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Abstract
Numerous research and development activities have been conducted to optimize
the operating parameters of a proton exchange membrane fuel cell (PEMFC) by
experiments and simulations. This study explains the development of a 3D
model by using ANSYS FLUENT 14.5 to determine the optimum PEMFC
parameters, namely, porosity and polytetrafluoroethylene (PTFE) content, in the
gas diffusion layer (GDL). A 3D model was developed to analyze the properties
and effects of GDL. Simulation results showed that the increase in GDL
porosity significantly improved the performance of PEMFC in generating
electrical power. However, the performance of PEMFC decreased with
increasing PTFE content in GDL. Thus, the PTFE content in the GDL must be
optimized and the optimum PTFE content should be 5 wt%. The model
developed in this simulation showed good capability in simulating the PEMFC
parameters to assist the development process of PEMFC design.
Keywords: Proton exchange membrane fuel cell, Gas diffusion layer.

1. Introduction
Hydrogen energy is a green energy source that has high potential to replace oil,
coal, and natural gas. A fuel cell, in particular a proton exchange membrane fuel
cell (PEMFC), is an energy conversion device that converts the chemical energy
of hydrogen into electrical energy. A PEMFC has high operating efficiency and
zero or low emission. These advantages make the fuel cell the best candidate for
application in electrical power generation.
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Nomenclatures
A
AM
dGC
F
FA
FC
jref
k
lGC
MW
R
Ran,cat
Rsol,mem
SX
Sϕ
t
tCC
tCL
tGDL
tM
V
Voc
wCC
wGC
xH2
xO2
[i]

Surface area, m2
Membrane cross section area, m2
Gas channel depth, m
Faraday’s constant, C kg mol-1
Anode mass flow rate, kg s-1
Cathode mass flow rate, kg s-1
Reference exchange current density, A m-2
Thermal conductivity, W m-1 K-1
Gas channel length, m
Molecular mass of species, kg kmol-1
Universal gas constant, J K-1 mol-1
Volumetric transfer current in anode or cathode, A m-3
Volumetric transfer current in solid or membrane, A m-3
Species volumetric source term, kg s-1 m-3
Source of ϕ
Time, s
Current collector thickness, m
Catalyst layer thickness, m
GDL thickness, m
Membrane thickness, m
Volume, m-3
Open circuit voltage, V
Current collector width, m
Gas channel width, m
H2 mass fraction
O2 mass fraction
Molar concentration of species i, mol m-3

Greek Symbols
α
Transfer coefficient
Γϕ
Diffusivity coefficient of ϕ
γ
Concentration exponent
Porosity
ɛ
ζ
Specific active surface area, m-1
η
over-potential, V
σsol,mem
Electrical conductivity in solid/membrane, Ω-1 m-1
ϕ
Transported quantity
ϕsol,mem
Electric potential in solid/membrane, V
Abbreviations
3D
GDL
PEMFC
PTFE

Three dimensional
Gas diffusion layer
Proton exchange membrane fuel cell
Polytetrafluoroethylene

Gas diffusion layers (GDLs) in a PEMFC are porous media that consist of a
thin layer of carbon black mixed with polytetrafluoroethylene (PTFE) [1].
Several pivotal functions of a GDL such as it permeates gas and helps remove

Journal of Engineering Science and Technology

January 2016, Vol. 11(1)

Simulation of Porosity and PTFE Content in Gas Diffusion Layer on Proton . . . . 87

by-product water that form during fuel cell operation [2]. It is shown that GDL
properties, such as porosity and PTFE content, have a significant effect on fuel
cell performance [1-3].
Previous studies report that GDL porosity affects the distribution of liquid
water content and PEMFC performance [4]. The effect of GDL porosity was
investigated by Sahraoui et al. [5]. They concluded that PEMFC performance
decreases if GDL porosity decreases. This result is caused by the small sizes of
the pores for gas diffusion and transportation.
The hydrophobicity of GDL is controlled by hydrophobic treatment to remove
liquid water saturation in the cathode effectively. Hydrophobic agents, such as
PTFE, should be added to increase the hydrophobicity of GDL [6]. This feature
reduces the flooding of water in the GDL and provides the reactant access to the
catalyst layer [7]. Experimental investigations were conducted by Ismail et al. [8] to
measure the through-plane permeability of the GDL treated with and without PTFE.
Their study showed that the highest performance of the GDL was observed at 5
wt% PTFE content. This finding indicated that the PTFE content did not necessarily
result in the best performance of the PEMFC. The PTFE content in the GDL should
be balanced and optimized to achieve the highest PEMFC performance.
The modeling and simulation of PEMFC performance by using commercial
codes have been the focus of considerable attention in recent years. Modeling and
simulation provide researchers with the ability to obtain an in-depth
understanding of the underlying phenomena occurring within the fuel cell given
the geometric parameters, material properties, and operating conditions [9] and to
conduct design optimization [10] at a low cost.
A detailed literature review and comparison of approaches to PEMFC modeling
was presented by Cheddie and Munroe [9] who discussed the three main categories
of fuel cell models. Arvay et al. [11] simulated a full 3D evaluation of convergence
by using realistic geometry and material parameters. Arvay et al. [11] stated that
errors can arise from unrepresentative geometry, mesh dependency, mathematical
model accuracy, discretization, and convergence errors.
In this study, we aim to develop a 3D model to numerically investigate the
optimum GDL parameters, such as porosity and PTFE content, in PEMFC. The
model was developed by using ANSYS FLUENT 14.5 with a built-in Fuel Cell
and Electrolysis Module.

2. Model Development
The model presented in this study is a 3D single model. Figure 1 shows the
schematic of the computational domain for the 3D PEMFC model that was
developed by using the ANSYS Design Modeler. The top side of the model is
the anode, whereas the bottom side of the model is the cathode. The model
includes a proton exchange membrane, catalyst layers of the anode and cathode,
GDLs of the anode and cathode, gas channels of the anode and cathode, and
current collectors of the anode and cathode. The model adopted the straight path
of a typical serpentine flow field pattern in the gas distributor plate of the
PEMFC to avoid the high computation requirements in modeling the entire
complex flow field.
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Fig. 1. Schematic diagram of the PEMFC model.

2.1. Model equations
The model equations discussed in this section are based on the ANSYS FLUENT
Fuel Cell Module Manual [12]. The 3D fluid flow is solved by using the Navier–
Stokes transport equation in its conservative form and can be written as follows:
∂
 ρϕdV +  ρϕV·dA =  Гϕ ∇ϕ ·dA +  Sϕ dV
∂t
V

A

A

(1)

V

where ϕ is the transported quantity, t is the time, A is the surface area, V is the
volume, Гϕ is the diffusivity coefficient, Sϕ is the source of ϕ.
The surface over-potential is the driving force behind the reactions in the fuel
cell, and the equations are solved as follows:
∇·σsol ∇ϕsol  + Rsol = 0

(2)

∇·σmem ∇ϕmem  + Rmem = 0

(3)

where σsol,mem is the electrical conductivity of the solid or membrane, ϕsol,mem is the
electric potential of the solid or membrane and Rsol,mem is the volumetric transfer
current in the solid or membrane.
The Butler–Volmer function is used to calculate the transfer currents within
the catalyst layers:
Ran =ζan jref
an

H2

H2 ref

γan

eαanFηan

RT

- e-αcatFηan

RT
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Rcat = ζcat jref

cat

O2
O2 ref

γcat

eαanFηcat

RT

+ e-αcatFηcat

RT



(5)

where ζ is the specific active surface area and jref is the reference exchange current
density per active surface area. The quantities in the brackets represent the local
species concentration, γ is the concentration exponent, α is the transfer coefficient,
F is Faraday’s constant and R is the universal gas constant. The quantity η is the
local surface over-potential or activation loss which is solved by using the
following equations where Voc is the open circuit voltage.
ηan = ϕsol - ϕmem

(6)

ηcat = ϕsol - ϕmem - Voc

(7)

Source terms for chemical species (H2, O2, and H2O) are added to account for
the electrochemical reaction:
SH 2 = -

MW,H2
R
2F an

(8)

SO 2 = -

MW,O2
R
4F cat

(9)

SH 2 O =

MW,H2 O
Rcat
2F

(10)

where SX is the species volumetric source terms and MW is the molecular mass of
the species. The positive and negative signs indicate that hydrogen and oxygen
are consumed and water is generated [11]. The current conservation induced by
the total electric current produced in the catalyst layers is calculated by using the
following equation:
 Ran dV=

anode

 Rcat dV

(11)

cathode

2.2. Geometry, parameters and mesh generation
The physical parameters and dimensions of the PEMFC model are obtained on
the basis of literature surveys. Table 1 shows the information on the physical
parameters and dimensions of the model [13-14].
A grid independence study was conducted by generating the simulation under
the same operating conditions and parameters but with different element sizes
focused on GDLs only. Three different element sizes of 1×10−5 m (Mesh 1),
1×10−6 m (Mesh 2), and 1×10−7 m (Mesh 3) at GDLs were generated. All
simulations presented in this study were conducted by using the finest grid. At a
cell potential of 0.95 V, Mesh 1 and 3 yield deviations of approximately 1.31%
and 0.17% for the average current density, respectively, compared to Mesh 2.
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This finding indicated that Mesh 2 provides reasonably accurate results.
Therefore, Mesh 2 is used in this study for further analysis.
Table 1. Parameters and dimension of the PEMFC model.
Parameter
Value
Membrane thickness, tM
5.0×10-5 m
Catalyst layer thickness, tCL
2.5×10-5 m
GDL thickness, tGDL
2.0×10-4 m
Gas channel depth, dGC
8.0×10-4 m
Current collector thickness, tCC
1.2×10-3 m
5.0×10-2 m
Gas channel length, lGC
Gas channel width, wGC
2.0×10-3 m
Current collector width, wCC
4.0×10-3 m
Cell temperature, TC
343 K
1.0×10-6 kg s-1
Anode mass flow rate, FA
H2 mass fraction, xH2
0.8
Cathode mass flow rate, FC
1.0×10-5 kg s-1
O2 mass fraction, xO2
0.9
Membrane cross section area, AM
0.002 m2
ref
30 A m-2
Anode reference exchange current density, j an
ref
4.0×10-3 A m-2
Cathode reference exchange current density, jcat
Anode transfer coefficient, αan
3
Cathode transfer coefficient, αcat
3
Figure 2 shows the selected meshed model that was obtained by using ANSYS
Meshing. The meshed model had 93,526 elements with structured hexahedral grids.
The simulations were conducted by using ANSYS FLUENT 14.5 for the steadystate condition to investigate the optimum porosity and PTFE content of GDL by
determining the current density produced at different operating voltages. The model
assumed that only a laminar flow regime occurred in the gas channels and the GDLs
and membrane were completely impervious to gases.
Table 2. Mesh parameters on each subcomponent of PEMFC model.
Mesh
parameter

Current
collectors

Gas
channels

Gas
diffusion
layers

Catalyst
layers

Membrane

Element
size

0.0001 m

0.0001 m

1.0×10-6 m

1.0×10-6 m

1.0×10-7 m

The simulation cases were conducted by using the built-in Fuel Cell and
Electrolysis Module in ANSYS FLUENT 14.5. This module is an interactive
environment that allows users to key in the PEMFC parameters during the
preprocessing stage. The calculation was conducted by using an Intel Core™ i73770 (3.4 GHz) CPU with 4 GB RAM in Windows OS 7 64-bit. Table 3 shows
the spatial discretization settings that were implemented during the iteration
process of the model in ANSYS FLUENT 14.5. The iteration process set the
coupled scheme for the pressure–velocity coupling setting for the solution control
of the model. In this study, the under-relaxation factors were set to 0.5 for the
solution control of the model. These spatial discretization and under-relaxation
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factor settings were observed to balance the iteration processes from divergence,
further accelerating the iteration processes into the convergence criteria. The
convergence absolute criteria were monitored and checked at 1×10−3 for all
residuals of the equations, except for the energy that was checked at 1×10−5.
Table 3. Spatial discretization setting in ANSYS FLUENT.
Spatial discretization
Gradient
Pressure
Density
Momentum
Hydrogen
Oxygen
Water
Energy
Electric potential
Protonic potential
Water saturation
Water content

Method
Least squares cell based
Standard
Second order upwind
Second order upwind
Second order upwind
Second order upwind
Second order upwind
Second order upwind
First order upwind
First order upwind
First order upwind
First order upwind

Fig. 2. Grid generation of the PEMFC model.

3. Results and Discussion
3.1. Porosity
Porosity values ɛ that have been studied were 0.2, 0.4, 0.6 and 0.8. These values
were selected on the basis of literature surveys and were set on the anode and
cathode sides of the GDL of the PEMFC. The simulation results in Fig. 3 show
that fuel cell performance was higher at higher GDL porosity. These results were
consistent with the results reported by Sahraoui et al. [5]. This study showed that
PEMFC produced the best performance at a porosity value of 0.8 and the least
performance at a porosity value of 0.2. The trend of the results for porosity values
of 0.6 and 0.8 were similar between 0.2 and 0.4 V because the current densities
produced were slightly different but higher at a porosity of 0.8.
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The PEMFC with the lowest GDL porosity value of 0.2 had a high mass
transfer resistance of reactants to the reaction sites because of the small pores in
the GDL. This situation resulted in reduced reactant concentration. The PEMFC
with the highest GDL porosity value had a low mass transfer resistance and had a
consistent diffusion of reactants to the catalyst layer. At higher porosity, the
distribution of hydrogen and oxygen gases is more uniform and easier to diffuse
into the catalyst layer. Moreover, a high GDL porosity value facilitates the
management of water produced as a by-product [14]. The produced water easily
passes out of the PEMFC, thus providing adequate space for the reactants to
diffuse into the reaction sites.

Fig. 3. Polarization curves for PEMFC with different GDL porosity values.

3.2. Polytetrafluoroethylene content
For the study of the different PTFE contents in GDL, GDL commercial data
that can be acquired from the market were used as reference. The type of GDL
acquired must be from the same GDL manufacturer to obtain precise results.
This study used the SIGRACET® 24 series, namely, SIGRACET® GDL 24 AA
(0 wt% PTFE), SIGRACET® GDL 24 BA (5 wt% PTFE) and SIGRACET®
GDL 24 DA (20 wt% PTFE), from the SGL Group SIGRACET® to ensure a
constant GDL thickness. Different numbers of SIGRACET® GDL indicate
different thicknesses [15]. Data obtained from Sadeghifar et al. [15] and Pfrang
et al. [16] were used in this study (Table 4).
Table 4. Specifications of SIGRACET® GDL 24 series [15, 16].
AA
BA
DA
SIGRACET® GDL 24
PTFE (wt%)
0
5
20
PTFE thickness on each surface (µm)
0
1.5
3
Porosity, ε (%)
88
84
72
Thickness (µm) ± 5
190
190
190
Thermal conductivity, k (W m-1 K-1)
0.48
0.31
0.22
5
10
12
Electrical resistance (mΩ cm-2)
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Figure 4 shows the polarization curves from the simulations with different
PTFE contents. On the basis of this result, the optimum PTFE content in the
GDL that produced the best PEMFC performance is SIGRACET® GDL 24 BA,
which contains 5 wt% PTFE, whereas the lowest PEMFC performance is
SIGRACET® GDL 24 DA, which contains 20 wt% PTFE. The results obtained
were consistent with the results of the studies of Ismail et al. [8], who reported
that the optimum PTFE content in the GDL is 5 wt%.

Fig. 4. Polarization curves for PEMFC with different PTFE contents.
The main purpose of adding PTFE in the GDL is to assist in water
management and to reduce water flooding [7]. Different PTFE contents in the
GDL result in different effects, which affect PEMFC performance. A higher
PTFE content does not necessarily result in high performance or otherwise. A
higher PTFE content in the GDL corresponds to more hydrophobic GDL
characteristics. This phenomenon minimizes the potential of GDL to experience
water flooding. Therefore, the decrease in reactant concentration because of water
flooding can be reduced by increasing the PTFE content in the GDL.
However, improving the PTFE content in the GDL also reduces the
electrical conductivity, porosity, and gas permeability of the GDL [6]. A high
PTFE content can reduce the size of the GDL pores, thus affecting gas
permeability. Moreover, this phenomenon increases the electrical resistance in
the GDL, and then results in lower PEMFC performance. Therefore, the
optimum PTFE content should be set for better PEMFC performance [8]. The
PTFE content should not be too high such that it does not increase the electrical
resistance and decrease the GDL porosity. The PTFE content should not be too
low such that water in the PEMFC can be managed efficiently.

4. Conclusions
Studies on the effects of changes in the GDL porosity showed that a high porosity
helps enhance the performance of PEMFC. A porous GDL increased the mass
transfer of fuel and the amount of fuel involved in the electrochemical reaction.
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Studies on the effects of PTFE content, which differ from GDL porosity,
showed that the highest PTFE content did not necessarily result in high performance
or otherwise. Thus, the PTFE content in the GDL should be optimized to help
remove the water. The results of this study were consistent with the results of other
investigations in published literature who reported that the optimum PTFE content
in the GDL was approximately 5 wt%.
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