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Abstract: A full-three-dimensional computational fluid dynamics analysis based on finite volume 
method was developed to study the performance of Proton exchange membrane fuel cells (PEMFCs) 
with different channel geometries at high operating current densities. This model was used with single 
straight channel geometry. This general model accounts for the major transport phenomena and the 
effect of different gas channel-shoulder geometries such as rectangular and parallelogram shape on cell 
performance such as cell current density, power density, over potential and potential distribution. 
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INTRODUCTION 
 

 Fuel cell is a device that converts chemical energy directly into the electrical energy. Electrolyte, anode 
electrode and cathode electrode are the main components of fuel cell. Around the electrodes, performing the 
electrochemical reactions and generating the electric potential lead to electric current. Oxygen reduction 
reaction is three time slower than hydrogen oxidation reaction. In fuel cell system with theoretical viewpoint, it 
can generate electrical energy until the oxidant and fuel are injecting into the electrodes, regularly. Depreciation, 
corrosion and unsuited operation due to loss of the life time of the fuel cell. In this system, oxidant gases like air 
or pure oxygen in cathode side and fuel, this mostly is hydrogen, flows in anode side. 
 Polymer electrolyte membrane fuel cell (PEMFC) the most attractive choice among variety of fuel cell. In 
PEMFC, a solid polymer electrolyte that conduct protons, situated between two platinum impregnated porous 
electrodes, The present electrodes are cast as thin films and bonded to the membrane. William T. Grubbs (Fuel 
Cell Handbook EG and G Services,) originally performed the use of organic cation exchange membrane 
polymers in fuel cells in 1959. Nafion is one of the best electrolytes used in PEMFC. Water is produces not as 
steam, but as liquid in a PEFC. The first three-dimensional model was presented by Dutta et al., in 2000. 
Berning, Djilali and Li et al., have also developed steady-state, three-dimensional, no isothermal models for 
PEMFCs recently (Gurau, V. et al., 1998) proton exchange membrane fuel cell (PEMFC) have been extensively 
suggested for future power supply in the vehicles, by developing the power generation systems and 
electronically applications. The research and investigations in fuel cell systems have been developed, but these 
systems and applications are still too expensive and complicated for commercial uses. Complete fuel cell 
systems have been demonstrated for a number of transportation applications including public transit buses and 
passenger automobiles. Recent development has focused on cost reduction and high volume manufacture for the 
catalyst, membranes andbipolar plates. This coincides with ongoing research to increase power density, improve 
water management, operate at ambient conditions, tolerate reformed fuel andextend stack life. In recent years 
various research and experiments on PEMFC, by various geometries have been developed. A seminal 
requirement of these cells is maintaining a high water content in the electrolyte to ensure high ionic conductivity 
the balance of water or its transport determines water content in the cell during the reactive mode of operation. 
Contributing factors to water transport are the water drag through the cell, back diffusion from the cathode 
andthe diffusion of any water in the fuel stream through the anode. Water transport is function of cell current 
and the characteristics of the membrane and the electrodes. Water drag refers to the amount of water that pulled 
by osmotic action along with the proton. Water management has a noticeable impact on cell performance, 
because at high current densities mass transport issues associated with water formation and distribution limit cell 
output. Without sufficient water management, an imbalance will happen between water production and 
evaporation within the cell. Against effects, include dilution of reactant gases by water vapor, flooding of the 
electrodes anddehydration of the solid polymer membrane. The adherence of the membrane to the electrode also 
will be adversely affected if dehydration occurs. Intrinsic contact between the electrodes and the electrolyte 
membrane is important because there is no free liquid electrolyte to form a conducting bridge. If water was 
exhausted more than produced, thus it is important to humidify the incoming anode gas. If there is too much 
humidification, however, the electrode floods, which causes problems with diffusing the gas to the electrode. A 
smaller current, larger reactant flow, lower humidity, higher temperature, or lower pressure will result in a water 
deficit. A higher current, smaller reactant flow, higher humidity, lower temperature, or higher pressure will lead 
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to a water surplus. There have been attempt to control the water in the cell by using external wicking connected 
to the membrane to either drain or supply water by capillary action. The ionic conductivity of the electrolyte is 
higher when the membrane is fully saturated andthis offers a low resistance to current flow and increases 
efficiency. Operating temperature has a significant influence on PEFC performance. An increase in temperature 
lowers the internal resistance of the cell, mainly by decreasing the ohmic resistance of the electrolyte. In 
addition, mass transport limitations reduce at higher temperatures. The overall result is an improvement in cell 
performance. Experimental data (Fuel Cell Handbook EG and G Services; Amphlett, J.C. et al., ) suggest a 
voltage gain in the range of 1.1 mV to 2.5 mV for each degree (oC) of temperature increase. Operating at higher 
temperatures also reduces the chemisorptions of CO because this reaction is exothermic. Improving the cell 
performance through an increase in temperature, however, limited by the high vapor pressure of water in the ion 
exchange membrane. This is due to the membrane’s susceptibility to dehydration and the subsequent loss of 
ionic conductivity. Operating pressure also influences cell performance. An increase in the oxygen pressure 
from 3 to 10.2 atmospheres produces an increase of 42 mV in the cell voltage at 215 mA/cm2. According to the 
Nernst equation, the increase in the reversible cathode potential that expected for this increase in oxygen 
pressure is about 12 mV, which is considerably less than the measured value. These results demonstrate that an 
increase in the pressure of oxygen results in a significant reduction in polarization at the cathode (Fuel Cell 
Handbook EG and G Services; Amphlett, J.C. et al.,) Performance improvements due to increased pressure must 
be balanced against the energy required to pressurize the reactant gases. The overall system must be optimized 
according to output, efficiency, cost andsize. Operating at pressure above ambient conditions would most likely 
be reserved for stationary power applications. In this work, a three-dimensional, steady state, mathematical 
model was developed. Because of no material found by zero permeability, some researches and investigations 
have been done by mathematical and numerical modeling of fuel cell, which respect bipolar plates as another 
parts of PEMFC as gas diffusion layers. Gas diffusion layer that currently made from carbon fiber or carbon 
cloth and functions to wick away liquid water, transport reactants of H2 and O2 and conduct electrons. Its 
thickness is normally between 200 and 300μm. (Chi Seung Lee et al., 2005) Design of a flow channel is very 
complicated and difficult to optimize geometry, shape and size of flow fields like that the gas flow channels and 
bipolar plates since there are many parameters which affect the fuel cell operation such as different materials use 
in cathode and anode bipolar plates (Kumar, A.  and R.G. Reddy, 2003) channel/rib ratio (Shimpalee, S. and 
J.W. Van Zee, 2007) and channel path length (Shimpalee, S. et al., 2006) Catalyst layer which is the region 
where the membrane and the electrodes overlap and the H2 oxidation or O2 reduction reaction occur. It allows 
electron and ion conduction at the same time. There are other parameters, which affect cell performance such as 
operating temperature, pressure and humidification of the gas in the cell. It is necessary to understand these 
parameter and their effects on cell performance. For this reasons we understand it is a point to set up these 
design factors at optimum values in order to increase the PEMFC operation performance. In this model, major 
transport phenomena in PEMFC and the effects of different gas channel geometries at high operating current 
densities on cell performance were studied. The modeling data validate with experimental data. 
 
Mathematical Model: 
 Fig.1. shows a schematic of a single cell of a PEMFC. It is made of two porous electrodes, a polymer 
electrolyte membrane, two-catalyst layer and two-gas distributor plates. The membrane is sandwiched between 
the gas channels. 

 

                
 
Fig.1: Schematic of a single straight-channel of PEMFC. 
 
Model Assumptions: 
 Present model includes some assumptions such as: All gases are assumed to be ideal gas mixture, GDLs 
and catalyst layers are homogeneous porous, flow is incompressible and laminar, because the pressure gradients 
and velocities are small and volume of liquid-phase water in the domain is negligible, so the flow field is single 
phase. 
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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)  is the density of gas mixture. According to model assumption, mass source and sink term 

neglected.   is the effective porosity inside porous mediums andμ 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 (Garau, V. et al., 1998) as: 
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 K is the gas permeability inside porous mediums. eff

KD In the species equation shown as 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 layers and catalyst layers by the Bruggeman 
correlation (Meredith, R.E. and C.W. Tobias, 1960) as: 
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 Additionally, diffusion coefficient is function of temperature and pressure (Byron Bird et al., 1960) by next 
equation: 
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 Transport properties for species are given in Table 1. 
 
Table 1: Transport properties (Byron Bird et al., 1960). 

    Property Value 

H2 Diffusivity in the gass Challen, 
2HD

 4 21 .1 0 1 0 /m s  

O2 Diffusivity in the gass Challen, 
2OD

 5 23.20 10 /m s  

H2O Diffusivity in the gass Challen, 
2H OD

 5 27.35 10 /m s  

H2 Diffusivity in the gass Challen, 
2

mem
HD  10 22.59 10 /m s  

O2 Diffusivity in the gass Challen, 
2

mem
OD  10 21.22 10 /m s  

 
 The charge conservation equation is shown as Eq. (4) and 

e is the ionic conductivity in the ion metric 

phase and has been incorporated by Springer et al., (1991) as: 
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 1 1
exp 1268 0.005139 0.00326

303e T
                    

(8) 

 
 Moreover, in recent equation,  is defined as the number of water molecules per sulfonate group inside the 
membrane. The water content can be assumed function of water activity, a, is defined according to experimental 
data (Kuklikovsky, A.A., 2003): 
 

  0.89
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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 (Meredith, R.E. 
and C.W. Tobias, 1960) is defined as: 
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 In recent equation m  is the volume fraction of the membrane-phase in the catalyst layer. 

 The source and sink term in Eq. (3) and (4) are given in Table 2. 
 
Table 2: Source/sink term for momentum, species and charge conservation equations for individual regions. 
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 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. 
 
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 (Kuklikovsky, A.A., 2003): 
 

=dn
1 9 

0.117 0.0544  9 
          (15) 

 
 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 (Yeo, S.W. and A. Eisenberg, 
1997). 
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Boundary Condition: 
 Eq. (1) to (4) form the complete set of governing equations for the traditional mathematical model. 
Boundary conditions are dispensed at the external boundaries. Constant mass flow rate at the channel inlet and 
constant pressure condition at the channel outlet, the no-flux conditions are executed for mass, momentum, 
species and potential conservation equations at all boundaries except for inlets and outlets of the anode and 
cathode flow channels. Inlet velocities and the species concentrations at the flow channels are given by: 
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 In present equation 

refI is the reference current density and   is a stoichiometric ratio, which is defined as 

the ratio between the amount supplied and the amount required of the fuel based on the reference current 
density. The species concentrations of flow inlets are assigned by the humidification conditions of both the 
anode and cathode inlets. 
 

RESULTS AND DISCUSSION 
 

Model Validation: 
 To validate the numerical simulation model used in this study, the performance curves of voltage and 
current density compared with the experimental data of wang et al., (2003). 
 Fuel cell operating condition and geometric parameters are shown in table 3. It is used fully humidified inlet 
condition for anode and cathode. The transfer current at anode and cathode can be described by Tafel equations.  
 
Table 3: Geometric Parameters and operating condition of PEFC (Wang, L. et al., 2003). 

Parameter Value 
Gas channel length 7.0× 10-2 m 
Gas channel width and depth 1.0× 10-3 m 
Bipolar plate width 5.0× 10-4 m 
Gas diffusion layer thickness 3.0× 10-4 m 
Catalyst layer thickness 1.29×10-5 m 
Membrane thickness 1.08×10-4 m 
Cell temperature 700 C 
Anode pressure 3 atm 
Cathode pressure 3 atm 

 
 Polarization curve of present model is shown in fig. 2. This curves signifies the good areement between 
present model with experimental data. 
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Fig. 2: Comparison of polarization curve of model with experimental data at 1.5 (A/m2). 
                                                             
 In this work, the operating of the single straight cell, as mentioned above, in different cell, potentials 
(V=0.6v and V=0.7v) was compared and the effect of gas channel geometry in cell performance was studied.  
 Fig. 3 shows the power density curve for cell. This figure shows the maximum value of power density in 
I=1.3961(A/cm2) which correspond with V=0.5 V.  
 

 
Fig. 3: Power density of present model. 
 
 Fig. 4 shows the distribution of oxygen mole fraction at membrane-cathode GDL interface, for two 
different cell voltages at the entry region of cell. Decreasing of cell voltage (incoming of current density) 
accelerates the electrochemical reaction rate and oxygen consumption. Lack of oxygen at the shoulder region of 
cell causes to higher mole fraction losses.  
 

 
Fig. 4: Mole fraction of o2 at membrane-cathode GDL interface for two different cell voltages at L/L0=0.1428 

(entry region).  

Shoulder regions
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 For downstream region of channel high mole fraction losses becomes worse due to diminution of the 
reactant with moving downstream which shown in fig. 5.When the cell voltage increases therefore cell current 
density decreases, thus reduction in O2 consumption due to general increasing in mole fraction of O2 which 
presented in fig. 4,5. 
 

 
Fig. 5: Mole fraction of o2 at membrane-cathode GDL interface for two different cell voltages at L/L0=0.8571 

(exit region). 
 
 Figures (6a,6b) display the contour of mole fraction of oxygen at cathode catalyst layer at 0.6V, 0.7V. 
 

 
     (a)     (b) 
Fig. 6(a): Mole fraction of oxygen at cathode catalyst (0.6V). 
Fig. 6(b): Mole fraction of oxygen at cathode catalyst (0.7V). 
 
 Both figures show, oxygen concentration decreases gradually along the flow channel due to the 
consumption of oxygen at the catalyst layer. At the catalyst layer, the concentration of oxygen is balanced by 
consuming the oxygen and the amount of oxygen that diffuses towards the catalyst layer, driven by the 
concentration gradient. The lower diffusivity of the oxygen along the flow with the low concentration of oxygen 
in ambient air results in noticeable oxygen diminution along the cell. At the higher cell voltage, which 
corresponds to lower current density, rate of oxygen consuming is low enough which does not cause to diffusive 
problems, where as at a low cell voltage the concentration of oxygen has already reached near-zero values. Low 
diffusivity of the hydrogen is similar to the oxygen. Figs.7a,7b display the variation of mole fraction of 
hydrogen along the anode catalyst at the different cell voltage. The hydrogen concentration decreases along the 
cell, as it is being consumed. However, the decrease in molar fraction of the hydrogen along the anode side is 
smaller than for the oxygen in cathode side due to the higher diffusivity of the hydrogen. 
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Fig. 7(a): Mole fraction of hydrogen at anode catalyst (0.6V). 
Fig.7(b): Mole fraction of hydrogen at anode catalyst (0.7V). 
 
 Hydrogen at the anode provides a proton, releasing an electron in the process that must pass through an 
external circuit to reach the cathode. The proton, which remains solvated with a certain number of water 
molecules, diffuses through the membrane to the cathode to react with Oxygen and the returning electron. Water 
successively produced at the cathode. 
 Mole fraction of water at the fully humidified anode side is shown in fig.8a.8b, 9a, 9b, for both cell 
voltages. 
 

           
     (a)    (b) 
Fig. 8(a): Mole fraction of water at anode catalyst (0.6V). 
Fig. 8(b): Mole fraction of water at anode catalyst (0.7V). 
 
 Note that at cathode side, the maximum mole fraction of water vapor in both cases exceeds the saturated 
value; the magnitude of water mole fractions is higher for low cell voltage than for high cell voltage which it is 
displayed in fig.8a, 8b, 9a, 9b.for both cell voltages. 
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          (a)            (b) 
Fig. 9(a): Mole fraction of water at cathode catalyst (0.6V). 
Fig. 9(b): Mole fraction of water at cathode catalyst (0.7V). 
 

 The back diffusion is sufficient to counteract the electro-osmotic drag, but under low voltages, the electro-

osmotic effect dominates back diffusion. Water concentration at the cathode channel increases along the flow 

channel. This increasing of water concentration associates with the phenomenon that the Water composes by 

electrochemical reaction along the channel and transports from anode side by electro-osmotic drag coincidently. 
 

 
Fig. 10: Liquid water activity at membrane-cathode GDL interface.0.6V at L/L0= 0.1428(entry region) and 

L/L0=0.8571(exit region). 

 

 Water activity depends on mole fraction of water in both side anode and cathode. Therefore, at cathode side 

mole fraction of water increases along the flow channel hence water activity increases along the flow channel at 

cathode side.Fig.10, 11.display water activity at membrane-cathode GDL interface for V=0.6v, V=0.7v 

respectively. 

 Proton conductivity is one of the seminal parameters for proton exchange membrane (PEMFC) which 

strongly contributes the fuel cell performance in terms of ohmic loss. Comparison the protonic conductivity in 

both voltages is shown in fig. 12,13,14 and 15. High proton conductivity necessary to supports high currents 

with minimal resistive losses. The protonic conductivity is highly influenced by the water content. Membrane 

conductivity is a function of water activity. Increasing the water activity along the channel causes to increasing 

conductivity, also reducing the length of the proton transport path leads to proton conductivity increases. 
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Fig. 11: Liquid water activity at membrane-cathode GDL interface.0.7V at L/L0= 0.1428(entry region) and 

L/L0=0.8571(exit region). 
 

 
Fig. 12: Protonic conductivity at membrane-cathode GDL interface for two different cell voltages at 

L/L0=0.1428(entry region). 
 

 
 
Fig. 13: Protonic conductivity at membrane-cathode GDL interface for two different cell voltages at 

L/L0=0.8571(exit region). 
 
 In present work, we also carried out simulations for the PEM fuel cell with rectangular and parallelogram 
channel cross-sections, which are schematically illustrated in figure.15. Both of the configurations were run with 
similar boundary conditions and inlet mass flow rates. Table.4. shows the specifications of both geometries. 
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Fig. 14: Protonic conductivity at membrane-anode GDL interface for two different cell voltages at 

L/L0=0.1428(entry region). 
 

 
Fig. 15: Protonic conductivity at membrane-anode GDL interface for two different cell voltages at 

L/L0=0.8571(exit region). 
 

Table 4: Geometrical configurations. 
Case Channel width (mm) Half shoulder width (mm) Channel height (mm) 

Case (a) 1 0.5 1 
Case (b) 1 0.5 1 

 

 The polarization curve of both cases at same voltage (V=0.4 v) is shown in fig.16. The current density for 
Case (a) (the base case) is slightly higher than case (b). 
 

 
Fig. 16: Cell current density for two different gas channel geometries at same cell potential (0.4V). 
 
 Fig. 18,19 display current density at entry and exit region of membrane-cathode GDL interfaces 
respectively. It is higher in the shoulder area and lower in the channel area. 
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      Case (a)            Case (b) 
Fig. 17: Schematic of two different cases. 
 
 

 
Fig. 18: Current density at membrane-cathode GDL interface for two different gas channel geometries at same 

cell potential (0.4 V) at L/L0=0.1428 (entry region). 
 

 
 
Fig. 19: Current density at membrane-cathode GDL interface for two different gas channel geometries at same 

cell potential (0.4 V) at L/L0=0.8571 (exit region). 

 
 The protonic conductivity is higher in the shoulder area and lower in the channel area; however, it gradually 

increases along the channel because of variations in the anode water activity. It is shown in fig. 20,21. 

 Comparison of Cases (a) and (b), which have the same shoulder and channel widths, exhibits that the 

inclination of the channel walls (Case (b)) have a small effect on the water activity at this operating voltage.  

 Cathode over potential increases singularly in the shoulder region as well as in the downstream region of 

the channels. The loss due to the cathode over potential correlates the activation and concentration losses at the 

cathode side, which are mainly regulated by oxygen availability at the membrane–cathode GDL interface. 
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Fig. 20: Protonic conductivity at membrane-cathode GDL interface for two different gas channel geometries at 
same cell potential (0.4 V) at L/L0=0.1428 (entry region). 

 
 Water activity is higher in the shoulder area and lower in the channel area, it is increase in cathode side 
along the channel andit was compared for two cases and shown in fig. 22, 23. 
 

 
 
Fig. 21: Protonic conductivity at membrane-cathode GDL interface for two different gas channel geometries at 

same cell potential (0.4 V) at L/L0=0.8571 (exit region).  
 

 
 
Fig. 22: Liquid water activity at membrane-cathode GDL interface for two different gas channel geometries at 
same cell potential (0.4 V) at L/L0=0.1428 (entry region). 
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Fig. 23: Liquid water activity at membrane-cathode GDL interface for two different gas channel geometries at 

same cell potential (0.4 V) at L/L0=0.8571 (exit region). 
 
 Comparison over potential at membrane-cathode interface for two different gas channel geometries is 
compared in figs. 24, 25. 
 

 
Fig. 24: Over potential at membrane-cathode interface for two different gas channel geometries at L/L0=0.1428 

(entry region) at same cell potential (0.4 v). 
 
 The comparison of distribution of the oxygen mole fraction at the membrane–cathode GDL interface is 
displayed in figs. 26,27. Oxygen scarcity in the shoulder region over the reacting area causes to higher 
concentration losses, which become worse in the exit region of the channel due to depletion of the reactant with 
moving downstream. Cases (a) and case (b) show nearly uniform oxygen mole fractions and cathode over 
potentials at this cell voltage (0.4V) because they have the same shoulder width. 
 

 
Fig. 25: Over potential at membrane-cathode interface for two different gas channel geometries at L/L0=0.8571 

(exit region) at same cell potential (0.4 v). 
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Fig. 26: Mole fraction of o2 at membrane-cathode GDL interface for two different gas channel geometries at 
same cell potential (0.4 V) at L/L0=0.1428 (entry region). 

 

 
 
Fig. 27: Mole fraction of o2 at membrane-cathode GDL interface for two different gas channel geometries at 

same cell potential (0.4 V) at L/L0=0.8571 (exit region). 
 
 The results of the present study of two channel geometries indicate that the shoulder width is one of the 
main geometrical parameters regulating voltage losses. 
 
Conclusions: 
 In present study, some simulations were carried out for a PEMFC with a single straight channel. Primarily 
the specifies and performance of a single cell such as polarization curve, power density, oxygen, hydrogen and 
water mole fraction charts, liquid water activity and protonic conductivity with rectangular channel geometry for 
base case were studied and compared for two different voltages(V=0.6v,V=0.7v). Next the effect of gas channel 
geometry were chosen with the same channel height, on cell performance (for two case with rectangular and 
parallelogram) was studied. Channel area and reacting area, which ensured the same boundary conditions for 
two cases. The results of simulations using these channel geometries proved that the rectangular channel cross-
section gave higher current density at same voltage (V=0.4v).Also, the results displayed that the cathode over 
potential was especially sensitive to the shoulder width. 
 
Nomenclature: 

a     Water activity 
C  Molar concentration (mol/m3) 
D   Mass diffusion coefficient (m2/s) 
F   Faraday constant (C/mol) 
I   Local current density (A/m2) 
J   Exchange current density (A/m2) 
K  Permeability (m2) 
M   Molecular weight (kg/mol) 

dn   Electro-osmotic drag coefficient 

   Density (kg/m3) 

   Viscosity (kg/m-s) 

e
  Membrane conductivity(1/ohm-m) 

   Water content in the membrane 
   Stoichiometric ratio 
   Over potential(v) 
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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 

eff
 

Effective thermal conductivity 

(w/m-k) 

e   
Electrolyte phase potential (v)

 
 
Subscripts and superscripts 
 
a  Anode 
c  Cathode 
ch  Channel 
k  Chemical species 
m  Membrane 
MEA  Membrane electrolyte assembly 
ref  Reference value 
sat  saturated 
w  Water 
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