
 

 

 

 

 

 

1. INTRODUCTION 

 The proton exchange membrane fuel cell (PEMFC) using 

very thin polymer membrane as electrolyte has been 

considered as a promising candidate of future power sources, 

especially for transportation applications and residential 

power. This type of fuel cell has many important advantages 

such as high efficiency, clean, quiet, low temperature 

operation, capable of quick start-up, no liquid electrolyte and 

simple cell design. However, its performance and cost should 

be further optimized before this system becomes competitive 

with the traditional combustion power plants [1-3]. 

In a fuel cell, fuel (e.g., hydrogen gas) and an oxidant (e.g., 

oxygen gas from the air) are used to generate electricity, 

while heat and water are typical products of the fuel cell 

operation. Extensive research efforts have been devoted to 

develop realistic simulation models in the past decade. 

Researchers all over the world are focusing on optimizing 

the fuel cell system to be cost competitive with currently 

available energy conversion devices [4].Many studies have 

examined various aspects of PEMFC performance as a 

function of operating conditions (e.g. [5–13]). One of the 

important tools in the optimization study of fuel cell 

performance is computational modeling, which can be used 

to reveal the fundamental phenomena taking place in the fuel 

cell system [14].Among the various aspects of PEMFCs that 

affect cell performance, geometrical parameters play a major 

role. For example, performance of the fuel cell with smaller 

shoulder widths is better than those with larger ones [15–18].  

N. Pormahmod et al. investigated the geometrical effect on 

PEMFC performance [19,20,21]. This article presents the 

results of a numerical investigation, using a comprehensive 

two-dimensional, single phase, non-isothermal and parallel 

flow model of a PEM fuel cell with straight channels. In this 

model, major transport phenomena in conventional model of 

PEMFC, was investigated. Also the effect of pressure and the 

membrane thickness on cell performance and output cell 

current density were studied.  Finally the numerical results of 

proposed CFD model are compared with the available 

experimental data that represent good agreement.   

 
2. MODEL DESCRIPTIONS  

2.1 System description 

Figure1 shows a schematic drawing of a single cell of a PEM 

fuel cell. It is made of two porous electrodes, a polymer 

electrolyte membrane, two very thin catalyst layers, and two 

gas distributor plates. 

 
Fig.1 A schematic drawing of a single cell 
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 The channel walls are straight and humidified oxidant gases 

enter the cathode channel, while humidified fuel enters the 

anode channel.The conventional single straight channel 

geometry with computational meshes is shown in figure 2. 

 
Fig2. X-Y view of the Computational mesh of the domain 

 

2.2 Model Assumptions 

The proposed model includes the following assumptions: 

(1) The system operates under a steady-state condition. 

(2) The incoming gas mixtures are considered as an 

incompressible fluid. 

(3) The fluid flow in the channels is supposed to be laminar 

because of low velocities gradient and eventually low 

Reynolds number. 

(4) The membrane is considered impermeable for reactant 

gases. 

(5) The water in the pores of diffusion layer is separated 

from the gases in the diffusion layers, i.e. no interaction 

between the gases and the liquid water exists. 

(6) In the cell, due to electrochemical reaction, the process is 

non-isothermal; but the walls of the cell and inlet gases have 

constant temperature (isothermal). 

 

3. GOVERNING EQUATIONS 

In this numerical simulation, a single domain model 

formation was used for the governing equations.These 

governing equations consist of mass conservation, 

momentum and species equations, which can be written as: 
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In Eq.(1) ρ is the density of gas mixture. According to model 

assumption, mass source and sink term neglected. Ԑ is the 

effective porosity inside porous mediums, and μ is the 

viscosity of the gas mixture in the momentum equation is 

shown as Eq.(2) The momentum source term, Su, is used to 

describe Darcy’s drag for flow through porous gas diffusion 

layers and catalyst layers [22] As: 
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K is the gas permeability inside porous mediums.
eff

KD In the 

species equation as shown in Eq. (3), is the effective 

diffusion coefficient of species k (e.g. hydrogen, oxygen, 

nitrogen and water vapor) and is defined to describe the 

effects of porosity in the porous gas diffusion and catalyst 

layers by the Bruggeman correlation as: 
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Additionally, diffusion coefficient is function of temperature 

and pressure [23] by next equation: 
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The charge conservation equation is shown as Eq. (4) and  

is the ionic conductivity in the ion metric phase and has been 

incorporated by Springer et al. [24] as:  
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Moreover, in recent equation, λ is defined as the number 

of water molecules per sulfonate group inside the membrane 

(water content). The water content can be assumed function 

of water activity, a  is defined according to experimental data 

[25]: 
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Water activity, a  is defined by: 
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The proton conductivity in the catalyst layers by 

introducing the Bruggeman correlation [26] can be given by: 

 
1.5eff
m    (11) 

In recent equation Ԑm is the volume fraction of the 

membrane-phase in the catalyst layer.Local current density 

in the membrane can be calculated by: 
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Then the average current density is calculated as follow: 
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Where A is the active area over the MEA. 

4. WATER TRANSPORT 

Water molecules in PEM fuel cell are transported via electro-

osmotic drag due to the properties of polymer electrolyte 

membrane in addition to the molecular diffusion. H
+
 protons 

transport water molecules through the polymer electrolyte 

membrane and this transport phenomenon is called electro-

osmotic drag. In addition to the molecular diffusion and 

electro-osmotic drag, water vapor is also produced in the 

catalyst layers due to the oxygen reduction reaction. 

Water transport through the polymer electrolyte membrane is 

defined by: 
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Where nd and 2
mem
H OD  are defined as the water drag 

coefficient from anode to cathode and the diffusion 

coefficient of water in the membrane phase, respectively. 

The number of water molecules transported by each 

hydrogen proton H+ is called the water drag coefficient. It 

can be determined from the following equation [25]: 
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The diffusion coefficient of water in the polymer membrane 

is dependent on the water content of the membrane and is 

obtained by the following fits of the experimental expression 

[27]: 
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The terms are therefore related to the transfer current 

through the solid conductive materials and the membrane. 

The transfer currents or source terms are non-zero only 

inside the catalyst layers. The transfer current at anode and 

cathode can be described by Tafel equations as follows: 
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According to the Tafel equation, the current densities in the 

anode and cathode catalysts can be expressed by the 

exchange current density, reactant concentration, 

temperature and over-potentials according to the Tafel 

equations. Where, the surface over potential is defined as the 

difference between proton potential and electron potential. 
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The open circuit potential at the anode is assumed to be zero, 

while the open circuit potential at the cathode becomes a 

function of a temperature as: 
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The protonic conductivity of membrane is dependent on 

water content, where σm is the ionic conductivity in the 

ionomeric phase and has been correlated by Springer et al. 

[24]: 
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Energy equation given by Eq. (23): 
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Where, λeff is the effective thermal conductivity, and the 

source term of the energy equation, ST, is defined with the 

following equation: 
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In this equation, Rohm , is the ohmic resistance of the 

membrane, hreaction, is the heat generated thorough the 

chemical reactions, ηa and ηc, are the anode and cathode over 

potentials, which are calculated as: 
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Here, tm is the membrane thickness. 
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Where, αa and, αc are the anode and cathode transfer 

coefficients, P0O2is the partial pressure of hydrogen and 

oxygen, and, j0 is the reference exchange current density. 

The fuel and oxidant fuel rate u  is given by following 

equations: 
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In present equation, Iref and ξ are the reference current 

density and stoichiometric ratio, respectively. ξ is defined as 

the ratio between the amount supplied and the amount 

required of the fuel based on the reference current density.  

 

5. NUMERICAL IMPLEMENTATION 

As mentioned earlier, a two-dimensional full cell model was 

numerically simulated to analyze the electrochemical 

reactions, the transport phenomena of the reactants, and 

products in the cell. The governing equations were 

discretized using a finite volume method and solved by a 

CFD code. Numerical results tests were performed to ensure 

that the solutions were independent of the grid size. 

Moreover, the computational domain is divided into about 

14000 cells. Operating conditions used in this study are 

summarized in Table 1. 

 
Table1. Cell operating conditions 

parameter symbol value 

Cell temperature (
0
C) Tcell 80 

Pressure at the anode (atm) Pa 3 

Relative humidity of inlet fuel RHa 1 

Pressure at the cathode (atm) Pc 5 

Relative humidity of inlet air RHc 1 

Anode stoichiometry ζa 2.8 

Cathode stoichiometry ζc 3 

Reference current density (A/cm
2
) Iref 1 

Anode transfer coefficient αan 2 

Cathode transfer coefficient αcat 2 

 
The proton transfer in the proton conducting regions and the 

electron transfer in the electronic conducting regions, 

determine the potential distribution in a cell. One can notice 

that, the polymer as an electrolyte in the membrane and 

catalyst, belongs to proton conducting region. While the 

catalysts, GDLs and BPs including gas flow channels is 

regarded as electrode. Important geometrical parameters are 

listed in Table 2. 

Table2. Cell design parameter 

Parameter value 

Cell /electrode length (mm) 71.12 

Gas channel width (mm) 0.762 

GDL thickness (mm) 0.254 

Porosity of anode GDL (ε) 0.4 

catalyst layer thickness (mm) 0.0287 

Porosity of catalyst layer (ε) 0.112 

Membrane thickness (mm) 0.23 

 

6. RESULTS AND DISCUSSIONS 

A series of simulation were carried out on the model from 

low to high operating current densities. In order to evaluate 

the validity of the model, numerical simulation results (for 

conventional model or base case) compared with the 
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experimental data [28], as shown in figure 3, which there is 

a favorable agreement between them. The power density 

curve for the model is illustrated too. As we know, there is a 

relation between voltage, current density and the power of 

the fuel cell as P=V*I.   

 
Fig.3 Predicted and experimental cell polarization curves 

6.1 Water and oxygen distribution 

Figure 4 illustrates the water distribution at the fully 

humidified anode and cathode side. It is observed that the 

water molar concentration decreased along the anode side. It 

was caused by electro-osmotic drag directing from the anode 

to the cathode. At the anode side, water molecules transfer 

the H+ to the cathode side. As the cell voltage decreases (and 

electrochemical reaction rate increases) this phenomenon 

takes place faster, so there would be lower hydrogen and 

water at anode side. On the other hand, the water 

concentration at the cathode side increased along the cell. It 

is associated with the fact that the water was formed by 

electrochemical reaction along the channel and water was 

transported from anode side by electro-osmotic drag 

simultaneously. Oxygen mole concentration decreased along 

the cathode side (Fig.5). Because it reacts with the H+ that 

has come from anode side and consequently forms water. So 

oxygen is consumed and its value decreases along the 

cell.Decreasing of cell voltage (increasing of current density) 

accelerates the electrochemical reaction rate and the oxygen 

consumption (water production). Figure 4 indicates that 

molar concentration of water at the cathode side layer 

increases while the cell voltage is decreasing, because the 

higher current density (lower cell voltage) leads to higher 

oxygen consumption and so higher water production.  

 
Fig.4 Water mole concentration for different voltages 

 
Fig.5 Oxygen mole concentration at the interface of cathode GDL and 

catalyst layer for different voltages 

6.2 Temperature distribution 

Temperature distribution is shown in figures 6,7 at the 

cathode side for two different voltages.  

 
Fig.6 Temperature distribution diagram at the interface of the GDL and the 

cathode catalyst layer(V=0.1v) 

 
Fig.7 .Temperature distribution diagram at the interface of the GDL and the 

cathode catalyst layer(V=0.3v) 

 

The temperature distribution diagram indicates that 

temperature value at the entry region of fuel cell is higher 

than the exit region. It is because of the water production 

increase along the cathode side and it is obvious that water 

has important effect on fuel cell heat management and 

decreasing of temperature. 

 

6.3    Species distribution 

6.3.1   Hydrogen distribution 

Figure 8 shows the average molar concentration of hydrogen 

in anode gas channel. CH2 decrease with decrease of cell 

potential since the rate of hydrogen oxidation reaction 

increases. Hydrogen distribution along the middle of anode 

flow channel, interface of anode flow channel and gas 
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diffusion layer (GDL) and the interface of anode GDL and 

catalyst layer has been shown in Figure 9. Approaching to 

the electrochemical reaction area, the hydrogen amount 

decreases. Because, all of the hydrogen molecules which are 

existing in the channel cannot penetrate into the catalyst 

layer.  

 
Fig. 8. The averaged molar concentration of gas hydrogen in anode gas 

channel for different voltages 

 

 
Fig. 9.Mole fraction of hydrogen along the different layers at anode side 

 

6.4   Cathode over potential 

At the interface of the membrane and the cathode catalyst 

layer, the average values of the cathode over potential have 

been shown for three different voltages (Fig.10). The cathode 

over potential is affected by the oxygen mole fraction. 

According to figure5, the oxygen mole fraction is higher in 

the inlet region than the exit area, which gives rise to higher 

water production in the exit area. The produced water in the 

cathode reacting area blocks the holes of the porous GDL, 

this circumstance reduces diffusion of the oxygen to the 

reacting area.  

 
Fig.10. cathode over potential at the interface of the GDL and the cathode 

catalyst layer 

 

6.5   Effect of pressure 

For pressures above 3 atm the composition changes only 

slightly with the pressure. The polarization curves shown in 

Figure11 reveal change in the current density amount 

especially in the low voltage region (0.5-0.3V), when the 

pressure is changed. This can be attributed to the change in 

the equilibrium potential that goes along with a decrease in 

the reactant pressure (Nernst equation). To a much lesser 

extent, the decrease in the exchange current density with 

decreasing pressure also contributes to this effect. 

Figures 12 and 13 show molar concentration of water and 

oxygen, at the interface of cathode GDL and cathode catalyst 

layer for two different cathode pressures, respectively when 

the cell voltage is 0.7V. According to figures 12, 13, it can 

be anticipated that the molar concentration of oxygen and 

water will be increased and decreased respectively, by 

increasing of cathode pressure. It is clear that cathode 

pressure has significant effect on incoming cathode side gas 

stream consist of water and oxygen. Figure15 shows the 

average molar concentration at the cathode side catalyst 

layer. The cell voltage is maintained constant at 0.7 in all 

these cases. Increasing of current density results in 

increasing of oxygen consumption. Increasing of oxygen 

molar concentration results in increasing of electrochemical 

reaction rate at the cathode catalyst layer and temperature 

distribution too, that is clearly shown in figure16 (at cell 

voltage 0.7). 

 

 
Fig. 11. Cathode pressure effect on cell performance 

 

 
Fig. 12. Molar concentration of water the at interface of cathode GDL and 

cathode catalyst layer(V=0.7v) 
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Fig. 13. Molar concentration of oxygen at the interface of cathode GDL and 

cathode catalyst layer(V=0.7v) 

 

 
Fig.14. The average molar concentration at the cathode side catalyst layer 

 
Fig.15 .Temperature distribution diagram at the interface of the GDL and 

the cathode catalyst layer (V=0.7v) 

 

6.6    Effect of membrane thickness 

The effect of membrane thickness on the fuel cell potential 

and current density is displayed in figure 16. As the 

membrane thickness decreases, the H+ path to reach the 

electrochemical reaction area (cathode catalyst layer) 

decreases. It means that the ion conductivity resistance 

(ohmic loss) decreases. In this way, H+ reaches the cathode 

catalyst layer sooner and combines with the oxygen faster 

and forms the water further (figures 17, 18, 19).Figure 18 

indicates that in the case with thicker membrane, the oxygen 

consumption and consequently water formation is lower. It is 

clear that in fuel cell with high reaction rate (oxygen and 

water combination rate), the current density and performance 

is better. So it can be resulted that the case with lower 

membrane thickness has better performance.Figure 20 

indicates the current density distribution of two proposed 

model (case 1: thinner membrane & case2: thicker 

membrane). As it discussed before, the performance of fuel 

cell with thicker membrane (case2) is lower than the case 

with thinner membrane (case1). It can be obtained that the 

protonic conductivity of case 1 should be better than case 2, 

because it can transfer the H+ easier and faster than case2 

which has been shown in figure 22. As mentioned before, the 

amount of water production in case 1 is higher than case2. 

So the case 1 consumes more oxygen and results in anoxia 

phenomenon. Additional water produced in case 1 can block 

the holes of cathode catalyst layer. This means that cathode 

over potential should be higher n case 1(Fig.21).While the 

water magnitude in case 2 is lower than case 1, then the heat 

transfer of case 2 will be weaker than case 1, which leads to 

higher temperature in case 2 (Fig.23).According to Eq.(10) 

the anode water activity has inverse relation with saturated 

pressure. As it is clear, Saturation pressure is only a function 

of temperature. So the higher temperature leads to lower 

water activity, which has been shown in figure 24.  

 
Fig.16. Effect of membrane thickness on fuel cell performance 

 

 
Fig.17. Schematic of H

+
 path to the cathode catalyst layer 

 

 
Fig.18. H2O mass fraction for V=0.6 [V] 
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Fig.19. O2 mass fraction for V=0.6 [V] 

 
Fig.20. Current density for V=0.6 [V] 

 
Fig.21. Cathode overpotential for V=0.6 [V] 

 
Fig.22. Protonic conductivity for V=0.6 [V] 

 
Fig.23. Temperature distribution for V=0.6 [V] 

 
Fig.24. Anode water activity for V=0.6 [V] 

7. CONCLUSION 

In this article a two dimensional computational fluid 

dynamics model of a Proton Exchange Membrane Fuel Cell 

(PEMFC) with straight flow channels has been simulated. 

Temperature distribution diagram for two low voltages, 

species distribution such as hydrogen, oxygen and water for 

different operating voltages and along various interface 

layers have been presented and discussed with more details. 

The temperature value at the entry region of fuel cell is 

higher than the exit region. It is because of the water 

production increase (due to oxygen consumption which 

results in water formation) along the cathode side and it is 

obvious that water has important effect on fuel cell heat 

management and decreasing of temperature.It is obtained 

that the cathode over potential is affected by the oxygen mole 

fraction. As mentioned before the oxygen value is more in 

the inlet region than the exit area, which gives rise to higher 

water production in the exit area. The produced water in the 

cathode reacting area blocks the holes of the porous GDL, 

this circumstance reduces diffusion of the oxygen to the 

reacting area.The operating pressure affects numerous 

parameter that are important for the fuel cell operation 

Meanwhile cathode pressure variation effect on the inlet gas 

composition (water and oxygen), temperature distribution, 

and molar concentration of species and fuel cell performance 

have been numerically investigated. On the other hand three 

geometries with different membrane thickness which have 

similar boundary conditions have been simulated. As 

mentioned before ion conductivity resistance decreases as the 

membrane thickness decreases.As the membrane thickness 

decreases, the H+ path to the electrochemical reaction area 

(cathode catalyst layer) decreases. It means that the ion 

conductivity resistance (ohmic loss) decreases. In this way, 

H+ reaches the cathode catalyst layer sooner and combines 

with the oxygen faster and forms the water further. So it can 
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be resulted that the case with lower membrane thickness has 

better performance. 
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NOMENCLATURES  
a   Water activity 

C  Molar concentration (mol/m
3
) 

D     Mass diffusion coefficient (m
2
/s) 

F    Faraday constant (C/mol) 
I    Local current density (A/m

2
) 

J   Exchange current density (A/m
2
) 

K  Permeability (m
2
) 

M   Molecular weight (kg/mol) 

dn   Electro-osmotic drag coefficient 

P   Pressure (Pa) 
R               Universal gas constant (J/mol-K) 
T   Temperature (K) 
t  Thickness 

u


  Velocity vector 

Vcell  Cell voltage 
Voc  Open-circuit voltage 
W  Width 
X   Mole fraction 

Greek letters 

     Water transfer coefficient 

eff     Effective porosity 


    

Density (kg/m
3
) 

e        
Electrolyte phase potential (v)

 


    
Viscosity (kg/m-s) 

e
    Membrane conductivity (1/ohm-m) 

     Water content in the membrane 


  

   
Stoichiometric ratio 

      Over potential (v) 

50




