Box-Behnken test is less than that in a traditional composite design when the 270 

number of factors is the same. The corresponding results for the Box-Behnken design are listed in 271 

Table 4. Analysis of variance (ANOVA) is used to verify the appropriateness and reliability of the 272 

constructed regression models. Response surface analysis is conducted to show the interaction 273 

between each pair of design parameters. A regression model constructed by RSM is performed for 274 

multi-objective optimization utilizing the non-dominated ranking genetic algorithm II (NSGA-II). 275 
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The optimal design parameters are determined using the Pareto optimal solution. 276 

Begin

Determine the design parameters

and objective function

Box-Behnken design

Obtain data by COMSOL

Regression analysis

Analysis of variance

Is model

significant?

Obtain regression

response surface model

Response surface analysis

Multi-objective optimization

by  NSGA-II

Screening

Yes

No

 277 

Figure 4 Flow chart of optimization procedure. 278 
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Table 4 Results of Box-Behnken design 279 

Case 

number 

Operating 

pressure 

(atm) 

Operating 

temperature

(K) 

Anode 

stoichiometry 

ratio 

Membrane thickness 

(mm) 

GDL porosity Power density 

(W·cm-2) 

System 

efficiency 

Exergy 

efficiency 

1 2 333 1.5 0.1 0.3 0.5175 0.2195 0.3207 

2 2 343 1.5 0.1 0.4 0.5871 0.2195 0.3298 

3 2 333 2 0.1 0.4 0.5915 0.1646 0.3073 

4 2 353 1.5 0.1 0.5 0.60995 0.2195 0.3246 

5 2 343 1.5 0.1 0.4 0.5871 0.2195 0.4667 

6 1 343 1.5 0.15 0.4 0.52415 0.2546 0.2575 

7 2 333 1.5 0.05 0.4 0.6223 0.2195 0.44 

8 2 343 1.5 0.15 0.3 0.50105 0.2195 0.2306 

9 2 353 1.5 0.05 0.4 0.6227 0.2195 0.2849 

10 2 343 2 0.15 0.4 0.5584 0.1646 0.2831 

11 3 343 1.5 0.15 0.4 0.57335 0.1955 0.3451 

12 2 353 1 0.1 0.4 0.54775 0.3293 0.335 

13 2 353 2 0.1 0.4 0.5813 0.1646 0.4539 

14 2 343 1.5 0.05 0.3 0.53455 0.2195 0.4579 

15 2 343 1.5 0.1 0.4 0.5871 0.2195 0.2365 

16 2 343 1.5 0.1 0.4 0.5871 0.2195 0.2457 

17 2 343 1 0.1 0.3 0.5132 0.3293 0.294 

18 2 343 1.5 0.05 0.5 0.66745 0.2195 0.2755 

19 2 353 1.5 0.1 0.3 0.51545 0.2195 0.367 

20 2 343 1 0.1 0.5 0.56205 0.3293 0.32 

21 1 343 1.5 0.1 0.5 0.5822 0.2546 0.4573 

22 2 343 1.5 0.1 0.4 0.5871 0.2195 0.4498 

23 1 343 2 0.1 0.4 0.55895 0.191 0.2446 

24 1 343 1.5 0.1 0.3 0.50125 0.2546 0.2398 

25 2 343 1.5 0.1 0.4 0.5871 0.2195 0.3418 
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26 2 343 2 0.1 0.3 0.51625 0.1646 0.3431 

27 3 343 1.5 0.05 0.4 0.62975 0.1955 0.2954 

28 3 333 1.5 0.1 0.4 0.60465 0.1955 0.3124 

29 1 333 1.5 0.1 0.4 0.56835 0.2546 0.4221 

30 3 343 1.5 0.1 0.5 0.64005 0.1955 0.2132 

31 2 353 1.5 0.15 0.4 0.54845 0.2195 0.4623 

32 3 343 1 0.1 0.4 0.5623 0.2933 0.2561 

33 1 353 1.5 0.1 0.4 0.5461 0.2546 0.2825 

34 3 343 2 0.1 0.4 0.60025 0.1466 0.286 

35 2 343 2 0.1 0.5 0.62005 0.1646 0.3281 

36 2 343 1.5 0.15 0.5 0.5819 0.2195 0.3487 

37 2 343 1 0.15 0.4 0.53495 0.3293 0.3427 

38 2 333 1 0.1 0.4 0.5552 0.3293 0.342 

39 1 343 1 0.1 0.4 0.5381 0.3819 0.3116 

40 3 353 1.5 0.1 0.4 0.59665 0.1955 0.3012 

41 2 333 1.5 0.1 0.5 0.6267 0.2195 0.3229 

42 2 343 2 0.05 0.4 0.6235 0.1646 0.3229 

43 1 343 1.5 0.05 0.4 0.60655 0.2546 0.3229 

44 2 343 1 0.05 0.4 0.56745 0.3293 0.3229 

45 3 343 1.5 0.1 0.3 0.525 0.1955 0.3229 

46 2 333 1.5 0.15 0.4 0.56585 0.2195 0.3229 

280 
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3.2. NSGA-II algorithm 281 

NSGA-II algorithm was proposed by Srinivas and Deb in 2000 on the basis of NSGA. It adopts 282 

a fast non-dominated sorting algorithm. The computational complexity is greatly reduced than NSGA. 283 

It adopts crowding degree and crowding degree comparison operator instead of shared radius which 284 

needs to be specified. The peer comparison after fast sorting is the winning criterion, so that the 285 

individuals in the quasi-Pareto domain can be extended to the whole Pareto domain and uniformly 286 

distributed to maintain the diversity of the population. The elite strategy is introduced to expand the 287 

sampling space, preventing the loss of the best individuals and improving the computational speed 288 

and robustness of the algorithm. 289 

Figure 5 shows the flow chart of NSGA-II. Firstly, RSM is used to obtain the objective function. 290 

Secondly, crossover and variance genetic operators are applied to generate new populations. Thirdly, 291 

an elite strategy is used in each cycle to rescue the majority of the new population. Finally, the 292 

optimization process is wrapped with a repetition count condition. The algorithm uses two functions, 293 

namely the non-dominated sorting function and the crowding distance function. In particular, the non-294 

dominated sorting is a cyclic hierarchical process. 295 
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 296 

Figure 5 Flowchart of NSGA-II 297 

4. Results and discussion 298 

4.1. Analysis of variance 299 

ANOVA is applied to assess the fitness of the regression model and perform significance tests. 300 

The fit of the regression model was estimated from the value of R2 which was calculated as the sum 301 

of squares of the regression model divided by the total sum of squares. R2(appropriate), R2(predicted), 302 

and R2(adjusted) indicate the superiority of fit, the superiority of fit according to the prediction of the 303 

return equation model, and the superiority of fit after adjusting for precision, respectively. The 304 

significance of each term in the regression model is indicated by the F and P values. F is calculated 305 

as the ratio between the mean square of the factor and the mean square of the error, while P is the 306 

probability value of the F test. Usually, P and F of the most significant model are the minimum and 307 

maximum values, respectively. 308 

As shown in Table 5, the F-value of the regression model for P is 41.54, and the P-value of the 309 

regression model for P is less than 0.0001. This indicates that the model fits well and can be used to 310 
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predict P. In Table 6, the F-value of the regression model for η is 33.14, and the P-value of the 311 

regression model for η is less than 0.0001. So the model can also be used to predict η. Similarly, in 312 

Table 7, the regression F-value for exergy is 770.24 with a P-value less than 0.0001, which also 313 

indicates a high correlation between the observed and predicted values. 314 

Table 5 Analysis of variable for P 315 

Source Sum of Squares Degrees 

of 

freedom 

Mean 

Square 

F-value P-value  

Model 0.0701 20 0.0035 89.82 < 0.0001 significant 

T 0.0059 1 0.0059 150.22 < 0.0001  

p 0.0004 1 0.0004 11.21 0.0026  

λa 0.0045 1 0.0045 115.99 < 0.0001  

Hmem 0.0148 1 0.0148 378.29 < 0.0001  

εGDL 0.0367 1 0.0367 939.40 < 0.0001  

T∙p 0.0001 1 0.0001 1.30 0.2650  

T∙λa 0.0001 1 0.0001 1.87 0.1834  

T∙Hmem 0.0002 1 0.0002 4.33 0.0479  

T∙εGDL 0.0003 1 0.0003 7.44 0.0115  

p∙λa 1.891E-06 1 1.891E-06 0.0484 0.8276  

p∙Hmem 0.0001 1 0.0001 2.03 0.1667  

p∙εGDL 0.0001 1 0.0001 1.38 0.2506  

λa∙Hmem 0.0003 1 0.0003 6.80 0.0151  

λa∙εGDL 0.0008 1 0.0008 19.33 0.0002  

Hmem∙εGDL 0.0007 1 0.0007 17.35 0.0003  

T² 0.0003 1 0.0003 8.90 0.0063  

p² 0.0000 1 0.0000 0.2613 0.6137  

λa² 0.0025 1 0.0025 63.44 < 0.0001  

Hmem² 0.0001 1 0.0001 1.30 0.2645  

εGDL² 0.0029 1 0.0029 74.29 < 0.0001  

Residual 0.0010 25 0.0000    

Lack of Fit 0.0010 20 0.0000    

Pure Error 0.0000 5 0.0000    

Cor Total 0.0711 45     

Standard deviation=0.0062 

Predicted residual error of sum of squares (PRESS)=38.2532 

R2 (Adequate)=98.63% R2(Predicted)=97.53% R2(Adjusted)=94.51% 

 316 

Table 6 Analysis of variable for η 317 
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Source Sum of Squares Degrees 

of 

freedom 

Mean 

Square 

F-value P-value  

Model 0.1330 20 0.0067 3042.48 < 0.0001 significant 

T 0.0149 1 0.0149 6796.69 < 0.0001  

p 0.0000 1 0.0000 0.0000 1.0000  

λa 0.1099 1 0.1099 50248.87 < 0.0001  

Hmem 0.0000 1 0.0000 0.0000 1.0000  

εGDL 0.0000 1 0.0000 0.0000 1.0000  

T∙p 0.0000 1 0.0000 0.0000 1.0000  

T∙λa 0.0005 1 0.0005 223.40 < 0.0001  

T∙Hmem 0.0000 1 0.0000 0.0000 1.0000  

T∙εGDL 0.0000 1 0.0000 0.0000 1.0000  

p∙λa 0.0000 1 0.0000 0.0000 1.0000  

p∙Hmem 0.0000 1 0.0000 0.0000 1.0000  

p∙εGDL 0.0000 1 0.0000 0.0000 1.0000  

λa∙Hmem 0.0000 1 0.0000 0.0000 1.0000  

λa∙εGDL 0.0000 1 0.0000 0.0000 1.0000  

Hmem∙εGDL 0.0000 1 0.0000 0.0000 1.0000  

T² 0.0003 1 0.0003 130.83 < 0.0001  

p² 2.970E-08 1 2.970E-08 0.0136 0.9082  

λa² 0.0067 1 0.0067 3046.30 < 0.0001  

Hmem² 2.970E-08 1 2.970E-08 0.0136 0.9082  

εGDL² 2.970E-08 1 2.970E-08 0.0136 0.9082  

Residual 0.0001 25 2.186E-06    

Lack of Fit 0.0001 20 2.733E-06    

Pure Error 0.0000 5 0.0000    

Cor Total 0.1331 45     

Standard deviation=0.0017 

Predicted residual error of sum of squares (PRESS)=202.5073 

R2(Adequate) = 99.96 %  R2(Predicted) = 99.84 %  R2(Adjusted) = 99.93 % 
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Table 7 Analysis of variable for ψ 319 

Source Sum of Squares Degrees 

of 

freedom 

Mean 

Square 

F-value P-value  

Model 0.2031 20 0.0102 770.24 < 0.0001 significant 

T 0.0004 1 0.0004 31.88 < 0.0001  

p 0.0002 1 0.0002 13.77 0.0010  

λa 0.1777 1 0.1777 13478.08 < 0.0001  

Hmem 0.0045 1 0.0045 340.81 < 0.0001  

εGDL 0.0111 1 0.0111 840.38 < 0.0001  

T∙p 0.0000 1 0.0000 1.28 0.2695  

T∙λa 6.760E-06 1 6.760E-06 0.5128 0.4805  
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T∙Hmem 0.0001 1 0.0001 4.67 0.0404  

T∙εGDL 0.0001 1 0.0001 5.55 0.0267  

p∙λa 1.822E-06 1 1.822E-06 0.1383 0.7131  

p∙Hmem 0.0000 1 0.0000 1.78 0.1936  

p∙εGDL 0.0000 1 0.0000 1.31 0.2638  

λa∙Hmem 1.000E-08 1 1.000E-08 0.0008 0.9782  

λa∙εGDL 1.822E-06 1 1.822E-06 0.1383 0.7131  

Hmem∙εGDL 0.0002 1 0.0002 15.41 0.0006  

T² 8.910E-06 1 8.910E-06 0.6759 0.4188  

p² 2.991E-06 1 2.991E-06 0.2269 0.6380  

λa² 0.0057 1 0.0057 434.68 < 0.0001  

Hmem² 0.0000 1 0.0000 1.03 0.3196  

εGDL² 0.0009 1 0.0009 69.48 < 0.0001  

Residual 0.0003 25 0.0000    

Lack of Fit 0.0003 20 0.0000    

Pure Error 0.0000 5 0.0000    

Cor Total 0.2034 45     

Standard deviation=0.0036 

Predicted residual error of sum of squares (PRESS)=108.4081 

R2(Adequate) = 99.84 %  R2(Predicted) = 99.71 %  R2(Adjusted) = 99.35 % 

 320 

4.2. Regression model of responses 321 

The regression response surface model for the objective function G (P, η, ψ) is evaluated by:

 

322 

0 1 2 3 a 4 mem 5 GDL

1,2 1,3 a 1,4 mem 1,5 GDL

2,3 a 2,4 mem 2,5 GDL

3,4 a mem 3,5 a GDL 4,5 mem GDL

2 2 2 2 2

1,1 2,2 3,3 a 4,4 mem 5,5 GDL

· · ·

· · ·

· ·

·

· · ·

=G a a T a p a a H a

a T p a T a T H a T

a p a p H a p

a H a a H

a T a p a a H a

 

 

 

   

 
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     

    

     

   

 

 

 

 

 

                 (30) 

323 

The regression response surface model coefficients are presented in Table 8. Figure 6 illustrates 324 

the relationship between the actual and predicted values of P, η and ψ in the quadratic response surface 325 

regression model and their regression curves. The results demonstrate that the predicted values are in 326 

good agreement with the actual values, indicating that the established regression response surface 327 

model is reliable. 328 

Table 8 Regression coefficient 329 

Response 
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Regression 

coefficient 
P (W·cm-2) η ψ 

a0 +0.5871 +0.2195 +0.3229 

a1 +0.0191 -0.0305 +0.0051 

a2 -0.0052 +0.0000 -0.0034 

a3 +0.0168 -0.0829 -0.1054 

a4 -0.0304 +0.0000 -0.0168 

a5 +0.0479 +0.0000 +0.0263 

a1,2 +0.0036 +0.0000 +0.0020 

a1,3 +0.0043 +0.0111 +0.0013 

a1,4 +0.0065 +0.0000 +0.0039 

a1,5 +0.0085 +0.0000 +0.0043 

a2,3 -0.0007 +0.0000 +0.0007 

a2,4 -0.0045 +0.0000 -0.0024 

a2,5 -0.0037 +0.0000 -0.0021 

a3,4 -0.0082 +0.0000 -0.0000 

a3,5 +0.0137 +0.0000 +0.0007 

a4,5 -0.0130 +0.0000 -0.0071 

a1,1 -0.0063 +0.0057 -0.0010 

a2,2 -0.0011 -0.0001 -0.0006 

a3,3 -0.0168 +0.0276 +0.0256 

a4,4 +0.0024 -0.0001 +0.0012 

a5,5 -0.0182 -0.0001 -0.0102 
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Figure 6 Comparison of actual values versus predicted values in the quadratic response surface 334 

regression model and their regression line: (a) P; (b) η;(c) ψ. 335 

4.3. Response surface analysis 336 

Figure 7 shows the effect of the interaction term on the power density P. As shown in Figure 337 

7(j), the interaction between membrane thickness and GDL porosity has the greatest influence on 338 

power density. The power density reaches the highest when the film thickness is the lowest and the 339 

GDL porosity is the highest. Meanwhile, Figures 7(a) and (c) show that the interaction term of inlet 340 

pressure and inlet temperature and the interaction term of inlet pressure and membrane thickness have 341 

little influence on power density. Power density decreases with increasing inlet temperature and 342 

thickness of the proton exchange membrane. The effect is particularly significant with the thickness 343 
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of the membrane. Generally, inlet pressure, anode stoichiometry ratio, thickness of the membrane and 344 

GDL porosity have the most significant effects on P, while temperature has relatively less effect on 345 

P. This is primarily because more gas can enter the gas catalytic layer and the GDL porosity increases 346 

when the pressure increases, which can also lead to higher current densities and slightly better cell 347 

performance. Excessive temperature tends to cause membrane dehydration on the anode side and 348 

uneven temperature distribution within the cell, which decreases the performance of the cell. The 349 

thickness of the film influences the variation of the film resistance. The film resistance increases and 350 

the ohmic polarization intensifies when the thickness increases. On the other hand, the increase in 351 

thickness makes the anode side drier. Figures 11 (b), (e), (h) and (i) show that the power density tends 352 

to increase and then decrease with the anode stoichiometry ratio. It is mainly related to the hydrogen 353 

supply and distribution. 354 

335

340

345

350

1.0 1.5 2.0 2.5 3.0

P (W·cm2)

T
(K

)

p (atm)

0.5516

0.5554

0.5591

0.5629

0.5667

0.5704

0.5742

0.5780

0.5818

0.5855

0.5893

0.5931

0.5968

0.6006(a)

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

1.0 1.2 1.4 1.6 1.8 2.0

λa

p
 (

at
m

)

0.5322

0.5379

0.5436

0.5494

0.5551

0.5608

0.5665

0.5723

0.5780

0.5837

0.5894

0.5952

0.6009

0.6066
P (W·cm2)

(b)

 355 

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

0.06 0.08 0.10 0.12 0.14

Hmem (mm)

p
 (

at
m

)

0.5270

0.5347

0.5423

0.5500

0.5576

0.5653

0.5729

0.5806

0.5882

0.5959

0.6035

0.6112

0.6188

0.6265
P (W·cm2)

(c)

 

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

0.30 0.35 0.40 0.45 0.50

(d)

 εGDL

p
 (

at
m

)

0.5040

0.5143

0.5247

0.5350

0.5454

0.5557

0.5661

0.5764

0.5868

0.5971

0.6075

0.6178

0.6282

0.6385
P (W·cm2)

 356 



 30 

334

336

338

340

342

344

346

348

350

352

1.0 1.2 1.4 1.6 1.8 2.0

T
(K

)

0.5478

0.5515

0.5552

0.5589

0.5626

0.5663

0.5700

0.5736

0.5773

0.5810

0.5847

0.5884

0.5921

0.5958
P (W·cm2)

(e)

λa

334

336

338

340

342

344

346

348

350

352

0.06 0.08 0.10 0.12 0.14

Hmem (mm)

T
(K

)

0.5482

0.5537

0.5593

0.5648

0.5704

0.5759

0.5814

0.5870

0.5925

0.5980

0.6036

0.6091

0.6147

0.6202
P (W·cm2)

(f)

 357 

334

336

338

340

342

344

346

348

350

352

0.30 0.35 0.40 0.45 0.50

T
(K

)

0.5180

0.5262

0.5345

0.5427

0.5509

0.5592

0.5674

0.5756

0.5838

0.5921

0.6003

0.6085

0.6168

0.6250
P (W·cm2)

λa

(g)

 

1.0

1.2

1.4

1.6

1.8

2.0

0.06 0.08 0.10 0.12 0.14
Hmem (mm)

λ a

0.5335

0.5409

0.5483

0.5557

0.5630

0.5704

0.5778

0.5852

0.5926

0.6000

0.6073

0.6147

0.6221

0.6295
P (W·cm2)

(h)

  358 

1.0

1.2

1.4

1.6

1.8

2.0

0.30 0.35 0.40 0.45 0.50
 εGDL

λ a

0.5010

0.5110

0.5210

0.5310

0.5410

0.5510

0.5610

0.5710

0.5810

0.5910

0.6010

0.6110

0.6210

0.6310
P (W·cm2)

(i)

 

0.06

0.08

0.10

0.12

0.14

0.30 0.35 0.40 0.45 0.50

 εGDL

H
m

em
 (

m
m

)

0.5060

0.5181

0.5302

0.5422

0.5543

0.5664

0.5785

0.5905

0.6026

0.6147

0.6268

0.6388

0.6509

0.6630
P (W·cm2)

(j)

 359 

Figure 7 RSM analysis on effect of various parameters on power density: (a) operating 360 

temperature and pressure (λa=1.5, Hmem=0.1 mm, εGDL=0.4), (b) operating pressure and anode 361 

stoichiometry ratio (T=343 K, Hmem=0.1 mm, εGDL=0.4), (c) operating pressure and membrane 362 

thickness (T=343 K, λa=1.5, εGDL=0.4), (d) operating pressure and GDL porosity (T=343 K, λa=1.5, 363 

Hmem=0.1 mm), (e) operating temperature and anode stoichiometry ratio (p=2 atm, Hmem=0.1 mm, 364 
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εGDL=0.4), (f) operating temperature and membrane thickness (p=2 atm, λa=1.5, εGDL=0.4), (g) 365 

operating temperature and GDL porosity (p=2 atm, λa=1.5, Hmem=0.1 mm), (h) anode stoichiometry 366 

ratio and membrane thickness (T=343 K, p=2 atm, Hmem=0.1 mm), (i) anode stoichiometry ratio and 367 

GDL porosity (p=2 atm, T=343 K, Hmem=0.1 mm), and (j) membrane thickness and GDL porosity 368 

(p=2 atm, T=343 K, λa=1.5). 369 

Figure 8 illustrates the effect of the interaction term on the system efficiency. As shown in Figure 370 

8(b), the interaction between the inlet pressure and anode stoichiometric ratio has the greatest 371 

influence on the system efficiency. A smaller inlet pressure reduces the anode stoichiometric ratio and 372 

increases the system efficiency. Figures 8(f), (g) and (j) show that the interaction terms of inlet 373 

temperature and membrane thickness, inlet temperature and anode stoichiometric ratio, and 374 

membrane thickness and GDL porosity have little influence on system efficiency. Meanwhile, the 375 

temperature, thickness of the membrane and porosity of the GDL have insignificant effects on the 376 

system efficiency (Figures 8 (f), (g) and (j)). The results in Figure 8 clearly indicate that the operating 377 

pressure and anode stoichiometry ratio have significant impacts on the system efficiency which 378 

decreases as the pressure and anode stoichiometry ratio increase. This is mainly because the power 379 

consumption of the compressor increases and the system efficiency becomes lower when the 380 

operating pressure increases. The variation in anode stoichiometry ratio is attributed to the fact that 381 

the power consumed by the fuel increases when the supply of hydrogen exceeds the demand for the 382 

reaction, which in turn leads to a decrease in system efficiency. 383 
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Figure 8 RSM analysis on the effect of various parameters on system efficiency: (a) operating 389 

temperature and pressure (λa=1.5, Hmem=0.1 mm, εGDL=0.4), (b) operating pressure and anode 390 

stoichiometry ratio (T=343 K, Hmem=0.1 mm, εGDL=0.4), (c) operating pressure and membrane 391 

thickness (T=343 K, λa=1.5, εGDL=0.4), (d) operating pressure and GDL porosity (T=343 K, λa=1.5, 392 

Hmem=0.1 mm), (e) operating temperature and anode stoichiometry ratio (p=2 atm, Hmem=0.1 mm, 393 

εGDL=0.4), (f) operating temperature and membrane thickness (p=2 atm, λa=1.5, εGDL=0.4), (g) 394 

operating temperature and GDL porosity (p=2 atm, λa=1.5, Hmem=0.1 mm), (h) anode stoichiometry 395 

ratio and membrane thickness (T=343 K, p=2 atm, Hmem=0.1mm), (i) anode stoichiometry ratio and 396 

GDL porosity (p=2 atm, T=343 K, Hmem=0.1 mm), and (j) membrane thickness and GDL porosity 397 

(p=2 atm, T=343 K, λa=1.5). 398 

Figure 9 shows the influence of interaction terms on the exergy efficiency. As shown in Figure 399 
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9(d), the exergy efficiency gradually increases with the increase of inlet pressure and porosity. This 400 

is mainly because a higher inlet pressure or porosity will force more gases to participate in the reaction, 401 

leading to higher useful work and exergy efficiency. Figures 9(f), (g) and (h) show that the exergy 402 

efficiency decreases with the increase of inlet temperature, film thickness and anode stoichiometry, 403 

in particular, effects of the anode stoichiometry are siginficant. It is mainly because higher 404 

temperatures and thicker proton exchange membranes reduce the power density and useful work, and 405 

thus reducing the exergy efficiency. The interaction between anode stoichiometric ratio and other 406 

factors has great influence on the exergy efficiency (Figures 9(b), (e), (h), and (i)). This is mainly 407 

because the molar flow rate of hydrogen increases while the hydrogen participating in the reaction 408 

remains unchnaged with the increase of anode stoichiometric ratio, leading to the increase of useless 409 

work and the decrease of exergy efficiency. As shown in Figure 9(a), the interaction term of inlet 410 

pressure and inlet temperature has the lowest impact on exergy efficiency. 411 
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Figure 9 RSM analysis on the effect of various parameters on exergy efficiency: (a) operating 417 

temperature and pressure (λa=1.5, Hmem=0.1 mm, εGDL=0.4), (b) operating pressure and anode 418 

stoichiometry ratio (T=343 K, Hmem=0.1 mm, εGDL=0.4), (c) operating pressure and membrane 419 

thickness (T=343 K, λa=1.5, εGDL=0.4), (d) operating pressure and GDL porosity (T=343 K, λa=1.5, 420 

Hmem=0.1 mm), (e) operating temperature and anode stoichiometry ratio (p=2 atm, Hmem=0.1 mm, 421 

εGDL=0.4), (f) operating temperature and membrane thickness (p=2 atm, λa=1.5, εGDL=0.4), (g) 422 

operating temperature and GDL porosity (p=2 atm, λa=1.5, Hmem=0.1 mm), (h) anode stoichiometry 423 

ratio and membrane thickness (T=343 K, p=2 atm, Hmem=0.1mm), (i) anode stoichiometry ratio and 424 

GDL porosity (p=2 atm, T=343 K, Hmem=0.1 mm), and (j) membrane thickness and GDL porosity 425 

(p=2 atm, T=343 K, λa=1.5). 426 

4.4. Optimization of designing parameters 427 

The regression model constructed by RSM is shown in Table 8. The NSGA-II method (Table 9) 428 

is adopted to solving the three-objective optimization question. The Pareto optimal solution is 429 

obtained after the multi-objective optimization of the system (Figure 9). The Pareto surface shows 430 

the weighting trade-off between power density, system efficiency and exergy efficiency. It should be 431 

noted that the Pareto surface has all the points as optimal values with different weights for these three 432 

objectives. At point A, the power density, system efficiency and exergy efficiency are 0.6076 W·cm-433 
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2, 30.99 % and 49.12 %, respectively. Although the exergy efficiency can reach the maximum, the 434 

power density and system efficiency are relatively low. For point B, the power density, system 435 

efficiency and exergy efficiency are 0.5845 W·cm-2, 36.31 % and 47.96 %, respectively, and the 436 

system efficiency can reach the maximum. The power density gradually decreases while increasing 437 

the system efficiency [55-57]. For point C, the power density, system efficiency and exergy efficiency 438 

are 0.6797 W·cm-2, 17.6% and 33.4%, respectively. Although the power density achieves the highest 439 

level, the system efficiency is remarkably low and the exergy efficiency is also not optimal. Point D 440 

is closest to the ideal point and thus is selected as the final optimal point. The inclination rate of the 441 

evaluation metric and Pareto is milder at point D. Minor changes near point D do not cause the 442 

evaluation metric to change drastically. The final optimal power density, system efficiency and exergy 443 

efficiency are 0.6327 W·cm-2, 26.16 % and 43.94 %, respectively. 444 

Figure 10 shows the distribution of different PEMFC parameters during the optimization process.  445 

The optimal distribution of the operating pressure (Figure 10(a)) is uniformly distributed in the middle 446 

range of 1.2-2.5 atm. The majority of the optimal operating temperature values (Figure 10(b)) are 447 

around 339 K. Regarding the distribution of the optimal anode stoichiometry ratio (Figure 10(c)), it 448 

is found that the range of all the optimal values is uniformly distributed between 1.0 and 1.7. The 449 

optimal thickness of the proton exchange membrane is mostly around 0.06 mm (Figure 10(d)) and 450 

the optimal GDL porosity is mostly around 0.49 (Figure 10(e)). This indicates that a smaller thickness 451 

and a larger porosity improve the overall performance of the system. 452 

Table 10 compares the optimization results, including the operational parameters and 453 

performance of the system at points A-D and the base point on the Pareto surface. Point A is the 454 

optimal value for the exergy efficiency during optimization. The power density, system efficiency 455 

and exergy efficiency are improved by 0.0486 W·cm-2, 11.89 % and 25.47 %, respectively, compared 456 
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with the base point. Point B is the optimal value of system efficiency. The power density, system 457 

efficiency and exergy efficiency at point B are improved by 0.0255 W·cm-2, 17.21 % and 24.31 %, 458 

respectively, compared with the base point. Point C is the optimal value of power density. The power 459 

density, system efficiency and exergy efficiency at point B are improved by 0.1207 W·cm-2 and 460 

9.75 %, respectively, compared with the base point. The system efficiency is 1.5% lower than the 461 

base point. Point D is the final optimal point, which provides better performance in all indexes. The 462 

power density, system efficiency and exergy efficiency at point D are improved by 0.0737 W·cm-2, 463 

7.06 % and 20.29 %, respectively, compared with the base point. The results indicate that the 464 

optimization by NSGA-II algorithm has improved the system power density and efficiency at the 465 

final optimal point by different degrees. 466 

Table 9 Parameters in NSGA-II 467 

Parameters Values 

Maximum number of iterations 100 

Population size 150 

Crossover percentage 0.8 

Mutation percentage 0.2 

Mutation rate 0.2 

 468 

Figure 9 The distribution of Pareto-optimal solutions 469 

 470 
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Figure 10 Population distributions of PEMFC operating parameters: (a) operating pressure (p), (b) 476 

operating temperature (T), (c) Anode stoichiometric ratio (λa), (d) membrane thickness (Hmem), and 477 

(e) GDL porosity (εGDL). 478 

Table 10 Comparison of the optimization results 479 

Parameters Base Case A B C D 

p (atm) 1 2.5021 1.1641 2.9200 2.6498 

T (K) 343 340.4938 339.1243 342.8035 341.6210 

λa 2 1.0020 1.0188 1.6577 1.1808 

Hmem(mm) 0.1 0.0580 0.0589 0.0570 0.0577 

εGDL 0.4 0.4907 0.4822 0.4931 0.4908 

P (W·cm-2) 0.5590 0.6076 0.5845 0.6797 0.6327 

η 0.1910 0.3099 0.3631 0.1760 0.2616 

ψ 0.2365 0.4912 0.4796 0.3340 0.4394 

5. Conclusions 480 
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In this work, the analysis of variance is used to validate the constructed regression model. The 481 

R2 values of power density, system efficiency and exergy efficiency are 98.63 %, 99.96 %, and 482 

99.84%, respectively, indicating that the quadratic model responds well to the aggregate variation. 483 

The F-values of the regression model are 89.82 , 3042.48 and 770.24 for power density, system 484 

efficiency and exergy efficiency, respectively. The P-values are less than 0.0001. These results impliy 485 

that the regression model has high significance. The significant terms of p with decreasing sensitivity 486 

levels are the linear term of p, the linear term of λa, the linear term of Hmem, the linear term of εGDL, 487 

the squared term of Hmem and the squared term of εGDL. The significant terms of η with decreasing 488 

sensitivity levels are the linear term of p, the linear term of λa, the interaction term of p and λa, the 489 

squared term of p, and the squared term of λa. The significant terms of ψ with decreasing sensitivity 490 

are the linear terms of λa, εGDL, λa squared, Hmem squared, εGDL squared and p squared at a time. It is 491 

found that p increases with decreasing inlet temperature and thickness of the proton exchange 492 

membrane and increasing inlet pressure and porosity of the GDL. While η increases with the decrease 493 

of inlet pressure and anode stoichiometry ratio. Exergy efficiency gradually increases with the 494 

increase of inlet pressure and porosity, and decreases with the increase of inlet temperature, membrane 495 

thickness and anode stoichiometric ratio, in particular, effects of the anode stoichiometric ratio are 496 

significant. Finally, multi-objective optimization is performed by NSGA-II to obtain the maximum P, 497 

η and ψ. The Pareto solution shows that the optimal power density, system efficiency and exergy 498 

efficiency are 0.6327 W·cm-2, 26.16 % and 43.94%, respectively, which are 13.18 %, 7.06 % and 499 

20.29 % better than the initial direct current channel. The corresponding design variables are 500 

p=2.6498 atm, T=341.621 K, λa =1.1808, Hmem =0.0577 mm and εGDL =0.4908. Although this work 501 

greatly improves the multi-objective of the PEMFC performance, future works are needed for further 502 

improvement of PEMFC. In particular, collaborative optimization on cathode gas channel, anode gas 503 
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channel, gas catalytic layer, GDL and proton exchange membrane can be realized for higher power 504 

density, system efficiency and exergy efficiency. 505 
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