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Abstract 

Proton exchange membrane (PEM) fuel cells have been promoted due to significant 

breakthroughs in various aspects and increasing public interests. The porous features 

of the gas diffusion layer (GDL) and the necessary assembly processes generate 

localized pressure forces on the channel/shoulder structure of the bi-polar plates (BPP). 

As a consequence, the assembly pressure acting on a single cell and a fuel cell stack 

has important influence on the geometric deformation of the GDL resulting in a 

change in porosity, permeability, and the resistance for heat and charge transfer in 

PEM fuel cells. It is expected that the cell performance is also affected by these 

physical parameters. To optimize the cell performance, it is necessary to consider the 

assembly effects, which is conducted by a numerical method in this work.  

The effect of the GDL porosity change caused by various compression ratios is 

investigated by a three-dimensional (3D) PEM fuel cell model based on the finite 

volume method (FVM). The model was validated and further applied to predict the 

transport phenomena including heat, mass and charges, as well as the effects on the 

cell performance. The simulation results show that a high compression ratio on the 

GDL leads to lower porosity, which is favorable for the heat removal from the cell. 

However, the compression has contradictory effects on the mass transfer and finally 

deteriorates the cell performance.   

To predict the GDL deformation and associated effects on the geometric parameters as 

well as porosity, mass transport properties and the cell performance, both the finite 

element method (FEM) and the FVM are applied, respectively. A non-homogeneous 

deformation, porosity, oxygen diffusion coefficient and the electric resistance of the 

GDL have been observed across the fuel cell in the in-plane direction. The obtained 

non-homogeneous physical parameters of the deformed GDL are applied for further 

computational fluid dynamics (CFD) analysis. The CFD results reveal that a higher 

assembly pressure decreases the porosity, GDL thickness, gas flow channel cross-

sectional areas, oxygen diffusion coefficient, oxygen concentration and cell 

performance. It is found that, the reduction of the GDL porosity is a dominating factor 

that decreases the cell performance compared with the decreased gas channel flow 

area and GDL thickness in the assembly condition. A sufficient GDL thickness is 

required to ensure transfer of the fresh gas to the reaction sites far away from the 

channel.  

As the entire electric resistance is considered, the optimized cell performance is 

obtained if the cell is operating below 1 MPa assembly pressure. It is found from a 

newly developed electric resistance model that both through-plane resistance of a cell 

and the interfacial resistance between the GDL and BPP for electrons decrease with 

higher assembly pressures. Comparing with a zero-compressed cell, the cell operating 

at an assembly pressure above 2 MPa creates a new contact area between the GDL and 

BPP at the vertical interface. Therefore, the corner of a BPP close to the channel 
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becomes the dominating zones for electron transfer. Finally, it is suggested that the 

assembly pressure should be considered properly in designing and manufacturing of 

PEM fuel cells. 

 

Keywords: PEM fuel cell, compression ratio, assembly pressure, porosity, deformed 

GDL, electric resistance, transport phenomena, model, performance, analysis, 

OpenFOAM. 
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Popular science summary 

Proton exchange membrane (PEM) fuel cell is one of the promising fuel cells in 

conversion of chemical energy to electric energy with a relative high efficiency. It is 

widely known that the PEM fuel cell has nearly-zero pollutants if it is fueled by 

hydrogen. People can use the sustainable electric power without any noise in home 

usage, transportation and commutation facilities and so on. The current interest of this 

device is to replace combustion engines to release the environmental problems like 

CO2 emissions.   

A PEM fuel cell involves several technologies. Many achievements have been reached 

in the past decades. However, the cost and stability are two main limitations 

preventing wide use of PEM fuel cells. In various research and development fields, 

such as materials, design and manufacturing, some breakthroughs have been made in 

improving the cell performance. Even though large efforts have been paid in 

experiments, the closed-space and small-scale of the cell device make it hard to 

investigate. Therefore, numerical methods have become very popular and presented 

efficient ways to investigate the transport phenomena and optimizing the cell 

performance. 

The assembly process of a single cell or a cell stack is a necessary step to prevent gas 

leakage and decrease the contact resistance between the various layers. The porous 

carbon fibers in the gas diffusion layer (GDL) are touching the channel/shoulder 

structure of the bi-polar plates (BPP). As a consequence, the physical properties of the 

GDL, such as dimensions, porosity, mass transfer resistance, and interfacial 

resistances for heat and electrons will be changed. These factors may result in 

unexpected or decreased cell performance. 

In this work, the commercial software ANSYS and the newly developed open source 

code OpenFOAM (“Open Source Field Operation and Manipulation”) are applied to 

study the important assembly processes. The model in ANSYS predicts the GDL 

deformation behavior. Then the deformed GDL and the corresponding yield properties 

are implemented in the PEM fuel cell model to study the effects of the assembly 

pressure on the transport phenomena and cell performance. To optimize the cell 

performance, the electric resistance in the deformed bulk of a cell and the interfacial 

resistance between the GDL and BPP are considered. All the parameters are expressed 

as a function of the assembly pressure.  

To investigate the porosity effects independently, different porosities of the GDL 

caused by various assumed compression ratios are applied as initial conditions for the 

PEM fuel cell model. In the study of porosity effects, the GDL deformation and the 

electric resistance variations are neglected. Then the model is further extended to 

include real deformation of the GDL and the electron transfer effects, respectively. By 

evaluating several topics, the cell performance is optimized in terms of assembly 
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pressures or compression ratios. Guidelines for design and manufacturing of PEM fuel 

cells can be set up based on this thesis. 
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Nomenclature 

Latin Characters 

an  coefficient for dynamic viscosity, [-] 

A  cross-sectional area of conductor, [m
2
] 

dpore  mean pore diameter of electrode, [m] 

Cp   specific heat at constant pressure, [J kg
-1

 K
-1

]
 

dpore      mean pore diameter of porous medium, [m] 

Di  diffusion coefficient of species i, [m
2
 s

-1
] 

Dn  viscous resistance, [m
2
 s

-1
] 

E0  theoretical potential, [V] 

Eact  activation energy, [J mol
-1

] 

ENernst  Nernst potential, [V]   

F  Faraday constant, 96487 [C mol
-1

] 

Fn  viscous inertia, [m
2
 s

-1
] 

ΔGrxn  change in Gibbs free energy, [J mol
-1

]
 

hi  thickness of component i, [m] 

ΔHe   enthalpy change per mole electron, [J mol
-1

e
-1

] 

ΔHrxn  enthalpy change, [J mol
-1

]
 

i  local current density, [A cm
-2

] 

i   average current density, [A cm
-2

] 

icell  average current density of cell, [A cm
-2

] 

i0  local exchange current density, [A cm
-2

] 

Ji  mass diffusion flux of species i, [kg m
-2

 s
-1

]
 

k   effective thermal conductivity, [W m
-1

 K
-1

] 

l  length of conductor, [m] 

Mi  molecular-weight of species i, [kg mol
-1

]
 

n  number of electrons transferred, [-] 

P  gas pressure, [Pa] 
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PAssembly  assembly pressure of a cell, [MPa] 

Pconatct  contact pressure between GDL and BPP, [MPa] 

R  ideal gas constant, 8.3145 [J mol
-1

 K
-1

]
 

Rcontact  electric contact resistance, [mΩ cm
2
] 

Re  specific electric resistance of fuel cell, [mΩ cm
2
] 

RGDL/BPP  interfacial resistance between GDL and BPP, [mΩ cm
2
] 

Si  source terms, [kg m
-3

 s
-1

] or [J m
-3

 s
-1

]
 

Sij   deviatoric stress tensor, [-] 

ΔSrxn  entropy change, [J mol
-1

 K
-1

] 

T  temperature, [K] 

U  fluid velocity vector, [m s
-1

]
 

V  cell voltage, [V]
 

Vi  diffusion volume of species i, [m
-3

]
 

Xi  mole fraction of species i, [-] 

Yi  mass fraction of species i, [-] 

 

Greek symbols 

αe  transfer coefficient, [-] 

γa  pre-constant at anode, [A m
-2

]
 

γc  pre-constant at cathode, [A m
-2

] 

δij   Kronecker delta, [-] 

ε  porosity of porous medium, [-] 

εcom  porosity of compressed GDL, [-] 

εEL 

ij   elastic strain tensor, [-] 

εPL 

ij   plastic strain tensor, [-] 

Ε   Young’s modulus, [MPa] 

η  overpotential, [V] 

ηacti, a  anode activation overpotential, [V] 

ηacti, c  cathode activation overpotential, [V] 

λ  compression ratio, [-] 
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µ  dynamic viscosity, [kg m
-1

 s
-1

] 

ν   Poisson’s ratio, [-] 

ρ  gas mixture density, [kg m
-3

]
 

ρe  electric/protonic resistivity, [Ω m]
 

σ  electric/protonic conductivity, [S m
-1

] 

σij    stress tensor, [-] 

τ  tortuosity of porous medium, [-] 

φ  electric potential, [V] 

ω  water content in membrane, [H2O/SO3H] 

 

Subscripts 

0  standard or ideal conditions 

a  anode 

acti  activation  

A  gas species A 

AB  binary species A and B 

Assembly  assembly condition 

B  gas species B 

c  cathode 

cell   PEM fuel cell  

com  compressed 

contact  contacted interface 

C  gas species C 

e  electron/electric 

GDL/BPP  interface between GDL and BPP 

i   gas species i 

initial  initial condition 

Knudsen  Knudsen diffusion  

m  for source term in mass transfer equation 

max  maximum value 
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mem  membrane 

min  minimum value 

n  for source term in momentum equation 

Nernst  Nernst 

p  constant pressure 

pore  pores 

rxn  reaction status 

solid  solid matrix of porous medium 

Stefan-Maxwell   Stefan-Maxwell diffusion 

T  temperature  

 

Superscripts 

a  reaction order for oxygen 

b  reaction order for water 

EL  elastic 

m  reaction order for hydrogen 

PL  plastic 

 

Abbreviations 

2D  two-dimensional 

3D  three-dimensional 

CFD     computational fluid dynamics 

BC  boundary condition 

BPP  bi-polar plates 

CL  catalyst layers 

FEM  finite element method 

FVM  finite volume method 

GDL  gas diffusion layers 

HOR  hydrogen oxidation reaction 

I-V  current density vs. potential 
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LBM  Lattice Boltzmann Method 

MEA   membrane electrode assembly 

MPL  micro-porous layer 

OpenFOAM  Open Source Field Operation and Manipulation 

ORR  oxygen reduction reaction 

PEM  proton exchange membrane 

PISO   pressure-implicit split-operator  

PTFE  polytetrafluoroethylene 

TPB   triple-phase boundary  
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1. Introduction 

The fossil fuels, e.g., coal, oil, and natural gas, are the major energy sources, but are 

considered as dangerous for the survival of the environment. At the same time, the fear 

is often expressed that the rapid usage resulting in disappearance of fossil fuels will 

terminate the progress of increasing demands of more food, better housing and 

improved products in the fields of transportation and communication. With the 

increasing interest of clean and sustainable energy to overcome the fears, fuel cells are 

attracting more and more attention from research, industry and government. 

Investment in this technology is driven by this alternative energy conversion device 

with a potential of replacing fossil-fueled-engines. 

One of the most promising fuel cells is the proton exchange membrane (PEM) fuel cell, 

owing to its advantages of efficient energy conversion, high power density and 

environmental friendliness. The first commercial use of a typical PEM fuel cell was in 

1960’s Gemini space program by NASA [1]. During the past two decades, the 

performance of PEM fuel cells has been improved significantly resulting from efforts 

in  different aspects, e.g., implementation of innovative materials [2] and optimized 

design [3] based on experiments and simulations [4]. However, barriers for the widely 

use of PEM fuel cells are still present. Cost, durability and performance are supposed 

as the main challenges or bottlenecks in the development and commercialization of 

PEM fuel cells [5]. 

Assembling is one of the most important processes in manufacturing a single fuel cell 

into a stack to prevent leakage of reactants and reduce the contact resistances between 

the layers in PEM fuel cells. During the assembling process, the individual 

components of a fuel cell stack, namely the bi-polar plates (BPP), gas diffusion layers 

(GDL), catalyst layers (CL), membrane and gasket, must be clamped together using 

bolts. A proper torque, also called an assembly pressure, is provided on the bolts, as 

shown in Figure 1.1. However, the properties of the GDL and interface between GDL 

and BPP are strongly dependent on the assembly pressure due to the porous structure 

of GDL. The related parameters of the flow channels, performance of the cells will 

also be affected by this pressure. If the GDL is compressed too much, it will collapse 

and lose its mainly permeable function for gases [6]. Meanwhile, the cell performance 

may improve because of the reduced interfacial resistance. On the other hand, the 

polarization curve may exhibits severe mass transport limitations. Therefore, 
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investigation of the effect of assembly pressure on the GDL deformation, properties 

change and transport phenomenon is essential to provide appropriate strategies to 

improve the cell performance. 

  

Figure 1.1 Schematic of a PEM fuel cell stack. 

1.1 Research objectives 

The main objective of this thesis is to study the effects of assembly pressure on the 

mechanical deformation of GDL and the transport phenomena of mass, electrons and 

the cell performance. More detailed objectives can be outlined as, 

 To establish a mechanical model for predicting the GDL deformation and 

porous properties change when the cell operates under an assembly pressure.  

 To develop electric model implemented in OpenFOAM (“Open Source Field 

Operation and Manipulation”) for evaluating the electron transport phenomena 

within the deformed GDL. 

 To simulate the electric contact resistance between GDL and BPP as a function 

of assembly pressure. 

 To analyse mass transport phenomena considering the deformed GDL and 

physical properties using a PEM fuel cell model implemented in OpenFOAM.   

 To optimize assembly pressure by cell performance based on the constant 

electric resistance and electron transfer dependent resistance, respectively. 

1.2 Methodology 

GDL Gasket 

MEA 

End plate 

Flow channel 

BPP 

Bolts 
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The mechanical simulations carried out in this work were performed in the 

commercial ANSYS software to predict the GDL deformation under various assembly 

pressures. The porous properties and the GDL thickness were obtained by the 

mechanical module and its related correlations. Subsequently the deformed GDLs with 

non-homogeneous thickness were implemented as input geometries to both the newly 

developed electron transfer model and PEM fuel cell model in the OpenFOAM 

software. 

The electric resistance of a cell and the related electron transport phenomena were 

considered in the electron transfer model. The through-plane electric resistance of a 

cell under various assembly pressures was evaluated. The electric contact resistance 

(in the in-plane direction), which was one part of the overall electric resistances of a 

cell, was obtained by correlations relating GDL and BPP at different assembly 

pressure. 

In addition to the deformed geometry of the GDL, a non-linear porosity was also 

implemented into the PEM fuel cell model to investigate the mass transport 

phenomena and cell performance. Both a constant electric resistance and the predicted 

electric resistances of a cell under various assembly pressures were applied to the 

PEM fuel cell model to optimize the cell performance and mass transport phenomena. 

1.3 Thesis outline 

The thesis is divided into seven chapters. The introduction is presented in Chapter 1 

and includes the background, objectives, methodology and outline. Chapter 2 gives the 

basic knowledge about working principles of a PEM fuel cell, the porous properties of 

the GDL, and it reviews the up-to-date literatures in aspects of GDL deformation, 

mass transfer resistance, electric resistance in the bulk GDL, electric contact resistance 

and optimizing cell performance when a cell is operating under assembly pressure.  

Chapter 3 describes the equations, model domain, input parameters and validation 

details of the applied models. Chapter 4 summarizes the main results and provides a 

discussion considering the effects of porosity, GDL deformation and electric 

properties caused by assembly pressures. In addition, the validation results of the 

models are presented in this Chapter as well. Chapter 5 presents the main conclusions, 

followed by some ideas for future work in Chapter 6. Finally, the cited references are 

listed in Chapter 7.    
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2. Literature Review 

The research focusing on PEM fuel cells has achieved considerable progress in the 

past two decades. The latest achievements have greatly to better understanding of the 

transport contributed phenomena and cell performance. The purpose of this chapter is 

to review the working principle of PEM fuel cells and present on up-to-date literature 

survey related to the specific topics studied in this thesis. 

2.1 Working principle of PEM fuel cells 

Typically a PEM fuel cell operates below 100 ºC (usually 80 ºC for low temperature 

PEM fuel cells and approximately 120 ºC for high temperature PEM fuel cells). A 

two-dimensional (2D) sketch of the cell including its reactions and transport processes 

is shown in Figure 2.1.  

In a PEM fuel cell, hydrogen gas mixed with water stream is supplied at the anode 

side and air/water stream at the cathode side. The hydrogen is oxidized in the anode 

catalyst layer (CL) to release electrons and produce protons. Then electrons flow 

through the anode GDL, bi-polar plate (BPP), external circuit and further to the 

cathode CL (see Figure 2.1). The produced protons are transported through the solid 

electrolyte, i.e., membrane, to the cathode side. Oxygen is reduced in the cathode CLs, 

and then combined with the electrons and protons to produce water and heat. The 

reactions at the anode triple-phase boundary (TPB) and cathode TPB for a PEM fuel 

cell are, respectively, given by,  

 
  eHH 222  

(2.1) 

 OHeHO 22 22
2

1
 

 (2.2) 
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The electrochemical reactions in the cathode have always attracted more attention than 

the ones in the anode. The oxygen reduction reaction (ORR) in the cathode of a PEM 

fuel cell is regarded as the dominant limiting factor due to its several times slower 

reaction kinetics, compared to the hydrogen oxidation reaction (HOR) in the anode [7]. 

In addition, the formation and management of water at the cathode is another issue 

especially at high operating loads.  

 

Figure 2.1 Schematic reactions and transport processes in a PEM fuel cell. 

During the operating of a PEM fuel cell, the transport processes of water, heat, gases 

and charges (protons and electrons) occur simultaneously inside the porous media or 

the solid components. Taking the cathode of a PEM fuel cell as an example, the 

transport phenomena in the porous media are shown in Figure 2.2. The processes 

involve (a) transport of the reactants to the reaction sites; (b) transport of protons from 

membrane to the reaction sites; (c) conduction of electrons between the current 

collectors and the reaction sites; (d) transport of heat produced by the exothermic 

reaction; and (e) transport and probably phase change between water vapor and liquid 

water with condensation/evaporation [5]. 

The assembled component consisting of the two layers, GDL and CL, and a 

sandwiched membrane is named membrane electrode assembly (MEA). Some efforts 

have been already paid on the selection of functional materials to improve the MEA 
performance. For example, in order to avoid water flooding at high current densities, 

the GDLs are widely treated with polytetrafluoroethylene (PTFE) to impart 

hydrophobicity, which can force water droplets agglomerated at the surface of the 
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GDL close to the gas channel [4]. The interest of placing a micro-porous layer (MPL), 

approximately 30~40 µm, between the conventional GDL and CL is another strategy 

to improve the GDLs liquid water management capability, protect the membrane from 

punching fibers and also be beneficial in terms of electric and thermal contact of the 

CLs [8]. Novel nano-materials, such as nanotubes [9], ordered mesoporous carbon [10] 

and graphene [11], are applied in CLs to improve the ORR/HOR rates. Platinum is a 

noble and expensive metal, however, it shows the best ORR reaction rate. Nafion is 

regarded as the best element for the membrane so far [6]. However, the protonic 

conductivity of the Nafion membrane is a water content dependent parameter which is 

heavily affected by the temperature distribution. 

 

Figure 2.2 Transport processes in PEM fuel cell cathode. 

2.2 Electrode porous features  

Porous feature is one of the main typical properties in PEM fuel cell electrodes. The 

GDL, CL and membrane compose porous layers. The porous material of those layers 

consists of pores and a solid matrix. The void space of pores in PEM fuel cells ensures 

the transport of species (gases and possible liquid water) through the functional 

components. The solid matrix of the porous layers is for the transport of 

electrons/protons and also for heat removal. 

Electrically conductive fibers 

Membrane           CL                   GDL            BPP 

 

Proton conducting media 
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Ideally, the GDL serves to provide a uniform distribution of the reactants to the CL for 

the electrochemical reaction, and to ensure proper and rapid transport of product 

electrons to the external circuit as well as removal of product water and excess heat 

from the CLs [12]. Despite its a function to transport media, a GDL acts mechanically 

support for the membrane and CL, further grouped into the membrane electrode 

assembly (MEA). 

 

Figure 2.3 TEM images of GDL treated with PTFE, (a) carbon fiber [13] and (b) carbon cloth 

[14]. 

The GDL is made of either carbon fiber paper or non-woven (also namely carbon 

cloth), as shown, respectively, in Figure 2.3a and Figure 2.3b. Both the so types of 

GDLs have heterogeneous structure with pore sizes ranging from a few microns to 

tens of microns. Table 2.1 lists the physical properties of the GDL (for carbon fiber 

paper as an example) and CL applied in PEM fuel cells. Typically the fiber GDL is 

about 0.2~0.5 mm in thickness [14] with pores ranging from 20 to 50 µm [15] and the 

filament diameter of carbon fiber is around 5~15 µm [14]. The CLs, composed of 

platinum based carbon agglomerates, show much smaller pore size than the GDL. This 

apparent difference in pore size of the fiber GDL and CL is another reason of applying 

an MPL between these functional layers. 

Table 2.1 Physical properties of carbon fiber GDL  and CL applied in PEM fuel cells. 

Parameters GDL  CL 

Thickness (mm) 0.2~0.5 [14] ~ 0.01 [14] 

Pore size (µm) 20~50 [15] 0.04~1.0 [16] 

Fiber diameter (µm) 5~15 [14] --- 

Porosity  0.7~0.8 [15] 0.4~0.6 [17] 

 

To avoid “flooding” within the GDLs at higher current densities, the standard GDLs 

produced today come with hydrophobic PTFE treatment to modify the wetting 
characteristics (see Figure 2.3a). PTFE treatment in the GDL aims to enhance gas 

transport and water transport when a PEM fuel cell operates under flooding conditions. 

(b) (a) 
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The use of PTFE, however, reduces the electric conductivity of the GDL [18]. Proper 

PTFE content helps effectively to remove the liquid water from the GDL to the flow 

channels [19]. An additional thin MPL of carbon black mixed with PTFE is usually 

applied to provide better electrical contact and mechanical compatibility between the 

GDL and CL, and to reduce the cathode GDL flooding as well [12]. 

2.3 Assembly effects on PEM fuel cells 

2.3.1 GDL deformation  

As mentioned in the first Chapter, and illustrated in Figure 1.1, the components of the 

BPP, GDL, CL, membrane and gasket are usually assembled using bolts to ensure the 

gas sealing security and reduce the contact resistance. However, the assembly pressure 

will lead to a deformation because the GDL fibers exhibit very high tensile and 

compressive strength [14]. Consequently, the GDL below the shoulders becomes 

thinner and intrudes into the channel center. This phenomenon before and after 

deformation was observed in an experiment, as shown in Figure 2.4 [20]. A similar 

phenomenon of the GDL deformation for different GDL materials was also observed 

by Kleemann et al. [8] and illustrated in [21, 22]. 

The non-homogeneous deformation of the GDL is caused by the channel/shoulder 

structure operation occurs under assembly pressure. The GDL below the shoulders 

becomes thinner because the compression effect is stronger in this area than at the 

areas below the channel. The decreased thickness of the GDL below the shoulders was 

regarded as a loss of porosity [23]. Meanwhile, the cross-sectional area of the gas flow 

channel is reduced due to the GDL intrusion in the channel center. With an assembly 

pressure, the local stress concentration near the shoulder edge was numerically 

observed, and this local stress concentration resulted in GDL deformation [24]. 

Increasing assembly pressure usually increases the deformation of a specific GDL. 

The GDL deformation depends not only on the magnitudes of the assembly pressure 

[20] but also the temperature [25], initial thickness [26] and the types of the GDL [8]. 

An experimental study performed by Nitta et al. [26], concluded that the GDL 

intrusion into the channel is dependent on the initial thickness of the GDL but not the 

width of the channel. The fiber GDL below the channel center mostly remains at its 

initial thickness (see Figure 2.4), however, the compressed thickness does not reach its 

initial thickness for the non-woven GDL [8].  

The GDL deformation has been numerically predicted by Taymaz et al. [27] in 

ANSYS and by Bograchev et al. [28, 29] in ABAQUS with a two-dimensional (2D) 

model. The numerical modeling is regarded as an efficient method to study the 

phenomenon of the GDL deformation due to the rapidly development of commercial 

softwares in the past decade. A limited number of modeling studies were presented 

taking into account these deformation phenomena. In the study by Bograchev et al. 
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[28], the evolution of the residual deformation for various bolt torques was presented. 

However, the deformed GDL was not further implemented into a three-dimensional 

(3D) cell to evaluate mass transport and fuel cell performance. 

  

Figure 2.4 Cross-sectional view of the GDL and flow field plate (a) before and (b) after 

deformation with an assembly pressure [20]. 

2.3.2 Mass transfer resistance  

Gas species transport in the porous material is by gas convection and diffusion in PEM 

fuel cells. An externally supplied pressure difference creates the convective flow. The 

diffusion is drived by concentration gradients of reactants consumed and products 

generated in the electrochemical reactions. During the diffusion transport process, the 

mass transfer resistance is an important physical parameter on limiting the 

access/removal of the reactant/product to/from the porous media of the GDL and CL 

in PEM fuel cells as operation occurs at an assembly pressure. 

The importance of the effects of assembly pressure on the mass transport in GDLs has 

been identified by experimental studies. The physical compression of the GDL directly 

decreases its diffusion coefficient because the assembling pressure decreases the 

porosity of the GDL which leads to a higher mass transfer resistance [30]. Due to the 

non-homogeneous deformation of the GDL, a non-linear gas permeability of the GDL 

Under the channel            

 

Under the separator            

 

Under the channel            

 

Under the separator            

 

(a) 

(b) 
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in the in-plane direction was experimentally observed in the case of a uniform pressure 

maintained on the BPP [26].  It was suggested that the non-linear gas permeability is 

caused by the non-linear porosity distribution and the decreased pore diameters 

because of the compression. This indicates that the clamping force during the 

assembling process of the PEM fuel cell will cause a non-homogeneous porosity 

distribution in the in-plane direction of the GDL. This fact agrees fairly well with the 

conclusion obtained by Zhou et al. [31]. A more comprehensive experiment was 

designed to simultaneously measure the thickness, gas permeability, and porosity of a 

GDL under compression by Chang et al. [32]. These experiments observed that the 

assembly pressure magnitude has significant effects on the non-homogeneous 

deformation and also the mass transfer resistance in GDLs. 

The non-linear porosity distribution in the GDL is another important feature due to the 

GDL deformation by an assembly pressure. Salaberri et al. [33] studied a non-linear 

porosity distribution along the in-plane direction with the influence of the shoulder 

width, GDL thickness and the fillet radius of the shoulder under various assembly 

pressures by a non-linear orthotropic model. In that study they demonstrated that a 

varying and non-linear porosity is an important parameter. A remarkable numerical 

work was presented by Shi et al. [34], who investigated water management under non-

homogeneous compression coinciding with the calculated non-linear porosity. That 

study reported that the presence of liquid water could result in a non-uniform 

distribution of the porosity and permeability in the GDL.  

Due to limitations of in-situ diagnostic methods for mass transfer in PEM fuel cells 

due to the small scale of the mass transport processes, computational methods are 

currently suggested as powerful tools to investigate such phenomena. The modeling of 

the mass transfer phenomena consists of predicting the distribution of reactants, 

products, and inert species. To numerically predict the GDL deformation under the 

assembly conditions and further the effects on mass transfer resistance, Zhou et al. [23, 

31] and Taymaz et al. [27] developed similar models to study the GDL behavior for 

different assembly pressures. They believed that the deformed GDL caused by the 

assembly pressure reduces the diffusion path for the mass transport especially at high 

current densities.  

A large number of publications in investigating the computational mass transport 

phenomena without assembling effects have appeared in the past decade [35-39]. 

Those numerical studies assumed for simplicity a uniformly distributed porosity and 

homogeneous material for the GDL [40, 41]. The real GDL compression distribution 

for different assembly pressures was not incorporated. However, the physical 

properties of the GDL caused by the assembly pressure are non-homogeneous in the 

cross-sectional view [26]. On the other hand, the assembly pressure has a significant 

effect on the fuel cell performance [31, 42]. Neglecting the assembly effects, however, 

cannot reflect the real condition of fuel cell stacks. It is currently believed that a more 

realistic model for PEM fuel cells is able to take into account both the non-

homogeneous distribution of the properties of the GDL and the deformed GDL due to 

uneven compression during assembling processes [43].  
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The non-linear distribution of porosity is regarded as a direct reflection of the non-

homogeneous deformation of the GDL. Only a couple of modeling studies has been 

presented accounting for the GDL deformation to investigate the cell performance, but 

did not consider the non-linear distribution of porosity in the GDL [23, 27, 44]. Some 

results were obtained under limited conditions, e.g., homogeneous compression and 

2D modeling by the Lattice Boltzmann Method (LBM) [30], non-uniform porosity of 

the GDL without GDL deformation [43]. This thesis attempts to investigate the overall 

effects of the assembly pressure on GDLs on the non-linear porosity distribution and 

deformation during operation at assembling conditions. 

2.3.3 Electric resistance in bulk GDLs  

One of the most important properties of a PEM fuel cell is the electric resistance. The 

bulk resistance should be distinguished from the total resistance, the latter including 

the bulk and interfacial contact resistance between the layers [6].  

In determining the performance, the cell potential at a certain current density is 

important, as it decreases from the equilibrium value because of the irreversible 

potential losses (the so-called overpotentials) caused by the activation, concentration 

and ohmic resistances. Numerical results have demonstrated that the overpotential 

values decrease in the order of ηact,c > ηpro 

ohm > ηel 

ohm > ηact,a >ηconc,c > ηconc,a (where act, ohm 

and conc, el, pro, c and a denote activation loss, ohmic loss, concentration loss, 

electrons, protons, cathodic and anodic, respectively) [40]. Many studies have 

explored the reduction of concentration and activation losses by optimizing the design 

[45], manufacturing [46] and materials synthesis [47]. The ohmic resistance of the 

layers, however, seems still poorly studied except some investigations on the 

membrane [48]. 

The previous studies have concentrated on the investigation of the ohmic resistances, 

including the resistance for the electron transfer through electrodes (in both in-plane 

and through-plane directions) [49, 50] and the one for proton flow through the 

membrane (water content dependent parameter) [51], as illustrated in Figure 2.2. A 

comparison of the electric resistances below the shoulders and gas channels has shown 

that the total electric resistance below the channels is much higher than that below the 

shoulders due to the channel/shoulder structure [49, 50]. Because of these reasons, the 

fuel cell operation strategies become more complex and should be introduced 

adjustment when considering the assembly pressure because the ohmic loss is 

sensitive to the electric/ionic conductivity in the functional layers [6]. 

The ohmic resistance during the assembly conditions is another important property in 

choosing the assembly pressure and achieving acceptable cell performance. A 

consequence of the GDL compression due to the assembly pressure is the increase of 

electric conductivity (the reciprocal of its electric resistivity) of the GDL. It has been 
observed that a high compression increases the GDL conductivity [26]. Escribano et al. 

[21] studied the effects of the GDL deformation on the through-plane electric 
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resistance. A consequence of the assembly conditions is that the electric resistance of 

the GDL is dropped due to the loss of the pores below the shoulders [27]. In addition, 

a numerical and experimental study was conducted by Tanaka et al. [52] and a 

significant difference of the electric resistance in the through-plane direction was 

observed when the cell was operated with various assembly pressures. A relationship 

between electric resistance and GDL was experimentally formulated by Hamour et al. 

[53] when the cell was operated at assembly conditions. Taymaz et al. [27] suggested 

that 0.5 MPa and 1 MPa pressure values are optimum assembly pressures when a 

prescribed electric property of the fuel cell components is applied. Although nowadays 

knowledge exists on the electric resistance of the GDL, the behavior with an applied 

assembly pressure is poorly known. One of the aims of this thesis is to explore a 

prediction method for the electric resistance of the deformed GDL in the through-

plane direction.  

2.3.4 Electric contact resistance 

The channel/shoulder structure of the BPP is connected with the fibrous materials  [54, 

55] of the GDL as shown in Figure 2.5a. The electric contact resistance between GDL 

and BPP is considered as an electric circuit in a parallel connection as illustrated in 

Figure 2.5b. According to this assumption, the entire electric resistance in both GDL 

and BPP is set up by the bulk resistance of RG and RB for GDL and BPP, respectively, 

and the interfacial contact resistance RG/B between the double layers. 

 

Figure 2.5 Schematic of the contact electric circuit in a parallel connection for the contact 

interface between the GDL and BPP. 

The contact resistance for electrons occurring at the interface between the GDL and 

BPP contributes to a significant part of the ohmic resistance [56]. The electric contact 

resistance was regarded as a dominating factor causing a potential loss, as revealed in 

the study by Chang et al. [32]. This contact resistance is sometimes regarded as more 

important than the bulk resistance, especially at the assembly conditions. Therefore an 

effective prediction of the contact resistance between the GDL and BPP is 

fundamental to investigate the effects of the assembly process and to optimize the fuel 

cell performance [57]. 
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Some theoretical models have been developed to predict the electric contact resistance 

between the GDL and BPP, such as the Greenwood-Williamson model [58], the 

Cooper-Mikic-Yovanovitch model [59] and the Majumdar-Tien fractal model [60]. A 

limitation of those models is their geometric dependent prediction for the electric 

contact resistance. The electric contact resistance generally depends not only on 

material properties of the contact layers [6], surface treatment [55] and operating 

conditions [56], but also on the assembly pressure [52]. An assembly pressure will 

accelerate the electron flows through the interface. It was found that a high 

compression decreases the contact resistances [26]. A relationship of  the assembly 

pressure and the contact resistance between the GDL and BPP was formulated in the 

literature [56]. An optimal assembly pressure was obtained by employing this 

relationship for the contact resistance [23]. Nitta et al. [25] experimentally analyzed 

that the assembly pressure magnitude has significant effects on the cell performance.  

2.3.5 Optimizing cell performance  

Understanding the transport processes and phenomena is crucial for optimizing the 

design and performance of PEM fuel cells. Despite the efforts in materials 

synthetizing, numerical simulation employing a suitable model is becoming widely 

used in this kind of sustainable energy applications promoted by the rapid 

development of computer technology. However, the cell performance is related to 

many involved parameters associated with the materials, geometry and operation 

conditions. As demonstrated in the topics described above, the GDL deformation, 

mass transfer resistance, electric bulk resistance of GDL and electric contact resistance 

play important roles in determining the PEM fuel cell performance as assembly 

pressures are considered.  

Several investigations have concentrated on the optimal PEM fuel cell performance 

considering the assembly pressure [31, 61, 62]. An optimum cell performance was 

obtained in the cell tested by Lee et al. [61] for a range of torques on the bolts in a 

single cell. The results showed that a higher torque results in a worse cell performance. 

Ge et al. [62] identified that an optimal compression ratio exists for which the cell 

performance is maximized, i.e., the I-V curve first increases with less compression, 

then declines with more compression after a certain point. A certain assembly pressure 

operated on a PEM fuel cell is necessary because gas leakage should be avoided as it 

might result in poor cell performance and dangerous situation. However, over-

compression will decrease the mass transport abilities of the GDL and result in a 

reduced cell performance [63]. On the other hand, in the interest of obtaining high 

electric conductivity of the bulk material and the one between layers, a higher 

assembly pressure is favorable. However, the cell performance will decrease with 

increasing assembly pressure if the variation of the interfacial ohmic resistance is 

neglected, but there is an optimal pressure found in the work by Zhou et al. [64], if the 

interfacial ohmic resistance is considered. Therefore, a balance between the GDL 
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deformation, electric contact resistance, through-plane electric resistance and mass 

transfer is necessary for an optimal assembly pressure for a single cell or a stack. 

An assembly pressure is favorable to obtain a better cell performance, but limited by 

the increasing mass transfer resistance. Generally speaking, increasing assembly 

pressure increases the deformation of the GDL resulting in lower porosity and higher 

mass transfer resistance. However, lower electric resistance at the interface and in the 

bulk materials for electrons transfer occur. The contact resistance for electrons at the 

interface between BPP and GDL is regarded as significant because it is obviously a 

strong function of the assembly pressure. High assembly pressure results in a tight 

connection between the two layers. From a practical point of view, in addition to the 

fundamental requirement of choosing low electric/ionic resistance for each component, 

the strategies of ensuring a lower electric resistance for a cell stack is another 

attractive topic.  
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3. Numerical Methodology 

The rapid development of mathematical and computational methods provides efficient 

means to simulate the mechanical behavior, mass transport phenomena and PEM fuel 

cell performance. Before solving the specific problem, some fundamental governing 

equations, boundary conditions (BCs) and validations are required. In this Chapter, the 

equations, modeling domain, input parameters and validations applied in the 

mechanical model (in Papers III and IV), electric contact resistance model (only in 

Paper IV), electric resistance model (in Papers IV and V) and the PEM fuel cell 

model (in Papers II, III and IV) are presented in detail.  

3.1 PEM fuel cell model 

Multiscale transport processes are involved in the 3D PEM fuel cell model as it 

includes all components within a complex system. The governing equations to be 

solved consist of a series of equations for conservation of mass, momentum, species 

transport and energy with some necessary assumptions. The electrochemical reactions 

are coupled with the parameters in the partial differential equations. The physical 

parameters of the porous GDLs are obtained from the results under the assembly 

pressure in Papers II, III and IV.  

3.1.1 Model assumptions 

In order to properly solve the equations in the selected domain of the PEM fuel cell 

model, it is necessary to make a number of assumptions. The assumptions made in this 

thesis are as follows: 

 The fuel cell operates at steady-state. 

 The gas mixtures involved are regarded as incompressible and ideal. 

 Reynolds number in the gas channel is less than 100, i.e., laminar flow prevails. 
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 The water is always in gaseous state without any phase change.  

 Electrochemical reactions occur at the interface between the membrane and the 

CLs. 

 Membrane is considered as impermeable to the gases. 

 The GDL has no change in the geometry and pore sizes under various 

compression ratios (only in Paper II). 

 The porosity does not change in the GDL below the channel but changes below 

the shoulders due to a specific compression ratio (only in Paper II). 

 Transfer of electrons and protons is not considered (only in Papers II and III). 

Most of these assumptions are similar to those in previous modeling studies [40, 65]. 

Under those assumptions presented above, the partial differential equations and 

electrochemical reactions are solved in the PEM fuel cell model and formulated as 

below. 

3.1.2 Conservation of mass 

The mass conservation for the gas mixture flow with a varying density can be 

expressed as [22], 

   mSU  
 

(3.1) 

where ρ is the gas mixture density, U is the fluid velocity vector and the source term 

Sm is related to the electrochemical reactions appearing at the reaction sites. The 

varying gas mixture density ρ is expressed as, 

  



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  
(3.2) 

where Yi and Mi are the mass fraction and molar weight of species i, respectively, T the 

temperature, P the gas pressure, and R the ideal gas constant (8.3145 J mol
-1

 K
-1

). A 

constant mixture density is applied at the cell inlet based on fully humidified 

conditions, however, in the other regions a variable density is considered by Eq. (3.2).  

The source term Sm for mass conservation in Eq. (3.1) can be expressed by Eq. (3.3) 

for the cathode and by Eq. (3.4) for the anode, respectively, based on the electrons 

released in the stoichiometric reactions of the fuel cell [66],  
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where i is the local current density, M the molar weight of the involved gas species 

and F the Faraday’s constant (96485 C mol
-1

). The plus sign (+) is applied for the 

product generation and the negative sign (-) for the reactant consumption. 

3.1.3 Conservation of momentum  

Navier-Stokes equations, known as the momentum equations, are the important 

equations in computational fluid dynamics (CFD). The velocity and pressure 

distributions in this model are solved by employing the pressure-implicit split-operator 

(PISO) algorithm, which is based on a higher degree of the approximate relation 

between the corrections for pressure and velocity. The PISO method has been widely 

used for solving pressure-velocity coupling because it can solve both steady state and 

transient problems [67].  

The Navier-Stokes equations applied in the gas flow regions, i.e., gas flow channel, 

GDL and CL, can be expressed as [68],  

   nSUPUU  
 

(3.5) 

where U is the fluid velocity vector, µ is the dynamic viscosity of the fluid, and Sn 

stands for the source term.  

The dynamic viscosity of the fluid is treated as a weighted sum of all the involved gas 

species [69], 
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N

i

iY



1


 

(3.6) 

where the localized dynamic viscosity of species i for the specific gas, μi, is a function 

of temperature T and represented by a six-order polynomial [69], 
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where the coefficients an are unique for every species i and can be found in the 

literature [69].  

To consider the effect of the porous structures of the GDL and CL, extra pressure 

losses occur and the source term Sn in Eq. (3.5) will be set non-zero in the porous 

layers.  Equation (3.8) is applied in the gas flow channels, while Eq. (3.9) is used in 

the porous GDLs and CLs [70], respectively, 

 0nS  (3.8) 

 

 UFUDS nnn  5.0
 

(3.9) 

In Eq. (3.9), the non-linear term is not considered in this model, i.e., Fn is set to zero. 

However, the pore diameter dpore and porosity ε are involved in the first term of the 

right hand side in Eq. (3.9) for the fluid in the porous zones [71]: 
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where the porosity ε is a physical parameter defined as the ratio between the void 

space and the bulk volume.  

3.1.4 Conservation of species transport 

The mass fraction is another important parameter to identify the gas composition in 

the mixture. The mass fraction of water, oxygen in the cathode and that of hydrogen in 

the anode are to be determined, respectively, by the species transport equation shown 

in Eq. (3.11) [72], 

   0 ii JUY  (3.11) 

where the mass diffusion flux Ji is evaluated by the Fick’s law [40], i.e., 
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(3.12) 

where Di,gas is the mass diffusion coefficient of species i in the gas mixture. It should 

be noted that the mass fractions of the inert species (nitrogen in the cathode and water 

in the anode) are not solved by Eq. (3.11) but they are determined from the total mass 

subtracted by the summation of the mass fractions of the other active species, 

respectively, for the anode and the cathode [73].  

Due to the multi-component diffusion occurring in the cathode side, i.e., oxygen, 

water and nitrogen are involved, the Stefan-Maxwell model is used to evaluate the 

individual diffusion coefficients in the gas mixture, as shown in Eq. (3.13) [70].  
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where DA,gas is the diffusion coefficient of the species A in the mixture, Xi is the molar 

fraction of the specie i, Di,j is the diffusion coefficient based on the binary diffusion 

model of species i and j. In the anode of the PEM fuel cells, only two species are 

present, and the diffusion coefficients of hydrogen and water are directly evaluated by 

the binary diffusion model. The binary diffusion coefficient and the Knudsen diffusion 

coefficient are described by Eq. (3.14) and Eq. (3.15), respectively [65], 
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where V is the diffusion volume, Ptot is the total pressure of gases A and B, dpore the 

mean pore diameter of the porous medium. To account for the effects from both the 

small scale and porous features in the GDL and CL, the effective diffusion coefficient 

of the species i for the gas mixture in the porous layers can be evaluated as in Eq. 

(3.16) [74],   
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where τ is the tortuosity, similar to porosity, describing the porous properties of the 

porous structure. The porosity and tortuosity will be evaluated in details in Section 

3.1.7. 

3.1.5 Conservation of energy 

The temperature variation inside the PEM fuel cell has significant effects on the 

electrochemical reaction, inlet humidification conditions, protonic conductivity of the 

membrane and water management. The conservation of energy is evaluated in the 

entire PEM fuel cell domain by the thermal energy equation [70], 

  
Tp STkTUC    (3.17) 

where ST is the volumetric heat source term, Cp the specific heat at constant pressure 

and k the effective thermal conductivity corrected by the porosities of local porous 

materials, 

    gs kkk  1  (3.18) 

where the ks and kg are the thermal conductivity of solid materials and gases, in the 

porous regions, respectively.    

The source term ST for the energy conservation equation is composed of the enthalpy 

change of the electrochemical reactions and the ohmic heating caused by the resistance 

of electron/proton transfer. Thus the heat source term in the model can be written as 

[65, 70], 
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where ΔHe is the enthalpy change, icell is the average current density of the cell, V is 

the cell operating voltage, Re is the total electric resistance of the fuel cell and hcell is 

the cell height.  

3.1.6 Electrochemistry reactions 

The electrochemical reaction is very important for the performance of fuel cells. The 

objective of this section is to establish the relationship between the localized mole 

fraction of the reactants and the cell voltage, and current density. The electrochemical 
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reactions are assumed to occur at the interfaces between the membrane and the CL. 

The fuel cell current density icell is then calculated based on the Ohm’s Law [75], 
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where η is the activation overpotential of the fuel cell. The Nernst potential ENernst in 

Eq. (25) can be described as [75],  
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where n is the number of electrons transported, E0 the theoretical potential [76] at the 

standard atmosphere condition (298 K, 1 bar), which is approximately 1.23 V,  
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where ΔGrxn is the Gibbs free energy change, ΔHrxn is the enthalpy change and ΔSrxn 

the entropy change of the reaction. The superscript in Eq. (3.21) refers to the 

stoichiometric coefficient of the hydrogen fuel cell reaction in PEM fuel cells. The cell 

activation overpotential has anodic and cathodic contributions,  

 cactiaacti ,,  
 

(3.23) 

where the activation overpotential ηacti,a is for the anode and ηacti,c for the cathode, 

respectively. Values of η at the electrodes are obtained using a root finder based on the 

Ridder’s method after obtaining numerical solutions of the Butler-Volmer equation 

[41], 

     ee BAii  expexp0 
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where 
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here αe is the transfer coefficient and ηe is the activation overpotential for any electrode. 

The local exchange current densities are given by [75], 
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(3.28) 

The reaction orders, a, b, m, the pre-constants γa and γc, and the activation energies 

Eact,a and Eact,c, together with the transfer coefficients αe, are listed in Table 3.3. 

3.1.7 Porous properties of compressed GDL 

The GDL used in PEM fuel cells is porous and flexible, and has physical properties 

being affected by the deformation caused by the compression on it. Here it is assumed 

that the porous GDLs consist of pores and a solid bulk, and only the pores under 

compression leads to a change of the GDL thickness in the through-plane direction, as 

illustrated in Figure 3.1.  

 

Figure 3.1 Assumed model of porous GDL before and after deformation. 
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To numerically describe the porosity, tortuosity and electric conductivity of the 

deformed GDL, the thickness of the compressed GDL, hcom, is expressed as, 

   initialcom hh  1
 

(3.29) 

where λ is the compression ratio and hinitial is the initial thickness of the uncompressed 

GDL. The thickness of the solid material hsolid is then evaluated as [22], 

  01  initialsolid hh
 

(3.30) 

where ε0 is the initial porosity of the uncompressed GDL. The model assumes that the 

change of the GDL thickness is only caused by the change in the volume of the pores 

but not of the solid part. Thus the porosity of the compressed GDL might be evaluated 

as a function of the GDL thickness [22], 
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where εcom is the porosity of the compressed GDL. Another physical parameter 

describing the porous structures, tortuosity, is evaluated as [77],  

   ln49.01  (3.32) 

The electric conductivity of the layers in the through-plane direction determines the 

electric performance in the electric resistance model. The electric conductivity σcom in 

the bulk of a GDL is related to the obtained thickness of the mechanical analysis by an 

expression given by [55],  
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Then the electric conductivity of the compressed GDL can be evaluated by the 

compression ratio, 
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In Paper II, the porosity of the GDL varies with the assumed compression ratios 

along the in-plane direction (y-direction in the PEM fuel cell model). The 
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corresponding non-homogeneous porosity, tortuosity of the compressed GDL 

evaluated by equations (3.29) to (3.32) are shown in Table 3.1 as function of the 

assumed compression ratio. Then these porous properties of the GDL are implemented 

in the PEM fuel cell model for evaluation of transport coefficients. 

However, in Papers III and IV, the initial thickness and compressed thickness of the 

deformed GDL were obtained from a mechanical analysis (in Chapter 3.2). Then the 

non-homogeneous porosity, tortuosity and compression ratio of the deformed GDL 

can be evaluated by equations (3.29) to (3.32). In addition, the electric conductivity of 

the deformed GDL is considered as well by equations (3.33) and (3.34) in Paper IV. 

Table 3.1 Compression cases and related porous properties of the GDL investigated. “λ” is the 

compression ratio, “ε” is the porosity and “τ” is the tortuosity. 

Cases 
λ (%) / ε(-) / τ 

Shoulder areas Channel area 

Base 0 / 0.8/1.109 0 / 0.8/1.109 

A1 10 / 0.7/1.175 0 / 0.8/1.109 

A2 20 / 0.6/1.250 0 / 0.8/1.109 

A3 30 / 0.5/1.340 0 / 0.8/1.109 

A4 40 / 0.4/1.449 0 / 0.8/1.109 

3.1.8 Input parameters and validation 

 

Figure 3.2 Schematic illustration of a PEM fuel cell: (a) parallel channels in 2D and (b) 

computational domain in 3D. 
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To decrease the computational efforts, a single channel domain was selected from the 

periodical channels as shown by the grey dashed zone in Figure 3.2a. This single 

channel domain illustrated in Figure 3.2b contains the entire components at a scale of 

several centimeters. As shown in Figure 3.2b, the anode (fuel side) and cathode (air 

side) are symmetric with respect to the membrane. Each side consists of a BPP, gas 

channel, GDL and CL. The initial geometry and physical parameters applied in the 

PEM fuel cell model are listed in Table 3.2. It must be noted that different initial 

dimensions were applied in Papers II, III and IV. 

Table 3.2 Initial geometry and physical parameters applied in PEM fuel cell model. 

Parameters 
Paper II Papers III and IV  

Value and Unit Reference Value and Unit Reference 

Gas channel length  4.0×10-2  m  

[1, 6, 14, 78, 79] 

5.0×10-2 m [80] 

Gas channel width 2.0×10-3 m 1.0×10-3 m [80] 

Gas channel height 1.5×10-3 m 1.0×10-3 m [80] 

Land area width 1.0×10-3 m 0.5×10-3 m [80] 

Thickness of BPP 3.5×10-3 m 0.3×10-3 m [80] 

Thickness of GDL 0.3×10-3 m 0.3×10-3 m [80] 

Thickness of CL 2.0×10-5 m 1.29×10-5 m [80] 

Thickness of electrolyte 1.0×10-4 m 1.08×10-4 m [80] 

 

The PEM fuel cell was modeled at an initial temperature of 353 K, a pressure outlet 

condition of 3 bars and humidified gases at the inlets [80]. More details of the BCs of 

this model can be found in Papers II and III. A constant electric resistance was 

employed to predict the ohmic loss in Papers II and III. However, the electric 

resistance of the cell was predicted by new models (presented in Chapter 3.3 and 3.4) 

in Paper IV. The details in terms of other input properties of the related materials, 

kinetics and electrochemical reactions are listed in Table 3.3.  

Table 3.3 Numerical parameters and properties for PEM fuel cell model. 

Parameters and Symbols Value and Unit Reference 

Dynamic viscosity, µ   

    Air/water 2.03715×10-5 kg m-1s-1 [69] 

    Hydrogen/water 1.0502×10-5 kg m-1 s-1 [69] 

Density, ρ  

    Air/water 0.98335 kg m-3 [81] 

    Hydrogen/water 0.1732 kg m-3 [81] 

    Electrolyte 1980 kg m-3 [82] 

    BPP 2200 kg m-3 [6] 

Specific heat, Cp   

   Air/water 1070 J kg-1 K-1 [69] 



26 

 

   Hydrogen/water 11956 J kg-1 K-1 [69] 

   Electrolyte 800 J kg-1 K-1 [83] 

   GDL 1000 J kg-1 K-1 [83] 

   CL 0.27 J kg-1 K-1 [83] 

   BPP 935 J kg-1 K-1 [6] 

Thermal conductivity, k  

    Air/water 0.0291965 W m-1 K-1 [69] 

    Hydrogen/water 0.173176 W m-1 K-1 [69] 

    Electrolyte 0.29 W m-1 K-1 [84] 

    GDL 1.7 W m-1 K-1 [84] 

    CL 0.27 W m-1 K-1 [84] 

    BPP 24 W m-1 K-1 [6] 

Porosity, ε   

    CL 0.6 [45] 

    GDL 0.8 [15] 

Pore size, d   

    CL 1×10-6 m [85] 

    GDL 5×10-5 m [15] 

Reaction order of O2, a 0.5  

Reaction order of H2O, b -1  

Reaction order of H2, m 1  

Pre-constant at cathode, γc 1×10-5 A m-2  [86] 

Pre-constant at anode, γa 10 A m-2  [6] 

Cathode transfer coefficient, αc 0.5 [73] 

Anode transfer coefficient, αa 0.5 [68] 

Cathode activation energy, Eact,c 6.6×104 J mol-1 [6] 

Anode activation energy, Eact,a 3.46×104 J mol-1 [6] 

Electric resistance, Re 
150 mΩ cm2 (in Paper II)  

[6] 
120 mΩ cm2 (in Papers III and IV) 

  

In order to reveal the model performance and save computational resources, a grid 

independence study was performed. In Paper II, zero percent compression ratio of the 

PEM fuel cell without GDL deformation was applied for the grid independence study. 

The results listed in Table 3.4 indicate that the model with 68000 cells has the 

minimum grid number in terms of numerical accuracy and stability. Then the mesh 

size with 68000 cells and the parameters listed in Table 3.3 were selected for 

investigation of the effect of porosity.  

However, as the GDL deformation under assembly pressures was considered in 

Papers III and IV, the grid number was optimized for the case with 3 MPa assembly 

pressure (the most difficult one to reach convergence). Here, the monitored average 

current densities vary with the grid number are listed in Table 3.5. The results indicate 
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that the case with 221493 meshes (x×y×z: 101×43×51) has the proper number of grids 

when considering convergence and stability. Therefore the mesh size No. 6 was 

selected for the further cases studies under various assembly pressures considered in 

Papers III and IV. 

Table 3.4 Results of mesh independence study (in Paper II). 

No. Total grid numbers Average current density (A cm-2) 

1 15600 0.53879 

2 24000 0.53942 

3 40800 0.54144 

4 68000 0.54292 

5 103200 0.54292 

6 143100 0.54284 

 

Table 3.5 Grid independence study for the PEM fuel cell under 3 MPa assembly pressure and 

the monitored average current densities (in Papers III and IV). 

No. Grids (x×y×z) Total grid numbers Average current density (A cm-2) 

1 51×20×26 26520 0.49033 

2 61×26×32 50752 0.49807 

3 71×29×37 76183 0.50109 

4 81×33×42 112266 0.50575 

5 91×38×46 159068 0.51101 

6 101×43×51 221493 0.51327 

7 111×46×57 291042 0.51326 

8 121×50×63 381150 0.51327 

3.2 Mechanical model 

The mechanical model aims to study the mechanical properties versus stress or 

pressure. During the assembly process of PEM fuel cells in this thesis, GDLs 

consisting of fibers, namely TGP-H-120 carbon paper, are applied similar to [27, 57]. 

The GDL is composed of isotropic and compressible materials.  

There are isotropic models [27] and anisotropic models [33] to predict the GDL 

deformation, and large variations were observed between these two models [26] in the 

literature. The variations appear because different magnitudes of Young’s modulus 

ranging from MPa to GPa were applied in the in-plane direction and through-plane 

direction [28, 31, 33, 87]. In this thesis, the classical elastic-plastic model following 

the one described in [28, 29] was applied to predict the GDL deformation. The GDL 
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behavior is divided into an elastic region and a plastic region. The tensor of 

deformation is presented as the sum of these [28], 

 
PL

ij

EL

ijij    (3.35) 

where εEL 

ij is the elastic strain tensor and εPL 

ij is the plastic strain tensor. The Hooke’s law 

is employed in the elastic region, i.e., the first term of the right-hand side of Eq. (3.35) 

[29], 
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where σij is the stress tensor, ν is the Poisson’s ratio, Ε is the Young’s modulus, and δij 

the Kronecker δ-symbol. In the plastic region, the plastic behavior is evaluated by 

Prandtl-Reuss theory, and the von Mises yield function is expressed as [88], 
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where σ0 is the yield strength and Sij is the component of the deviatoric stress tensor 

[29], 

 ijkkijijS 
3

1
  (3.38) 

If f(σij) = 0, the yield occurs in the GDL based on the von Mises yield criterion. For 

f(σij) < 0, the material deforms elastically. 

 

Figure 3.3 A cross-section view of a mechanical model before deformation. 
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In the mechanical model, the GDL deformation was predicted in the ANSYS software 

with a 3D domain of a half-cell. This domain was applied under the assumption of the 

same structure for the cathode and anode in a PEM fuel cell. Accordingly it is 

composed of a single channel with a BPP, GDL, CL and half-size of membrane as 

shown in Figure 3.3.   

The dimensions of the mechanical model domain were extracted from a real PEM fuel 

cell used in the reference [80], and presented in Table 3.2. This was applied in Papers 

III and IV. It is noted that the length of the 3D cell, i.e., 0.005 m, was selected to 

reduce the computational cost specifically for this mechanical model. The 

deformations of the BPP, CLs and membrane were neglected because of their much 

larger Young’s modulus compared with the GDL [27, 31]. The related mechanical 

properties of the GDL are listed in Table 3.6. The parameters of other components are 

not listed as there were treated as rigid materials. 

Table 3.6 Physical parameters of GDL (carbon paper) applied in the mechanical model.  

Parameters and Symbols  Value and Unit Reference 

Density, ρ  400 kg m-3 [29] 

Young’s modulus, Ε 6.3 MPa [57] 

Poisson’s ratio, ν 0.09 [57] 

 

In terms of BCs of the mechanical model, a uniform pressure was applied on the top 

surface of the BPP (in the through-plane direction in Figure 3.3) during the assembling 

evaluation. A fixed bottom (in the through-plane direction), horizontal moveable 

surrounding surfaces (in the in-plane direction) and a bonded interface without slip 

between the components were selected as BCs. In addition, as shown in Figure 3.3, an 

unstructured mesh refined by 0.02 mm (comparative size of the one used in [89]), with 

a total of 49538 elements and 97870 nodes were employed.  

3.3 Electric contact resistance model 

The electric contact resistance between the GDL and BPP is one of the contributions 

to the ohmic loss in PEM fuel cells. It is an important part of the entire electric 

resistance and a function of the material properties, surface treatment of the GDL and 

BPP, and the assembly pressure. In the present thesis, the variation of the electric 

contact resistance due to the assembly pressure has been taken into account. The 

electric contact resistance Rcontact, in the unit of mΩ cm
2
, has been formulated in [57] 

as, 
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where pcontact is the contact pressure. Duo to the channel/shoulder structure of the flow 

field plate, i.e., BPP, the assembly area affected by assembly pressure is different from 

the contact area between the GDL and BPP. Thus in a real PEM fuel cell stack or a 

single cell, the contact pressure is evaluated by the assembly pressure, assembly area 

and the cell contact area [27], 

 contactcontactAssemblyAssembly ApAp   (3.40) 

where pAssembly, AAssembly and Acontact denote the assembly pressure, assembly area and 

contact area, respectively. The contact resistance between the GDL and BPP can then 

be calculated as, 
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In the present electric contact resistance model, the intrusion of the GDL into a gas 

channel was considered, i.e., the decreased thickness of the GDL is considered. The 

small increase of the contact area Acontact between the GDL and the BPP caused by the 

intrusion at high assembly pressures was neglected. 

3.4 Electric resistance model 

The electric resistance model was developed to evaluate the electric resistance in the 

through-plane direction of the cell. This section aims to formulate the equations 

applied in the electric resistance model presented in Papers IV and V.  

The governing equation for the electron transfer through GDL, CL and BPP and the 

protons through the membrane can be evaluated by a Laplacian equation [90],  

   0   (3.42) 

where φ is the electric potential. The electric/protonic conductivity σ for electrons or 

protons is the reciprocal of its electric/protonic resistivity ρe, 
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The local current density i appearing in the cell components is related to the 

conductivity σ based on Ohm’s law [65], defined as,  

 i  (3.44) 

The electric resistance of the domain is predicted by a function of the average current 

density based on Ohm’s law [65], 
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where i is the average current density, φmax and φmin are the maximum and minimum 

electric potential occurring in the domain, respectively.  

It should be observed that not only the deformed geometry but also the 

electric/protonic properties as results of the GDL deformation were considered in this 

electric resistance model. The electric conductivity of the layers in the through-plane 

direction determines the flow of electrons in the electric resistance model. The electric 

conductivity in the bulk of the compressed GDL is presented in Section 3.1.7. The 

protonic conductivity in a membrane is depending on the local temperature and water 

content. The correlation between these parameters has been taken into account in this 

model [6],  
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where ω is the water content and T is the local temperature. It has been suggested that 

there might exist several possible ways of the ionic transfer in Nafion like materials 

[6], i.e., hydronium ions move via a vehicle mechanism at low water content (ω=2~4 

H2O/SO3H), easier movement of hydronium ions at a partially hydrated membrane 

(ω=5~14 H2O/SO3H). Finally, both water and ions move freely in a fully hydrated 

membrane (ω>14 H2O/SO3H). In this model, the water content ω =10 H2O/SO3H and 

T=353 K were selected to evaluate the protonic conductivity of a membrane as 

formulated by Eq. (3.46). 

Because electrons/protons are released at the anode of a PEM fuel cell, a half-cell, i.e., 
anodic side is selected as the representative domain for the electric resistance 
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modeling, as shown in Figure 3.4. This domain includes anodic BPP, GDL, CL and a 

half-sized membrane but without the gas channel.  

 

Figure 3.4 Schematic illustrations of the electric resistance model.  

The dimensions for this model are the same as the one listed in Table 3.2 applied in 

Papers III and IV. The physical parameters implemented in the electric resistance 

model are presented in Table 3.7. 

Table 3.7 Physical parameters for electric resistance model. 

Parameters Value & Unit Reference 

GDL electric conductivity  1250 S m-1  [27] 

CL electric conductivity  100 S m-1  [44] 

BPP electric conductivity  2.22×104 S m-1  [27] 

Water content in membrane 10 H2O/SO3H [6] 

 

As the BC, a constant current density icell = 0.7 A cm
-2

 was applied at the membrane as 

the current source, which occurs at the bottom surface (membrane or electrolyte). The 

variable potential BC the Laplacian equation (Eq. (3.42)) of the electric resistance 

model at the membrane is set as a gradient potential which is a function of the local 

conductivity [65],  
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For the BPP domain, a reference potential value of zero is arbitrarily set at the top 

surface of the anodic BPP [65]. The BCs for the other boundaries are set as symmetry 

conditions. 

Validation of this newly developed electric resistance model is important to ensure the 

accuracy of the OpenFOAM code. Two different geometrical cuboids, Cuboid A with 
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1 cm×1 cm×2 cm and Cuboid B with 2 cm×2 cm×1 cm, were employed to validate the 

model,. Constant potential values (easier for theoretical calculation) of 0 V and 1 V 

were set as BCs at the top of the BPP and the bottom of the membrane, respectively, 

for both Cuboids. The remaining BCs are set as mentioned above. The theoretical 

prediction is based on both Pouillet's law and Ohm’s law, 
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where l and A denote the length and cross-sectional area of the conductor, respectively, 
  is the average electric conductivity. φ is the maximum potential difference 

between the membrane and BPP (Here 1 V was applied for the theoretical prediction). 
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4.  Main Results and Discussion 

In this Chapter, a summary of the validated and main results in terms of the effects of 

assembly pressures obtained in Papers II, III, IV and V is presented. 

4.1 Validation results 

Before solving the cases, the PEM fuel cell model was validated and compared with 

numerical data [91] and experimental results [92] cited from references with the 

corresponding dimensions and operating conditions, respectively. The comparison is 

shown in Figure 4.1. 
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Figure 4.1 Comparison of numerical predictions with (a) numerical results [91], and (b) 

experimental data [92]. 

The operating voltage of the predicted results in Figure 4.1 shows some differences 

compared with the reference. With increasing current density, greater differences are 

observed between the present work and the reference. A constant binary diffusion 
coefficient was used in the investigation by Hottinen et al. [91] and it was a 2D model 
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ignoring the direction along the channel. These limitations might be the main reason 

for the discrepancies.  

However, good agreement between the experimental [92] and the predicted results is 

obtained in Figure 4.1b, in terms of the current density and the power densities when 

cell operating voltages higher than 0.63 V. Both the calculated and measured voltages 

drop fast when the current density is small, which is mainly caused by the activation 

losses. The voltage then keeps a linear decrease to the voltage 0.63 V, where the 

Ohmic loss becomes dominating.  
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Figure 4.2 Comparison of electric resistance and current density v.s. electric conductivity. 

The validation of the electric resistance model was conducted by comparing the 

theoretical predictions obtained by Eq. (3.48) and Eq. (3.49), and the numerical results, 

as shown in Figure 4.2. Relatively accurate electric conductivity and current density 

were obtained by the electric resistance model for the various bulk electric 

conductivities.  

The electric contact resistance between the GDL and BPP for various assembly 

pressures was considered. A comparison of the electric contact resistance between the 

predictions using Eq. (3.39) to Eq. (3.41) and experimental results is presented in 

Figure 4.3. It is found that the contact resistance measured by Mishra et al. [55] can be 

fitted with a good accuracy. The assembly pressure decreases the contact resistance, 

which supports the fact that there is a better contact between the GDL and BPP as the 

assembly pressure increases. The contact resistance decreases sharply with increasing 

assembly pressure at pressures below 1 MPa. However, above 1.0 MPa there is still a 

slight decrease in the resistance for increasing pressure. But there is no significant 

change of the contact resistance at higher assembly pressures. This is so because the 

maximum contact between the GDL and BPP is reached at a certain pressure.  

To implement the electric resistance, a contact resistance of 14.3 mΩ cm
2
 based on 

Figure 4.3 was applied for the case of zero assembly pressure (the same value of the 

constant resistance was also taken from references [55] and [23]).  
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Figure 4.3 Comparison of theoretical and experimental contact resistances [55] between GDL 

and BPP. 

4.2 Effect of porosity  

The effect of porosity of the GDL is presented in this section. The main results 

presented are obtained from Paper II.  

To study the effect of the porosity change caused by the assembly pressure, five cases 

with different compression ratios λ of 0%, 10%, 20%, 30% and 40% of the GDL were 

employed. Then these porous properties of the GDL (listed in Table 3.1) were 

implemented into the PEM fuel cell model to evaluate the thermal conductivity and 

the species diffusion coefficient. The physical properties of the GDL below the 

channel areas are kept constant at the initial value (zero compression). The Base case 

with zero compression of the GDL was included to evaluate the difference of 

compressed and uncompressed GDLs. 

4.2.1 Effects on temperature distribution 

Thermal equilibrium is a key parameter during operation of a PEM fuel cell. The 

thermal conductivity of a GDL is usually treated as uniform in previous numerical 

studies. However, this parameter was observed to increase when a compression load 

was applied on the cell [93]. 
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Figure 4.4 displays the profiles of the effective thermal conductivity of the GDL close 

to the CL for different compression cases. In Figure 4.4, the effective thermal 

conductivity below the channel region is lower than that below the shoulder regions as 

GDL compression prevails. Increasing compression ratio results in a higher effective 

thermal conductivity below the shoulders. This means that the porosity of the GDL is 

the main factor affecting the effective thermal conductivity. This agrees well with 

equation (3.18) that is dependent on local porosity. No change of porosity leads to a 

constant effective thermal conductivity, similar to the Base case along the cell 

direction and the GDL regions below the channel for other cases. 
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Figure 4.4 Distributions of effective thermal conductivities at GDL interface close to CL at the 

middle channel for different compression cases. 
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Figure 4.5 Temperature profile of GDL interface close to CL at channel middle for different 

compression cases. 

The temperature profiles of the GDL close to the CL along the channel for different 
compression cases are shown in Figure 4.5. It is found that, the local temperature at 

the GDL interface across the cell width direction is decreasing with smaller porosity of 
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the GDL. This might be explained by the fact that the higher effective thermal 

conductivity caused by the higher compression ratio increases the heat transfer. At this 

point the assembling pressure on the GDL is favorable for the heat removal from the 

cell. However, the reaction effects on the temperature distribution can not be neglected 

and it will be analyzed below.  

4.2.2 Effects on mass transfer 
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Figure 4.6 Distribution of oxygen diffusion coefficients at the interface of GDL close to CL for 

different compression cases at middle of the cell. 

The diffusion coefficient determines the local reactant/product distribution. The 

diffusion coefficient of the compressed GDL is a function of the porosity and 

tortuosity, as formulated by Eqs. (3.13) to (3.16). 

The profile of the effective oxygen diffusion coefficient at the interface of the GDL 

close to the CL in the middle part of the cell for different compression cases is shown 

in Figure 4.6. The distribution is similar to the one of effective thermal conductivities 

illustrated in Figure 4.4. The oxygen diffusion coefficient is almost constant for the 

uncompressed cases. However, lower porosity values with increasing compression 

ratios on the shoulders of the GDL result in a deteriorated oxygen diffusion coefficient. 

A related work performed by Nitta et al., [26] considering inhomogeneous 

compression of GDL indicated that the gas diffusion coefficient decreases as a result 

of the reduced pore size. 

It is important to study the distribution of the reactants at the cathode reaction sites, 

because they determine the local current densities, according to Eq. (3.28). The 

distributions of the oxygen mole fraction at the reaction interface for Base case and 

Case A4 are shown in Fig. 9. No significant difference is observed at the reaction 

interface below the channel areas when various compression ratios are applied. 

However, a significant difference appears below the both shoulder areas.  
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A nearly zero oxygen mole fraction is observed in the shoulder area for Case A4 for 

the biggest compression. Based on this, a lower porosity caused by a higher 

compression ratio results in a more non-uniform oxygen concentration, especially far 

away from the channel areas.  

 

Figure 4.7 Profile of oxygen mole fractions predicted at the reaction interface for Base case 

(above) and Case A4. 

4.2.3 Effects on cell performance 

The average current density, which is the output of the cell during operation, is shown 

in Figure 4.8 when the cells operate at 0.55 V cell voltages. The plot shows the drop 

current density from the case with zero compression ratio (the Base case) to the case 

with 40% (the Case 4) of that in the GDL. The corresponding average current density 

decreases from 0.570 A cm
-2

 to 0.536 A cm
-2

.  

Figure 4.8 indicates that the decreased porosity of the GDL limits the cell performance. 

Even though the effective thermal conductivity improves with lower porosity (see 

Figure 4.4), the degraded reactant diffusion term has a more important effect on the 

cell performance. 
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Figure 4.8 Average current densities for different compression cases at 0.55 V operating cell 

voltages. 

4.3 Effect of GDL deformation 

The GDL deformation under assembly pressures computed in the mechanical model 

and the yield corresponding porous properties variations are considered in this section. 

Four assembly conditions including 0 MPa, 1 MPa, 2 MPa and 3 MPa are applied and 

a summary of the main results from Paper III is presented. 

4.3.1 Effects on GDL shape  

During the PEM fuel cell assembly process, each component including the GDL is 

clamped by the bipolar plates. Figure 4.9 shows the shapes of a deformed GDL at 0 

MPa, 1 MPa, 2 MPa and 3 MPa assembly pressure, respectively. The thickness of the 

GDL is kept constant along the cell width for the uncompressed case (0 MPa), but 

varies for the different assembly pressures. A thinner GDL above the shoulder areas 

and the GDL intrusion in the middle channel are observed as the assembly pressure is 

applied. This is so because the GDL above the shoulders is crushed and deformed due 

to its porous and flexible properties. A consequence of the intrusion is a reduction of 

the gas flow channel cross-section areas and a decreased gas diffusion area above the 

shoulders as clearly shown in Figure 4.9. 

Another consequence of the GDL intrusion/deformation is a decreased porosity of the 

GDL above the shoulders, as shown in Figure 4.10 in a cross-section view for various 

assembly pressures. The predicted porosity shown in Figure 4.10 was calculated with 
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the assumptions for the porous materials illustrated in Figure 3.1 and the Eqs. (3.29) to 

(3.31).  
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Figure 4.9 Deformed shape of the GDL in a cross-section view for different assembly pressures. 
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Figure 4.10 Porosity distribution in the GDL in cross-section view for different assembly 

pressures. 

Figure 4.10 shows different porous features in different regions in the in-plane 

direction. There exists a transitional region, i.e., a nonlinear porosity distribution zone 

in the GDL region corresponding to the interface between the channel and the 

shoulders, a linear porosity distribution zone above the shoulders and a constant 

porosity distribution zone above the middle part of the channels for the cases when an 

assembly pressure is applied. The impact of such nonlinear porosity distributions in 
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the GDL has been identified in the GDL models, but unfortunately, a constant porosity 

distribution was widely assumed in the available literatures [23, 34]. 

It is noted that the porosity of the GDL in the constant porosity distribution zone is 

kept at the initial value even though the assembly pressure increases. This agrees with 

the GDL shape shown in Figure 4.9, in which the GDL keeps the initial thickness 

below the channel center.  

4.3.2 Effects on mass transfer 

After the prediction of the GDL deformation caused by the assembly pressure, the 

PEM fuel cell model takes advantage of the above mechanical results, including the 

deformed shape and the porous features of GDLs. For the settings presented in 

Chapter 3.1 and the validations in Chapter 4.1, the PEM fuel cell model was applied 

for various assembly pressure conditions (i.e., 0 MPa, 1 MPa, 2 MPa and 3 MPa).  

 

Figure 4.11 Distribution of oxygen diffusion coefficient for the left-hand half domain along the 

in-plane direction in the cell middle (x=0.025 m) for: (a) uncompressed condition, (b) 2 MPa 

assembly pressure. 

The oxygen diffusion coefficient was studied with the implementation of the deformed 

GDL and the corresponding porous properties. The involved porous properties include 

the non-homogeneous porosity shown in Figure 4.10, pore size and tortuosity, etc. Due 

to the significant deformation of the GDL at 3 MPa assembly pressure (see Figure 4.9), 

the result shown below is from the case with 2 MPa assembly pressure instead of 3 

MPa condition. 
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The oxygen diffusion coefficients of the left-hand half domain in the cell middle 

(x=0.025
 
m along the cell main flow direction) for the case of 2 MPa assembly 

pressure and uncompressed condition are presented in Figure 4.11. From Figure 4.11, 

a similar distribution of the oxygen diffusion coefficient is observed in the gas 

channels except of the gradients in GDLs. The coefficient gradient facing the channel 

is caused by viscous resistance of the GDL, however, another one appearing at 

shoulder corner in the in-plane direction is the result of the sharp-changing of the 

porosity (see Figure 4.10). Comparing the two cases, several times lower oxygen 

diffusion coefficient appears above the shoulders for the 2 MPa assembly pressure 

caused by the extremely low porosity.  

 

Figure 4.12 Distribution of oxygen mole fraction for the left-hand half domain along the in-

plane direction in the cell middle (x=0.025 m) for: (a) uncompressed condition, (b) 2 MPa 

assembly pressure. 

The oxygen mole fractions at the same position for the case of 2 MPa assembly 

pressure and uncompressed condition are shown in Figure 4.12. The results show a 

comparable variation for both cases. A more uniform distribution of the oxygen mole 

fraction is observed for the uncompressed case. However, the profile agrees with the 

distribution of the oxygen diffusion coefficient (see Figure 4.11), i.e., a maximum 

oxygen mole fraction occurs where the maximum porosity exists for the case of 2 MPa 

assembly pressure. This reflects again that the porosity distribution plays a significant 

role on the mass diffusion coefficients and the oxygen mole fractions in the GDLs. 

4.3.3 Effects on cell performance 

The cell performance was evaluated as well. As illustrated in Figure 4.13, the cell 

performance is not sensitive to the assembly pressure at high operating cell voltages 

0.15

0.14

0.1
30.120.05

0
.0

6
0
.0

8

XO2

0.17

0.15

0.13

0.11

0.09

0.07

0.05

0.1150.12

0.125

0.1
6

0.155

0.15

0.145

0.14

0.135
0.130.1

25

0.
120.1

15

0 0.0005 0.001
0.0003

0.0006

0.0009

0.0012

0.0015

0.17

0.16

0.15

0.14

0.13

0.12

0.11

0.1

0.0003 

0.0006 

0.0009 

0.0012 

0.0015 

(a) (b) 

y(m) 

z(m) 

0 0.001 0.0005 0 0.001 0.0005 

Shoulder 

GDL 

Channel 

Oxygen mole fractions 

 

0.12 
0.13 

0.15 

0.10 
0.11 

0.14 

0.16 

(100%) 
0.17 

0.05 
0.07 
0.09 
0.11 

(100%) 

0.13 
0.15 
0.17 



44 

 

because a small amount of reactants is consumed. With increasing cell voltages, the 

current densities and power densities are declining but vary with higher assembly 

pressures above a specific voltage. A higher assembly pressure causes a worse cell 

performance. It is expected that a condition of 3 MPa assembly pressure may hardly 

ensure the gas transfer from the channel to the reaction sites via a deformed GDL as 

the result of reduced porosity and oxygen diffusion coefficient.  
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Figure 4.13 Comparison of current densities and power densities for different assembly 

pressures. 

 

Figure 4.14 Distribution of local current densities at the reaction interface for (a) 

uncompressed condition and (b) 2 MPa assembly pressure at cell operating voltage of 0.70 V. 
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Figure 4.13 reflects that the mass transfer resistance is accumulated as the porosity 

decreases for increasing assembly pressure. However, in the published literature the 

reduced performance was claimed to be due to the combined effects of a reduction of 

the porosity, the narrowed gas flow channel cross-section areas and the reduction of 

the flow path from the gas channel to the reaction sites. 

A significant difference in the cell performance was observed between the case with 

uncompressed condition and the one with 2 MPa assembly pressure. The performance 

deterioration could be observed in Figure 4.14. For both cases, the highest local 

current density occurs in the reaction region above the channel as the result of the 

presence of sufficient fresh reactants. However, the one for the case with 2 MPa 

assembly pressure is extremely low in the regions above the shoulders, especially the 

area at the cell outlet, which results in the reduction of the overall cell performance. 

To figure out the dominating factor in deteriorating the cell performance when 

considering the reduction of porosity, gas flow channel cross-section areas and GDL 

thickness, the cases for different assembly pressures with various porosities are 

considered and shown in Figure 4.15. The results show that the current density 

decreases with an increase of the assembly pressure whatever porosity applied. The 

cell performance for the combination of the reduced GDL thickness and gas flow 

channel areas could decrease the current density by 8.9% at 3 MPa assembly pressure. 

However, a significant deterioration of the current density by 29.0% appears as a 

decrease of the GDL porosity is further applied. Thus, the current density is decreased 

approximately 20.0% purely by the reduction of porosity at an assembly pressure of 3 

MPa compared and a non-deformed cell. 
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Figure 4.15 Average current densities and decrease percentage versus assembly pressures and 

porosities at cell operating voltage 0.70 V. 

Another case study for the 2 MPa assembly pressure with an initial constant porosity 
0.8 but ignoring the GDL intrusion into the channels was conducted (see Paper III). A 

decrease at the current density of 5.0% is observed compared to the uncompressed 
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case. Therefore, the decreased porosity is the dominating factor in reduction of the 

current density compared with effects of the reduced gas flow channel areas and GDL 

thickness.  

 

Figure 4.16 Cathodic oxygen mole fraction for the left-hand half domain at the middle of the 

cell  (x=0.025 m) for (a) uncompressed condition (b) 2 MPa assembly pressure, with constant 

porosity 0.8 and without the GDL intrusion into the channels.  

The effect of a reduced GDL thickness on the current density is shown in Figure 4.16. 

Figure 4.16a and Figure 4.16b are for the cases with uncompressed condition and 2 

MPa assembly pressure but without GDL intrusion into the gas channel center, 

respectively. A constant porosity of 0.8 was applied for both cases. Figure 4.16 shows 

that a smaller oxygen mole fraction (10.5% in Figure 4.16b) occurs in the compressed 

case with the 2 MPa assembly pressure compared with the uncompressed case (11.5% 

in Figure 4.16a). This indicates that a reduction of the GDL thickness leads to an 

increased resistance from the channels to the CLs through the GDLs. 

4.4 Effect of electric properties 

The aim of this section covering Papers IV and V is to study the effects of electric 

resistance on the cell performance under assembly pressure condition. The electric 

resistance model, electric contact resistance model and PEM fuel cell model under 

various assembly conditions including 0 MPa, 1 MPa, 2 MPa and 3 MPa are analyzed 

in this section.   
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4.4.1 Effects on electric resistance 

It is essential to examine the cell resistances as the bulk resistance (in the through-

plane direction) and the contact resistance. The electric conductivity is one of the most 

important parameters characterizing the transport of electrons/protons in a PEM fuel 

cell.  The result of the assembly pressure is the deformation of the GDL and then a 

reduction of the electric conductivity in the through-plane direction, as shown in 

Figure 4.17. It is found that the electric conductivity distributions exhibit non-

homogeneous features, i.e., a nonlinear distribution zone in the GDL region 

corresponding to the corner between the channel and the shoulders (as shown in both 

the grey areas in Figure 4.17), a linear distribution zone below the shoulders and a 

constant distribution zone below the middle part of the channels for the cases when an 

assembly pressure is applied.  
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Figure 4.17 Cross-sectional distribution of electric conductivity in the GDL for different 

assembly pressures. 

With the implementation of the nonlinear electric conductivity of the GDL and other 

parameters listed in Table 3.7, the bulk resistance (in the through-plane direction) of a 

cell was investigated in the electric resistance model. The bulk resistances (in the 

through-plane direction) of a cell as well as the contact resistances between the GDL 

and BPP are presented in Figure 4.18 as function of the assembly pressure. As shown 

in Figure 4.18, the bulk resistance decreases with increasing assembly pressure, as 

expected. A similar tendency is observed for both the contact resistance and the sum 

of both resistances which is denoted as the entire resistance of a cell.  

However, the contact resistance between the GDL and BPP is quite small compared 

with the bulk resistance predicted by this model. The bulk resistance through the cell 

contributes as much as 76 percent of the total cell resistance at the assembly pressure 

of 0 MPa but 92.7 percent at the higher assembly pressure of 3 MPa. The results from 

Figure 4.18 show that the bulk resistance plays a dominating role in the cell electric 
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resistance for varying assembly pressure. On the other hand, the contact resistance 

between GDL and BPP should not be neglected when considering the assembly 

processes.  
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Figure 4.18 Variation of the bulk resistance and total interfacial contact resistance between 

GDL and BPP for different assembly pressures. 

4.4.2 Effects on electric field 

The electric field, also called the electrostatic field, is caused by the electric 

charges/current flow from the reaction sites to the external circuit. In general, this 

electric field does not change with time because charges/currents are stationary when a 

fuel cell is operating at steady-state.  

 

Figure 4.19 Streamlines of electric field transfer through membrane and anodic cell at the 

middle of the cell (x=0.025 m) for (a) uncompressed condition (b) 2 MPa assembly pressure. 
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In the electric resistance model, the corresponding streamlines are presented in Figure 

4.19 for the electric field through the membrane and the anodic side at the middle of 

the cell (x=0.025 m along the cell main flow direction) for the case of 2 MPa assembly 

pressure, and another one for uncompressed condition. The lines and arrows illustrate 

the current flow direction which starts from the current source, i.e., the membrane 

interface, to the lower potential zone, i.e., the top surface of BPP.  

As found, the current below the channel flows across with a longer distance from the 

middle of the GDL to the BPP’s shoulders. In other words, the electric field is 

redistributed and becomes more uniform from the shoulders to the top of BPP. It is 

noted that the electric field at the BPP’s corner close to the channel is significantly 

concentrated, especially for the case with 2 MPa assembly pressure. The reason is that 

the channel/shoulder structure makes a portion of the BPP to contact with the GDL, 

and the intrusion of the GDL into the channel generates a reduced contact area in the 

vertical interface of BPP. As a consequence, part of the additional electric current 

flows from the intrusion of the GDL below the channel back to BPP’s shoulders along 

the cell width direction. 

 

Figure 4.20 Current density distribution in anodic BPP at the middle of the cell (x=0.025 m) for 

(a) uncompressed condition (b) 2 MPa assembly pressure, and (c) and (d) magnification of 

rectangular area highlighted in (a) and (b), respectively. 

The local current density for the BPP at the middle of the cell (x=0.025 m) for the case 

of 2 MPa assembly pressure and uncompressed condition, respectively, is presented in 

Figure 4.20. It is clear that the highest current density occurs in the corner of the BPP 

close to the channel. The maximum distributions are magnified in Figure 4.20c and 

Figure 4.20d. The profile of the maximum values varies for the different conditions. 

The maximum current density is distributed over longer distances from the BPP’s 

corner to a position far away from the channel in the cell width direction for the case 
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with zero assembly pressure. This appears mainly along the vertical direction close to 

the interface for the other case. This is so because the electric current more easily 

flows upward from the GDL to the BBP’s shoulder around the corner for the case with 

zero assembly pressure. However, more current favors to flow along the horizontal 

direction from the intrusion of the GDL below the channel center to the vertical 

interface between the GDL and BPP. This phenomenon is also observed in Figure 4.19. 

This means that this larger connecting area of the case at 2 MPa assembly pressure is 

favorable in passing through electrons in the horizontal directions.    

4.4.3 Effects on cell performance 
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Figure 4.21 Comparison of voltage and power densities v.s. current density for different 

assembly pressures. 

After obtaining the through-plane electric resistance of a cell and the contact resistance 

between GDL and BPP, the overall cell resistance including two main factors (see 

Figure 4.18) was analyzed. Simulation validation was carried out at the same condition 

as in Papers III and IV. For the cases studied, the overall cell resistance of the cell is 

regarded as assembly pressure dependent. 

As illustrated in Figure 4.21, the cell performance is not sensitive to the assembly 

pressure and the overall electric resistances at high cell operating voltages. It is 

expected that a small amount of the reactants is consumed at the reaction sites at the 

higher cell voltages. However, the cell operating at 1 MPa assembly pressure shows 

the best cell performance compared with the other cases at lower cell voltages. Then 

the cell performance becomes worse with increasing assembly pressure. A similar 

phenomenon has been observed in the study [23], in which a constant cell resistance 

was applied and 0.3 MPa was identified as the optimized assembly pressure.  

However, the results of Chapter 4.3 show that cells operating under a non-zero 

assembly pressure have a reduced cell performance, i.e., a higher assembly pressure 

causes a worse cell performance due to the reduced porosity of the deformed GDL, 
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reduction of the GDL thickness and the narrowed cross-sectional areas of the gas flow 

channel. This is because the mass transfer resistance is accumulated as the porosity 

decreases. In this sense, an improved electric conductivity may overcome the 

deterioration by the mass transfer resistance when the cell is operating at a proper 

assembly pressure. 
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5.  Conclusions 

The research presented in this thesis aims to investigate the GDL deformation caused 

by assembly pressures and its impact on the transport phenomena and performance of 

PEM fuel cells. Several models relating to the porosity, mechanical deformation and 

electric resistances have been developed to study the individual factors affected by the 

assembly processes. The obtained findings can be summarized as, 

(1) GDL above the channels intrudes into the gas channels as an assembly 

pressure is applied, and accordingly non-homogeneous thickness and porosity 

along the cell in the in-plane direction appear. Three zones are identified by 

the mechanical model based on the porosity variations along the cell in the in-

plane direction, i.e., a linear porosity distribution zone, a constant porosity 

distribution zone and a nonlinear porosity distribution zone. The thickness 

and porosity of the GDL are unchanged in the constant porosity distribution 

zone, but vary linearly or nonlinearly in the other two distribution regions.  

(2) The lower porosity of the GDL below the shoulder areas caused by the higher 

compression ratios is a positive factor for the thermal conductivity and 

contributes to obtaining a more uniform temperature. However, a depletion 

phenomenon is observed for the oxygen diffusion coefficient and oxygen 

distribution and cell performance for the compression conditions. 

(3) The results of the PEM fuel cell model show that a higher assembly pressure 

results in a reduction of the thickness and porosity of the GDL, gas flow 

channel area, oxygen diffusion coefficient in the porous medium and cell 

performance. It is found that the reduction of the GDL porosity plays a 

dominating role compared with the decreased gas channel flow area and GDL 

thickness. An extremely low oxygen diffusion coefficient, oxygen 

concentration and local current density appear in the GDL above the 

shoulders far away from the channels for the high assembly pressure. It is 

observed that a sufficiently thick GDL is favorable to ensure the gas transfer 

from the channel to the reaction sites in the PEM fuel cell. 

(4) A non-homogeneous electric conductivity along the cell in-plane direction 

appeared. The simulated results suggest that a higher assembly pressure 

results in a decreased cell resistance. However, 1 MPa assembly pressure is an 
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optimized assembly condition when both the contact resistance between GDL 

and BPP, and the electric resistance in the through-plane of the cell are 

considered. It is found that the through-plane resistance plays a dominating 

role compared with the contact resistance in a cell. The BPP’s corner close to 

the channel becomes a concentrated area for the electric field and the current, 

because the additional contact interface area is created by the intrusion of the 

GDL into the channel.   

(5) To obtain the optimized cell performance, the assembly pressure should be 

considered properly to ensure the gas sealing security and lower electric 

resistance. On the other hand, an improved electric conductivity may 

overcome the deterioration by the mass transfer resistance when the cell is 

operating at a proper assembly pressure. The results from this investigation 

may provide guidance for the design development and manufacturing of PEM 

fuel cells. 



54 

 

6.  Future Outlook 

Despite the achieved results in this thesis, there still exist a lot of unknown or unclear 

questions in understanding the transport phenomena of PEM fuel cells. The 

assumptions of no phase-change, the reaction appearing at the membrane interface and 

the isotropic GDL deformation are the major limitations in the present thesis, which 

might be considered in future work. Apart from those limitations, the shortages of the 

larger scale of the CFD simulations cannot be neglected as well. Further work in 

following aspects might be considered in PEM fuel cells. 

(1) More attention should be paid on the water phase change and water transport 

process in the porous media when an assembly pressure is acting on a cell. 

(2) The GDL made of carbon fiber paper is nonhomogeneous in the in-plane 

direction and in the through-plane direction. A non-linear anisotropic Young’s 

modulus and related anisotropic mass diffusion coefficients might be applied 

in future work. 

(3) The real electrochemical reaction in CLs is a species concentration-weighted 

energy conversion but not at the membrane interface. To achieve this purpose, 

the reactions should be considered in 3D. 

(4) The shortage of the CFD analysis is that the porous features of the GDL and 

CL are not captured in detail but these play an important role for the mass 

transfer of a cell. A potential solution is to use a multiscale modeling 

approach to couple the microscopic and macroscopic flow characters.  
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ABSTRACT 
Proton exchange membrane (PEM) fuel cells are known as environmental friendly energy 
conservation devices, and have the potential to be suitable alternative power sources. The cost and 
durability of a PEM fuel cell are strongly affected by the involved transport phenomena and reactions, 
which are two major challenges to be overcome before commercialization. Modeling and simulation 
are crucial for the cell design and operation. Various “add-on” fuel cell modules are available in 
commonly-used commercial CFD codes: FLUENT, STAR-CD and COMSOL Multiphysics. However, 
the length scale of PEM fuel cell’s main components ranges from the micro over the meso to the 
macro level. The various transport processes at different scales sometimes cannot be captured 
simultaneously by these codes. On the other hand, physical properties of functional layers used in 
MEA (membrane electrolyte assembly, consisting of catalyst layers, gas diffusion layers and 
membrane) play an important role for the cell performance. Therefore coupling of the multi-scale 
structural and transport characteristics in the functional layers might be an effective way to understand 
the electrochemical reactions and transient transport phenomena in PEM fuel cells. OpenFOAM 
(Open Field Operation and Manipulation) is an open source finite volume code having an object-
oriented design written in C++, which allows implementation of own models and numerical 
algorithms. Furthermore, it is possible to integrate other models, e.g., particle-based models, with the 
OpenFOAM CFD Toolbox. Thus OpenFOAM has the potential to meet the requirements faced in 
PEM fuel cell simulations as mentioned above. In this paper, various models and applications of 
OpenFOAM are outlined and reviewed, focusing on the multi-phase transport processes and reactions 
in PEM fuel cells. The potential methods and challenges coupling OpenFOAM with other modeling 
techniques are also discussed and highlighted. 
Key words: PEM fuel cells, simulation, multi-scale, coupling, OpenFOAM, transport phenomena 

1. INTRODUCTION  
 Proton exchange membrane (PEM) fuel cells fuelled by hydrogen are considered to be promising 

devices for the direct conversion of chemical energy into electrical energy. The first commercial use of 
a typical PEM fuel cell was in 1960’s Gemini space program by NASA [1]. Owing to its advantages 
of efficient energy conversion, high power density and environmental friendliness, tremendous 
research programs worldwide promoted PEM fuel cells as power sources replacing internal 
combustion engines in sub- to mega-Watt applications in transportation, heating, manufacturing, and 
communication [2, 3]. The energy resources crisis all over the world also promotes the development of 
PEM fuel cells. After the first energy crisis happened in 1973, the new energy devices, e.g., PEM fuel 
cells, attracted more and more attentions [1]. 

Cost and durability are supposed as the main challenges or bottlenecks to the development and 
commercialization of PEM fuel cells [4]. During the past decades, the performance of PEM fuel cells 



have been improved significantly resulting from research efforts on different aspects, e.g., 
implementation of innovative materials [5] and optimized design [6] based on experiments and 
modeling [7]. Even though many efforts have been taken into account for comprehensive 
improvement of the performance, barriers for the widely use of PEM fuel cells are still present. 

1.1 Working principles of PEM Fuel Cell 

Typically a PEM fuel cell operates below 100 ºC (usually at 80 ºC). Hydrogen gas mixed with 
water is supplied to the anode side and air/water stream to the cathode side. Anodic hydrogen is 
oxidized in the anode catalyst layer (CL) to liberate electrons and produce protons. Then the electrons 
flow through the anode gas diffusion layer (GDL), bipolar plate, external circuit and further to the 
cathode CL. The produced protons are transported through the solid electrolyte membrane to the 
cathodic side. Oxygen is reduced within the cathodic CLs, and then combines with the electrons and 
protons to produce water and heat. A two-dimensional (2-D) sketch of the reactions and transport 
processes are shown in Fig. 1. The reactions at the anode and cathode for a PEM fuel cell are 
respectively given by,   

2 2 2H H e                                                             (1a) 

2 2

1
2 2

2
O H e H O                                                           (1b)                      

 
Fig. 1 Schematic of PEM fuel cell. 

1.2 Transport Phenomena in PEM Fuel Cells 

Typically the transport processes of water, heat, gases and charges (protons and electrons) occur 
simultaneously inside the porous media of PEM fuel cells.  These are (a) transport of the reactants to 
the reaction sites; (b) transport of protons between the reaction sites and membrane; (c) conduction of 
electrons between the current collectors and the reaction sites; (d) transport, primarily through the 
solid matrix, of heat produced by the exothermic reaction; and (e) transport of water vapor and liquid 
water with phase-change by condensation/evaporation [4]. It is believed that water management and 
the heat balance are extremely important for the operation of PEM fuel cells, because the performance 
of the membrane, with good proton conductivities if fully hydrated, highly depends on the water 
content and temperature [1]. 

Water content inside the fuel cell can be determined by the balance between water production and 
three water transport processes, which are electro-osmotic drag, back diffusion and diffusion of water 



from/to the fuel/oxidant gas streams, as shown in Fig. 1. In order to ensure that the membrane is 
hydrated, water is introduced into the fuel cell with the reactants. But the temperature of the 
humidifying water also affects the performance of the membrane. In fact, membrane dehydration 
occurs if that temperature is too high as the water may completely evaporate, while flooding may take 
place at a lower temperature, particularly in the GDLs and CLs [8].  

  The transport of ions is another factor affecting the fuel cell efficiency. In the initial operating 
stage, a small amount of oxygen (or hydrogen) reaches to the catalyst surfaces of the CLs by diffusion 
due to the small gas concentration gradient. After some amount of oxygen (or hydrogen) consumed 
due to the electrochemical reactions, the gas mixture is then transported by combined convection and 
diffusion in the voids through the GDLs towards the CLs. The charge transport through the membrane 
and electrodes is driven by electrical and chemical potentials. There is a resistance for the transport of 
protons and electrons through the membrane and the electrode, respectively. Commonly the resistance 
depends on the corresponding structural properties and operating conditions. 

It is believed that the catalyst layers, in which complex and coupled processes unfold in, are the 
toughest unknown components because all physicochemical processes occur there [3]. In operational 
PEM fuel cells, all components have to be designed well to optimize the complex interplaying 
transport phenomena and reactions. Due to the nano/micro scales and complex porous structures used 
in the membrane electrode assembly (MEA), the interactions between fluid and solid particles within 
the multi-scale and porous structures become strong and should be taken into account. It is clear that 
the oxygen reduction reaction (ORR) in the cathode of the PEM fuel cell is especially regarded as the 
dominant limiting factor because of its lower reaction kinetics on electrochemical reactions, compared 
to the hydrogen oxidized reaction (HOR) in the anode [9]. Therefore, reducing various polarizations 
and keeping a balance on the transport species inside the fuel cell are important in the operation of 
PEM fuel cells. 

The understanding of the transport processes of different phenomena is crucial for optimizing the 
design and performance of PEM fuel cells. With the rapid development of computer technology, 
simulation of a desired model is becoming widely used in this kind of sustainable energy applications. 
In this paper, the problems remaining in the analysis of transport phenomena and simulations of PEM 
fuel cells are discussed. The modeling approaches of OpenFOAM for PEM fuel cells are briefly 
reviewed. Additionally, the opportunity of OpenFOAM to be used in multi-scale modeling in PEM 
fuel cells is discussed. 

2. CHALLENGES FOR ANALYSIS OF TRANSPORT PROCESSES IN PEM FUEL CELLS 
The technology development of PEM fuel cells currently cannot meet the requirement of 

commercialization. Large amount of experimental data have been established revealing the 
relationships between the different operating and design parameters, which are the initial and basic 
knowledge for understanding the mechanisms of PEM fuel cells. However, the interplaying transport 
processes inside the porous functional layers are not fully understood, especially for the CLs and 
membrane. Additionally, the limitations of experimental measurements are apparent for the 
interplaying transport processes appearing at the small scales and the complex structures.   
 
2.1 Material applications and effects 

 
Synthesizing of functional materials is important for MEA performance. The distributions and 

structures of functional materials in GDLs and CLs are quite non-uniform, as shown in Fig. 2 and Fig. 
3. The distributions of platinum on carbon particle carriers is also not constant in time, as the catalyst 
particles usually migrate with time due to their involvement in the unintended transport processes and 
side-reactions during operation [10].  



Material treatment and applications in CLs, GDLs and membrane are always related to the 
optimized and important transport processes in PEM fuel cells. For example, in order to avoid water 
flooding at high current densities, the GDLs are treated with PTFE to impart hydrophobicity, which 
can force water droplets to agglomerate at the surface of the GDL [4].  

 
Fig. 2 SEM image of GDL carbon paper treated with PTEF [11]. 

 
Fig. 3 SEM image of a CL [12]. 

 

 
Fig. 4 A schematic drawing of the TPB [13]. 

The effect of the catalyst synthesizing is also important. A porous carbon support with excellent 
conductivities is commonly selected. Apparently, the porous carbon has a better ability for the 
transport of reactants and products in the fuel cells, and a good conductivity for the conduction of 
electrons, which can decrease the concentration polarization and ohmic polarization, respectively. 
Currently researchers are also interested in synthesizing ordered mesoporous and macroporous carbon 
used as the catalyst support [5]. It is believed that the gas, charges and water transport through this 
kind of ordered 3D porous media is more efficient. On the other hand, the Pt particles can be doped on 
the Pt/carbon more uniform, which is another advantage for the reacting species transport to active 
sites. Kim and co-workers [12] stated that large pores with significant volume fraction play a dominant 
role for enhancing transport of the gas phases in the CLs. Particularly, the pores between 20 and 200 
nm are important. With microscopic structure of CLs, carbon (or other) particles with surface deposits 
of platinum (a preferred catalyst) may be bonded by the membrane (an ion-conducting ionomer), as 
shown in Fig. 4. It is believed that the triple-phase boundary (TPB) between the catalyst/support, 



ionomer and pores is the place where the electrochemical reactions occur [13]. Moreover, a carbon 
layer with micropores is sandwiched between GDL and CL in recent years [14]. This innovative 
method may avoid flooding at high current densities. This inserted layer can be regarded as the bridge 
connecting between the CL and GDL. Pasaogullari and co-workers [15] confirmed, by simulations, 
that placing a micro-porous layer between the GDL and CL enhances the liquid-water removal and 
reduces the liquid saturation in the catalyst layer. 

2.2 Simulation and analysis methods. 

During the past decades, tremendous researches have been carried out on investigating the 
manufacturing, design and optimization. It is widely realized that modeling and simulation are crucial 
for the cell design and optimization. It can decrease the research cost and time. Moreover, simulation 
can solve the problems which cannot be captured in experiments, e.g., the water, heat, charge, and 
gases distributions inside the fuel cell, particularly in the functional layers.  

Nowadays, modeling becomes an effective way to deeply understand the transport phenomena 
and the reactions of PEM fuel cells. This can give directions on the fuel cell manufacturing and 
improved performance. Various continuum approaches, e.g., computational fluid dynamics (CFD), 
have been developed to evaluate the water transport processes and the effects on the reactions and 
other transport phenomena [16]. Various “add-on” fuel cell modules are available in commonly-used 
commercial CFD codes, e.g., FLUENT, STAR-CD, and COMSOL Multiphysics.  

A general classification of these modeling efforts can be identified as: from one-dimensional to 
multi-dimensional, from isothermal to non-isothermal, from single-phase to multi-phase, from single 
components to the unit cell, and from transient to steady state [17]. The dimensions of these modeling 
can be divided into several scales, i.e. large-scale [18], macro-scale [19], micro-scale and nano-scale 
[20, 21], based on the length scale of the computational domain. The processes in large-scale and 
macro-scales are commonly simulated by the computational fluid dynamics (CFD) method, while 
small-scale treated by Molecular Dynamics (MD) method [20] and Lattice Boltzmann Method (LBM) 
[21]. Every method has its own advantages and disadvantages in investigating the transport processes 
of PEM fuel cells. With the help of effective and commercial simulation codes, a large number of 
articles have been published. But sometimes the individual commercial CFD tool and MD method 
cannot meet the requirement of analyzing PEM fuel cells. This is due to the multiscale nature, coupled 
functional structure and physical properties, which cannot be captured by a single tool. 

The basic parameters and cell performance, e.g., pore size and mean free path of gas molecules 
and Knudsen number of PEM fuel cell components, are listed in Table 1. It can be seen that the 
parameters of different layers in PEM fuel cells range from nanometers to centimeters, i.e., in a typical 
multi-scale scope. The Knudsen number, Kn used in the CFD, is calculated by Equation (2),  

                                                                   
nK

L


                                                                         (2) 

where λ is the mean free path, L a representative physical length scale. The pore size inside the porous 
materials is widely assumed as the physical length scale in PEM fuel cells [22]. The Knudsen number, 
Kn , based on the ratio of average distance between gas collisions and the pore size (~10 nm), is about 
8.2 for the CLs [23]. For the GDLs, the Knudsen number becomes in the range of 0.01 to 10. It means 
that the continuum approach is not able to directly resolve the influence of the structural morphology 
on the water transport/state-change dynamics, particularly in the CLs. 

The common assumptions in CFD are the continuum transport processes appearing in the 
homogeneous structures. However，the active sites, “triple point” locus shown in Fig. 4, should not 
be simply represented in a two-dimensional or homogeneous idealization. Pharoah and co-workers 
[26] reviewed the modeling development evaluating the current densities and effective transport 



coefficients in porous PEMFC electrodes. It was concluded that a majority of the existing PEMFC 
models volume-averaging the effect of porous media by a function that assumes the electrode to be 
isotropic. But this ignorance of the fact of inherent anisotropic microstructure in the porous carbon-
fiber electrode results in distinctly different effective mass diffusivity, electronic conductivity, thermal 
conductivity, and hydraulic permeability in the through-plane and the in-plane directions. 

Table 1 Typical parameter in PEM fuel cells [3, 22, and 24, 25]. 

Components Thickness Particle size Pores size 
Mean free 
path (gas) 

Kn 

CLs 10-20 µm 
5-10 nm (Carbon Particle) 
30-100 nm (Agglomerates) 

1-10 nm 
100 nm 

10-100 
10-50 nm 2-10 

GDLs 100-300 µm 5-10 µm 10 nm-10 µm 100 nm 0.01-10 
Membrane 50-300 µm 5 nm 1 nm 100 nm 100 
Channel 10 cm (length) — 1 mm (height) 100 nm < 0.001 

Thus the homogeneous assumption used in the continuum methods sometimes cannot 
successfully capture the transport phenomena inside the porous structure and clusters, e.g., carbon 
particles. The simulation on interplaying transport processes concerning the multi-scale, porous 
functional and anisotropic structural materials used in the PEM fuel cells requires a coupled modeling 
approach.  

3. SIMULATION OF PEM FUEL CELLS BY OPENFOAM 

3.1 Advantages of OpenFOAM 

A recently developed simulation code is OpenFOAM, which is a general purpose open-source 
CFD C++ code for fluid and continuum mechanics.  It has a large number of active users working in 
many areas of engineering and science, in both industries and academic organizations. OpenFOAM 
uses an object oriented approach which makes it easy to extend. The package includes modules for a 
wide range of applications. The numerical solution of differential equations implemented in 
OpenFOAM uses the finite volume (FV) method on unstructured meshes, and provides many 
capabilities, including free-surface and multi-phase flow modeling, Lagrangian spray model and 
automatic mesh motion. OpenFOAM allows implementing own models and numerical algorithms. 
Accordingly it is possible to combine other models, e.g., particle-based models, with the OpenFOAM 
CFD Toolbox. Thus OpenFOAM has the potential to meet the requirements faced in PEM fuel cell 
simulations as mentioned above. There is almost no limitation according to the features of 
OpenFOAM.    

3.2 Literature Survey of Fuel Cell Simulations by OpenFOAM 

Simulations of PEM fuel cells by OpenFOAM were conducted by several researchers in recent 
years, who were also involved in modeling of solid oxide fuel cells (SOFC). The development of the 
SOFC model by OpenFOAM was first described by Novaresio and co-workers [27] in 2011. The 
SOFC module library can only be used in the version OpenFOAM-1.6-ext, which is the initial version 
of OpenFOAM. Several multi-component mass-transport models were implemented in this code, e.g., 
Fick’s, Stefan-Maxwell and the Dusty Gas diffusion model, which can simulate both porous media 
and porosity-free domains. Almost in the same year a special code for SOFC simulation called 
‘openfuelcell’ was developed and financially supported by the Multi-Scale Integrated Fuel Cell 
(MuSIC) program, which can be used in the new version of OpenFOAM 2.1.1. The ‘openfuelcell’ 
model was designed for the comprehensive simulation of single channel or several parallel channels. It 
should be noted that both codes developed for SOFC can be freely downloaded from the website. 



Moreover, several PEM fuel cell simulation papers using OpenFOAM can also be found. However, 
the number of published papers related to SOFC by OpenFOAM is substantially bigger than that for 
PEM fuel cells.  

 
Fig. 5 Numerical simulation results of optimized sample for (a) cross reaction velocity field, (b) 

pressure field [6]. 
Regarding the usage of OpenFOAM for PEM fuel cells, about ten articles have been published in 

journals or conferences [6, 16, 28-31]. In the work of Mustata et al. [16], two kinds of gas inlet, i.e., 
“U” shape and “Z” shape were considered and the focus is on distribution of the air flow rate in a 
proton exchange membrane fuel cell stack. In all cases the flow pattern is adequate, although the Z 
configuration is preferable. Regarding the work by Lozano et al. [29], an experimental and numerical 
study was presented to analyze the gas flow across a GDL from different bipolar plates. The 
experimental results were compared with the predictions obtained from a numerical simulation. 
Additionally, a review made by Siegel [30] stated that large-scale problems can be solved using 
parallel computing and the MPI-protocol. OpenFOAM is well suited for fuel cell modeling besides the 
commercial CFD softwares. However, coding knowledge is required. It means that OpenFOAM has 
advantages for simulation at large scales. Imbrioscia and partner [6] used OpenFOAM for optimizing 
the bipolar plate geometry, e.g., width, depth and shape of the distributing channels (collectors) as well 
as over the main channels, in order to get a homogeneous flow distribution. The numerical simulation 
results of optimized samples were shown in Fig. 5 (a) for the cross section velocity field, (b) for the 
pressure field. Valino and co-workers [28] studied numerically the nonhomogeneous distribution of 
the reacting flows at the catalyst layers of a working bipolar plate of a PEMFC for pure hydrogen and 
oxygen. Moreover, they used OpenFOAM to model real single cell geometry, using a 3D finite 
volume discretization. The results are validated against experimental data. The model was 
implemented in a developed module attached to OpenFOAM general package [31].  

4. DOWN-SCALE MODELING APPROACHES 
The physical properties of the functional materials vary significantly and show high anisotropy in 

GDLs and CLs of PEM fuel cells. In the CLs of a PEM fuel cell, the void space is filled with the 
reactant and product species, hence, the protonic and electronic conductivity of the void space is zero. 
Especially the ionomer phases also act as electrical insulators [32]. Moreover, the basic fibers applied 
in GDLs cause anisotropic permeability and thermal conductivity. The interplaying transport 
phenomena in the functional microstructure inside the fuel cell need to be concerned. 

Operating at a low temperature, which is the advantage of PEM fuel cells, turns into a complex 
problem compared with other kinds of fuel cells. The electrochemical reaction at the TPBs and 
multiphase flow (water vapor and liquid phases) occur inside the porous media and on the surface of 



the solid particles. The CFD method used in a PEM fuel cell employs the effective values that can 
simulate the fluid flow and species transport distributions, velocity and pressure with proper boundary 
conditions. However, analytical techniques used to capture the liquid water distribution inside the 
diffusion media have revealed that many of the theories and assumptions used for liquid water 
transport mechanism are inappropriate under normal operating conditions [33, 34]. On the other hand, 
the fluids have a homogenous appearance on macroscopic scales, but are very disordered and 
heterogeneous over smaller scales due to thermal fluctuations and complex interactions inside the 
PEM fuel cell.  

  From the microscopic point of view, the molecular dynamics (MD) and discrete particle method, 
e.g., the dissipative particle dynamics (DPD) and smoothed particle hydrodynamics (SPH) are realistic 
approaches but suffer from the inability to explore suitable spatial and time scales outside the 
microscopic regime [35, 36]. MD is too expensive for large numbers of molecules. In the so-called 
pseudo particle methods, e.g., coarse-grained (CG) MD or DPD, a particle represents a small cluster of 
atoms and molecules, and it can be used at larger particle size [37]. The DPD is acceptable for the 
length and time scales ranging from 10-1000 nm and 1 ns-10 ms, respectively [38, 39]. The SPH is a 
fully Lagrangian scheme where a set of macroscopic governing equations are discretized by 
interpolating the flow properties over a discrete set of points, i.e., pseudo particles, which are 
distributed randomly within the domain of solution, without the need to define a spatial mesh [36]. 

 
Fig. 6 Reconstruction of CLs by the CG method [2].   

A specific example using CG-MD method was presented by Wescott and coworkers [41]. They 
divided the membrane system into three components, namely the backbone, side-chain and water, to 
analyze the water content. The interaction parameters for this model were generated using classical 
molecular dynamics. The CG-MD method was also applied in the study of CLs in a PEM fuel cell. A 
CL structure was reconstructed by Xiao et al. [2] as shown in Fig. 6. The simulation results were also 
compared with laboratory test data. In principle, the process-based CG method can provide various 
microscopic parameters from the reconstructed microstructure, which are related to the important 
structural and effective transport parameters used in the upper scale models, for comprehensive 
understanding of the multifunctional porous materials and the various transport processes coupled with 
the electrochemical reactions in the PEM fuel cell [40]. 

  Additionally, the LBM has become an effective tool to simulate the water transport in GDL. 
LBM can give more realistic pore-scale dynamic simulations of water transport in GDL with accurate 
pore geometry taken into consideration. Niu et al. [21] presented an LBM model in which a water-gas 
flow in the GDL is simulated and the saturation-dependent transport properties under different 
conditions are investigated. Compared to the MD simulation, the LBM approach assumes that the fluid 
is made of large amounts of fluid “particles”, instead of individual molecules, which are still 
considerably smaller than the smallest length scale of the simulation domain [17]. 



5. COUPLED MODELING METHODS 
A desired model should have a multiscale character to couple both microscopic and macroscopic 

flow characters [36]. Despite recent progress in developing multiscale modeling [42], enormous 
challenges still remain in bridging between atomistic simulation of realistic structures and continuum 
models which describe the overall performance for PEM fuel cell applications. 

 
Fig. 7 Two domains within a flow field and boundary conditions at the common boundary 

(interface) between fine (meso) and coarse (FE) models [44]. 
The above-mentioned microscopic approaches are limited, in terms of investigated phenomena 

and the number of particles simulated even by the largest supercomputers. Also they are considered 
too difficult for resolving the micro- to macroscopic interactions that must be captured in the analysis 
of any real devices. The recognition of these issues has led to the development of several methods for 
the coupling of micro- and macroscopic descriptions in a single modeling and simulation framework. 
The major goal of these methods is to allow the use of a continuum-based technique, e.g., CFD in the 
parts of the domain where such a description is valid, while using a microscopic method for the 
subdomain where the continuum description breaks down, i.e., in the porous CLs or and GDLs of 
PEMFCs. 

 
Fig. 8 Coupled methodology might be used in PEM fuel cells by OpenFOAM. 

Some attempts have been made previously to couple and bridge the approaches. In 1997, Groot 
and partner [43] reviewed DPD as a mesoscopic simulation method and also made the link between 
various parameters in Flory-Huggins-type models. This is possible because the equation of state of the 
DPD fluid is essentially quadratic in density. This link opens the way to do large scale simulations, 
effectively describing millions of atoms. Kojic and co-workers [44] reviewed the possibility to couple 
equations of a multiscale procedure by considering a mesoscale discrete particle model and a 
macroscale continuum model for incompressible fluid flow. Also they supplied a simple example to 
confirm the possibility. The finite element (FE) method was applied for the Navier-Stokes and 
continuity equations. The DPD method was applied for the mesoscale discrete particle model, As 
shown in Fig. 7. 

Although OpenFOAM uses the FV method on unstructured meshes, the progress made by Groot 
and Kojic and their partners mentioned above supplied a possible direction for coupling the pseudo 
particle method to the CFD in OpenFOAM. It is possible to insert a particle-based model to the open 



source toolbox, as shown in Fig. 8. The entire simulation domain is divided into a local domain and a 
global domain. The transport processes and reactions in the local domain are modeled with both the 
particle based-model and CFD, while those in the global domain modeled by the CFD (FV method) 
only. Consequently, modeling for a PEM fuel cell with improved and optimized mathematical 
functions for the small-scaled processes may come through. Most importantly, the different 
components inside the PEM fuel cell with different Knudsen numbers might be simulated 
simultaneously in one model.  

6. CONCLUSION 
Multi-scale and -functional porous materials used in MEA of PEM fuel cells play an important 

role on the overall performance of the fuel cell. Owing to the improvement in computer technology, 
modeling of multiscale phenomena is an effective way to gain deeper understanding of the 
interplaying transport phenomena in PEM fuel cells. OpenFOAM is an open source C++ code and has 
the potential to be coupled with other models, e.g., particle-based models. Especially coupling of the 
dissipative particle method and the continuum method is envisaged. The coupling method using 
OpenFOAM might be a promising approach in deeper investigations to promote the understanding of 
PEM fuel cells. By this hybrid approach, it is feasible to capture the effects of property gradient related 
fluxes at the continuum scale and the particle inclusions/boundaries within the particle based-domain 
simultaneously, which is significant to evaluate the continuum transport processes and water transfer 
dynamics in PEM fuel cells. 
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Modeling of inhomogeneous compression effects of
porous GDL on transport phenomena and performance
in PEM fuel cells
Jiatang Wang*,†, Jinliang Yuan and Bengt Sundén
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SUMMARY

A comprehensive, three-dimensional model of a proton exchange membrane (PEM) fuel cell based on a steady state code
has been developed. The model is validated and further be applied to investigate the effects of various porosity of the gas
diffusion layer (GDL) below channel land areas, on thermal diffusivity, temperature distribution, oxygen diffusion coeffi-
cient, oxygen concentration, activation loss and local current density. The porosity variation of the GDL is caused by the
clamping force during assembling, in terms of various compression ratios, that is, 0%, 10%, 20%, 30% and 40%.

The simulation results show that the higher compression ratio on the GDL leads to lower porosity, and this is helpful for
the heat removal from the cell. The compression effects of the GDL below the land areas have a contrary impact on the
oxygen diffusion coefficient, oxygen concentration, cathode activation loss, local current density and cell performance.
Generally, a lower porosity leads to a smaller oxygen diffusion coefficient, a less uniform oxygen concentration, a higher
activation loss, a smaller local current density and worse cell performance. In order to have a better cell performance, the
clamping force on the cell should be as low as possible but ensure gas sealing. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Proton exchange membrane (PEM) fuel cells fueled by
hydrogen are considered as clean power devices for the di-
rect conversion of chemical energy into electrical energy.
The first commercial use of a typical PEM fuel cell was
in 1960s Gemini space program by NASA. Then, after
the first energy crisis in 1973, PEM fuel cells attracted
more and more attention [1]. Owing to its advantages of
efficient energy conversion, high power density and envi-
ronmental friendliness, tremendous research programs
worldwide have promoted PEM fuel cells as power sources
replacing internal combustion engines in sub- to mega-
Watt applications for transportation, heating, manufactur-
ing and communication [2]. During the past decades, the
performance of PEM fuel cells has been improved signifi-
cantly resulting from research efforts on different aspects,
for example, implementation of innovative materials [3]
and optimized design based on experiments [4] and simu-
lations [5]. However, barriers for the wide use of PEM fuel
cells are still present. Cost and durability are supposed as

the main challenges or bottlenecks to the development
and commercialization of PEM fuel cells [6]. More efforts
have to be taken to further improve the performance and
provide a deeper understanding of the coupled transport
phenomena with reactions taking place in PEM fuel cells.

Generally, a gas diffusion layer (GDL) used in PEM
fuel cells plays a very important role in the cell perfor-
mance [7]. Ideally the GDL is a functional, soft and flexi-
ble carbon material in supporting the operation of PEM
fuel cells, that is, providing of mechanical support for the
membrane and catalyst layer, a passage for both reactants
and products, conduction of heat and electrons. It is well
known that the mass transport in the GDL plays an impor-
tant role on the cell performance especially at high current
densities [8]. During assembling of a single cell or a fuel
cell stack, the components of the PEM fuel cell, including
the GDL, the bipolar plates and other components, are usu-
ally bolted under a certain pressure to prevent gas leakages
and reduce the contact electronic/thermal resistance, as
shown in Figure 1 [9]. Gas leakage should be avoided as
it might result in poor cell performance and dangerous
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situation. However, over-compressing on the GDL will
decrease the mass transport abilities and result in a reduced
cell performance [10]. It has been found by experimental
[11] and numerical studies [9] that the assembled pressure
has much effect on the cell performance.

Some properties of the compressed GDL in a PEM fuel
cell have been presented in the published PEM fuel cell
works. High assembling pressure can decrease the porosity
of the GDL which leads to higher mass transfer resistance,
and it has been shown that physical compression of the
GDL directly decreases its diffusion coefficient [12].
However, Ge et al. [11] experimentally revealed that there
exists an optimal compression on the GDL, that is, the I–V
curve first increases with less compression, then declines
with increased compression beyond a certain value. The
resulting effects of the GDL compression ratio on the inter-
facial ohmic resistance and the performance of a PEM fuel
cell were investigated by Zhou et al. [13] using a numerical
method. It was found that the cell performance will
decrease with increasing compression if the change of the
interfacial ohmic resistance is neglected, but there is one
optimal compression if the interfacial ohmic resistance is
considered. It is revealed that the GDL becomes solid
under compression, which is good for the electron trans-
port through the interface between GDL and CL. Regard-
ing this aspect, the compression force on the cell
assembling is good for obtaining a better cell performance.
Cunningham et al. [14] reached almost the same conclu-
sion by their experiment. However, Zhou et al. [9] revealed
that the interfacial ohmic resistance will increase with
increasing clamping force. Nitta et al. [15] evaluated the
thermal properties of the GDL experientially and numeri-
cally as a function of compression. Their results revealed
that the temperature distribution inside the PEM fuel cell
was more uniform with the higher GDL deformation in
the result of the thermal diffusion coefficient between the
GDL and bipolar plates increased as the compression force
increased. Generally speaking, increasing compression
increases the deformation of the GDL resulting in lower
porosity, higher mass transfer resistance and poorer cell

performance, and lower resistance at the interface for heat
and electron transfer.

The physical properties of the GDL will change during
the fuel cell assembling in the reason of the porous proper-
ties of the GDL. However, the changes of the physical
properties of the GDL caused by compression are not
homogeneous. As shown in Figure 2 [16], the GDL below
the ribs becomes thinner and intrudes into the channel. The
compression effect is stronger below the ribs than at the
parts below the channel because the rib/channel structure
of the flow field. In practice, this structure creates a distri-
bution of inhomogeneous compression, which results in
spatial variations of GDL properties. An experimental
study was performed by the research group of Nitta et al.
[17]. The results from the measurements show that the
GDL intrusion into the channel is depending on the initial
thickness of GDL but not the width of channel. The GDL
below the channel will remain at its initial thickness.
Therefore, the decrease of thickness of the GDL below
the ribs might be because of the loss of porosity. The
in-plane permeability has been found in the experiments
to be non-linear. The authors predicted that the pore size
and its distribution changed because of the compression.
This indicates that the clamping force during assembling
of the PEM fuel cell will cause an inhomogeneous porosity
distribution in the in-plane GDL. This fact agrees fairly
well with the conclusion obtained by Zhou et al. [9].

The effect of the assembling process on the deformation
of GDL in PEM fuel cells may not be neglected and has
not been sufficiently studied yet. To the authors’
knowledge, only a limited number of the published papers
consider the inhomogeneous compression of the GDL and
its effects in fuel cells [11,13,14,16]. Generally the physi-
cal properties of GDL, that is, thickness, porosity,
heat/electric resistances and mass diffusion coefficients
are assumed as constants in these models. However, this
assumption might have significant difference between the
numerical models and realistic situations. Furthermore,
some of the results are obtained under the limited condi-
tions, for example, by two-dimensional (2D) modeling

Figure 1. Schematic of a PEM fuel cell stack [9]. [Colour figure can be viewed at wileyonlinelibrary.com]
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[16,17] or based on the carbon paper properties tested
under clamping force in experiments [14,17]. However,
the models that considered the effects of dimensional vari-
ations of GDL thickness, porosity, contact heat/electric
resistances and mass diffusion coefficients have not been
found. The aim of this work is to numerically study the
physical parameters of the GDL (porosity, effective ther-
mal conductivity and the mass diffusion coefficient) being
affected by the inhomogeneous compression caused by the
assembling condition. We report an effective and cheap
numerical method to evaluate this deformation effect via
characteristic parameters, and a comprehensive analysis is
developed to obtain the optimal cell performance. In addi-
tion, one of the main results obtained from this study
points out that the clamping force neglected in the past
should be considered to obtain the best cell performance.
The effects of inhomogeneous compression on the local
transport processes and electrochemical performance are
taken into account. Determination of the GDL thickness
and electric resistance will be considered in future work.
The models are performed using the finite volume method
(FVM) based on computational fluid dynamics (CFD)
method in Open Field Operation and Manipulation
(OpenFOAM).

2. MODEL DESCRIPTION

2.1. Modeling domain

A single cell is a typical and minimum unit of a PEM fuel
cell, and it contains all components corresponding to
several centimeters. It is assumed that the fuel cell channel

is periodically parallel as shown in Figure 3(a). A partial
domain of the single cell is selected and investigated to
decrease the computational efforts. The modeled domain
is a 3D, single channel and multi-components of a unit cell,
as shown by the grey dashed lines in Figure 3(a) and
further details of the model in Figure 3(b). The anode (fuel
side) and cathode (air side) were assembled symmetrically,
and each side consists of a bipolar plate, gas channel, GDL
and CL. Additionally, the electrolyte membrane was
sandwiched between the CLs. The detailed dimensions of
the single channel domain are listed in Table I.

The effects of inhomogeneous compression on the GDL
are conducted by varying compression ratios. The GDL of
the base case is compressed with a small and evenly
distributed compression but without any deformation.
The deformed GDL in other cases and the dependence of
physical properties (i.e. porosity, effective thermal conduc-
tivity and mass diffusion coefficient) on the various local
compression ratios will be described in the Section 2.2.

2.2. Model assumptions

A PEM fuel cell including all components is a complex
system involving multiscale transport processes. In order
to develop a numerical 3D model of the selected domain,
it is necessary to make a number of assumptions. The
assumptions made in this study are as follows:

1. The fuel cell operates in steady state.
2. Gas mixtures are regarded as incompressible ideal

gases.
3. Reynolds number in the gas channel is less than 100,

that is, laminar flow is assumed.

Figure 2. A sectional view of the deformed GDL after assembling process of a PEM fuel cell [16].
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4. The water is always in gaseous state without any phase
change. At the inlet of the PEM fuel cell, the gas phase
at the actual inlet temperature is humidified gas without
any liquid water, as the mass fraction of the gaseous
water at the inlets is lower than the point of maximum
water content [18]. The influence from a possible small
amount of liquid water in the cathodic channels is
neglected.

5. Electrochemical reaction occurs at the interface be-
tween the membrane and the CLs.

6. Membrane is considered as impermeable to the gases.
7. Transfer of electrons and protons is not considered.
8. The porosity does not change in the GDL below the

channel but changes below the ribs because of the
compression.

Most of these assumptions are similar to previous
modeling studies. However, the assumption of no phase-
change is the major limitation in this study, which will be
considered in the future work. In addition, the neglected
transfer of electrons and protons might be another limita-
tion to evaluate the compression effects of the GDL.

2.3. Model equations

The governing equations to be solved consist of a series of
partial differential equations for the conservation of
momentum, continuity, species transport and heat transfer.

The electrochemical reactions are coupled with the param-
eters solved in the partial differential equations. The
porous media in GDLs and CLs are considered for the
gas species and heat transfer. Because of the compression
force on the GDL, the properties are changed, but not the
thickness.

2.3.1. Momentum equations
Navier–Stokes equations (known as the momentum

equations) are the important equations in the computa-
tional fluid dynamics (CFD). The velocity and pressure
coupling is handled by employing the PISO method. The
Navier–Stokes equations are applied in the gas flow chan-
nel, GDL and CL, and can be expressed as [30],

∇� ρUUð Þ ¼ �∇P þ ∇�μ∇U þ Sn (1)

where ρ is the gas mixture density, U is the fluid velocity
vector, P is the gas pressure, μ is the dynamic viscosity
of the fluid and Sn stands for the source term. Because of
the porous structure effect of porous media in a PEM fuel
cell, there exist pressure losses and the source term in Eq.
[1] is needed to solve the pressure and velocity in the
porous layers.

The source term Sn should be different while the fluid
passes from the open channel to the porous zones. Equa-
tion (2) will be applied in the gas flow channel, but Eq.
(3) for the porous GDLs and CLs [30].

Figure 3. Schematic illustration of a PEM fuel cell: (a) parallel channels in 2D and (b) computational domain in 3D. [Colour figure can be
viewed at wileyonlinelibrary.com]
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Sn ¼ 0 (2)

Sn ¼ � μDn þ 0:5ρ Uj jFnð ÞU (3)

where the values of Dn and Fn in Eq. (3) are related to the
properties of the fluid and the porous structures. In
particular, the pore diameter dpore and porosity ε are
involved [31]:

Dn ¼ 150

d2pore

1� εð Þ2
ε3

(4)

In this study, the non-linear term is not considered,
that is, Fn is set to zero. The conservation equation for
gases with non-constant gas density can be expressed
as [29],

∇� ρUð Þ ¼ Sm (5)

Table I. Numerical parameters and properties.

Parameters and symbols Value Reference

Gas channel length 4 × 10�2 m
Gas channel width 2 × 10�3 m
Gas channel height 1.5 × 10�3 m
Land area width 1 × 10�3 m
Thickness of bipolar plate 3.5 × 10�3 m [1,6,16,18,19]
Thickness of GDL 0.3 × 10�3 m
Thickness of CL 2 × 10�5 m
Thickness of electrolyte 1 × 10�4 m
Dynamic viscosity, μ

Air/water 2.03715 × 10�5 kgm�1 s�1 [20]
Hydrogen/water 1.0502 × 10�5 kgm�1 s�1 [20]

Density, ρ
Air/water 0.98335 kgm�3 [21]
Hydrogen/water 0.1732 kgm�3 [21]
Electrolyte 1980 kgm�3 [22]
Interconnect 2200 kgm�3 [18]

Specific heat, Cp

Air/water 1070 J kg�1 K�1 [20]
Hydrogen/water 11956 J kg�1 K�1 [20]
Electrolyte 800 J kg�1 K�1 [23]
GDL 1000 J kg�1 K�1 [23]
CL 0.27 J kg�1 K�1 [23]
Interconnect 935 J kg�1 K�1 [18]

Thermal conductivity, k
Air/water 0.0291965Wm�1 K�1 [20]
Hydrogen/water 0.173176Wm�1 K�1 [20]
Electrolyte 0.29Wm�1 K�1 [24]
GDL 1.7Wm�1 K�1 [24]
CL 0.27Wm�1 K�1 [24]
Interconnect 24Wm�1 K�1 [18]

Porosity, ε
CL 0.6 [25]
GDL 0.8 [26]

Pore size, d
CL 1 × 10�6 m [27]
GDL 5 × 10�5 m [26]

Reaction order of O2, a 0.5
Reaction order of H2O, b �1
Reaction order of H2, m 1
Pre-constant at cathode, γc 1 × 10�5 Am�2 [28]
Pre-constant at anode, γa 10 Am�2 [18]
Cathode transfer coefficient, αc 0.5 [29]
Anode transfer coefficient, αa 0.5 [26]
Cathode activation energy, Eact,c 6.6 × 104 Jmol�1 [18]
Anode activation energy, Eact,a 3.46 × 104 Jmol�1 [18]
Electric resistance, Re 1.5 × 10�5Ωm�2 [18]
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where the source term Sm comes from the electrochemi-
cal reaction effects on the reaction sites, which can be
expressed as Eq. (7) for the cathode and Eq. (8) for the
anode [16], respectively.

Sm;c ¼� i
4F

MO2 þ
i
2F

MH2O (6)

Sm;a ¼ � i
2F

MH2 (7)

where i is the local current density, M the molar weight
of the involved gas species and F the Faraday’s constant
(96 485Cmol�1). The plus sign is used for the products
and the negative sign for the reactants.

2.3.2. Mass transfer equations
The mass fraction is another important parameter in

describing the gas compositions in the mixture. This is
solved by the species transport equation shown in Eq. (8)
[29]. The species to be solved by this equation are water,
oxygen and hydrogen. The mass fraction of chemical inert
species (nitrogen in the cathode and water in the anode)
will be solved by considering that the sum of species is
unity in the anode and cathode, respectively.

∇� ρUYið Þ þ ∇�ji ¼ SYi (8)

where the Fick’s law is used for the mass diffusion flux
[29], that is,

ji ¼�ρDi;gas∇Y i (9)

where Di,gas is the mass diffusion coefficient of species i in
mixture, and Yi is the mass fractions of species i. Because
of the multi-component diffusion occurring in fuel cells,
the Stefan–Maxwell model is often used to evaluate the
diffusion coefficient based on each species, as shown in
Eq. (10) (30).

DStefan�Maxwell ¼ DA;gas ¼ 1� XA

XB=DAB þ X c=DAC þ…
(10)

where Di,gas is the diffusion coefficient of species i in the
mixture, Xi is the molar fraction of the specie i and Di,j is
the diffusion coefficients based on the binary diffusion
model of species i and j.

The effective gas diffusivity is significantly dependent
on the porosity, tortuosity and pore size for the porous
GDL and CL. The binary diffusivity and Knudsen diffusiv-
ity are used, and they are described by Eqs. (11) and (12),
respectively [32],

DAB ¼ 10�7T1:75
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=MA þ 1=MB

p
Ptot V1=3

A þ V1=3
B

� �2 (11)

DKnudsen ¼ dpore
3

ffiffiffiffiffiffiffiffiffi
8RT
πM

r
(12)

where V is the diffusion volume, Ptot is the total pressure of
gases A and B, T the temperature, R the ideal gas constant
and dpore the mean pore diameter of the porous medium.

Finally, the effective diffusion coefficient of species i in
the gas mixture in the porous layers can be evaluated by
combining the Knudsen and Stefan–Maxwell diffusivities
in Eq. (13) [33],

Di;gas ¼ ε
τ2 1=DStefan�Maxwell þ 1=DKnudsen
� � (13)

where ε is the porosity, and τ the tortuosity of the porous
layers.

2.3.3. Electrochemistry and reactions
Electrochemical reactions are assumed to occur at the

interfaces between the membrane and the electrodes. The
fuel cell current density i is then calculated based on
Ohm’s Law [29],

i ¼ ENernst � V � η
Re

(14)

where V and η are the cell operating voltage and the activa-
tion overpotential, and Re is the total electric resistance of
the fuel cell. The Nernst potential ENernst in Eq. (14) can
be described as [34],

ENernst ¼ E0 þ RT
nF

ln
X 0:5

O2
�XH2

XH2O
(15)

where R is the universal gas constant, n is the number of
electrons transferred, E0 the theoretical potential [35] at
the standard atmosphere condition (298K, 1 bar), and is
mostly 1.23V. The superscripts in Eq. (15) refer to the
stoichiometric coefficients of the hydrogen fuel cell reac-
tion based on the PEM fuel cell reactions.

E0 ¼�ΔGrxn

nF
¼� ΔHrxn � TΔSrxnð Þ

nF
(16)

where ΔGrxn is the Gibbs free energy change, ΔHrxn is the
enthalpy change and ΔSrxn the entropy change of reaction.

The cell activation overpotential is assumed to be com-
posed of anodic and cathodic contributions,

η ¼ ηacti;a þ ηacti;c (17)

where the activation overpotential ηacti,a is for the anode
and ηacti,c for the cathode, respectively. Values of η at both
electrodes are obtained using a root finder based on
Ridder’s method after obtaining the numerical solutions
of the Butler–Volmer equation [16],

i ¼ i0 exp Aηeð Þ � exp Bηeð Þ½ � (18)

where
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A ¼ 2αeF
RT

(19)

B ¼�2 1� αeð ÞF
RT

(20)

where αe is the transfer coefficient and ηe is the activation
overpotential for each electrode. The local exchange cur-
rent densities are given by [32],

i0;a ¼ γa
PH2

P0

� �m

exp �Eact;a

RT

� �
(21)

i0;c ¼ γc
PO2

P0

� �a PH2O

P0

� �b

exp �Eact;c

RT

� �
: (22)

The reaction orders, a, b, m, the pre-constant γa and γc,
and the activation energies Eact,a and Eact,c, together with
the transfer coefficients, αe, are listed in Table I.

2.3.4. Heat transfer equations
The heat transfer is evaluated in all the regions of the se-

lected fuel cell domain by the thermal energy equation [30],

∇� ρUCpT
� � ¼ ∇�k∇T þ ST (23)

where ST is the volumetric heat source term, Cp the specific
heat at constant pressure and k the effective thermal
conductivity corrected by the porosities of local porous
materials,

k ¼ ks 1� εð Þ þ kgε (24)

where the ks and kg are the thermal conductivity of involved
solid materials and gases, in the porous regions,
respectively.

The source term for the energy equation is composed of
the enthalpy change of the reactions and the ohmic heating.
Thus the heat source term in the model can be written as
[30,32],

ST ¼ ΔHe
I

Fhcell
� IV
hcell

þ I2ReS2mem
hcell

(25)

where ΔHe is the enthalpy change, Smem is the active sur-
face reaction area and hcell is the cell height.

2.3.5. GDL deformation
The GDL used in the PEM fuel cell is porous and flex-

ible, and has physical properties being affected by defor-
mation resulted by the compression on it. The thickness
of the compressed GDL hcom can be expressed as,

hcom ¼ 1� λð Þhinitial (26)

where λ is the compression ratio and hinitial is the initial
thickness of the uncompressed GDL. Considering the solid

materials in the porous media, the thickness of the solid
GDL hsolid should be evaluated as [17],

hsolid ¼ hinitial 1� ε0ð Þ (27)

where ε0 is the initial porosity for the uncompressed GDL.
The model is under the assumption that the change of the
GDL thickness is caused by the change in the volume of
pores but the solid part does not change. Thus, the porosity
of the compressed GDL might be evaluated as a function
of the GDL thickness [16],

εcom ¼ ε0
hcom � hsolid
hinitial � hsolid

(28)

where the εcom is the porosity of the compressed GDL. In
order to use Eq. (13), another physical parameter describ-
ing the porous structures is tortuosity, which is evaluated
as [36],

τ ¼ 1� 0:49ln εð Þ: (29)

2.4. Input parameters and boundary
conditions

Table I lists the model design parameters and the input
properties of related materials, kinetics and electrochemi-
cal reactions. The porosities of the GDL are varied as a
function of the compression ratios caused by different
assembling pressure operated on the bipolar plates. In this
simplified model, a constant electric resistance is
employed. The ohmic loss in the CLs and GDLs might
be different under different clamping forces during assem-
bling but this is considered. In order to investigate the
effects of the GDL compression ratio on the heat transfer
and mass transport processes additionally on the fuel cell
performance, the simulations have been carried out for a
range of compression ratios on the GDL below the land
areas. It is assumed that only the porosity of the GDL
below the areas exposed to the force land will change
because of the compression, that is, in the GDL regions
corresponding to the bipolar plate ribs. With a certain com-
pression ratio on the GDL, the porosity of the GDL is
different along the y-direction, that is, different porosity
values below the channel area (middle of y-axis) and the
land areas (both sides beyond the channel along the
y-direction). The compression ratios of 10%, 20%, 30%
and 40% of the GDL were employed. The effects of the
compressed GDL on porosity, tortuosity and the source
terms of Navier–Stokes equations were evaluated by equa-
tions (26) to (29). Table II shows the compressed condi-
tions and the corresponding porosities from the
compressed GDL. The cases of Base, A1, A2, A3 and
A4 stand for compression ratios of 0%, 10%, 20%, 30%
and 40%, respectively, caused by the clamping force below
the land areas of the GDL. The corresponding porosity
after compression is 0.8, 0.7, 0.6, 0.5 and 0.4, respectively.
A constant porosity of 0.8 is applied for the channel area in
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all cases. In order to evaluate the difference of compressed
and uncompressed GDLs, the base case without compres-
sion on the GDL was included as well.

Before solving the partial differential equations, a set of
boundary conditions for each parameter is required. The
humidified gases [18] (air/water and hydrogen/water) with
certain mass fractions, temperature, velocity and density
are fed into the air channel inlet and fuel channel inlet, re-
spectively. The inlet velocity is based on the desired aver-
age current density with the stoichiometric ratio 2 for the
oxygen and 1.2 for the hydrogen, respectively [6]. A pres-
sure outlet condition is prescribed at the outlets of the gas
flow channels. The detailed boundary conditions applied
in the computational domain can be found in Table III.

2.5. Grid independence test and model
validation

In order to check the model performance and save compu-
tational resources, a grid independence study was per-
formed. Seven different meshes were tested, and the
average current densities obtained from these cases are
shown in Table IV. The cases for the grid independence
study have the same numerical settings and parameters.
The result indicates that Case 4 with 68 000 cells has the
minimum grid number under the requirement of numerical
accuracy and stability. Therefore, the optimum mesh size
of Case 4 was selected for all calculations in this study.

The predicted fuel cell V–I curve in the current numer-
ical study is shown in Figure 4(a). A plot that considers the
effect of porous media obtained by Hottinen et al. [37] was
used to compare the simulation results in this study. Both
have similar conditions involving the porosity change of
the GDL for further investigation of the compressed

GDL. The operating voltage of the predicted results shows
an excellent agreement with the results from the reference.
However, with increasing current density, some differ-
ences are observed between the present work and the re-
ferred one. The model investigated by Hottinen et al. [37]
is two dimensional ignoring the direction along the chan-
nel, which might be the main reason of over-predicting
the voltage. It is noted that a constant binary diffusion co-
efficient was used in the referred paper, whereas the
Stefan–Maxwell model was used in the current model to
obtain the diffusion coefficient based on the local tempera-
ture and species distribution. We further compared our
simulations with experimental data at the operating condi-
tions used in reference [38], as shown in Figure 4(b). Good
agreement between the experimental and computed polari-
zations is obtained.

3. NUMERICAL RESULTS AND
DISCUSSIONS

In this section, the numerical results of the effects of vari-
ous compression ratios on the heat and mass transfer, and
the electrochemical performance are presented and ana-
lyzed. At first, the effects of compression on the thermal
conductivity and the associated different temperature dis-
tribution are discussed. Then, the effects of compression
on the diffusion coefficients and associated mass distribu-
tions are studied. Finally, the electrochemical performance
in terms of the exchange current density and the cathodic
activation polarization is analyzed. In order to compare
the results, the PEM fuel cell for the various cases analyzed
is operated at a constant operating voltage of 0.55V based
on the potential static method.

Table II. Compression cases and related porous properties of
the GDL investigated. ‘λ’ is the compression ratio, ‘ε’ is the

porosity and ‘τ’ is the tortuosity.

Cases

λ (%)/ε(—)/τ

Land areas Channel area

Base 0/0.8/1.109 0/0.8/1.109
A1 10/0.7/1.175 0/0.8/1.109
A2 20/0.6/1.250 0/0.8/1.109
A3 30/0.5/1.340 0/0.8/1.109
A4 40/0.4/1.449 0/0.8/1.109

Table III. Major boundary conditions. ‘TB’ is the top/bottom walls of the model; ‘LR’ is the top/bottom walls of the model.

Parameters TB LR Inlet Outlet

U ∂U/∂z = 0 ∂U/∂y = 0 Uair/water = 0.05m s�1 ∂U/∂x = 0
Ufuel/water = 0.025m s�1

T ∂T/∂z = 0 ∂T/∂y = 0 353 K ∂T/∂x = 0
P ∂P/∂z = 0 ∂P/∂y = 0 ∂P/∂x = 0 2.0 atm
Yi ∂Yi/∂z = 0 ∂Yi/∂y = 0 Yair= 0.844, Ywater = 0.156 ∂Yi/∂x= 0

Yhydrogen= 0.406, Ywater = 0.594

Table IV. Results of mesh independence test.

No. Cell size
Average current
density (A m�2)

1 15 600 5387.88
2 24 000 5394.15
3 40 800 5414.41
4 68 000 5429.29
5 103 200 5429.19
6 143 100 5429.25
7 189 000 5428.36
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Figure 4. Comparison of numerical study and experimental results [37,38]. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 5. Distributions of effective thermal conductivities at GDL interface close to CL (a) at the channel inlet for different compression
cases and (b) Case A1 (up) and Case A4 (below). [Colour figure can be viewed at wileyonlinelibrary.com]
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3.1. Effect on thermal conductivity and
temperature distribution

In an operating PEM fuel cell, the thermal conductivity of
the different components is a key parameter to evaluate
the ability of heat transfer from the reaction areas to the
gas channels and bipolar plates. In most PEM fuel cell
studies, the thermal conductivity of a certain component
are usually regarded as uniform, that is, it is assumed that
the thermal conductivity of the GDL is the same for the
areas below the channel and below the ribs. According
to the work of Karimi et al. [38], the effective thermal

Figure 6. Temperature profile of GDL interface close to CL for
different compression cases at different positions: (a) channel
inlet, (b) channel middle and (c) channel outlet. [Colour figure

can be viewed at wileyonlinelibrary.com]

Figure 7. Distribution of oxygen diffusion coefficients at the in-
terface of GDL close to CL for (a) different compression cases
at channel inlet, and (b) different positions for base case along
the channel. [Colour figure can be viewed at wileyonlinelibrary.

com]

Table V. Average and standard deviation of temperature at the cathodic GDL interface close to CL and reaction interface,
respectively. ‘Tem’ means the temperature; ‘Inte.’ means the interface.

Case

Average Tem. (K) Standard deviation of Tem. (K)

GDL/CL Inte. Reaction Inte. GDL/CL Inte. Reaction Inte.

Base 354.12 354.13 0.048 0.047
A1 354.11 354.11 0.046 0.045
A2 354.09 354.09 0.045 0.043
A3 354.07 354.07 0.043 0.042
A4 354.04 354.04 0.042 0.041
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conductivity of the GDL through the plane is between
0.26Wm�1 K�1 and 0.7Wm�1 K�1 as the compression
load is increased from 0.7 to 13.8 bar. In this study, the
effective thermal conductivity of the GDL under
compression is evaluated as a numerical function of both
the thermal conductivity of solid materials and gas
mixture, and the local porosity. Figure 5(a) displays the
profiles of the effective thermal conductivity of the
GDL close to the CL for different compression cases. It
can be seen that the effective thermal conductivity below
the channel region is lower than that below the rib
regions. A higher compression ratio results in a higher
effective thermal conductivity below the ribs. However,
the base case with zero compression on the GDL results
in a constant effective thermal conductivity along the cell
width. From this observation, it can be concluded that the
heat transfer from the GDL below the ribs is stronger
than that below the channel as a consequences of a
smaller porosity. The corresponding effective thermal
conductivity distributions at the interface of the GDL
close to the CL of Case A1 and Case A4 are shown in
Figure 5(b), and it is found that the effective thermal
conductivity is kept constant along the cell length while
it is varying with the porosity of the GDL. This means
that the porosity of the GDL is the main factor affecting
the effective thermal conductivity, which agrees with
the Eqn. (24).

The temperature profiles of the GDL close to the CL
along the channel for different compression cases are
shown in Figure 6(a), (b) and (c). It is found that, a big
compression ratio on the GDL results in a lower averaged
temperature at the GDL interface, which might be
explained by the fact that the higher effective thermal con-
ductivity caused by the higher compression ratio acceler-
ates the heat transfer compared with that in Figure 5(a).
In this point, the assembling pressure on the GDL is a
favorable factor for the heat removal from the cell. How-
ever, the reaction effects on the average temperature cannot
be neglected and will be analyzed below. The maximum
temperature is located at different areas along the cell. At
the channel inlet, the maximum temperature is observed
at the region below the ribs for the Base case. However,
the maximum temperature moves to the GDL region below
the channel and rib interfaces as the compression ratio is
increased from Case A1 to Case A4 at the channel inlet.
A possible reason for these phenomena is that the heat
transfer from the reaction sites to the gas channel via the
bipolar plates becomes dominant for higher effective ther-
mal conductivity, especially at the region far away from
the channel. In addition, the maximum temperature of the
GDL is in the region below the channel from the middle
to the exit of the channel. This is so because most of the
oxygen reduction reaction occurs in the CLs below the
channels, resulting in more generated heat.

Figure 8. Distribution of oxygen mole fractions at the GDL interface close to CL for different compression cases at (a) channel inlet, (b)
channel middle, (c) channel outlet and (d) different positions for case A1 along the channel. [Colour figure can be viewed at

wileyonlinelibrary.com]
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A uniform temperature is necessary for a PEM fuel cell
to avoid the extreme hot spot inside the cell. Generally, the
average and standard deviation of the temperature distribu-
tion can be used to predict the uniform values. It should be
noted that the standard deviation is a measure to indicate
the magnitude of the departure of the values from the mean
temperature [39]. According to the statistical data in
Table V, the average temperature at the interface of GDL
close to CL and the reaction interface decreases from the
Base case to Case A4. A similar tendency is observed for
the standard deviation of the temperature, which varied
between 0.04831 and 0.04199, 0.04718 and 0.04096,
respectively. This indicates that the cell with a bigger
compression of the GDL is favorable for obtaining a
uniform temperature in the CLs and GDLs. As discussed
in the previous paragraphs, a bigger compression of the
GDL will result in a higher thermal conductivity, which

might be the reason for the smaller temperature variation.
It should be noted that the effects on temperature distribu-
tion are much smaller than that on mass transfer, as
discussed below.

3.2. Effect on diffusion coefficient andmass
transfer

The diffusion coefficient is important, because it deter-
mines the local reactant/product distribution. The effect
of compression on the diffusion coefficient can be evalu-
ated by Eqs (10) to (13), where this variable is a function
of the porous properties, that is, porosity and tortuosity.
The importance of this effect was experimentally studied
by Nitta et al. [17] to determine the gas permeability of
the GDL for inhomogeneous compression. It was indicated
that the gas permeability decreases as a result of the

Figure 9. Profile of oxygen mole fractions predicted at the reaction interface from different compression cases. [Colour figure can be
viewed at wileyonlinelibrary.com]
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reduced pore size caused by compression. The effective
oxygen diffusion coefficient at the channel inlet region
for the different compression cases is shown in Figure 7
(a). It is observed that the oxygen diffusion coefficient is
almost constant along the width direction of the fuel cell
for the uncompressed GDL. However, a quite small differ-
ence, that is, a higher oxygen diffusion coefficient, was
observed in Figure 7(b), compared with those at the outlet
and middle regions along the cell length direction.

Figure 7(b) indicates that the higher porosity caused by
the small compression of GDL is favorable for the oxygen
transfer. When the various compressions of the GDL are
taken into account, the oxygen diffusion coefficients at
the GDL interface close to the CL below the channels are
similar but decrease as the compression ratio increases.
This is caused by the decreased porosity because of the
stronger clamping force. The increased tortuosity of the
GDL, when the porosity decreases because of the higher

compression ratio, is another possible reason for the diffu-
sion coefficient being limited.

The diffusion coefficient within the GDL is changed
by the compression, which affects the ability of mass
transfer. The distributions of the oxygen mole fraction
at the GDL interface close to the CL along the channel
are shown in Figure 8 for different compression cases.
The plots show a similar trend at the various positions
along the channel, and the same positions for different
compression cases. The highest oxygen concentration
exists in the region below the channel, but the opposite
situation appears in the region far away from the channel
area. A possible reason for this is that the distance from
the channel to the edge of the land areas is much longer
than to that one below the channel. Additionally, the
decreased diffusion coefficient limits the transfer of oxy-
gen in the regions far away from the channel area, as
discussed above.

Figure 10. Distribution of cathode activation polarization for different compression cases. [Colour figure can be viewed at
wileyonlinelibrary.com]
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It is important to study the reactants distribution at the
cathode reaction sites in PEM fuel cells, because they de-
termine the local current densities, according to Eq. (33).
The distributions of the oxygen mole fraction at the reac-
tion interface for different compression cases are shown in
Figure 9. There is no significant difference at the reaction
interface below the channel inlet area when different com-
pression forces are applied. However, a significant differ-
ence is observed at the both land areas. It is noted that
there is about 20% difference in oxygen mole fraction at
the corner of the channel inlet and that one at the channel
outlet for the base case, but only 12% for the most
compressed GDL in Case A4. Additionally, a nearly zero
oxygen mole fraction was observed close to the outlet land
area in Case A4. This indicates that a higher compression
ratio results in a non-uniform oxygen concentration, espe-
cially far away from the channel areas. The compressed

GDL not only affects the gas flow along the channel direc-
tion (x-direction) but also in the vertical direction of the
PEM fuel cell (z-direction). This finding is reasonable as
the bulk of the porous medium of the GDL may block
the gas transfer in all directions. The plots in Figure 8 also
support the findings in Figure 9.

3.3. Effect on electrochemical performance

The cathode activation polarization is the main potential
loss in operating a PEM fuel cell, compared to the activa-
tion polarization in the anode because its kinetic reaction
rate is several times faster than that in the cathode. Gener-
ally, the activation polarization is caused by the energy
barriers, that is, activation energy between the reactants
and products at certain reaction conditions. However, in a
PEM fuel cell, the activation polarization is significantly

Figure 11. Distribution of current densities at the reaction interface for different compression cases. [Colour figure can be viewed at
wileyonlinelibrary.com]
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dependent on the local exchange current density (which is
a function of the local reactant pressure, reference
exchange current density, and temperature, etc.) and the
average current density. Therefore, the oxygen concentra-
tion directly affects the activation loss in the cathode. It
is believed that the concentration loss is minor throughout
the reaction interface in this model. A comparable
phenomenon might be shown in Figure 10, which shows
the distribution of the cathode activation polarization at
the reaction interface for different compression cases. By
comparing with the oxygen concentration at the same
interface in Figure 9, it is found that the higher oxygen
concentration results in a lower activation loss. The
reaction sites close to the channel inlet have the largest
amount of fresh oxygen, which results in the lowest activa-
tion loss in this area.

The local current density at the reaction interface for the
cases with different compression ratios for the cell operat-
ing voltage of 0.55V is shown in Figure 11. As is known,
the local current density distribution is related to the local
oxygen concentration presented in Figure 9 and the local
activation loss shown in Figure 10. The highest current
density exists in the area below the channel inlet for all
cases, and decreases along the channel. An extremely
low current density was observed below the land area close
to the channel outlet in Case A4, which is subjected to the
highest compression ratio. A higher oxygen concentration
gives a lower activation loss and a higher local current

density, that is, more oxygen reaches the reaction sites
and improves the reaction rates. The Base case with zero
compression of the GDL shows the best distribution of
the current density. This means that the clamping force
on the PEM fuel cell increases the cell voltage loss and
the non-uniformity of the local current densities.

The corresponding profiles of the local current density
at the channel inlet, channel middle and channel outlet
obtained from Figure 11 are shown in Figure 12. This
figure is in agreement with the oxygen concentration plots

Figure 12. Current densities at the reaction interface of different compression cases at (a) channel inlet, (b) channel middle, (c) chan-
nel outlet and (d) different positions for case A1 along the channel. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 13. Average current densities for different compression
cases.
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in Figure 8, where the reaction region below the channel
leads to the highest current density but it drops with the
higher compression ratio below the land areas. Therefore,
the oxygen concentration is one of the key factors that
affect the local current density. The Base case with zero
compression of the GDL shows the most uniform local
current density, while the biggest difference in the local
current density was observed below the land region of
the GDL by 40% compression.

Another key variable from the cell modeling is the aver-
age current density, which is the output of the cell during
operation, as shown in Figure 13. It shows the average
current density predicted for the compression cases at
0.55 V cell voltages. The plot shows an almost linear drop
from the case with 0% compression to the case with 40%
compression of the GDL, that is, an average current
density from 5700Am�2 to 5360Am�2. This indicates
that the compression of the cell limits the cell performance.
It means that the reactant diffusion term has a more impor-
tant effect than the benefits of the heat transfer from
compression of the GDL.

It reveals that the average temperature at the cathodic
GDL interface close to CL and the reaction interface drops
from base case to Case A4. On the one hand, this phenom-
enon might be caused by the higher effective thermal
conductivity under the higher compression ratios, as
shown in Figure 5(a) and Table V. On the other hand,
the heat generated at the reaction sites decreases under
the higher compression ratios, as shown in Figure 13.
Therefore, both the effective thermal conductivity and the
reaction will affect the average temperature distribution
in specific cases.

4. CONCLUSIONS

The development of a comprehensive 3D numerical model
for a PEM fuel cell has been achieved. This model
accounts for the thermal and mass transfers and cell perfor-
mance under various compressions on the rib/channel
structure of the GDL. The direct influence caused by com-
pression is the porosity change, that is, an inhomogeneous
porosity distribution in the width direction of the channel.
The model validation showed good agreement with the
experimental data. The simulated results are conducted
for various compression ratios on the channel land areas
of the GDL, that is, 10%, 20%, 30%, 40% and 0% (for
the base case). The results indicate that the lower porosity
of the GDL below the land areas caused by higher
compression is a positive factor for the thermal transport
and contributes to obtaining a more uniform temperature.
However, a depletion phenomenon is observed for the
oxygen diffusion coefficient, oxygen distribution and local
current density for compression conditions. These vari-
ables decrease with decreasing porosity at higher compres-
sion ratios. On the contrary, an increasing activation loss is
observed for the compression cases. A higher oxygen con-
centration leads to a higher local current density and

reaction rates. The base case with 0% compression on the
GDL results in the best overall performance of the PEM
fuel cell. Additionally, the change of the GDL porosity
affects the mass transfer in all directions, and it has stron-
ger impact on the oxygen transfer to the land areas in the
y-direction (in plane) than to the reactions sites in the
z-direction (through-plane).

In order to maximize the cell performance and ensure
the gas sealing security, the clamping force on the bipolar
plates should be as small as possible to prevent the porosity
reduction in the GDL. Apart from the water phase change
effects in the PEM fuel cell, the thickness change of the
GDL caused by the intrusion into the channel may be also
important, as it may affect the mass transfer in the chan-
nels. Further work in this area might be required for both
geometrical deformation and water phase change. In addi-
tion, the PEM fuel cell performance is sensitive to the elec-
tron resistance. Therefore, an optimum compression ratio
with the best cell performance may exist, in terms of the
compression force acting on the cell. The effects of
compression of the GDL on the contact resistance will be
implemented in another study to replace the constant value
applied in the present study.

NOMENCLATURE

Cp = specific heat at constant pressure, J kg�1 K�1

dpore = mean pore diameter of porous medium, m
Di = diffusion coefficient of species i, m2 s�1

Dn = viscous resistance, m2 s�1

E0 = theoretical potential, V
Eact = activation energy, Jmol�1

ENernst = Nernst potential, V
F = Faraday constant, 96 487Cmol�1

Fn = viscous inertia, m2 s�1

ΔGrxn = change in Gibbs free energy, J mol-1

hi = thickness of component i, m
ΔHe = enthalpy change per mole electron, Jmol�1e�1

ΔHrxn = enthalpy change, Jmol�1

i = local current density, Am�2

i0 = local exchange current density, Am�2

I = average current density, Am�2

ji= = mass diffusion flux of species i, kgm�2 s�1

k = effective thermal conductivity, Wm�1 K�1

Mi = molecular-weight of species i, kgmol�1

n = number of electrons transferred, —
P = pressure, Pa
R = ideal gas constant, J mol�1 K�1

Re = electric resistance of fuel cell, Ωm2

Si = source terms for partial differential equations,
kgm�3 s�1 or Jm�3 s�1

Smem = surface area of membrane, m2

ΔSrxn = entropy change, J mol�1 K�1

T = temperature, K
U = fluid velocity vector, m s�1

V = cell voltage, V
Vi = diffusion volume of species i, m�3

Modeling of transport phenomena and performance in PEM fuel cellsJ. Wang, J. Yuan and B. Sundén

1000 Int. J. Energy Res. 2017; 41:985–1003 © 2016 John Wiley & Sons, Ltd.
DOI: 10.1002/er



Xi = mole fraction of species i, —
Yi = mass fraction of species i, —

αe = transfer coefficient, —
γa = pre-constant at anode, Am�2

γc = pre-constant at cathode, Am�2

ε = porosity of porous medium, —
εcom = porosity of compressed GDL, —
η = overpotential, V
ηacti,a = a anode activation overpotential, V
ηacti,c = c cathode activation overpotential, V
ηe = activation overpotential, V
λ = compression ratio
μ = dynamic viscosity, kgm�1 s�1

ρ = gas mixture density, kgm�3

τ = tortuosity of porous medium, —

Subscripts

0 = standard or ideal conditions
a = anode
acti = activation
A = gas species A
AB = binary species A and B
B = gas species B
c = cathode
cell = PEM fuel cell
com = compressed
C = gas species C
e = electron
gas = gas
i = gas species i
initial = initial condition
Knudsen = Knudsen diffusion
m = for source term in mass transfer
mem = membrane
n = for source term in momentum equation
Nernst = Nernst
p = constant pressure
pore = pores
rxn = reaction status
Stefan-Maxwell = Stefan-Maxwell diffusion
T = temperature

Superscripts

a = reaction order for oxygen
b = reaction order for water
m = reaction order for hydrogen
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SUMMARY

Proton exchange membrane fuel cells have been promoted due to improved breakthrough and increased commercialization.
The assembly pressure put on a single cell and a fuel cell stack has important influence on the geometric deformation of the
gas diffusion layers (GDLs) resulting in a change in porosity, permeability, and the resistance for heat and charge transfer in
proton exchange membrane fuel cells. In this paper, both the finite element method and the finite volume method are used,
respectively, to predict the GDL deformation and associated effects on the geometric parameters, porosity, mass transport
property, and the cell performance. It is found that based on the isotropic Young’s modulus and the finite element method,
the porosity and thickness under a certain assembly pressure are non-homogeneous across the fuel cell in the in-plane
direction. The variations of the porosity change and compression ratio in the cross-section plane are localized by three
zones, that is, a linear porosity zone, a constant porosity zone, and a nonlinear porosity zone. The results showed that
the GDL porosity and compression ratios maintain linear and nonlinear changes in the zone above the shoulders and the
zone under the channel but close to the shoulder, respectively. However, a constant value is kept above the middle of
the channel. The obtained non-homogeneous porosity distribution is applied together with the deformed GDL for further
computational fluid dynamics analysis, in which the finite volume method is implemented. The computational fluid
dynamic results reveal that a higher assembly pressure decreases the porosity, GDL thickness, gas flow channel
cross-sectional areas, oxygen diffusion coefficient, oxygen concentration, and cell performance. The maximum oxygen
mole fraction occurs where the maximum porosity exists. A sufficient GDL thickness is required to ensure transfer of fresh
gas to the reaction sites far away from the channel. However, the reduction of porosity is a dominating factor that decreases
the cell performance compared with the decreased gas channel flow area and GDL thickness in the assembly condition.
Therefore, the assembly pressure should be balanced to consider both the cell performance and gas sealing security.
Copyright © 2017 John Wiley & Sons, Ltd.
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1. INTRODUCTION

A proton exchange membrane (PEM) fuel cell can convert
chemical energy into electrical energy. The advantages of a
PEM fuel cell are efficient energy conversion, high power
density, and zero-pollutant emissions compared with a
combustion engine. It has a promising potential to be used
in many applications, for example, transportation,
stationary power source, and communication. The interest
of its wide application in these fields promotes the
necessity of deep understanding of the involved processes
and phenomena. It is widely known that a further
breakthrough is needed to enable reduction of the cost

and improve the stability before the PEM fuel cells reach
real commercialization.

The porous features of the electrodes play an important
role on the mass and species transport in PEM fuel cells.
One of the most important components is the gas diffusion
layer (GDL). It is made of carbon paper or carbon cloth,
which provides a very high tensile and compressive
strength. The main roles of a GDL are to distribute the
reactants from the gas channels, to remove water from
the reaction sites, and to transfer electrons to the bipolar
plates. Other key functions of a GDL are to mechanically
support the soft layers, that is, membrane and catalyst
layers (CLs), and to sandwich into a membrane electrode
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assembly (MEA). In the assembling process of a single cell
or a stack, the GDLs, membranes, bipolar plates, and
gaskets are usually clamped together by using bolts. A
proper torque, also called an assembly pressure, is
provided on the bolts to ensure gas sealing and to reduce
the contact resistance, as demonstrated in literature [1].
However, this assembly pressure will result in deformation
of the GDL. The deformation of a GDL under the channel
caused by the assembly pressure was clearly observed in
literature [2]. It is clear that the GDL under the ribs
becomes thinner and intrudes into the gas channels. On
the other hand, the GDL is deformed and the dimensions
of the flow channels are reduced.

Some experimental research works have been carried
out to investigate the impact of a GDL deformation caused
by the assembling pressure in PEM fuel cells. Escribano
et al. [3] tested the GDL deformation for different GDL
materials and further studied the effects of the GDL
deformation on the electric resistance. It was suggested
that a lower compression is favorable for achieving high
durability of the MEA. An optimum cell performance
was obtained in the cell tested by Lee et al. [4] for a range
of torques on the bolts in a single cell. This optimum
performance was appeared because of changes in the
porosity and the electrical contact resistance. To reveal
the cell performance under various assembly pressures, a
single PEM fuel cell test facility designed by Ge et al. [5]
was employed to identify the influence of GDL
compression ratios on the cell performance. The
experimental results showed that there exists an optimal
compression ratio for which the cell performance is
maximized. In contrast, a more comprehensive experiment
was designed to simultaneously measure the thickness, gas
permeability, and porosity of a GDL under compression by
Chang et al. [6]. They concluded that the contact resistance
between the GDL and the bipolar plate is a dominating
factor causing a potential loss, but not the through-plane
electrical resistance of the carbon paper itself across the
fuel cells. Nitta et al. [7] experimentally analyzed the
contact resistance of a porous GDL under compression,
and the results showed that the thermal contact resistance
between the GDL and graphite decreased nonlinearly with
increasing compression pressure. These experimental
observations have shown that the assembly compression
pressure magnitude has significant effects on the cell
performance, even on other parameters like the GDL
deformation, mass transfer, and contact resistance. Despite
the experimental observations of the effects of assembly
pressure in PEM fuel cells, only a limited number of
numerical investigations have been developed in the past
two decades. Computational methods might be efficient
to account for the assembly effects on the mechanical
behavior and mass transport in PEM fuel cells.

In the literature, some numerical models have been
developed and published to analyze the effects on GDL by
the assembly pressure. At the early stage, some of the results
were obtained under limited conditions, for example,
homogeneous compression and two-dimensional modeling

by the lattice Boltzmann method [8], non-uniform porosity
of the GDL without GDL deformation [9]. Bograchev
et al. [10,11] numerically studied mechanical issues. They
developed a two-dimensional model of the MEA to
investigate the mechanical stresses generated in the fuel cell
during the assembling process by ABAQUS (a commercial
software for finite element analysis and computer-aided
engineering) and their in-house code. The evolution of the
residual deformation for various bolt torques was presented
in Bograchev et al. [10]. Bograchev et al. [11], in another
study, improved the model and studied the mechanical
behavior of MEA with and without heating and
humidification, respectively, during a fuel cell operating
cycle. It was suggested that the improved model is able to
predict the MEA aging issue. To predict the GDL
deformation under assembly conditions and its effects on
the cell performance, Zhou et al. [1,12] and Taymaz et al.
[13] developed similar models to study the GDL behavior
for different assembly pressures. In the study of Zhou
et al. [12], it was revealed that the assembly pressure has
significant effects on the PEM fuel cell performance and a
high assembly pressure increases the mass transfer
resistance. Taymaz et al. [13] applied a single channel
model to predict the GDL deformation by ANSYS and
subsequently implemented the deformed GDL to the
computational fluid dynamics (CFD) model analyzed by
the finite element method. The results suggested that 0.5
and 1 MPa pressure values are the optimum ones when
considering the electrical properties of the fuel cell
components. In another study by Zhou et al. [1], an
interdigitated gas channel design was applied in a half-cell
and it was suggested that there might exist a maximum
power density for an optimal assembly pressure. There is
no doubt that the deformed GDL caused by the assembly
pressure reduces the diffusion path for the mass transport
especially at high current densities. The decreased contact
resistance for the thermal and electron transfer has a positive
effect for increasing the cell current density under an
assembly pressure. However, more research work related
to the effects of assembly pressure on the mass transport
and cell performance in PEM fuel cells is still needed. This
is so because the deformation of a GDL by an assembly
pressure is non-linear; that is, a non-linear porosity
distribution occurs across the GDL in the in-plane direction.
The non-linear porosity distribution had been mostly
neglected or a constant porosity was widely assumed in
previous studies, but it plays an important role on the
transport phenomena. Salaberri et al. [14] studied a non-
linear porosity distribution along the in-plane direction with
the influence by the shoulder width, GDL thickness, and the
fillet radius of the shoulder under various assembly
pressures by a non-linear orthotropic model. In that study,
they demonstrated that a varying and non-linear porosity
is an important parameter. A non-linear gas permeability
of the GDL in the in-plane direction was observed although
a uniform pressure was maintained on the bipolar plates in
an experimental test [15]. It was suggested that the non-
linear gas permeability is caused by the non-linear porosity
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and decreased pore diameter. Non-linear deformations of
the GDL under various assembly pressures were obtained
in the numerical work; however, the properties of the non-
linear porosity distribution were not implemented in the
CFD investigations [12,16,17]. A remarkable numerical
work was presented by Shi et al. [18], who investigated
water management under inhomogeneous compression
coinciding with the calculated non-linear porosity. That
study reported that the presence of liquid water could result
in a non-uniform distribution of the porosity and
permeability in the GDL. Therefore, non-linear porosity
should be considered in PEM fuel cell modeling.

This work complements our previous research [19] by
taking into account the geometric deformation due to the
assembly pressure. In addition, the related nonlinear
change of the porosity is considered. The main objective
of the present work is to numerically investigate the effects
of a deformed GDL, caused by the assembly pressure, on
the geometric deformation, porosity, mass transfer, and
cell performance. The mechanical part of the ANSYS

software is applied to predict the GDL deformation for
various assembly pressures. The compression ratio and
porosity for various assembly pressures are determined
and analyzed as a function of the position and assembly
pressure, respectively. Subsequently, the deformed GDL
with non-homogeneous thickness and porosity is
implemented as input properties to the OPENFOAM

software. The validation of the CFD model is performed
by comparison of the current predictions with experimental
data in the literature. The effects of the assembly pressure
on the porosity, the properties of mass transport, and cell
performance are analyzed comprehensively. Distributions
of the local current densities and the oxygen concentration
are also presented and discussed.

2. MODELING DESCRIPTION

The models and computational methods developed in this
study include two parts, that is, the mechanical model by
the finite element method in ANSYS and the CFD model
by the finite volume method in OPENFOAM. The outputs
from ANSYS in terms of GDL deformation are
implemented into the CFD model as inputs and initial
conditions for the mass transfer and cell performance
analysis. To decrease the computational efforts, a single
channel half-cell (i.e., one side of the cell only) model
is selected for the mechanical analysis and a single
channel unit-cell (i.e., both sides of the cell) model for
the CFD analysis, respectively. The latter model contains
all the components in a cell unit, that is, a membrane,
CLs, GDLs, and bipolar plates ranging from millimeters
to centimeters in size.

2.1. Mechanical model

The mechanical model is developed for a three-
dimensional (3D) domain composed of a single channel

and the electrode of a PEM fuel cell. It is assumed that
the components in both the cathode and the anode of the
PEM fuel cell have the same structural change behavior,
and accordingly, a half-cell domain is selected as the
representative one, as shown in Figure 1a. In order to allow
precise calculations of the GDL deformation, unstructured
meshes of the GDL, CL, and membrane have been refined
to 0.02 mm, as proposed in literature [20]. In total, 49 538
elements and 97 870 nodes are included, as presented in
Figure 1a.The carbon paper of GDL is made of fibers,
and accordingly, there are isotropic models [13] and
non-linear anisotropic models [14] to predict the GDL
deformation and the transport properties presented in the
literature. Large variations between isotropic and
anisotropic cases could be observed [15]. This is so
because different magnitudes of Young’s modulus ranging
from MPa to GPa were applied in the in-plane direction
and through-plane direction [1,10,14,21]. The GDL is
composed of isotropic and compressible carbon paper in
this work, similar to TGP-H-120 carbon paper in Refs
[13,22]. The classical elastic–plastic model follows the
one described in Refs [10,11], and it is applied to predict
the GDL deformation. The GDL behavior is divided into
an elastic region and a plastic region. The tensor of
deformation is presented as the sum of these [10],

εij ¼ εELij þ εPLij (1)

where εEL ij is the elastic strain tensor and εPL ij is the
plastic strain tensor.In the elastic region, the Hooke’s law
is employed [11],

σij ¼ E
1þ νð Þ 1� 2νð Þ νεELij þ∑

k
1� 2νð ÞεELkk δij

� �
(2)

where σij is the stress tensor, ν is the Poisson’s ratio, Ε is
the Young’s modulus, and δij is the Kronecker δ-symbol.
In the plastic region, the plasticity behavior is evaluated
by Prandtl–Reuss theory, and the von Mises yield function
is expressed as [23],

f σij
� � ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2
SijSji

r
� σ0 (3)

where σ0 is the yield strength and Sij is the component of
the deviatoric stress tensor [10],

Sij ¼ σij � 1
3
σkk (4)

when f(σij) = 0, the yield occurs in GDL based on the von
Mises yield criterion. For f(σij) < 0, the material deforms
elastically.

As suggested by Zhou et al. [1], the deformation of the
CLs and membrane can be neglected as the compressive
ability of the CLs and the membrane is almost 10 times
less than that of the GDLs. Therefore, the deformations

Effects of assembly pressure in a PEM fuel cell Wang J. et al.

Int. J. Energy Res. (2017) © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/er



of the bipolar plate (made of the graphite plate for which
the deformation can be regarded as zero), the CLs and
membrane are not considered in the current study. The
dimensions of the mechanical model domain are extracted
from a practical PEM fuel cell used in the reference [24], as
presented in Table I. In addition, the length of the 3D cell
is 0.005 m to reduce the computational time. The physical
parameters of other components not listed in this table are
treated as the rigid materials. During the assembling, it is
assumed that a uniform pressure is applied on the top
surface of the bipolar plates (in the through-plane direction
in Figure 1a) and a possible localized pressure distribution
around the bolts is neglected. A fixed boundary is selected
in the model domain at the bottom in Figure 1a, which is
the solid surface (in the through-plane direction). A
horizontal displacement is given at the surrounding
surfaces of the domain (in the in-plane direction). All the
interfaces between the components are bonded to avoid
any slip. In this model analysis, different assembly
pressure conditions ranging from 0 to 3 MPa are studied.

The GDL used in the PEM fuel cell is porous and
flexible and has physical properties being affected by the
deformation caused by the compression on it. To describe

the deformed GDL in the mechanical analysis, the
thickness of the compressed GDL, hcom, is expressed as

hcom ¼ 1� λð Þhinitial (5)

where λ is the compression ratio and hinitial is the initial
thickness of the uncompressed GDL. Here, it is assumed
that the porous GDLs consist of the pores and the solid
bulk, and only the pores under the compression by a
pressure leads to a change of the GDL thickness in the
through-plane direction, as illustrated in Figure 1b. The
thickness of the solid materials hsolid is then evaluated as [2]

hsolid ¼ hinitial 1� ε0ð Þ (6)

where ε0 is the initial porosity for the uncompressed GDL.
The model assumes that the change of the GDL thickness
is only caused by the change in the volume of the pores
but not that of the solid part. Thus, the porosity of the
compressed GDL might be evaluated as a function of the
GDL thickness [2],

εcom ¼ ε0
hcom � hsolid
hinitial � hsolid

(7)

where εcom is the porosity of the compressed GDL. Another
physical parameter describing the porous structures,
tortuosity, is evaluated as [25]

τ ¼ 1� 0:49 ln εð Þ (8)

The results obtained from the mechanical analysis are
implemented into the CFD model in terms of the deformed
domains, the non-homogeneous porosity and tortuosity of
the GDLs.

2.2. CFD model

A complete single-channel unit-cell model is developed
and applied for the CFD analysis to study the mass
transport and cell performance in 3D. The CFD model

Figure 1. (a) A cross-sectional view of a half-cell model before deformation and (b) assumed model of deformed porous materials.
[Colour figure can be viewed at wileyonlinelibrary.com]

Table I. Geometric and physical parameters applied in the
mechanical model.

Parameters Value Reference

Gas channel length
(for CFD model)

0.05 m [24]

Gas channel width 1.0 × 10�3 m [24]
Gas channel height 1.0 × 10�3 m [24]
Land area width 0.5 × 10�3 m [24]
Thickness of bipolar plate 0.3 × 10�3 m [24]
Thickness of GDL 0.3 × 10�3 m [24]
Thickness of CL 1.29 × 10�5 m [24]
Thickness of electrolyte 1.08 × 10�4 m [24]
GDL density (carbon paper) 400 kg m�3 [11]
GDL Young’s modulus 6.3 MPa [22]
GDL Poisson’s ratio 0.09 [22]
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takes the outputs from the above mechanical model,
including the deformed shape and the porous features of
GDLs. The CFD domain for various assembly pressure
conditions (i.e., 0, 1, 2, and 3 MPa) is shown in Figure 2
(here, the case for 1 MPa assembly pressure condition is
illustrated as an example). The anode (fuel side) and
cathode (air side) were assembled symmetrically, and each
side consists of a bipolar plate, gas channel, GDL, and CL.

A number of assumptions are made in the numerical
CFD model in this study. These assumptions are identical
to those in our previous work [19] except the one related
to the porosity change. The porosity is kept constant in
the GDL above the channels but changes above the
shoulders due to the compression in that work. However,
the porosity varies along the cell in-plane direction both
above the channels and shoulders, which is a novelty of
this paper.Under these assumptions, the partial differential
equations for conservation of the momentum, mass, and
species transport are solved and formulated as below.
The Navier–Stokes equations applied in the gas flow
channel, GDL and CL, can be expressed as [19]

∇� ρUUð Þ ¼ �∇P þ ∇�μ∇U þ Sn (9)

where U is the fluid velocity vector, P is the gas pressure, μ
is the dynamic viscosity of the fluid, and Sn stands for the
source term. The density ρ is the gas mixture density,
which can be expressed as

ρ ¼ P

RT ∑
N

i¼1
Y i=Mið Þ

(10)

where Yi and Mi are the mass fraction and molar weight of
species i, respectively; T is the temperature, and R is the
ideal gas constant. A constant mixture density is applied
at the cell inlet based on the inlet condition, but in the other
regions, a variable density is considered by Eqn (10). The

dynamic viscosity of the fluid is treated as a weighted
sum of all gas species [26],

μ ¼ ∑
N

i¼1
μiY i (11)

where the localized dynamic viscosity of species i for the
gases, μi, is a function of temperature and represented by
a six-order polynomial [26],

μi ¼ ∑6
n¼0an

T
1000

� �n

(12)

where the coefficients an are unique for every species i and
can be found in the literature [26]. The velocity and
pressure coupling for the Navier–Stokes equations is
handled by employing the PISO method. To consider the
effect of the porous structures, extra pressure losses occur
and the source term in Eqn (9) will be non-zero in the
porous layers. Equation (13) is applied in the gas flow
channel, while Eqn (14) is used in the porous GDLs and
CLs [27], respectively,

Sn ¼ 0 (13)

Sn ¼ � μDn þ 0:5ρ Uj jFnð ÞU (14)

In Eqn (14), the non-linear term is not considered in this
study; that is, Fn is set to zero. However, the pore diameter
dpore and porosity ε are involved in the first term in Eqn (14)
for the fluid in the porous zones [28]:

Dn ¼ 150

d2pore

1� εð Þ2
ε3

(15)

The mass conservation for the gas flow can be expressed
as [2]

Figure 2. Schematic illustration of a 3D computational domain for CFD analysis for an assembly pressure condition (here, the case for
a 1 MPa assembly pressure condition is illustrated as an example). [Colour figure can be viewed at wileyonlinelibrary.com]

Effects of assembly pressure in a PEM fuel cell Wang J. et al.

Int. J. Energy Res. (2017) © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/er

http://wileyonlinelibrary.com


∇� ρUð Þ ¼ Sm (16)

where the source term Sm is related to the electrochemical
reactions appearing at the reaction sites. It can be
expressed by Eqn (17) for the cathode and by Eqn (18)
for the anode [29], respectively.

Sm;c ¼ � i
4F

MO2 þ
i
2F

MH2O (17)

Sm;a ¼ � i
2F

MH2 (18)

where i is the local current density, M is the molar weight
of the involved gas species, and F is the Faraday’s constant
(96 485 C mol�1). The plus sign (+) is applied for the
product generation and the negative sign (�) for the
reactant consumption.The mass fraction of water, oxygen
in the cathode, and that of hydrogen in the anode is solved
by the species transport equation shown in Eqn (19) [30],

∇� ρUYið Þ þ ∇�J i ¼ 0 (19)

where the mass diffusion flux is evaluated by the Fick’s
law [31], i.e.,

J i ¼ �ρDi;gas∇Y i (20)

where Di,gas is the mass diffusion coefficient of species i in
the involved gas mixture and Yi is the mass fraction of
species i. It should be noted that the mass fractions of the
inert species (nitrogen in the cathode and water in the
anode) are not solved by Eqn (19), but they are determined
from the total mass subtracted by the summation of the
mass fractions of the other active species, respectively,
for the anode and the cathode [32]. Due to the multi-
component diffusion occurring in the cathode side, that
is, oxygen, water, and nitrogen are involved, the Stefan-
Maxwell model is also used to evaluate the individual
diffusion coefficients in the gas mixture, as shown in
Eqn (21) [27].

DStefan�Maxwell ¼ DA;gas ¼ 1� XA

XB=DAB þ X c=DAC þ…
(21)

where DA,gas is the diffusion coefficient of the species A in
the mixture, Xi is the molar fraction of the specie i, and Di,j

is the diffusion coefficients based on the binary diffusion
model of species i and j. In the anode of the PEM fuel cells,
only two species are present, and the diffusion coefficients
of hydrogen and water are directly evaluated by the binary
diffusion model. The binary diffusion coefficient and the
Knudsen diffusion coefficient are described by Eqns (22)
and (23), respectively [33],

DAB ¼ 10�7T1:75
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=MA þ 1=MB

p
Ptot V1=3

A þ V1=3
B

� �2 (22)

DKnudsen ¼ dpore
3

ffiffiffiffiffiffiffiffiffi
8RT
πM

r
(23)

where V is the diffusion volume, Ptot is the total pressure of
gases A and B, T is the temperature, R is the ideal gas
constant, and dpore is the mean pore diameter of the porous
medium. To account for the effects from both the small
scale and porous features, the effective diffusion
coefficient of the species i for the gas mixture in the porous
layers can be evaluated as in Eqn (24) [34],

Di;gas ¼ ε
τ2 1=DStefan�Maxwell þ 1=DKnudsen
� � (24)

The electrochemical reactions are assumed to occur at the
interfaces between the membrane and the CLs. The fuel
cell current density icell is then calculated based on Ohm’s
law [35],

icell ¼ ENernst � V � η
Re

(25)

where V and η are the cell operating voltage and the
activation overpotential, respectively, and Re is the total
electric resistance of the fuel cell. The Nernst potential
ENernst in Eqn (25) can be described as [35]

ENernst ¼ E0 þ RT
nF

ln
X 0:5

O2
�XH2

XH2O
(26)

where R is the universal gas constant, n is the number of
electrons transported, and E0 is the theoretical potential
[36] at standard atmosphere condition (298 K, 1 bar). E0

is approximately 1.23 V,

E0 ¼ �ΔGrxn

nF
¼ � ΔHrxn � TΔSrxnð Þ

nF
(27)

where ΔGrxn is the Gibbs free energy change, ΔHrxn is the
enthalpy change, and ΔSrxn is the entropy change of the
reaction. The superscript in Eqn (26) refers to the
stoichiometric coefficient of the hydrogen fuel cell reaction
in PEM fuel cells. The cell activation overpotential is
assumed to be composed of anodic and cathodic
contributions,

η ¼ ηacti;a þ ηacti;c (28)

where the activation overpotential ηacti,a is for the anode
and ηacti,c is for the cathode, respectively. Values of η at
both electrodes are obtained by using a root finder based
on the Ridder’s method after obtaining numerical solutions
of the Butler–Volmer equation [37],

i ¼ i0 exp Aηeð Þ � exp Bηeð Þ½ � (29)

where
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A ¼ 2αeF
RT

(30)

B ¼ � 2 1� αeð ÞF
RT

(31)

where αe is the transfer coefficient and ηe is the activation
overpotential for each electrode. The local exchange
current densities are given by [35]

i0;a ¼ γa
PH2

P0

� �m

exp �Eact;a

RT

� �
(32)

i0;c ¼ γc
PO2

P0

� �a PH2O

P0

� �b

exp �Eact;c

RT

� �
(33)

The reaction orders, a, b, and m; the pre-constant γa and
γc; and the activation energies Eact,a and Eact,c, together
with the transfer coefficients, αe, are listed in Table II.

Before solving the partial differential equations, a set of
boundary conditions for all governing equations is
required. The PEM fuel cell is modeled at a temperature
of 353 K, and a pressure outlet condition of 3 bars is
prescribed at the outlets of the gas flow channels. It is
assumed that the cathode and the anode are fed with fully
humidified air and hydrogen, respectively. The parameters
for the humidified gases with specific mass fractions are
taken from the literature [24]. The inlet velocity is based
on the desired average current density with the
stoichiometric ratio 2 for the oxygen and 1.2 for the
hydrogen, respectively [37]. The boundary conditions for

other parameters applied in the computational domain are
set as zero gradients in the vertical directions of the outside
surface. In this simplified model, a constant electric
resistance is employed. The ohmic loss in the CLs and
GDLs might be different under different assembly
conditions, but this is not considered. The input properties
of the related materials, kinetics, and electrochemical
reactions can be found in Table II.

Control of the mesh dependence of the CFD model is
necessary for judging the numerical simulations. Among
the cases at various assembly pressures, the case with
3 MPa assembly pressure is the most difficult one to reach
convergence, and consequently, it was selected for the grid
independence tests. Several mesh numbers, that is, 26 520,
50 752, 76 183, 112 266, 159 068, 221 493, 291 042, and
381 150, were tested at 3 MPa assembly pressure, and the
average current densities were monitored, as listed in
Table III. The results indicate that the case with 221 493
meshes (x × y × z: 101 × 43 × 51) has the proper number
of grids when considering convergence and stability.
Therefore, the mesh size No. 6 was selected for the all
CFD simulations under various assembly pressures.

In order to check the accuracy of the CFD simulation of
the PEM fuel cell model, the simulations were compared
with the experimental data from previous researchers [43]
at the same operating conditions, as shown in Figure 3.
Good agreement between the experimental and predicted
results is obtained, in terms of the current density and the
power densities in the range of the cell operating voltages
higher than 0.63 V. Both the calculated and measured
voltages drop fast when the current density is small, which
is mainly caused by the activation losses. The voltage then

Table II. Input parameters and properties for the CFD model.

Parameters and symbols Value Reference

Dynamic viscosity, μ
Air/water (initial value) 2.03715 × 10�5 kg m�1 s�1 [26]
Hydrogen/water (initial value) 1.0502 × 10�5 kg m�1 s�1 [26]

Density, ρ
Air/water (initial value) 0.98335 kg m�3 [38]
Hydrogen/water (initial value) 0.1732 kg m�3 [38]

Porosity, ε
CL 0.6 [39]
GDL (initial value) 0.8 [40]

Pore size, dpore
CL 1 × 10�6 m [41]
GDL 5 × 10�5 m [40]

Reaction order of O2 0.5
Reaction order of H2O �1
Reaction order of H2 1
Pre-constant at cathode, γc 1.328 × 1010 A m�2 [42]
Pre-constant at anode, γa 1.55 × 106 A m�2 [42]
Cathode transfer coefficient, αc 0.5 [32]
Anode transfer coefficient, αa 0.5 [19]
Cathode activation energy, Eact,c 6.6 × 104 J mol�1 [42]
Anode activation energy, Eact,a 3.46 × 104 J mol�1 [42]
Electric resistance, Re 1.2 × 10�5 Ω m2 [42]
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keeps a linear decrease to the voltage 0.63 V, where the
Ohmic loss is dominating. This validated model is used
for the parametric studies.

3. NUMERICAL RESULTS AND
DISCUSSION

3.1. Assembly pressure effects on GDL
deformation

Because of the symmetric features applied in this single
channel mechanical model, only the cathodic GDL
deformation will be presented in this section. During the fuel
cell assembly, the GDLs are clamped by the bipolar plates.
Figure 4 shows the shapes of a deformed GDL for four
different assembly pressures, that is, 0, 1, 2, and 3 MPa,
respectively. The thickness of the GDL is kept constant
along the cell width for the uncompressed case (0 MPa)
but varies due to the different assembly pressures. A thinner
GDL is observed above the shoulder areas as the assembly
pressure is applied. This is so as the GDL above the
shoulders is crushed and deformed due to the porous and
flexible properties. As a result, the GDL above the channel

intrudes into the channel, which leads to a reduction of the
gas flow channel cross-section areas, as well as a decrease
of the gas diffusion area and the porosity above the shoulder.

The porosity is one of the most important parameters
characterizing the transport phenomena of the porous
GDL in a PEM fuel cell. As a consequence of the
assumptions for the porous materials illustrated in
Figure 1b, the result of the assembly pressure loaded on
the GDL is a reduction of the porosity and the thickness.
The predicted porosity of the GDL along the cell in the
in-plane direction is shown in Figure 5a for various
assembly pressures, based on the compression ratios
according to Eqn (7). The initial porosity of 0.8 was
applied for the un-deformed GDL, and a constant porosity
is applied in the through-plane direction. It is found that the
porosity distribution of the GDL has different features in
different regions. There exists a transitional region, that
is, a nonlinear porosity distribution zone in the GDL region
corresponding to the interface between the channel and the
shoulders, a linear porosity distribution zone above the
shoulders, and a constant porosity distribution zone above
the middle part of the channels for the cases when an
assembly pressure is applied. A similar nonlinear porosity
distribution zone caused by the compression was also
found in most of the available GDL models [12,18].
Unfortunately, the impact of such nonlinear porosity
distributions in the GDL has not been well investigated
in the literature. An assumption of a constant porosity
distribution is widely used for the cell performance
analyses even though the nonlinear property distribution
of the GDL has been identified.

The porosity of the GDL in the constant porosity
distribution zone is kept at the initial value even though
the assembly pressure increases. This means that the
GDL in this area is not deformed as assumed in this study.
A magnification of the nonlinear porosity distribution
zone, that is, a gray triangular area shown in Figure 5a, is
shown in Figure 5b. As shown in Figure 5b, a sharp change

Table III. Grid independence tests for the PEM fuel cell under
3 MPa assembly pressure and the monitored average current

densities.

No.
Grids

(x × y × z)
Total grid
numbers

Average current
density (A cm�2)

1 51 × 20 × 26 26 520 0.49033
2 61 × 26 × 32 50 752 0.49807
3 71 × 29 × 37 76 183 0.50109
4 81 × 33 × 42 112 266 0.50575
5 91 × 38 × 46 159 068 0.51101
6 101 × 43 × 51 221 493 0.51327
7 111 × 46 × 57 291 042 0.51326
8 121 × 50 × 63 381 150 0.51327

Figure 3. Comparison of numerical results and experimental
ones [43]. [Colour figure can be viewed atwileyonlinelibrary.com]

Figure 4. Deformed shape of the GDL in the cross-section view
for different assembly pressures. [Colour figure can be viewed

at wileyonlinelibrary.com]
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of the porosity appears at the corner of the shoulders for the
assembly pressures of 2 and 3 MPa. The porosity of the
GDL is nonlinearly changed and then reaches the initial
value in the area between the corner and the channel.

Figure 6 shows the compression ratios, porosities, and
the corresponding fitting curves of the GDL in the
nonlinear porosity distribution zone in cross-section view
for different assembly pressures. The compression ratio
increases with increasing assembly pressure but the
porosity changes in a contradictory way in the nonlinear
porosity distribution zone. The linear porosity distribution
zone, that is, the GDL area above the shoulders, is studied
separately. The compression ratios, porosities, and
corresponding fitting curves of the GDL in that area with
the specified assembly pressures are shown in Figure 7.
The compression ratio and the porosity of the GDL area
above the shoulders show an almost linear behavior for
the specified compression pressures. This can be explained
by the constant compression resistance (Young’s modulus)
applied in the mechanical model for the GDLs.

In the linear porosity distribution zone, approximately
0.09 and 0.16 mm of the GDL thickness reductions occur

in this single channel PEM fuel cell model for the 1 and
2 MPa assembly pressure (Figure 4), respectively. These
correspond to 30% and 54% of the GDL deformed in the
through-plane direction (Figure 7), respectively. As the
assembly pressure increases to 3 MPa, the total thickness
change increases to 0.23 mm, or 77% of the GDL was
deformed. However, in terms of the GDL deformation in
the nonlinear porosity distribution zone, the most
significant deformation occurs in the case with the 3 MPa
assembly pressure, that is, 0.13 mm (Figure 4) deformation
or 43% of the GDL, appears in the through-plane direction
(Figure 6). The different deformations of the GDL in the
cross-section view are because of the cell structure in the
PEM fuel cells, and thus, the GDL deformation is changed
along the cell in the in-plane direction.

3.2. Assembly pressure effects on the PEM
fuel cell performance

After evaluation of the mechanical behavior of the GDL
for the various assembly pressures, the deformed geometry
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Figure 5. Porosity distribution in the GDL (a) in cross-section view and (b) magnification of the non-linear porosity distribution zone in
gray area for different assembly pressures. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6. Compression ratios, porosities, and the corresponding
fit curves of the GDL at the nonlinear porosity distribution zone
in cross-section view for different assembly pressures. [Colour

figure can be viewed at wileyonlinelibrary.com]

Figure 7. Compression ratios, porosities, and corresponding
fitting curves in the GDL zone above the shoulders (i.e., linear
porosity distribution zone) for different assembly pressures.

[Colour figure can be viewed at wileyonlinelibrary.com]

Effects of assembly pressure in a PEM fuel cell Wang J. et al.

Int. J. Energy Res. (2017) © 2017 John Wiley & Sons, Ltd.
DOI: 10.1002/er

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


and the predicted porosity distributions of the GDL were
implemented into the CFD module. As illustrated in
Figure 8, the cell performance is not sensitive to the
assembly pressure at high cell voltages. The current
density–power density curves change very slightly and
are kept almost similar at high cell voltages. It is expected
that a small amount of the reactants is consumed at the
reaction sites for the lower operating conditions (i.e.,
higher cell voltages). A condition of 3 MPa assembly
pressure may hardly ensure the gas transfer from the
channel to the reaction sites via a deformed GDL. As
shown in Figure 8, at the same voltage, the current
densities and power densities are declining at higher
assembly pressures. These cells operating at a non-zero
assembly pressure show a reduced cell performance; that
is, a higher assembly pressure causes a worse cell
performance. This reflects that the mass transfer resistance
is accumulated as the porosity decreases for large assembly
pressures. A similar phenomenon has been observed in the
literature [12], in which a constant porosity was applied.
However, in the published literature, the reduced
performance was claimed to be due to the combined effects
of a reduction of the porosity, the narrowed gas flow
channel cross-section areas, and the reduction of the flow
path from the gas channel to the reaction sites.

A narrowed gas flow channel cross-section area
decreases the amount of the gases fed into the cell when
a constant gas velocity is assumed. In addition, the porosity
and the thickness of the GDL decrease for increasing
assembly pressure. To analyze the effects of these three
factors on the cell performance in detail, the cases for
different assembly pressures with various porosities are
considered, as shown in Figure 9. The cases were set up
at a constant cell operating voltage 0.70 V, and the
obtained current densities were compared with the
uncompressed case (i.e., the assembly pressure is 0 MPa).
The results show that the current density decreases with
an increase of the assembly pressure. The cell performance
for the combination of the reduced GDL thickness and gas
flow channel areas could decrease the current density by

8.9% at the 3 MPa assembly pressure. However, a
significant deterioration of the current density by 29.0%
appears as the decrease of the GDL porosity is further
analyzed. Thus, the current density is decreased
approximately 20.0% purely by the reduction of porosity
at an assembly pressure of 3 MPa compared with the
non-deformed cell.

Another case study for the 2 MPa assembly pressure
with the initial constant porosity 0.8 but ignoring the
GDL intrusion into the channels was conducted. A
decreased current density by 5.0% is observed compared
with the uncompressed case. Therefore, a decreased
porosity plays the most significant role in reduction of
the current density compared with the effects of the
reduced gas flow channel areas and GDL thickness. To
find out the effect of a reduced GDL thickness on the
current density, the left-hand half domain at the cell
middle (x = 0.025 m) along the main flow direction is
selected for presentation of the distribution of the
cathodic oxygen mole fractions in Figure 10 for two
cases. It is found that a similar distribution of oxygen
mole fraction occurs in the gas channels for the
compressed case in Figure 10b as for the uncompressed
case in Figure 10a. However, a difference is observed in
the GDL area above the shoulders (Figure 10). Especially
at the zone far away from the channels, a smaller oxygen
mole fraction (10.5% in Figure 10b) occurs in the
compressed case with the 2 MPa assembly pressure,
compared with the uncompressed case (11.5% in
Figure 10a). This indicates that a reduction of the GDL
thickness or a decreased diffusion area of the GDL can
increase the oxygen transfer resistance from the channels
to the reaction sites.

The local current densities at the reaction interface
predicted for the cases with 2 MPa assembly pressure
and uncompressed condition at the cell operating voltage
of 0.70 V are shown in Figure 11, and the corresponding
profiles at the cell middle (x = 0.025 m) along the cell
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width direction are shown in Figure 12. It is clear that the
highest local current density occurs in the reaction region
above the channel and at the inlet along the main flow
direction. This is a result of the presence of sufficient fresh
reactants (high oxygen mass fraction) in this region. A
more even distribution of the local current density is
observed in the case without the compression compared
with the case with 2 MPa assembly pressure (Figure 12).
Even though the maximum local current density above
the channel (0.74 A cm�2) is somewhat higher than that
of the case without compression (0.72 A cm�2), it is noted

that the local current density for the case with 2 MPa
assembly pressure is extremely low in the regions above
the shoulders (Figures 11b and 12), which results in the
reduction of the overall cell performance.

3.3. Assembly pressure effects on diffusion
coefficient

Ensuring a sufficient amount of the reactants transferred
from the gas channels to the reaction sites via the porous
GDLs and CLs, and an efficient removal of the products

Figure 10. Left-hand half domain cathodic oxygen mole fraction at the cell middle (x = 0.025 m) for (a) uncompressed condition (b) for
2 MPa assembly pressure, with constant porosity 0.8 and without the GDL intrusion into the channels. [Colour figure can be viewed at

wileyonlinelibrary.com]

Figure 11. Distribution of local current densities at the reaction interface for (a) uncompressed condition and (b) 2 MPa assembly
pressure at cell operating voltage of 0.70 V. [Colour figure can be viewed at wileyonlinelibrary.com]
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from the reaction sites is a pre-requirement to improve the
cell performance. The diffusion coefficient is an important
parameter, because it determines the local reactant/product
distributions and affects the mass transfer capability. The
effect of the porous properties on the diffusion coefficient
is evaluated by Eqns (22) and (24), in terms of the porosity,
pore size, and tortuosity. The distribution of the oxygen
diffusion coefficients in the cell middle (x = 0.025 m along
the cell main flow direction) for the case of 2 MPa
assembly pressure and another one for uncompressed
condition can be found in Figure 13. It is observed that
the oxygen diffusion coefficient is similar in the gas
channel, however much different in the GDL. A diffusion
coefficient gradient for both cases is observed. This
corresponds to the shape of the GDL facing to the

channels, which may be caused by the viscous resistance,
as implemented in Eqns (14) and (15). On the other hand,
the distribution of the oxygen diffusion coefficients agrees
with that of the porosity variation along the cell in the in-
plane direction as illustrated in Figure 13. In the
transitional areas between the channel middle and the
shoulder corners, a nonlinear and sharply changing
distribution of the oxygen diffusion coefficient is observed.
The uncompressed case has an almost constant oxygen
diffusion coefficient in the GDL. In contrast, an
approximately 10 times lower oxygen diffusion coefficient
appears above the shoulders for the 2 MPa assembly
pressure (Figure 13b), compared with the uncompressed
case (Figure 13a). This is so because this linear porosity
zone has an extremely low porosity, as shown in
Figure 8. This reflects that the porosity distribution plays
a significant role on the mass diffusion coefficients in the
GDLs of a PEM fuel cell.

3.4. Assembly pressure effects on mass
transfer

The distribution of the species is significant for the cell
performance, which is affected by the gas flow in the
channels. The distribution of the air velocity close to the
inlet region (x = 0.001 m) for the 2 MPa assembly pressure
and the uncompressed condition can be seen in Figure 14.
The results show that the gas flow areas in the gas channels
decrease significantly for the 2 MPa assembly pressure due
to a serious intrusion of the GDL into the gas channels as a
result of the assembly pressure. In this study, a constant
velocity at the inlet (x = 0 m) was applied for the various
cases. This reflects that the air flow fed into the cell
decreases when the gas flow channel area is reduced for
the 2 MPa assembly pressure. This might be one of the
reasons for the reduction in the cell current density as

Figure 12. Profiles of local current densities at the reaction
interface at middle cell (x = 0.025 m) along the in-plane direction
for uncompressed condition and 2 MPa assembly pressure at a
cell operating voltage of 0.70 V. [Colour figure can be viewed at

wileyonlinelibrary.com]

Figure 13. Distribution of oxygen diffusion coefficient for the left-hand half domain along the in-plane direction in the cell middle
(x = 0.025 m) for (a) uncompressed condition and (b) 2 MPa assembly pressure. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 14. Comparison of cross-sectional air velocity distribution for the left-hand half domain at inlet region (x = 0.001 m) for (a)
uncompressed condition and (b) 2 MPa assembly pressure. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 15. Cathodic side oxygen mole fractions for the left-hand half domain along the cell main flow direction at the (a) inlet
(x = 0.001 m), (b) middle (x = 0.025 m), and (c) outlet (x = 0.05 m) for 2 MPa assembly pressureand (d) inlet (x = 0.001 m), (e) middle

(x = 0.025 m), and (f) outlet (x = 0.05 m) for uncompressed condition. [Colour figure can be viewed at wileyonlinelibrary.com]
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discussed previously (Figures 9–13). However, a constant
flow fed into the cell inlet was numerically considered by
Taymazet et al. [13], which showed that the cell
performance is reduced as a higher assembly pressure is
applied because it is believed that the mass transfer
resistance is a dominating factor. In addition, the oxygen
and hydrogen fed into the cell is oversupplied by the
stoichiometric ratio with 2 and 1.2, respectively. The
reduction of the flow at the cell inlet for the oxygen could
not be a main limiting factor for the cell performance
reduction. Therefore, the reduced gas flow area caused by
the assembly pressure is not the dominating factor for the
deterioration of the cell performance as shown in Figure 8.

It is important to study the distributions of the reactants at
the cathode reaction sites in PEM fuel cells because these
determine the local current densities. The cathodic oxygen
mole fractions at various positions (at the inlet region,
x = 0.001 m; at the middle, x = 0.025 m; and at the outlet
region, x = 0.05 m) along the main flow direction are shown
in Figure 15 for the left-hand half of the studied domain for 2
and 0 MPa assembly pressures, respectively. The results
show a comparable variation at different positions along
the main flow direction. For both pressure cases, the
maximum oxygen mole fractions are kept similar at the
channel inlet region due to a small consumption of oxygen
by the reactions. With more oxygen consumption along
the cell, the oxygen mole fraction is reduced in the gas
channels. A more uniform distribution of the oxygen mole
fraction is observed for the case with the uncompressed
condition. However, a minimum mole fraction appears at
the GDL area above the shoulders far away from the
channels for the case of 2 MPa assembly pressure. In
addition, because of the consumption of oxygen due to the
electrochemical reactions, oxygen is forced to diffuse to
the active sites in the CL layers through the GDLs, while
the generated products and the unconsumed reactants
diffuse back to the channels. The profile of the oxygen mole
fractions agreeswith the distribution of the oxygen diffusion
coefficient (Figure 13); that is, a maximum oxygen mole
fraction occurs where the maximum porosity exists for the
case of 2 MPa assembly pressure.

By comparing the two conditions, it is clear that the cell
performance for the 2 MPa assembly pressure is worse
than that of the case with zero assembly pressure. This
can be explained as the transport of oxygen is limited by
the lower diffusion coefficient due to the decreased
porosity, the reduced diffusion area in the GDL, and the
smaller gas flow area in the channel for the 2 MPa
assembly pressure.

4. CONCLUSIONS

In this paper, we found that the GDL above the channels
intrudes into the gas channels as an assembly pressure is
applied and accordingly non-homogeneous thickness and
porosity along the cell in the in-plane direction appear.
Three zones are identified by the mechanical model based

on the porosity variations along the cell in the in-plane
direction, that is, a linear porosity distribution zone, a
constant porosity distribution zone, and a nonlinear
porosity distribution zone. The thickness and porosity of
the GDL are unchanged in the constant porosity
distribution zone but vary linearly or nonlinearly in the
other two distribution regions.

The predicted results from the CFD model show that a
higher assembly pressure results in a reduction of the
thickness and porosity of the GDL, gas flow channel area,
oxygen diffusion coefficient in the porous medium, and cell
performance. It is found that the reduction of the GDL
porosity plays a dominating role compared with the
decreased gas channel flow area and GDL thickness. An
extremely low oxygen diffusion coefficient, oxygen
concentration, and local current density appear in the GDL
above the shoulders far away from the channels for the high
assembly pressure. It is observed that a sufficiently thick
GDL is favorable to ensure the gas transfer from the channel
to the reaction sites in the PEM fuel cell.

The results from this investigation may provide
guidance for the design and manufacturing of PEM fuel
cells, by considering the effects of the assembly pressure
on the non-homogeneous distribution of the thickness
and porosity of the GDL. To obtain a high cell
performance, the assembly pressure should be as low as
possible, but gas sealing security must be ensured.
However, shortcomings of this study are that the charge
transfer and liquid water formation and its transport have
not been considered. An optimal assembly pressure may
exist because the electron conductivity is expected to be
influenced by the assembly pressure. The prediction of
the isotropic GDL deformation might be another limitation
of this work and a non-linear anisotropic Young’s modulus
might be applied in future work.
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NOMENCLATURE

an = coefficient for dynamic viscosity, �
dpore = mean pore diameter of electrode, m
Di = diffusion coefficient of species i, m2 s�1

Dn = viscous resistance, m2 s�1

E0 = theoretical potential, V
Eact = activation energy, J mol�1

ENernst = Nernst potential, V
F = Faraday constant, 96 487 C mol�1

Fn = viscous inertia, m2 s�1

ΔGrxn = change in Gibbs free energy, J mol�1

ΔHrxn = enthalpy change, J mol�1
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i = local current density, A m�2

icell = average current density, A m�2

i0 = local exchange current density, A m�2

Ji = mass diffusion flux of species i,
kg m�2 s�1

Mi = molecular-weight of species i, kg mol�1

n = number of electrons transferred, �
P = gas pressure, Pa
R = ideal gas constant, J mol�1 K�1

Re = specific electric resistance of fuel cell,
Ω m2

Si = source terms for partial differential
equations, kg m�3 s�1 or J m�3 s�1

Sij = deviatoric stress tensor, �
ΔSrxn = entropy change, J mol�1 K�1

T = temperature, K
U = fluid velocity vector, m s�1

V = cell voltage, V
Vi = diffusion volume of species i, m�3

Xi = mole fraction of species i, �
Yi = mass fraction of species i, �

Greek letters
αe = transfer coefficient, �
γa = pre-constant at anode, A m�2

γc = pre-constant at cathode, A m�2

δij = Kronecker delta, �
ε = porosity of porous medium, �
εcom = porosity of compressed GDL, �
εEL ij = elastic strain tensor, �
εPL ij = plastic strain tensor, �
Ε = Young’s modulus, MPa
η = overpotential, V
ηacti, a = anode activation overpotential, V
ηacti, c = cathode activation overpotential, V
λ = compression ratio, �
μ = dynamic viscosity, kg m�1 s�1

μi = dynamic viscosity of species i, kg m�1 s�1

ρ = gas mixture density, kg m�3

σij = stress tensor, �
τ = tortuosity of porous medium, �
ν = Poisson’s ratio, �

Subscripts
0 = standard or ideal conditions
a = anode
acti = activation
A = gas species A
AB = binary species A and B
B = gas species B
c = cathode
com = compressed
C = gas species C
e = electron
i = gas species i
initial = initial condition
Knudsen = Knudsen diffusion
m = for source term in mass transfer equation

mem = membrane
n = for source term in momentum equation
Nernst = Nernst
p = constant pressure
pore = pores
rxn = reaction status
Stefan-
Maxwell

= Stefan-Maxwell diffusion

Superscripts
a = reaction order for oxygen
b = reaction order for water
EL = elastic
m = reaction order for hydrogen
PL = plastic
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Abstract  

The electric resistance is very important for the performance of a proton exchange membrane (PEM) fuel cell. 

However, the performance analysis is more complex as the cell operates under assembly conditions. At such 

conditions, the mass transfer is deteriorated but the electric conductivity is favored. In this paper, the electric 

resistance of a cell is evaluated by application of a recently developed method in the through-plane direction of the 

electrodes, together with consideration of the contact resistance between the gas diffusion layer (GDL) and bi-polar 

plates (BPP) for various assembly pressures. The predicted electric resistance and deformed GDL were implemented 

in an existing CFD code for evaluation of the PEM fuel cell performance. It is found that the electric current is 

distributed in a narrow area in the GDL under the shoulders and then redistributed into the BPP above the channels 

for all cases. The channel/rib structure promotes a non-homogeneous electric conductivity along the cell in the in-

plane direction and a concentrated area of the current flow around the corner of the BPP close to the channels as the 

cell is subject to an assembly pressure. Additional contact areas are created between the GDL and BPP at the 

vertical interface when the cell operates at an assembly pressure above 2 MPa. Therefore, both the corner of a BPP 

close to the channel and the GDL region become the dominating zones, where the electric current under the middle 

of the channel must cross over a longer distance due to the intrusion of the GDL into the BPP. In addition, the 

optimized cell performance is obtained as the cell is operating below 1 MPa assembly pressure. The findings are 

useful for proper design of PEM fuel cells. 

Keywords: PEM fuel cells; assembly pressure; electric resistance; deformed GDL; model.  
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1. Introduction 

A proton exchange membrane (PEM) fuel cell converts chemical energy into electricity. There has been 

accelerated interest in the development and commercialization of PEM fuel cells in recent years. Their high 

efficiency of energy conversion, high power density and nearly zero-pollutant emissions compared to fossil-fueled 

engines have made them ideal candidates for power generation for stationary and automotive applications [1]. 

However, at present cost, durability and stability are two significant limiting factors for widespread application of 

PEM fuel cells [2]. To utilize the PEM fuel cell system in an efficient way, a detailed analysis of how the involved 

transport phenomena are affected by various assembly and operating conditions may promote the development of 

effective performance. 

 In determining the performance, the cell potential at a certain current density is critical, as it decreases from the 

equilibrium value because of the irreversible potential losses (the so-called overpotentials) caused by the activation, 

concentration and ohmic resistances. Numerical results have demonstrated that the overpotential values decrease in 

the order of ηact,c > η
pro 

ohm > η
el 

ohm > ηact,a >ηconc,c > ηconc,a (where act, ohm and conc, el, pro, c and a denote activation loss, 

ohmic loss, concentration loss, electrons, protons, cathodic and anodic, respectively) in a PEM fuel cell [3]. Many 

studies have explored the reduction of concentration and activation losses by optimizing the design [4], 

manufacturing [5] and materials synthesis [2]. However, it is revealed that the fuel cell operation strategies become 

more complex and should be adjusted when considering the assembly pressure because the ohmic loss is sensitive to 

the electric/ionic conductivity in the functional layers [6]. 

Previous studies have concentrated on investigation of ohmic resistances, including the resistance for electron 

transfer through electrodes (in in-plane and through-plane directions) [7, 8] and the resistance at the interfaces 

between components [9-11], and the one for protons in the membrane [12], as shown in Figure 1. A comparison of 

the electric resistance under the shoulders and channels has shown that the total electric resistance under the 

channels is much higher than that under the shoulders due to the channel/rib structures in a PEM fuel cell [7, 8]. The 

contact resistance for electrons occurring at the interface between the bi-polar plates (BPP) and gas diffusion layer 

(GDL) is regarded as significant because the structure and fibrous materials in the GDL [9-11]. The contact 

resistance is generally determined by the material properties, surface treatment [11], assembly pressure [13] and 

operating conditions [9]. However, an assembly pressure will reduce the contact resistance and accelerate the 

electron flow through the flexible layers (within the GDL and CL) but the access/removal of gases to/from the 
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reaction sites and proton transfer in the membrane will deteriorate, which may lead to a decreased cell performance. 

It is known that the GDL provides a very high tensile and compressive strength, which results in intrusion into the 

gas channels at assembly conditions [14]. A consequence of this is that the physical properties and performance of 

the GDL are changed due to the thinner GDL under the shoulders and the decreased gas flow channel areas [15]. 

Thus, the ohmic resistance during assembly conditions is an important property in choosing the assembly pressure 

and achieving acceptable cell performance. 

 

Figure 1. Transport processes in PEM cathode. 

Research has been conducted earlier to investigate the influence of the assembly pressure on the electric 

resistance in PEM fuel cells. The electric conductivities of the GDL in the in-plane and through-plane directions 

have been tested under various assembly pressures. It was found that a high compression increases the GDL 

conductivity and decreases the contact resistances [16]. Escribano et al. [17] studied the effects of the GDL 

deformation on the through-plane electric resistance. In addition, a numerical and experimental study was conducted 

by Tanaka et al. [13] and a significant difference of the electric resistance in the through-plane direction and at the 

interfaces was observed when the cell was operated with various assembly pressures. Nitta et al. [18] experimentally 

analyzed the contact resistance of a porous GDL under compression and their results showed that the assembly 

pressure magnitude has significant effects on the cell performance. Chang et al. [19] concluded that the contact 

H2O 

Membrane          CL                     GDL               BPP 

 

Proton conducting media 

Catalysts with carbon  

Electrically conductive fibers 

e
-
  

O2 H
+
 

Shoulder 

In-plate 

Through-plate 



4 
 

resistance between the GDL and the BPP is a dominating factor in causing the Ohmic potential loss, but they did not 

consider the through-plane electric resistance of the carbon paper itself across the fuel cells. A relationship of  the 

assembly pressure and the contact resistance between the GDL and BPP was presented in the literature [9]. An 

optimal assembly pressure was obtained by employing this relationship for the contact resistance [20]. However, the 

electric resistance through the deformed GDL was not explored in that study. A relationship between electric 

resistance and GDL and BPP, respectively, was experimentally formulated by Hamour et al. [21] when the cell was 

operated at assembly conditions. Some recent studies have shown a potential optimal assembly pressure for which 

the cell performance is maximized [22-24]. Taymaz et al. [15] suggested that 0.5 MPa and 1 MPa pressure values 

are optimum assembly pressures when a prescribed electric property of the fuel cell components is applied.  

      A balance between the electric contact resistance, through-plane electric resistance and mass transfer 

necessitates an optimal assembly pressure for a single cell or a fuel cell stack, particularly when considering a 

deformed GDL. The present study is a continuation of our previous works on the GDL deformation and its impacts 

on the transport processes in PEM fuel cells [25, 26]. The evaluation of the electric resistance is conducted by 

considering the electric contact resistance between the GDL and the BPP, and by the through-plane electric 

resistance assisted by a new electron transfer model implemented in an open source library of OpenFOAM. The 

obtained overall electric resistance of a cell is further provided as an input parameter for the PEM fuel cell 

performance predictions in OpenFOAM. The validation of the electric resistance model is performed by comparison 

of the numerical predictions with experimental data available in the literature. The effects of various assembly 

pressures on the electric resistances both in the through-plane direction and at the interface, as well as the transport 

phenomena and the cell performance, are analyzed. Finally, an optimized assembly pressure is determined with the 

objective to achieve the best cell performance.  

 

2. Numerical Models 

Both the electric resistance model and the PEM fuel cell performance model are developed for the cell 

configuration adopted from the mechanical model under various assembly pressures (0 MPa, 1 MPa, 2 MPa and 3 

MPa), as presented in our previous work [26]. It should be noted that both configurations include the deformed 

shape and the porous features of GDLs, while the initial dimensions of the components before the deformation were 

extracted from a real PEM fuel cell presented in reference [27], and outlined in Table 1.  



5 
 

Table 1. Geometric and physical parameters in electric resistance model.  

Parameters Value Reference 

Gas channel length  0.05 m  [27] 

Gas channel width 1.0×10-3m [27] 

Gas channel height 1.0×10-3m [27] 

Land area width 0.5×10-3m [27] 

Thickness of BPP 0.3×10-3m [27] 

Thickness of GDL (initial) 0.3×10-3m [27] 

Thickness of CL 1.29×10-5m [27] 

Thickness of electrolyte 1.08×10-4m [27] 

 

2.1 Electric resistance model 

 

Figure 2. Schematic illustrations of a 3D computational domain for (a) electric resistance model under zero assembly pressure 

and (b) single channel unit-cell model (here the case under a 1MPa assembly pressure is illustrated as an example). 
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The components in both the cathode and the anode of the cell are assumed to be symmetric around the 

membrane. Thus a half-cell, i.e., anodic side is selected as the representative domain for the electric resistance 

modeling, as shown in Figure 2a. This domain includes anodic BPP, GDL, CL and a half-sized membrane but 

without the gas channel.  

Electric conduction in any material is the movement of electrically charged particles through a transmission 

medium. This movement forms an electric current in response to an electric field. The governing equation for the 

electron transfer through GDL, CL and BPP and the protons through the membrane can be evaluated by a Laplacian 

equation [28],  

  0                                                                     (1) 

where φ is electric potential. The electric/protonic conductivity σ for electrons or protons is the reciprocal of its 

electric/protonic resistivity, 

e


1
                                                                          (2) 

The electric field is the negative gradient of the electric potential, 

eE                                                                      (3) 

The local current density i appearing in the cell components is related to the conductivity σ based on Ohm’s 

law [29], defined as,  

 i                                                                    (4) 

       The electric resistance of the domain is predicted by a function of the average current density based on Ohm’s 

law [29], 

i
R

minmax  
                                                                   (5) 

where i is the average current density, φmax and φmin are the maximum and minimum electric potential occurring in 

the domain, respectively.  In order to obtain the electric conductivity of the deformed GDL, it is assumed that the 

porous GDLs consist of pores and a solid bulk, while only the pores contributes to a change of the GDL thickness in 

the through-plane direction (z-axis) under the compression by an assembly pressure. The electric conductivity σcom in 

the bulk of a GDL is related to the obtained thickness by an expression given by [11], 
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com

initialinitial
com

h

h



                                                                    (6) 

where the compressed thickness hcom of the bulk is expressed as, 

  initialcom hh  1                                                                   (7) 

where λ is the compression ratio, as a reflection of the local deformation. Thus the electric conductivity of the 

compressed GDL can be evaluated by the compression ratio, 

             , ( 1)
1

initial
com


 


 


                                                               (8) 

Protonic conductivity in a membrane is depending on the local temperature and water content. The correlation 

between these parameters has been taken into account in this model,  

  

















T
mem

1

303

1
1268exp00326.0005139.0                                    (9) 

where ω is the water content and T is the local temperature. It has been suggested that there might exit several 

possible ways of the ionic transfer exist in Nafion like materials [6], i.e., hydronium ions move via a vehicle 

mechanism at low water content (ω=2~4), easier movement of hydronium ions at a partially hydrated membrane 

(ω=5~14). Finally, both water and ions move freely in a fully hydrated membrane (ω>14). The water content ω =10 

and T=353 K were selected in this study to evaluate the protonic conductivity of a membrane to maintain a relative 

easy movement of protons. The other physical parameters implemented in the electric resistance model are 

presented in Table 2. 

Table 2. Physical parameters for electric resistance model.  

Parameters Value Reference 

GDL electric conductivity  1250 S m-1  [15] 

CL electric conductivity  100 S m-1  [30] 

BPP electric conductivity  2.22×104 S m-1  [15] 

Water content in membrane 10 H2O/SO3H [6] 

 

2.2 Electric contact resistance model 

The electric contact resistance between the GDL and BPP is governed by the surface treatment and the material 

properties of the contacting components [9]. The assembly pressure, accordingly, leads to a decrease of the electric 
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contact resistance in a PEM fuel cell. The variation of the physical parameters of the GDL has been accounted for in 

evaluation of the electric resistance at the condition of an assembly pressure. The electric contact resistance Rcontact, 

in the unit of mΩ cm
2
, between the GDL and BPP for electrons has been formulated in [31] as,   

contact

contact
p

R
5306.3

2163.2                                                                (10) 

where pcontact is the contact pressure. In a real PEM fuel cell stack or a single cell, the contact pressure is evaluated 

by the assembly pressure and the cell contact area  [15], 

contactcontactAssemblyAssembly ApAp                                                     (11) 

where pAssembly, AAssembly denote the assembly pressure and assembly area, respectively. The contact resistance can 

then be calculated as, 

AssemblyAssembly

contact
BPPGDL

Ap

A
R




5306.3
2163.2/

                                               (12) 

It should be noted that, in the present electric contact resistance model, the intrusion of the GDL into a gas 

channel is considered while the effect of the change of the contact area Acontact between the GDL and the BPP is 

neglected.  

 

2.3 PEM fuel cell model 

A single channel unit-cell was employed to study the effects on the cell performance for various assembly 

pressure conditions (i.e., 0 MPa, 1 MPa, 2 MPa and 3 MPa), as shown in Figure 2b (here the case under 1 MPa 

assembly pressure condition is illustrated as an example). The domain is assembled symmetrically, consisting of 

BPPs, gas channels, a membrane, GDLs and CLs. The predicted value of the overall electric resistance including the 

through-plane resistance (by the electric resistance model) and contact resistance (by the electric contact resistance 

model) was provided and further implemented into this model. Correspondingly, both the bulk resistance of the 

components and the interfacial contact resistance between the GDL and BPP were doubled for the entire single 

channel unit-cell model.   

For the assumptions applied in our previous research work [26], the partial differential equations for 

conservation of mass [14], momentum [25] and mass transport [32] are solved in the PEM fuel cell model. The 

equations are expressed as, respectively,  
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  mSU                                                                            (13)  

  nSUPUU                                                         (14) 

  0 ii JUY                                                              (15) 

where U is the fluid velocity vector, ρ is the gas mixture density, P is the gas pressure, µ is the dynamic viscosity of 

the fluid, Yi is the mass fraction of species i and Ji is the mass diffusion flux. The source term, Sm is related to the 

electrochemical reactions appearing at the reaction sites while the source term Sn stands for pressure losses in the 

porous GDL and CL [33],  

 UFUDS nnn  5.0                                                           (16)                      

where the non-linear term is not considered in the present study, i.e., Fn is set to zero. However, the pore diameter 

dpore and porosity ε are involved in the first right-hand term of Eq. (16) as [34], 

 
3

2

2

1150






pore

n
d

D                                                                   (17) 

The source terms Sm for the mass conservation equation can be expressed by the following equations [35] for the 

cathode and anode, respectively, 

OHOcm M
F

i
M

F

i
S

22 24
,                                                         (18) 

 
22

, Ham M
F

i
S                                                                          (19) 

where i is the local current density, M the molar weight of the involved gas species and F the Faraday’s constant 

(96485 C mol
-1

). The plus sign (+) is applied for the product generation and the negative sign (-) for the reactant 

consumption due to the electrochemical reactions. 

The mass diffusion flux Ji is following by Fick’s law [3], i.e., 

igasii YDJ  ,                                                                           (20) 

where Di,gas is the mass diffusion coefficient of species i in the involved gas mixture, Yi is the mass fraction of 

species i. It should be noted that the mass fractions of the inert species (nitrogen in the cathode and water in the 

anode) are not solved by Eq. (15), but are determined from a summation of the mass fractions and subtracting the 

other active species, for the anode and the cathode, respectively [36]. Due to the multi-component diffusion 
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occurring in the cathode side, i.e., oxygen, water and nitrogen involved, the Stefan-Maxwell model is used to 

evaluate the individual diffusion coefficients in the gas mixture. However, in the anode of the PEM fuel cells, only 

two species are present, and the diffusion coefficients of hydrogen and water are directly evaluated by the binary 

diffusion coefficient, as provided in [25]. 

The electrochemical reactions are assumed to occur at the interfaces between the membrane and the CLs. The 

fuel cell current density icell is then calculated based on Ohm’s Law [37], 

 

e

Nernst
cell

R

VE
i


                                                                (21) 

where V and η are the cell operating voltage and the activation overpotential, respectively, Re is the total electric 

resistance of the fuel cell. The Nernst potential ENernst in Eq. (21) is described as [37],  

OH

HO

Nernst
X

XX

nF

RT
EE

2

22

5.0

0 ln


                                                      (22) 

where R is the universal gas constant (8.314 J mol
−1

 K
−1

), n is the number of electrons transported and E0 is the 

theoretical potential [38] at the standard atmosphere condition (298 K, 1 bar)  which is approximately 1.23 V,  

 
 

nF

STH

nF

G
E rxnrxnrxn 




0                                                       (23) 

where ΔGrxn is the Gibbs free energy change, ΔHrxn is the enthalpy change and ΔSrxn the entropy change of the 

reactions. The superscript in Eq. (22) refers to the stoichiometric coefficient of the hydrogen fuel cell reactions in 

PEM fuel cells. The cell activation overpotential is assumed to be composed of the anodic and cathodic 

contributions,  

 cactiaacti ,,                                                                         (24) 

where the activation overpotential ηacti,a is for the anode and ηacti,c for the cathode, respectively. Values of η at both 

electrodes are obtained using a root finder based on the Ridder’s method after obtaining numerical solutions of the 

Butler-Volmer equation [39],  

     ee BAii  expexp0                                                               (25) 

where 

 
RT

F
A e2                                                                                (26) 
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 

RT

F
B e

12
                                                                          (27) 

where αe is the transfer coefficient and ηe is the activation overpotential for each electrode. The local exchange 

current densities are given by [37], 

 




















RT

E

P

P
i

aact

m

H

aa

,

0

,0 exp2                                                    (28) 
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
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E

P

P

P

P
i

cact

b

OH

a

O

cc

,

00

,0 exp22                                  (29) 

where a, b and m are the reaction orders, γa and γc are the pre-constant, Eact,a and Eact,c, are the activation energies. 

More detailed discussion about the PEM fuel cell modeling can be found in [26]. 

 

2.4 Boundary conditions and initial conditions 

Before solving the partial differential equations, a set of boundary conditions (BCs) for all governing equations 

is required. A constant current density icell = 0.7 A cm
-2

 was applied at the membrane as the current source, which 

occurs at the bottom surface (membrane or electrolyte) for the Laplacian equation of the electric resistance model. 

The BC at the membrane is set as a gradient potential which is a function of the local conductivity [29],  


 celli

                                                                        (30) 

 For the BPP domain, the only variable of the interest is the electric potential. A reference potential value of zero 

is arbitrarily set at the top surface of the anodic BPP [29]. Finally, the BCs for the other boundaries are set as 

symmetry conditions. 

Table 3. Inlet mass fraction (fully humidified gases) [27]. 

Species Mass fraction (%) 

O2, cathode 20.885 

H2O, cathode 10.344 

N2, cathode 68.771 

H2, anode 37.747 

H2O, anode 62.253 
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The PEM fuel cell performance is modeled at a temperature of 353 K and a pressure of 3 bars is prescribed at 

the outlets of the gas flow channels. It is assumed that the cathode and the anode are fed with fully humidified air 

and hydrogen, respectively. The parameters for the humidified gases with the specific mass fractions are taken from 

the literature [27] as listed in Table 3. The inlet gas velocity is based on the desired average current density with the 

stoichiometric ratio 2 for the oxygen and 1.2 for the hydrogen, respectively [39]. The BCs for other parameters 

applied in the computational domain are assumed as zero gradients in the vertical directions of the outside surfaces. 

In this model, various electric resistances predicted in the electric resistance model combined with the contact 

resistance are employed for the different assembly pressures. The input properties of the related materials, kinetics 

and electrochemical reactions are identical to those in [26]. 

 

2.5 Validation of the electric resistance model 

Validation is important to ensure the accuracy of a numerical model. The further developed OpenFOAM code 

with the electric resistance model to evaluate the electric resistance was validated by two different geometrical 

cuboids. The dimension of one cuboid is 1 cm×1 cm×2 cm (Cuboid A) while the other is 2 cm×2 cm×1 cm (Cuboid 

B). Constant potential values of 0 V and 1 V were set as BCs at the top of the BPP and the bottom of the membrane, 

respectively. The remaining BCs are set as mentioned in the above section. The theoretical prediction is based on 

both Pouillet's law and Ohm’s law, 

A

l
R


                                                                            (31) 

 






R
i


                                                                             (32) 

where l and A denote the length and cross-sectional area of the conductor, respectively,   is the average electric 

conductivity and RΩ is in the unit of Ω here. φ is the maximum potential difference between the membrane and 

BPP (Here 1 V was applied for the theoretical prediction). The validation is conducted by comparing the predictions 

obtained by the above two equations and the numerical results.  

 

3. Results and Discussions 

3.1 Model validation results 
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Figure 3. Comparison of theoretical and experimental contact resistances [11] between GDL and BPP. 

A comparison of the electric contact resistance by the predictions and the experimental results is presented in 

Figure 3. It is found that the contact resistance measured by Mishra et al. [11] can be fitted by Eq. (12) with a pretty 

good accuracy. The assembly pressure decreases the contact resistance, which supports the fact that there is a better 

contact between the GDL and BPP as the assembly pressure increases. The contact resistance decreases sharply with 

the assembly pressure at pressures below 1 MPa. However, above 1.0 MPa there is still a slight decrease in 

resistance with increasing pressure. But there is no significant change of the contact resistance at higher assembly 

pressures. This is so because the maximum contact is reached at a certain pressure between the GDL and BPP.  
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Figure 4. Comparison of electric resistance and current density v.s. electric conductivity. 
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The theoretically and numerically predicted electric resistance and current density as function of the electric 

conductivity are shown in Figure 4. It is clear that relatively accurate electric conductivity and current density are 

obtained by the electric resistance model for the various tested bulk electric conductivities. It is found that the 

electric resistance inversely decreases with increasing electric conductivity, but the current density keeps a linear 

increase with increasing electric conductivity.   
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Figure 5. Comparison of cell electrochemical performance [40]. 

A contact resistance of 14.3 mΩ cm
2
 was applied for the case of zero assembly pressure (The constant resistance 

value was taken from reference [11] and [20]). After obtaining the through-plane electric resistance of a cell and the 

contact resistance between GDL and BPP, the overall cell resistance including the two main factors was applied to 

the PEM fuel cell model. To reveal the accuracy of the CFD simulations of the PEM fuel cell model, the simulations 

shown in Figure 5 were compared with experimental data from reference [40] at the same operating conditions (in 

which the assembly pressure is zero). Good agreement between the experimental and predicted results was obtained, 

in terms of the current density and the power densities for the cell operating voltages higher than 0.63 V. Both the 

calculated and measured voltages drop sharply when the current density is small, mainly caused by the activation 

losses. The voltage then decrease linearly until 0.63 V, where the Ohmic loss becomes dominating. This validated 

model is then used for the further parametric studies.  

 

3.2 Assembly pressure effects on GDL electric conductivity 
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Figure 6. Cross-sectional distribution of electric conductivity in the GDL for different assembly pressures. 

The electric conductivity is one of the most important parameters characterizing the transport of electrons in a 

PEM fuel cell.  During fuel cell assembly processing, GDLs are usually clamped by the BPPs. The result of the 

assembly pressure is deformation of the GDL and then a reduction of the electric conductivity in the through-plane 

direction, as shown in Figure 6. It is found that the electric conductivity distribution of the GDL has different 

features in different regions along the cell width direction. There exist non-homogeneous features, i.e., a nonlinear 

distribution zone in the GDL region corresponding to the corner between the channel and the shoulders (as shown in 

both the grey areas in Figure 6), a linear distribution zone under the shoulders and a constant distribution zone under 

the middle part of the channels for the cases when an assembly pressure is applied. As a result of a higher assembly 

pressure, the electric conductivity of the GDL decreases sharply in the linear distribution zone which is caused by a 

dramatic compression by the assembly pressure, as shown in our previous work [26]. 

To identify the effects of the geometry change of the components on the electric conductivity, a comparison of 

the volume-weighted average electric conductivity in the fuel zone (including porous GDL and CL) and the entire 

half-cell under different assembly pressures is shown in Figure 7. It is revealed that a higher assembly pressure 

results in a high electric conductivity for both studied domains. This agrees well with the evidence shown in Figure 

6 that the assembly pressure improves the electric conductivity in the GDL. This means that in the interest of 

obtaining high electric conductivity of a cell, a higher assembly pressure is favorable. 
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Figure 7. Volume-weighted average of electric conductivity in fuel zone (including GDL and CL) and entire half-cell for 

different assembly pressures. 

3.3 Assembly pressure effects on cell electric resistance 

It is meaningful to examine the cell resistance due to the bulk resistance (in the through-plane direction) and the 

contact resistance. The bulk resistances of a cell as well as the contact resistances between the GDL and BPP are 

presented in Figure 8 as function of the assembly pressure. Generally, the contact resistance between GDL and BPP 

is quite small compared with the bulk resistance predicted by this model. However, a contradictory result was 

obtained by Vikram et al. [41], which shows that the contact resistance plays a dominating role in the cell electric 

resistance. A possible reason might be that a larger ratio of shoulder/channel was applied by Vikram et al. As shown 

in Figure 8, the bulk resistance of the cell decreases with increasing assembly pressure. A similar tendency is 

observed for both the contact resistance and the sum of the two resistances (i.e., overall resistance of a cell). The 

bulk resistance through the cell contributes as much as 76 percent of the total cell resistance at the assembly pressure 

of 0 MPa but 92.7 percent at the higher assembly pressure of 3 MPa. Figure 8 shows the significance of the bulk 

resistance of the cell for varying assembly pressure. 
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Figure 8. Variation of the bulk resistance and total interfacial contact resistance between GDL and BPP for different assembly 

pressures. 

 

3.4 Assembly pressure effects on electric field 

 

Figure 9. Streamlines of electric field transfer through membrane and anodic cell at the cell middle (x=0.025 m) for (a) 

uncompressed condition (b) 2 MPa assembly pressure. 

In the present study, the electric field in the fuel cell is caused by electric charges/current flow from the reaction 

sites to the external circuit. In general, this electric field in the cell is also called the electrostatic field, which does 

not change with time because charges/currents are stationary when a fuel cell is operating at steady state. The 

corresponding streamlines are presented in Figure 9 for the electric field through the membrane and the anodic side 

at the cell middle (x=0.025 m along the cell main flow direction) for the case of 2 MPa assembly pressure, and 
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another one for uncompressed condition. The lines and arrows illustrate the current flow direction which starts from 

the current source, i.e., membrane interface, to the lower potential zone, i.e., the top surface of BPP. Only a portion 

of the BPP makes contact (the other portion is open for access of reactant gases and removal of products), while the 

GDL bridges the channels and redistributes the electric current. As found, the current below the channel flows 

across with a longer distance from the middle of the GDL to the BPP’s shoulders. In other words, the electric field is 

redistributed and becomes more uniform from the shoulders to the top of BPP. It is noted that the electric field at the 

BPP’s corner close to the channel is significantly concentrated, especially for the case with 2 MPa assembly 

pressure. The reason is that a greater contact area was created at the corner, i.e., a tiny contact area in the vertical 

interface of BPP is generated by the intrusion of the GDL into the channel as a result of the assembly pressure. As a 

consequence, additional electric current flows from the intrusion of the GDL below the channel to BPP’s shoulders 

along the cell width direction. 

 

Figure 10. Local potential distribution in anodic GDL and CL at the cell middle (x=0.025 m) for (a) uncompressed condition (b) 

2 MPa assembly pressure. 

The local potential distribution in the anodic GDL and CL, and BPP at the cell middle (x=0.025 m) for the case 

of 2 MPa assembly pressure and another one for the uncompressed condition are presented in Figure 10 and Figure 

11, respectively. For both cases, the maximum potential appears in the porous electrode below the channel region in 

Figure 10. In contrast, the minimum value occurs in the GDL below the shoulders. However, the region of the 

minimum value is significantly larger but that for the maximum value is significantly smaller for the case of 2 MPa 

assembly pressure, compared with those for the uncompressed condition. This means that the electric current favors 

flowing in the GDL below the channel area even though this case has a much improved electric conductivity of the 
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GDL below the shoulders (see Figure 6) when the cell is operated at 2 MPa assembly pressure. The direct reflection 

of this favor is shown in Figure 11, i.e., the case with 2 MPa assembly pressure shows a slightly higher potential at 

the BPP’s corner close to the channels. As shown in Figure 11, in the corner the highest potential appears which 

agrees well with the concentrated electric field shown in Figure 9. 

 

Figure 11. Local potential profile in anodic BPP at the cell middle (x=0.025 m) for (a) uncompressed condition (b) 2 MPa 

assembly pressure. 

 

3.5 Assembly pressure effects on local current density 

 

Figure 12. Current density distribution in anodic GDL and CL at the cell middle (x=0.025 m) for (a) uncompressed condition (b) 

2 MPa assembly pressure. 

The local current density is predicted and presented in Figure 12 and Figure 13 for the anodic GDL and CL, as 

well as BPP at the cell middle (x=0.025 m) for the case of 2 MPa assembly pressure and uncompressed condition, 

respectively. It is clear that the highest current density occurs in the GDL around the corner of BPP close to the 
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channel. The difference between the two assembly conditions is that the case with 2 MPa assembly pressure has an 

additional vertical interface (connecting the GDL and BPP) having the maximum current density. However, the 

maximum value for the latter case is below the BPP’s corner. This means that this larger connecting area of the case 

at 2 MPa assembly pressure is favorable in passing through electrons. This finding can be observed in Figure 13c 

and Figure 13d, which are the magnifications of the bottom shoulders of the BPP (blue rectangular areas) shown in 

Figure 13a and Figure 13b, respectively. The profile of the maximum current densities varies for different conditions. 

The maximum current density shows a longer distribution area from the BPP’s corner to the channel in the cell 

width direction for the case with zero assembly pressure. This appears mainly along the vertical direction close to 

the interface for the other case. This is so because the electric current more easily flows upward from the GDL to the 

BBP’s shoulder around the corner for the case with zero assembly pressure. However, the current needs to flow 

along the horizontal direction from the intrusion of the GDL below the channel to the vertical interface between the 

GDL and BPP. 

 

Figure 13. Current density distribution in anodic BPP at the cell middle (x=0.025 m) for (a) uncompressed condition (b) 2 MPa 

assembly pressure, and (c) and (d) magnification of blue rectangular area shown in (a) and (b), respectively. 
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Figure 14. Comparison of voltage and power densities v.s. current density for different assembly pressures.  

After evaluation of the electric performance of the half-cell domain for the various assembly pressures, the 

obtained cell resistances were implemented in the previously developed PEM fuel cell module, as presented in [26]. 

As illustrated in Figure 14, the cell performance is not sensitive to the assembly pressure at high cell voltages, i.e., 

the current density-power density curves are kept almost without change. It is expected that a small amount of the 

reactants is consumed at the reaction sites at higher cell voltages. On the other hand, the cell operating at 1 MPa 

assembly pressure shows the best cell performance compared with the other cases at lower cell voltages. Then the 

cell performance becomes worse with increasing the assembly pressure. A similar phenomenon has been observed 

in the study [20], in which a constant cell resistance was applied and 0.3 MPa was identified as the optimized 

assembly pressure. However, the results of our previous research [26] show that the cells operating under a non-zero 

assembly pressure have a reduced cell performance, i.e., a higher assembly pressure causes a worse cell performance 

due to the reduced porosity of the deformed GDL and the narrowed cross-sectional areas of the gas flow channel. 

This is because the mass transfer resistance is accumulated as the porosity decreases. An improved electric 

conductivity may overcome the deterioration by the mass transfer resistance when the cell is operating at a proper 

assembly pressure. 

 

4. Conclusions 
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In the present study, an electric transport process model was developed and validated in OpenFOAM to predict 

the through-plane electric resistance of a PEM fuel cell. The GDL below the channels intrudes into the gas channels 

as an assembly pressure was applied and accordingly a non-homogeneous electric conductivity along the cell in-

plane direction appeared. Our results suggest that a higher assembly pressure results in a decreased cell resistance. 

However, 1 MPa assembly pressure is an optimized assembly condition when both the contact resistance between 

GDL and BPP, and the electric resistance in the through-plane of the cell are considered. It is found that the through-

plane resistance plays a dominating role compared with the contact resistance in a cell. A GDL below the channel is 

favorable for higher potentials even though the case has an improved electric conductivity of the GDL below the 

shoulders for assembly pressure conditions. The BPP’s corner close to the channel becomes a concentrated area for 

the electric field and the current, because the additional contact interface created by the intrusion of the GDL into 

the channel. Furthermore, a longer transfer distance is also found for the electron transfer when an intrusion appears 

and this also suggests that the contact interface is the only path way for electron transfer through from GDL to BPP. 

To obtain the optimized cell performance, the assembly pressure should be considered properly to ensure the gas 

sealing security and lower electric resistance. The results from this investigation may provide guidance for the 

design and manufacturing of PEM fuel cells. 
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Abstract - Performance of a proton exchange membrane (PEM) 

fuel cell is very sensitive to its electric resistance appearing in its 

functional components. In this paper, the electric resistance as 

well as related parameters of a cell is evaluated by a recently 

developed numerical method in the through-plane direction of the 

electrodes. The results show that the channel/rib structure leads to 

non-homogeneous electric field and current flow, especially within 

the region around the corner of bi-polar plates (BPP) close to the 

channel. In addition, the current below the channel flows across 

with a longer distance from the middle of the gas diffusion layer 

(GDL) to the BPP’s shoulders. Finally, the electric resistance is 

predicted with 99.4 mΩ cm
2
 of the bulk of an entire cell for the 

studied case condition. 

 

Index Terms –electric resistance, electrode, numerical method, 

PEM fuel cell.  

I.  INTRODUCTION 

Electric resistance plays an important role for the  

performance of a proton exchange membrane (PEM) fuel cell 

[1]. It is known that a smaller ohmic loss resulting from a small 

electric resistance favors a better cell performance. The effort 

on decreasing the electric resistance is of interest to optimize 

the cell performance. 

Previous research works have been concentrated on 

investigating ohmic resistances caused by electron transfer 

through electrodes (in through-plane direction) [2]. A 

comparison of the electric resistance under the shoulders and 

channels has shown that the total electric resistance under the 

channels is much higher than that under the shoulders caused 

by the channel/rib structures in a PEM fuel cell [3]. In the 

present study, the evaluation of the electric resistance and 

electric transport process are conducted by a newly developed 

electron transfer model implemented in an open source library 

of OpenFOAM. The distribution of the electric field and 

current density are presented and analyzed.  

II.  NUMERICAL DESCRIPTION 

A half-cell, i.e., the anodic side is selected as the 

representative domain for the electric resistance modeling, as 

shown in Fig. 1.  

 

 
 

Fig. 1. Schematic illustrations of the electric 
resistance model. 

 

The governing equation for the electron transfer through the 

entire domain can be evaluated by a Laplacian equation [4], 

  0                   (1) 

where φ is electric potential and σ is electric/protonic 

conductivity. Then the electric field, local current density and 

electric resistance of the domain can be obtained by the 

following equations [5], respectively, 

eE                   (2) 

j                   (3) 

j
R

minmax  


                  (4) 

where j is the average current density, φmax and φmin are the 

maximum and minimum electric potential occurring in the 
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domain, respectively. A constant current density i = 0.7 A cm-2 

was applied at the membrane as the current source for the 

Laplacian equation. The missing parameters of this model can 

be found in [6]. 

III.  RESULTS AND DISCUSSIONS 

The local current density is predicted and presented in Fig. 2 

for the domain at the cell middle (x=0.025 m). It is clear that 

the highest current density occurs in the GDL below the corner 

of the BPP close to the channel. This highest value can be 

clearly observed in Fig. 2c, which is a magnification of the 

bottom shoulders of the BPP (blue rectangular areas) in Fig. 2b. 

It is found that the maximum current density appears in a larger 

distribution area at the bottom of the BPP close to the channel. 

This is so because the electric current flows upward more 

easily from the GDL to the BPP’s shoulder around the corner.      

 

 
 

Fig. 2. Current density distribution at the cell middle 
in (a) anodic GDL and CL, (b) anodic BPP and (c) 

magnification of blue rectangular area shown in (b). 
 

The streamlines of the electric field are presented in Fig. 3 at 

the cell middle (x=0.025 m). The lines and arrows illustrate the 

current flow direction which starts from the current source 

(generated at the membrane interface) to the lower potential 

zone appearing at the top surface of BPP. Only a portion of the 

BPP makes contact and the other portion is open for access of 

reactant gases and removal of products, while the GDL bridges 

the channels and redistributes the electric current. As shown, 

the current below the channel flows across with a longer 

distance from the middle of the GDL to the BPP’s shoulders. In 

other words, the electric field is redistributed and becomes 

more uniform from the shoulders to the top of BPP. It is noted 

that the electric field at the BPP’s corner close to the channel is 

significantly concentrated. In addition, the electric resistance of 

an entire cell was predicted as 99.4 mΩ cm2 based on this 

model. 

 
Fig. 3. Streamlines of electric field transfer through 

membrane and anodic cell at the cell middle.  

IV.  CONCLUSION 

In the present study, an electric transport process model was 

developed in OpenFOAM to predict the through-plane electric 

properties of a PEM fuel cell. The predicted results show that 

the BPP’s corner close to the channel becomes a concentrated 

area for the electric field and current, because of the 

channel/rib structure. Furthermore, the current below the 

channel flows a longer distance to the shoulders compared with 

the one below the shoulders. Finally, the electric resistance is 

predicted as 99.4 mΩ cm2 of the bulk of an entire cell based on 

this model. 
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