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A two-dimensional mathematical model is developed to study the water transport through the membrane. 

The transport processes include the electro-osmotic drag process and back diffusion process. And a non-

equilibrium water sorption model is employed to describe the water absorption process in the catalyst 

layers. The effect of absorption coefficient of water on transport characteristics are comprehensively 

investigated. It is concluded that the cell performance and transport phenomena inside fuel cells are 

significantly affected by the water absorption process. The obtained polarization curves are presented 

and compared. The distributions of temperature, liquid water saturation, water content and local current 

density at cell voltages 0.6 V and 0.3V are also comprehensively analyzed. 
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1. INTRODUCTION 

Proton exchange membrane fuel cells (PEMFCs) can be used as power supply for different 

applications [1-2]. In order to facilitate the commercialization of PEMFCs, the cell performance must 

be improved and the cost must be reduced. Therefore, experimental and numerical studies have already 

been performed to accelerate the process [3-8].  

During the operating process of PEMFCs, the consumption of hydrogen/oxygen and the 

generation of water take place in the corresponding catalyst layers (CLs). Meanwhile, water is 

transported through the membrane. The transport processes include the electro-osmotic drag occurring 

from the anode CL to cathode CL and back diffusion occurring from the cathode CL to anode CL [9]. 

The protonic conductivity is associated with the water content of membrane [10]. A higher level water 

content leads to a higher protonic conductivity which decreases the proton transport resistance and the 

ohmic loss. The water transport process through the membrane strongly affects the cell performance. 
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Due to the relatively small size of fuel cells, computational fluid dynamics is extensively applied 

to examine the fundamental phenomena inside fuel cells. A one-dimensional, isothermal, and single-

phase model was used to investigate the water transport mechanism through the membrane and its effects 

on cell performance [9]. A two-dimensional, non-isothermal, and single-phase model was adopted to 

investigate the effects of the porosity, the inlet velocity and the temperature on cell performance [11]. A 

three-dimensional, multiphase mixture model was employed to capture the liquid water transport 

behavior in the porous regions [12]. Non-equilibrium water sorption model has already been widely used 

to describe the water absorption process in CLs. It is assumed that water sorption process only takes 

place between vapor-dissolved phases and liquid-dissolved phases at anode CL and cathode CL, 

respectively. Meanwhile, different absorption coefficients of water were used in numerical models [13-

18]. 

In this work, the process of water transport through the membrane was modeled and the water 

sorption process takes place between vapor-dissolved and liquid-dissolved phases at CLs. In addition, 

the effect of absorption coefficient of water on cell performance and transport phenomena are 

comprehensively investigated. The corresponding polarization curves and distributions of temperature, 

liquid water saturation, water content and current density are comprehensively analyzed. 

 

 

 

2. MATHEMATICAL MODEL DESCRIPTION 

 
 

Figure 1. Computational domain of the present study. 

 

Table 1. Geometric parameters of the physical model. 

 

Parameter Value Unit 

Cell width 2 mm 

GFC width 1 mm 

GDL thickness 0.2 mm 

CL thickness 0.01 mm 

Membrane thickness 0.05 mm 

 

The computational domain of this study is presented in Figure 1. It consists of the GDL, CL and 

membrane. The geometric parameters are summarized in Table 1. Line-1 and Line-2 represent the 

channel region rib region rib region 
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middle position of wall and fuel cell. The operating pressure and temperature of fuel cell is 1.0 atm and 

353 K, respectively. The fluid flow is laminar flow. Ideal gas law is used. The GDLs and CLs are 

homogeneous and isotropic. The generated water is in dissolved phase [3-4]. 

 

2.1 Governing equations 

The governing equations and parameters used in this study are presented in Table 2 and Table 3, 

respectively. The process of water transport through the membrane is described by the dissolved water 

transport equation. And the water sorption process takes place between vapor-dissolved and liquid-

dissolved phases at anode and cathode CLs. In the descriptions of source terms, Svd represents the water 

sorption process between the vapor phase and dissolved phase. And Sld represents the water sorption 

process between the liquid phase and dissolved phase. γ denotes the absorption coefficient of water. And 

the corresponding source terms of governing equations are summarized in Table 4. 

 

 

Table 2. Governing equations of this study. 

 

Species equation: 0 = ∇ ∙ (𝜌𝐷𝑒𝑓𝑓,𝑖∇𝑌𝑖) + 𝑆𝑖 

Energy equation: 0 = ∇ ∙ (𝑘𝑒𝑓𝑓∇T) + 𝑆𝑇 

Charge equation: 
∇ ⋅ (𝜎𝑒𝑓𝑓,𝑠∇𝜙𝑠) + 𝑆𝑠 = 0 

∇ ⋅ (𝜎𝑒𝑓𝑓,𝑚∇𝜙𝑚) + 𝑆𝑚 = 0 

Liquid water transport equation: 0 = ∇ ∙ (𝜌𝑙𝐷𝑠∇𝑠) + 𝑆𝑙 

Dissolved water transport equation: −∇ ⋅ (
𝑛𝑑

𝐹
𝜎𝑚∇𝜙𝑚) = ∇ ∙ (

𝜌𝑚

𝑀𝑚
𝐷𝜆∇𝜆) + 𝑆𝑑 

 

Table 3. Parameters used in this study [3]. 

 

Parameter Value Units 

Platinum loading, mpt   0.4 mg cm-2 

Platinum density, ρpt   2.145×104 kg m-3 

Carbon loading, mc   0.6 mg cm-2 

Carbon density, ρc   1.8×103 kg m-3 

Dry membrane density, ρm  1.98×103 kg m-3 

Membrane equivalent weight, Mm  1.1 kg mol-1 

Porosity of GDL, εGDL  0.6 - 

Anode reference exchange current density, 𝑖𝑎
𝑟𝑒𝑓

   100 A m-2 

Cathode reference exchange current density, 𝑖𝑐
𝑟𝑒𝑓

  10(0.03741*T-16.96) A m-2 

Anode transfer coefficient, αa  0.5 - 

Cathode transfer coefficient, αc  1 - 

Reference hydrogen concentration, 𝑐𝐻2

𝑟𝑒𝑓
   56.4 mol m-3 

Reference oxygen concentration, 𝑐𝑂2

𝑟𝑒𝑓
   3.39 mol m-3 

Hydrogen Henry’s constant, 𝐻𝐻2
   4.56×103 Pa m3 mol-1 
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Oxygen Henry’s constant, 𝐻𝑂2
   0.101325e(-666/T+14.1) Pa m3 mol-1 

Thermal conductivity of GDL/CL, kGDL/CL   1.7/0.3 W m-1 K-1 

Thermal conductivity of membrane, km   0.25 W m-1 K-1 

Electrical conductivity of GDL/CL, σs,GDL/CL   5000/2000 S m-1 

Entropy of hydrogen oxidation, ΔSa   0.104 J mol-1 K-1 

Entropy of oxygen reduction, ΔSc   -326.36 J mol-1 K-1 

Latent heat of condensation/evaporation, Δhlg   2.36×106 J kg-1 

Liquid water viscosity, μl   3.517×10-4 Pa s 

Surface tension, σ   0.0625 N m-1 

Contact angle of GDL/CL, θGDL/CL 110°/95° - 

Condensation rate, γcon   100 s-1 

Evaporation rate, γevap   100 s-1 

Permeability of GDL, KGDL  5.6×10-12 m2 

Permeability of CL, KCL  1.0×10-13 m2 

Binary diffusivity, 𝐷𝐻2−𝐻2𝑂 9.15×10-5 m2 s-1 

Binary diffusivity, 𝐷𝑂2−𝐻2𝑂  2.82×10-5 m2 s-1 

Binary diffusivity, 𝐷𝑂2−𝑁2
  2.2×10-5 m2 s-1 

Binary diffusivity, 𝐷𝐻2𝑂−𝑁2
  2.56×10-5 m2 s-1 

 

2.2 Numerical implementation and boundary conditions 

A two-dimensional model is developed by using the ANSYS FLUENT. And the user defined 

functions are also used for the implementation of the present model. The boundary conditions of the 

computational domain are as follows:  

Anode GFC-GDL interface:  

 𝑌𝐻2
= 𝑌𝐻2,𝑖𝑛

, 𝑌𝐻2𝑂 = 𝑌𝐻2𝑂,𝑖𝑛, 𝑠 = 0 

Cathode GFC-GDL interface:  

𝑌𝑂2
= 𝑌𝑂2,𝑖𝑛

, 𝑌𝐻2𝑂 = 𝑌𝐻2𝑂,𝑖𝑛, 𝑠 = 0 

Top walls: 

𝜙𝑠 = 0, 𝑇 = 𝑇𝑐𝑒𝑙𝑙 

Bottom walls： 

𝜙𝑠 = 𝑉𝑐𝑒𝑙𝑙, 𝑇 = 𝑇𝑐𝑒𝑙𝑙 

 

Table 4. Source terms of the governing equations. 

 

Descriptions Units 

𝑆𝐻2
 = −

𝑗𝑎

2𝐹
𝑀𝐻2

   𝐴𝑛𝑜𝑑𝑒 𝐶𝐿 
kg m-3 s-1 

𝑆𝑂2
 = −

𝑗𝑐

4𝐹
𝑀𝑂2

   𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿 
kg m-3 s-1 

𝑆𝑤𝑣  = −𝑆𝑙 − 𝑆𝑣𝑑𝑀𝐻2𝑂   𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿𝑠 

𝑆𝑤𝑣  = −𝑆𝑙    𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐺𝐷𝐿𝑠 

kg m-3 s-1 
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𝑆𝑇  = 𝑗𝑎𝜂𝑎 −
𝑇∆𝑆𝑎

2𝐹
𝑗𝑎 + 𝜎𝑒𝑓𝑓,𝑚‖∇ϕ𝑚‖2 + 𝜎𝑒𝑓𝑓,𝑠‖∇ϕ𝑠‖2  + (𝑆𝑙

− 𝑆𝑙𝑑)∆ℎ𝑙𝑔  𝐴𝑛𝑜𝑑𝑒 𝐶𝐿 

𝑆𝑇  = 𝑗𝑐𝜂𝑐 −
𝑇∆𝑆𝑐

4𝐹
𝑗𝑐 + 𝜎𝑒𝑓𝑓,𝑚‖∇ϕ𝑚‖2 + 𝜎𝑒𝑓𝑓,𝑠‖∇ϕ𝑠‖2  + (𝑆𝑙

− 𝑆𝑙𝑑)∆ℎ𝑙𝑔 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿 

𝑆𝑇  = 𝜎𝑒𝑓𝑓,𝑚‖∇ϕ𝑚‖2  𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 

𝑆𝑇  = 𝜎𝑒𝑓𝑓,𝑠‖∇ϕ𝑠‖2 + 𝑆𝑙∆ℎ𝑙𝑔  𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐺𝐷𝐿𝑠 

W m-3 

𝑆𝑠  = −𝑗𝑎   𝐴𝑛𝑜𝑑𝑒 𝐶𝐿 

𝑆𝑠  = +𝑗𝑐   𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿 

A m-3 

𝑆𝑚  = +𝑗𝑎   𝐴𝑛𝑜𝑑𝑒 𝐶𝐿 

𝑆𝑚  = −𝑗𝑐   𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿 

A m-3 

𝑆𝑙  = 𝑆𝑝ℎ𝑎𝑠𝑒 − 𝑆𝑙𝑑   𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐺𝐷𝐿𝑠 𝑎𝑛𝑑 𝐶𝐿𝑠 kg m-3 s-1 

𝑆𝑝ℎ𝑎𝑠𝑒 = {
𝛾𝑐𝑜𝑛𝑑

𝜀(1 − 𝑠)

𝑅𝑇
𝑀𝐻2𝑂(𝑃𝑤𝑣 − 𝑃𝑠𝑎𝑡)                    𝑃𝑤𝑣 ≥ 𝑃𝑠𝑎𝑡

𝛾𝑒𝑣𝑎𝑝

𝜀𝑠

𝑅𝑇
𝑀𝐻2𝑂(𝑃𝑤𝑣 − 𝑃𝑠𝑎𝑡)                              𝑃𝑤𝑣 < 𝑃𝑠𝑎𝑡

 

kg m-3 s-1 

𝑆𝑑 =  𝑆𝑣𝑑 + 𝑆𝑙𝑑  𝐴𝑛𝑜𝑑𝑒 𝐶𝐿 

𝑆𝑑 =  𝑆𝑣𝑑 + 𝑆𝑙𝑑 + 𝑆𝜆 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿 

𝑆𝑣𝑑 = (1 − 𝑠)𝛾
𝜌𝑚

𝑀𝑚

(𝜆𝑒𝑞 − 𝜆)  𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿𝑠 

𝑆𝑙𝑑 = 𝑠𝛾
𝜌𝑚

𝑀𝑚

(𝜆𝑒𝑞 − 𝜆)  𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿𝑠 

𝑆𝜆 =  
𝑗𝑐

2𝐹
  𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿 

mol m-3 s-1 

 

 

 

3. RESULTS AND DISCUSSION 

The water sorption process only takes place between vapor-dissolved phases or liquid-dissolved 

phases at CLs in the previous studies [13-18]. In this study, it is assumed that the water sorption process 

takes place between vapor-dissolved and liquid-dissolved phases at CLs. The effect of absorption 

coefficient of water on cell performance are presented in Fig.2. The coefficient of 1.0 is widely used in 

mathematical models. In this study, the corresponding absorption coefficients of water are 0.5, 1.0 and 

1.5. The polarization curve is used to assess the cell performance. It is clearly seen that a higher current 

density is obtained when a lower coefficient value is used in the model. The current density is 1.30 A/cm2 

for the case at cell voltage 0.3 V with the coefficient value of 0.5, the corresponding current density is 

1.26 A/cm2 for the case with the coefficient value of 1.0, and the corresponding current density is 1.24 

A/cm2 for the case with the coefficient value of 1.5. It is concluded that the current density increases 

with decreasing absorption coefficient of water at low cell voltages. And the current density is not 

affected at high and medium cell voltages. In the following section, the distributions of temperature, 

liquid water saturation, water content and local current density at cell voltages 0.6 V and 0.3V are 

presented and analyzed. 
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Figure 2. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on the polarization curve. 

 

 

 
 

Figure 3. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on temperature distribution of 

fuel cells at cell voltage 0.6 V. 

353.2 353.6 354 354.4 354.8 355.2 355.6 356 356.4 356.8
353.2 353.6 354 354.4 354.8 355.2 355.6 356 356.4 356.8

353.2 353.6 354 354.4 354.8 355.2 355.6 356 356.4 356.8

353.2 353.6 354 354.4 354.8 355.2 355.6 356 356.4 356.8

K 

γ=0.5 

γ=1.0 

γ=1.5 
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Figure 4. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on temperature distribution of 

fuel cells at cell voltage 0.3 V. 

 

The temperature distributions of fuel cells at 0.6 V and 0.3 V are shown in Figs. 3-4. It is clearly 

seen that the temperature distribution is slightly affected by the absorption coefficient of water. The 

membrane must be well hydrated to increase the protonic conductivity and then decrease the ohmic loss.  

 

 
 

Figure 5. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on liquid water saturation 

distribution at the cathode GDL-CL interface of fuel cells at cell voltage 0.6 V. 

 

353.5 354.5 355.5 356.5 357.5 358.5 359.5 360.5 361.5 362.5

353.5 354.5 355.5 356.5 357.5 358.5 359.5 360.5 361.5 362.5

353.5 354.5 355.5 356.5 357.5 358.5 359.5 360.5 361.5 362.5

353.5 354.5 355.5 356.5 357.5 358.5 359.5 360.5 361.5 362.5

K 

γ=0.5 

γ=1.0 

γ=1.5 
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Figure 6. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on liquid water saturation 

distribution at the cathode GDL-CL interface of fuel cells at cell voltage 0.3 V. 

 

 

 
 

Figure 7. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on water content distribution of 

fuel cells at cell voltage 0.6 V. 

 

However, the liquid water can also block the gas transport electrochemical reaction processes. 

The liquid water saturation variations at the cathode GDL-CL interface at cell voltages 0.6 V and 0.3 V 

are shown in Figs. 5-6. It can be seen that the distribution profile is not affected by the absorption 

coefficient of water, but the liquid water saturation level is significantly influenced. It can be observed 

that the liquid water saturation increases with increasing absorption coefficient of water. In addition, the 
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liquid water saturation level is increased when the cell voltage varies from 0.6 V to 0.3 V. This can be 

explained by the source term of Sld, which is proportional to the absorption coefficient of water. 

 

 
 

Figure 8. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on water content distribution of 

fuel cells at cell voltage 0.3 V. 

 

 

 

  
 

Figure 9. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on local current density 

distribution of fuel cells at cell voltage 0.6 V. 

 

The protonic conductivity is a function of water content and protonic conductivity increases with 

increasing water content. The water content at the line-1 and line-2 at cell voltages 0.6 V and 0.3 V are 

presented in Figs. 7-8. It is observed that water content decreases from cathode to anode and water 

content at line-2 is lower than that at line-1. Similar distributions of water content were also reported by 

other researchers [10, 16]. This is mainly attributed to the liquid water saturation. And the water content 
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decreases with increasing absorption coefficient of water, especially at the cathode CL and membrane 

regions. This indicates that a higher coefficient in the non-equilibrium water sorption model can lead to 

a small variation of water content through the membrane. In addition, the water content variation from 

the anode to the cathode increases when the cell voltage changes from 0.6 V to 0.3 V. These are 

determined by the combined effect of electro-osmotic drag and back diffusion processes. 

The local current densities at cell voltages 0.6 V and 0.3 V are shown in Figs. 9-10. It is clear 

that current density at the channel region is larger than that at the rib regions. The current density 

increases with the decreasing absorption coefficient of water. This is consistent with the current density 

reported in Fig. 2. The profile of current density at the channel region changes when the cell voltage 

varies from 0.6 V to 0.3 V. The trend of current density distribution at the cell voltage 0.6 V is not 

affected by the absorption coefficient of water, while it is slightly changed at the cell voltage 0.3 V with 

different absorption coefficients of water. 

 

 
 

Figure 10. Effect of the absorption coefficient of water (γ=0.5, 1.0, 1.5) on local current density 

distribution of fuel cells at cell voltage 0.3 V. 

 

 

4. CONCLUSIONS 

The effect of absorption coefficient of water on cell performance and transport characteristics 

are comprehensively investigated by using a two-dimensional model including the processes of water 

transport through the membrane and water sorption. The current density increases with decreasing 

absorption coefficient of water at low cell voltages. And the current density is not affected at high and 

medium cell voltages. The liquid water saturation increases with increasing absorption coefficient of 

water. The water content decreases with increasing absorption coefficient of water, especially at the 

cathode CL and membrane regions. In addition, the local current density is also affected by the 
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absorption coefficient of water. The obtained results provide and improve the understanding of the 

processes of water transport through the membrane and water sorption. 
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