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A two-dimensional mathematical model is used to investigate the performance and transport
characteristics of PEM fuel cells with different membrane thicknesses. The overall cell performance of
three cases are presented and compared. In addition, the local temperature, liquid water saturation,
water content and current density distributions are analyzed and compared. Results show that
performance increases with decreasing membrane thickness and the local transport characteristics is
also significantly affected. The ohmic loss is mainly caused by the proton transport process inside fuel
cell. And a thinner membrane can enhance water back diffusion process in the membrane which is
beneficial to the water management at the anode side.
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1. INTRODUCTION
Proton exchange membrane (PEM) fuel cells can be used as alternative power sources for
various applications [1-7]. PEM fuel cells have not been widely used in practical applications, but the
cell performance improvement and cost reduction can promote the commercialization of the PEM fuel
cells. Humidified hydrogen and oxygen/air are fed into anode and cathode gas flow channels (GFCs),
respectively. The electrochemical reactions take place in catalyst layers (CLs). Water, electricity and
heat were simultaneously generated.
Cell performance is determined by the activation loss, ohmic loss and concentration loss.
Various flow fields were designed to improve the current density, especially at low cell operating
voltages. The non-uniform channels [8-9], wavy channels [10-11], metal foam flow fields [12-13],
blocked channels [14-15] and other novel designs [16-17] were extensively investigated and compared
to the conventional flow field designs. Generally, cell performance is only improved at the
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concentration loss region. This is mainly attributed to the increased mass transfer process. Gas
diffusion layers (GDLs) have porous structures made of carbon materials. Usually carbon fiber or
carbon cloth is selected as the gas diffusion layer. The thickness of GDL is about 0.2-0.4 mm [18].
And thinner GDL is gradually used in fuel cells to decrease the transfer resistance and then improve
the cell performance.
The ohmic loss is mainly caused by the proton transfer through the membrane. The transfer
resistance can be decreased with well membrane hydration, while excessive liquid water may result in
water flooding issue. The liquid water formation is strongly coupled with temperature distribution.
Therefore, water and heat transport processes must be well managed. The water transport process in
the membrane is mainly governed by the electro-osmotic drag and back diffusion [19]. The electroosmotic drag process is from the anode side to the cathode side, while the back diffusion process is
from the cathode side to the anode side. The membrane thickness is also gradually decreased to
decrease the proton transfer resistance. And the anode side can also be well humidified due to the
increased back diffusion process. A two-dimensional fuel cell model was developed and used to study
the impact of membrane thickness on transport processes and cell performance. The temperature,
liquid water saturation and water content distributions in fuel cells with different membrane thickness
were presented and analyzed. In addition, the polarization curve and power density curve were
compared.

2. MATHEMATICAL MODEL DESCRIPTION

Figure 1. Schematic of the computational domain.
Table 1. Geometric parameters and operating conditions.
Parameter
Cell width
GFC width
Anode/Cathode GDL thickness
Anode/Cathode CL thickness
Operating pressure
Operating temperature

Value
2
1
0.2
0.01
1.0
353

Unit
mm
mm
mm
mm
atm
K
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The physical model used in this study is shown in Figure 1. Line-1 represents the middle
position of walls, and Line-2 denotes the middle position of cell. The thickness of GDL is 0.2mm, and
the thickness of CL is 0.01mm. Three different membranes (Nafion N117, NR211 and NR212) are
used in this study. As shown in Table 1, the detailed geometric parameters and the operating
conditions are summarized. The following assumptions are used in this mathematical model: laminar
flow; ideal gas; homogeneous and isotropic CLs; generated water in dissolved phase [20].

2.1 Governing equations
The governing equations are summarized in Table 2, and the corresponding source terms are
shown in Table 3. And the corresponding expressions and parameters refer to our previous study [20].
Table 2. Governing equations
Descriptions
Species conservation equation:

0 = ∇ ∙ (𝜌𝐷𝑒𝑓𝑓,𝑖 ∇𝑌𝑖 ) + 𝑆𝑖

Energy conservation equation:

0 = ∇ ∙ (𝑘𝑒𝑓𝑓 ∇T) + 𝑆𝑇

Charge conservation equation:
Liquid water transport equation:
Dissolved water transport equation:

∇ ⋅ (𝜎𝑒𝑓𝑓,𝑠 ∇𝜙𝑠 ) + 𝑆𝑠 = 0
∇ ⋅ (𝜎𝑒𝑓𝑓,𝑚 ∇𝜙𝑚 ) + 𝑆𝑚 = 0
0 = ∇ ∙ (𝜌𝑙 𝐷𝑠 ∇𝑠) + 𝑆𝑙
𝑛𝑑
𝜌𝑚
−∇ ⋅ ( 𝜎𝑚 ∇𝜙𝑚 ) = ∇ ∙ (
𝐷 ∇𝜆) + 𝑆𝑑
𝐹
𝑀𝑚 𝜆

2.2 Boundary conditions
The fuel cell model is modeled in ANSYS FLUENT by using the user defined functions.
Hydrogen and water vapor mass fractions are prescribed at the anode GFC-GDL interface, and the
oxygen and water vapor mass fractions are specified at the cathode GFC-GDL interface. The water
saturation level is set as zero at the above mentioned interfaces. Operating temperature is applied at the
top and bottom walls. In addition, ϕs=0 and ϕs=Vcell are defined at the top and bottom walls.

Table 3. Source terms of the corresponding governing equations.
Descriptions
𝑗𝑎
𝑀
𝐴𝑛𝑜𝑑𝑒 𝐶𝐿
2𝐹 𝐻2
𝑗𝑐
=−
𝑀 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿
4𝐹 𝑂2

𝑆𝐻2 = −
𝑆𝑂2

Units
kg m-3 s-1
kg m-3 s-1
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𝑆𝑤𝑣 = −𝑆𝑙 − 𝑆𝑣𝑑 𝑀𝐻2 𝑂 𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿𝑠
𝑆𝑤𝑣 = −𝑆𝑙 𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐺𝐷𝐿𝑠
𝑇∆𝑆𝑎
𝑆𝑇 = 𝑗𝑎 𝜂𝑎 −
𝑗 + 𝜎𝑒𝑓𝑓,𝑚 ‖∇ϕ𝑚 ‖2 + 𝜎𝑒𝑓𝑓,𝑠 ‖∇ϕ𝑠 ‖2 + (𝑆𝑙
2𝐹 𝑎
− 𝑆𝑙𝑑 )∆ℎ𝑙𝑔 𝐴𝑛𝑜𝑑𝑒 𝐶𝐿
𝑇∆𝑆𝑐
𝑆𝑇 = 𝑗𝑐 𝜂𝑐 −
𝑗 + 𝜎𝑒𝑓𝑓,𝑚 ‖∇ϕ𝑚 ‖2 + 𝜎𝑒𝑓𝑓,𝑠 ‖∇ϕ𝑠 ‖2 + (𝑆𝑙
4𝐹 𝑐
− 𝑆𝑙𝑑 )∆ℎ𝑙𝑔 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿
2
‖∇ϕ
𝑆𝑇 = 𝜎𝑒𝑓𝑓,𝑚
𝑚 ‖ 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒
𝑆𝑇 = 𝜎𝑒𝑓𝑓,𝑠 ‖∇ϕ𝑠 ‖2 + 𝑆𝑙 ∆ℎ𝑙𝑔 𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐺𝐷𝐿𝑠
𝑆𝑠 = −𝑗𝑎 𝐴𝑛𝑜𝑑𝑒 𝐶𝐿
𝑆𝑠 = +𝑗𝑐 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿
𝑆𝑚 = +𝑗𝑎 𝐴𝑛𝑜𝑑𝑒 𝐶𝐿
𝑆𝑚 = −𝑗𝑐 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿
𝑆𝑙 = 𝑆𝑝ℎ𝑎𝑠𝑒 − 𝑆𝑙𝑑 𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐺𝐷𝐿𝑠 𝑎𝑛𝑑 𝐶𝐿𝑠
𝜀(1 − 𝑠)
𝛾𝑐𝑜𝑛𝑑
𝑀𝐻2 𝑂 (𝑃𝑤𝑣 − 𝑃𝑠𝑎𝑡 )
𝑃𝑤𝑣 ≥ 𝑃𝑠𝑎𝑡
𝑅𝑇
𝑆𝑝ℎ𝑎𝑠𝑒 = {
𝜀𝑠
𝛾𝑒𝑣𝑎𝑝
𝑀 (𝑃 − 𝑃𝑠𝑎𝑡 )
𝑃𝑤𝑣 < 𝑃𝑠𝑎𝑡
𝑅𝑇 𝐻2 𝑂 𝑤𝑣
𝑆𝑑 = 𝑆𝑣𝑑 + 𝑆𝑙𝑑 𝐴𝑛𝑜𝑑𝑒 𝐶𝐿
𝑆𝑑 = 𝑆𝑣𝑑 + 𝑆𝑙𝑑 + 𝑆𝜆 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿
𝜌𝑚 𝑒𝑞
(𝜆 − 𝜆) 𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿𝑠
𝑆𝑣𝑑 = (1 − 𝑠)𝛾
𝑀𝑚
𝜌𝑚 𝑒𝑞
(𝜆 − 𝜆) 𝐴𝑛𝑜𝑑𝑒 𝑎𝑛𝑑 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿𝑠
𝑆𝑙𝑑 = 𝑠𝛾
𝑀𝑚
𝑗𝑐
𝑆𝜆 =
𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝐶𝐿
2𝐹
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kg m-3 s-1
W m-3

A m-3
A m-3
kg m-3 s-1
kg m-3 s-1

mol m-3 s1

3. RESULTS AND DISCUSSION
As shown in Fig.2, cell performance of three cases is given and compared. Case A is the
thickest one, and case C is the thinner one. Cell performance is evaluated in terms of polarization curve.
And the corresponding power density curves are also presented. It is clear that the current density is
greatly increased with decreasing membrane thickness. The ohmic loss is mainly caused by the
transport process of proton. And the transport resistance is decreased, when the thickness is decreased
and the proton conductivity is kept constant [21]. The current densities of three cases are 0.972 A/cm2,
1.258 A/cm2 and 1.366 A/cm2 at the cell voltage 0.3 V, respectively. And the corresponding power
densities of three cases are 0.291 W/cm2, 0.377 W/cm2 and 0.410 W/cm2, respectively.
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Figure 2. Cell performance of three cases.

Figure 3. Temperature distributions of three cases at the cell voltage 0.3 V.
The temperature distributions of three cases at the cathode GDL-CL interface are presented in
Fig.3. It is clearly seen that the maximum temperature is at the middle region of the cell, and the

0.13
0.12
0.11
0.1
0.09
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Dataset:UNKNOWN.[uds-2-scalar].N 1 1 0
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0.07
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minimum temperature is at the lateral
0.06
0.12region of the cell. The generated heat inside fuel cells is
0.05
0.11
transferred through the lateral regions
to the current collectors and the temperature of current collector
0.04
0.1
0.03
is kept constant due to the existence
of cooling channels [22]. The minimum temperatures of three
0.09
0.02
0.08
cases are almost the same, while0.01
the maximum temperatures of three cases are different. The
0.07
0.01 0.02
0.04 0.05 0.06
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0.12 364.30
0.13
maximum temperatures of three cases
are0.03360.36
K,0.07362.25
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and
K, respectively.
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Figure 4. Liquid water saturation distributions at the cathode GDL and CL of three cases at the cell
voltage 0.3 V.
The liquid water saturation distributions at the cathode GDL and CL of three cases are shown
in Fig.4. In addition, the liquid water distributions of three cases at the cathode GDL-CL interface are
presented in Fig.5. It is clearly seen that liquid water saturation level at the lateral regions is greater
than that at the middle region of cells. This is because of the temperature distributions as mentioned
above.

Figure 5. Liquid water saturation distributions of three cases at the cell voltage 0.3 V.
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The maximum and minimum liquid water saturation levels of case A are 0.135 and 0.082,
respectively. The maximum and minimum liquid water saturation levels of case B are 0.132 and 0.082,
respectively. The maximum and minimum liquid water saturation levels of case C are 0.123 and 0.075,
respectively. The liquid water saturation level decreases due to the increase in temperature. The liquid
water formation and transportation is strongly coupled with the heat, mass and charge transport
processes inside fuel cells [23].
The water content in the membrane at the Line-1 and Line-2 of three cases are shown in Figs.67. It can been seen that the water content is decreased from the cathode side to the anode side and the
water content at the lateral region is greater than that at the middle region of cells. For case A, the
water content is decreased from 15.07 to 4.98 at Line-1. For case B, the water content is decreased
from 14.39 to 5.97 at Line-1. For case C, the water content is decreased from 12.95 to 7.32 at Line-1.
Similarly, the water content of case A is decreased from 12.39 to 4.33 at Line-2. The water content of
case B is decreased from 11.71 to 4.79 at Line-2. The water content of case C is decreased from 10.22
to 5.63 at Line-2. This indicates that the water content variation through the membrane decreases when
the membrane thickness decreases. The water transport processes is determined by the electro-osmotic
drag and back diffusion. The electro-osmotic drag process is related to the current density, and the
back diffusion process is related to the concentration of water [19]. The membrane with thinner
thickness facilitates the back diffusion from cathode side to anode side. In addition, the water transport
processes are affected by the absorption and desorption processes in the anode and cathode CLs [24].

Figure 6. Water content distributions of three cases (Line-1) at the cell voltage 0.3 V.

Int. J. Electrochem. Sci., Vol. 15, 2020

4145

Figure 7. Water content distributions of three cases (Line-2) at the cell voltage 0.3 V.
.

Figure 8. Local current density distributions of three cases at the cell voltage 0.3 V.
The local current densities of three cases are shown in Fig.8. As expected, the maximum local
current density is provided by case C followed by case B and case A. The profiles of three cases are
also different. The maximum current densities of case B and case C are at the middle of cells, while the

Int. J. Electrochem. Sci., Vol. 15, 2020

4146

minimum current density is at the lateral of cells. For case A, the maximum current densities are at the
x=0.0005 m and x=0.0015 m position and the minimum current density is at the cell middle region. It
is concluded that the local current density distribution of fuel cell is also strongly affect by the
membrane thickness.

4. CONCLUSIONS
The performance and transport characteristics of PEM fuel cells with different membrane
thicknesses are numerically investigated. The current density is greatly increased with decreasing
membrane thickness, when the operating voltage is kept constant. The local temperature is increased
with decreasing membrane thickness, while the liquid water saturation is decreases with decreasing
membrane thickness. Water content variation through the membrane is decreased with decreasing
membrane thickness due to the back diffusion effect. In addition, the local current density distribution
is also strongly affected by the membrane thickness. With the development of technology, the
membrane thickness is gradually decreased. This study can provide detailed information on the
performance and transport characteristics of PEM fuel cells with different membrane thicknesses.
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