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In this paper, a comparative study based on Finite Element Method has been 
established in order to investigate the effect of bipolar plate materials on stress and 
temperature distribution in a proton exchange membrane fuel cell stack under 
functioning conditions. The analysis is conducted for three bipolar plate materials: 
Graphite BP, stamped uncoated stainless steel SS316L, and stamped Niobium coated 
SS316L. ICR (Interfacial contact resistance) between GDL and BP has been measured for 
each BP material. The effect of current densities and clamping force on contact 
resistance under real operating conditions have been estimated at different cell 
locations in the cell stack. The results show that contact resistance GDL/BP and GDL 
stress depend on the location of the cell in the stack especially in case of graphite BP 
and corroded SS316L BP. While, the Nb coated SS316L BP allows for a neglected 
temperature gradient between the components of the cell stack. 
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1. Introduction 
 

The PEMFC stacks are composed of multiple protons exchange membranes, gas diffusion layers 
(GDL), catalyst layers, gaskets, and bipolar plates. The latter is one of the most important components 
of a fuel cell stack comprising more than 40% of the stack cost and about 80% of the total weight 
[1,2]. Composite graphite and graphite present low interfacial contact resistance, excellent thermos-
electrical conductivity, excellent corrosion resistance, and high chemical stability [3-5]. However, 
poor mechanical properties and high fabrication costs are the main challenges in fuel cell 
development. Metallic BPs have attracted the attention of several researchers, especially in the field 
of transport [6]. Therefore, metal BPs with higher thermomechanical resistance, gas impermeability, 
and shock resistance are seen as alternative materials for the bipolar plate. In addition, thinner 
metallic BP can be bent easily according to the desired shape with lower manufacturing costs [7]. 
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Several metals and alloys can be used in the manufacture of bipolar plates including stainless steel, 
Nickel alloys, Copper alloys, Aluminum alloys, and Titanium alloys [8]. However, the formation of a 
thin oxide layer on the surface of metallic BP causes an increase in the ICR between the BPs and the 
GDL, especially on the cathode side. Also, it allows for a drop in energy efficiency and decreases the 
lifetime of the sensitive elements of the cell [9-11]. Therefore, a release of poisonous metal ions can 
contaminate the catalyst and the membrane in both acidic and humid operating environments [12-
14]. On the other hand, the optimization of the chemical composition of the metal alloys chosen for 
the bipolar plates may lead to not adopting the metal coating techniques [13,15,16]. In this context, 
optimizing the chemical composition of Chrome carbide and coating BP received more attention as 
an alternative way to increase the lifetime of PEMFC [14,17,18]. However, in the medium term of 
operation, the highly corrosive environment promotes the dissolution of the metal ions, which can 
contaminate the membrane and catalyst layers of the PEMFC stacks [14-18]. In comparison with 
other BP materials, commercial pure Niobium could be, used as an alternative material for BP, 
because it has a high resistance to corrosion and high chemical stability [18]. Several researchers 
have shown that Niobium exhibits sufficient long-term corrosion resistance in various sulfuric acid 
media with excellent physical properties that meet the conditions of research and development in 
the fields of bipolar plates for the PEMFC bipolar plate application [19,20]. Also, Nb presented lower 
contact resistance and neglected weight loss in the sulfuric acid environment [21-23]. The 
quantification of temperature generation due to the interfacial contact resistance between BP and 
GDL represents a major parameter for the bipolar plate’s qualification and an important factor in 
choosing the cooling system and subsequently improving the performance and lifetime of the fuel 
cell stack. A strong relationship between contact resistance and assembly pressure has been found 
[24-26]. Several studies regarding the impact of the functioning conditions on contact resistance on 
PFMFC performance have been published in the case of a single cell [14,27-30]. However, the effect 
of cell location in the stack has received less attention. Also, most of these studies assume that ICR is 
constant to find correlations between clamping force and ICR. The objective of this study is to 
simulate both stress and temperature distribution in a PEMFC stack using two plate materials. Hence, 
a bi-dimensional FEM model will then be developed using Comsol Multiphysics. The proposed 
approach consists in solving the coupled equations of the three modules (Heat transfer, Joule 
heating, and mechanical structural model with thermal expansions). The boundary conditions take 
into account the measured ICR between BP and GDL. Table 1 below shows the DOE targets for BP 
performance. 
 

Table 1 
DOE targets for BP performance [31] 
Characteristics Units 2025 DOE Target 

Flexural strength Mpa ≥40 
Corrosion, anode 
Corrosion, cathode 
Lifespan 

µAcm-2 

µAcm-2 

hours 

˂1 and no active peak 
˂1 
8000 

Plate weight Kg/KW 0.18 
H2 Permeability cm3/sec. Cm2 2x10-6 
Areal specific resistance Ωcm2 ˂0.01 
Electrical conductivity Scm-1 ≥100 
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2. Modeling and Assumptions 
2.1 Model Geometry of PEMFC Fuel Cell Side 
 

Figure 1 describes the chosen computational domain as a PEMFC stack that contains three 
elements: The membrane, end plates, BP, and GDE. The geometric domain of the model is limited 
funds through the symmetry and the periodicity of the fuel cell stack components. According to 
Figure 2, PEMFC stack consists of three cells using graphite BP. While Figure 3 consists of two cells 
with stamped coated stainless steel bipolar plate. This is a bi-dimensional model using the FEM 
method under commercial software COMSOL Multiphysics’s using a mechanical structural module, 
heat transfer module, and joule heating module. Contact resistance has been measured using Wang's 
approach for each bipolar plate material [34]. The assumptions adopted in our model are as follows: 
(1) Constant thermal conductivity (2) isotropic and homogeneous gas diffusers layers, BP, and 
membrane; (3) Neglected Ohmic Joule heating in the GDE and BP (4) Constant Joule heating related 
to the protonic transport through the membrane. 

In the metallic BP (Figure 3), modeling of PEMFC Stack was limited by two cells. The cell number 
of the metal plates has no clear influence on the temperature distribution in the cell compared to 
that of graphite. This is due to the high thermal conductivity of steel compared to graphite as well as 
the bulk. Indeed, the thickness of the metal plates is very thin compared to the graphite plates. 
 

  
Fig. 1. Design of PFMFC stack formed by 3 
cells 

Fig. 2. Computational domain of a PEMFC Stack 
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(a) (b) 

Fig. 3. Computational domain of PEMFC stack formed by two cells with stamped 
metallic BP (a) Uncoated SS316L with heat transfer boundary conditions (b) Coated 
Niobium SS316L 

 
In case of a trapezoidal canalization, Figure 4 shows the cross-sectional area Ac and the hydraulic 

diameter Dh are given as follow [32]: 
 

Dh =
a+c

2b+a+c
       Sc =

a+c

2
h             (1) 

 

 

 

Fig. 4. Geometrical parameters of coated metallic BP 

 
2.1.1 Heat transfer model 
 

Contact resistance is quantified as follows: 
 
Qc. = (RBP/GDE).i2             (2) 
 

Applying Ohm's law is a way to estimate the ICR of uncoated SS316L, Nb-coated SS316L, corroded 
SS316L and graphite bipolar plates. According to Figure 5 and Figure 6, the specimen was placed 
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between two gas diffusion layers (GDL) :(TGP-H-90). To calculate the total resistance. A current of 1A 
was applied through two copper plates.  

To measure contact resistance under actual cell operating conditions. The GDLs used in the test 
were previously moistened by water vapor (RHair=90% GDL above and RHair=30% GDL below) under 
a pressure of 2Mpa. 

The ICR between GDL and BP material can be written as follow [33]: 
 
RGDL/BP=0.5(RT1-RT2)                        (3) 
 

The results show that ICR between BP and GDL are 135mΩ.cm2, 5mΩ.cm2 and 3mΩ.cm2 
respectively in case of Uncoated SS316 with passive film, graphite, and Nb coated SS316. 
 

 
 

Fig. 5. The arrangement schematic of total 
resistances 

Fig. 6. The experiment setup for ICR measurement 

 
The general heat transfer is adopted to joule model source in the membrane: 

 
∇. (−𝑘∇𝑇) = 𝑄-ρ.cp.u. ∇𝑇            (4) 
 
where u=0; and Q: heat source (w/m3). 
The ohmic heat source due to the charges transport in the membrane is given as follows:  
 
Q. = (RH+)×i2 
 

The protonic resistance in the membrane is determined by: 
 

RH+=∫
𝑑𝑥

𝜎(𝑥)

𝐿𝑚

0
              (5) 

 
where the protonic conductivity can be calculated as follow [34]: 
 

𝜎 = (0.5139λ − 0.326). 10−2exp[1268(
1

303
−

1

𝑇
)] (S/m)        (6) 

 
where; 
Lm is the membrane thickness. 
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2.1.2 Joule heating 
 

Electrochemical reactions and ohmic heating produce heat by the electronic current. Thus, the 
thermal source term in each region is 
 
−∇. (𝜎∇𝑉) = 𝑆𝑎. 𝑖𝑎  
 
−∇. (𝜎∇𝑉) = 𝑆𝑎. 𝑖𝑐  

(7) 

 
V is the electric potential (V); 𝜎:  is the electric conductivity (S/m); Sa is the specific surface (1e7/m) 
In the catalyst layers, Butler–Volmer equations allow calculating the current density distribution 

due to the electrochemical reactions [35]: 
 

𝑖𝑎 = 𝑖0,𝐻2[exp (
−𝛼𝑎𝑛𝑎𝐹ƞ𝑎

𝑅𝑇
) − exp (

(1−𝛼𝑎)𝑛𝑎𝐹ƞ𝑎

𝑅𝑇
)   

 

𝑖𝑐 = 𝑖0,𝑂2[exp (
−𝛼𝑐𝑛𝑐𝐹ƞ𝑐

𝑅𝑇
) − exp (

(1−𝛼𝑐)𝑛𝑐𝐹ƞ𝑐

𝑅𝑇
)  

(8) 

 
where; 
i0: Current density at overvoltage ƞ=0 
at the equilibre V = Eeq,    i0,H2 = i0,O2 = i0 
For the anode  ƞa = Ea − Eq  > 0; for the cathode reaction ƞc = Ec − Eq ˂0 [36]. 

 
2.1.3 Mechanical structural model with thermal expansion 
 

The Nafion membrane N112 is used in our model. Using the hygro-thermo-elasticity theory. The 
total strain tensor in the membrane is determined using the following expression [36,37]: 
 

ɛ𝑖𝑗 = 𝜀𝑖𝑗
𝑀 + 𝜀𝑖𝑗

𝑇 + 𝜀𝑖𝑗
𝑆              (9) 

 
The thermal strains can be calculated as a function of the thermal expansion coefficient, and the 

temperature [36]: 
 

𝜀𝑖𝑗
𝑇 = 𝛼(𝑇 − 𝑇0)δ𝑖𝑗                        (10) 

 

with δ𝑖𝑗 = {
1 𝑠𝑖 𝑖 = 𝑗
0 𝑠𝑖 𝑖 ≠ 𝑗

 

 
In the case of GDE and BP the effect of stress due to moisture is neglected. Plane stress 

components, σyy and . σxx we focus on the calculation of in-plane component stress tensor [38,39]: 

 

σxx=
𝐸𝜈

(1+𝜈)(1−2𝜈)
(𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧) +

𝐸

(1+𝜈)
𝜀𝑥𝑥 −

𝐸

3(1−2𝜈)
(𝛼𝛥𝑇) 

 

σyy=
𝐸𝜈

(1+𝜈)(1−2𝜈)
(𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧) +

𝐸

(1+𝜈)
𝜀𝑦𝑦 −

𝐸

3(1−2𝜈)
(𝛼𝛥𝑇) 

(11) 

 
Table 2 below outline the physical properties of PEMFC stack materials. 
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  Table 2 
  Physical properties of PEMFC stack materials 

 
3. Results and Discussion 
3.1 Effect of Graphite Bipolar Plate on Voltage and Temperature Distribution 

 
In order to obtain high or medium power for most applications a multitude of single cells must 

be connected to form a PEM fuel cell stack [40,41]. The electrical circuit is closed between the first 
anode and the last cathode of the fuel cell stack. The cells must be connected in series to obtain a 
higher total voltage [40]. Figure 7 simulates electric potential distribution under an imposed 
displacement of e=60µm. For each cathodic side, an imposed potential of 0.7 has been considered 
as a boundary condition. For each GDL/BP contact, an imposed measured joule heating due to the 
ICR has been considered. The results show a maximum potential of 2.1Volt between the first anode, 
and the last cathodic fuel cell stack. The arrows represent the total current density circulation. 

Properties Unit Value 

Ambient temperature Tair 30°C 
Catholic transfer coefficient α 1 
Cooling temperature Twater 60-80°C 
Current density i(A/m2) 5e3-15e3 
The density of Graphite, Nafion, GDE, Niobium, SS316L ρ(Kg/m3) 1800,2000,450,7190,8000 
Electric conductivity of Graphite, GDE, Niobium and SS316L 𝜎(

𝑠

𝑚
) 1500,1500,6.93e6,1.73e3 

Gas mixture velocity (m/s) V(m/s) 2 
Anodic Current Exchange density  i0,a (A/ cm2) 1e-8 
Cathodic Current Exchange density  i0,c (A/cm2) 1e-3 
Faraday constant, F F(C/mole) 96487 
Hydrogen heat transfer coefficient of hydrogen hH2(W/K.m2) 680 
Water vapor heat transfer coefficient  hH2O 2204 
Air transfer coefficient  hAir 99 
Heat source Q(W/m3) - 
Universal gas constant R (J/mol.L) 8.314 
Inward heat flux q0 (W/m2) - 
Membrane thickness, GDE thickness Lm(m) 50µm, 200µm 
Poisson’s ration of Graphite, GDE,Nafion, Niobium, SS316L v 0.25,0.25,0.3,0.25,0.27 
Thermal conductivity of Graphite, GDE, Nafion, Niobium and SS316L K 95,0.3,0.259,53.7,16.3 
Thermal expansion coeff of Graphite, GDE, Nafion,Niobium and SS316L α (1/K) 5e-6, -0.8e-6, 121e-6, 6e-6, 15.9e-5 
Specific heat capacity ofGraphite, GDE, Nafion, Niobium and SS316L Cpn(J.Kg.K-1) 750,500,1050,265,500 
Specific surface Sa 1e7/m 
Young modulus of graphite BP, GDL, Membrane, Niobium, SS316L MPa 10000,1000, 146,105e3,193e3 
Water content in the membrane λ 14 
Cronicker symbol 𝛿𝑖𝑗   
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Fig. 7. Potential distribution in the PFMFC stack in case of graphite 
BP, the arrows show the total current density-surface 

 

On the other hand, it is well known that PEMFCs operate at a lower temperature than other fuel 
cell types, less than 100°C, typically in the range of 70°C to 85°C. Stacking several fuel cells with 
heterogeneous elements produces larger heat generations including Joule heating, irreversible heat, 
and entropic heat of reactions [40-43]. The heat produced leads to a serious breakdown of the 
membrane since the latter has a glass transition temperature Tg ranging between 80°C and 120°C 
[44]. The temperature must be removed using a water-cooling system, especially in the case of 
PEMFCs larger than 10KW. Figure 8(a) and Figure 8(b) Show the temperature distribution in the fuel 
cell stack for two different levels of current density 1.5A/cm2 and 0.5A/cm2. Despite the existence of 
a water-cooling circuit at 70°C. An increase from medium to high current density allows for an 
increase in maximum temperature of 2° C. The temperature in the cathodic side is higher than that 
of the anodic side of each cell, particularly for high current density (1.5A/cm2) under the channel. 
 

  
(a) (b) 

Fig. 8. Temperature distribution in the stack in case of graphite BP at (a) i=1.5A/cm2 (b) i=0.5/cm2 (the 
arrow shows the total heat flux) 

 
Another source of heat that due to the contact pressure between the porous structure of the gas 

diffusion layers and the bipolar plate surface roughness. As the membrane and GDL are the heart and 
most sensitive components of the fuel cell. Too high contact pressure between BP and GDL can over-
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compress both GDL and the thinner membrane deteriorating their porous structures. Several 
research has revealed that contact resistance between BP and GDL constitutes an important part of 
Joule heating resistance. Figure 9 shows that the contact pressure is not uniform. It depends on the 
location of the cell. Therefore, the farther the cell is from the clamping force, the lower the contact 
pressure and therefore the higher the contact resistance. Therefore, the Joule effect due to the ICR 
is added to that of the proton resistance. However, the closer the cell is to the clamping force, the 
lower the contact resistance. Hence, the GDL of the first cell is more deformed, and stress 
distributions are heterogeneous and maximal on the rib side. 
 

 
Fig. 9. = Stress distribution in each cell of the stack under an imposed 
displacement of e=60µm; Tcool=80°C and I=1.5A/cm2 

 
Several researchers have studied contact resistance as a function of the clamping force. However, 

few among them have studied ICR regarding functioning conditions like temperature and current 
density. In addition, the models consider constant ICR and do not depend on cell location in the stack, 
because the functioning conditions of fuel cell stacks are not the same in comparison with that of a 
single PEM fuel cell. The effect of current density on the stress distribution has been simulated in the 
most deformed GDL in the cell stack. Figure 10 shows that the contact pressure is maximal and 
located in the GDL/BP interface where there is the maximum stress concentration. However, this 
contact pressure remains uniform in the rib approximately 2.5e6Pa. The results show that an increase 
in current density from 0.5A/cm2 to 1.5A/cm2 leads to an increase in maximum contact pressure from 
5.53e6Pa to 6.662e6Pa. 
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Fig. 10. Contact pressure distribution in the anodic cell1 under two current 
densities under an imposed displacement of e=60µm 

 

The quantification of temperature generation represents a key factor for optimizing bipolar plate 
materials and consequently, will improve the efficiency and lifetime of a PEMFC stack. Therefore, the 
numerical resolution of coupling general heat transfer and mechanical structural equations allows 
for estimating the effect of the cell location in the stack on interfacial contact resistance. Hence, in 
the case of a graphite BP. Figure 11 shows the profile of temperature in interfacial BP/ GDL, as a 
result, the maximum contact pressure is located at the cathodic side of the first cell. The variation of 
the imposed displacement in the end plate has been investigated for three cases (e=10 µm, e=30 µm, 
and e=60µm). It can be seen that a neglected increase in temperature with decreasing contact 
pressure on the rib side. Hence, increasing contact pressure decreases ICR. However, it over-
compresses the GDL, because of increasing the effective contact area between BP and GDL. 
 

 
Fig. 11. Temperature profile in the contact BP/GDL under three 
imposed displacements  
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On the other hand, the Figure 12 compares the temperature profile at the GDL/BP contact for 
each cell in the stack. The results show that the temperature on the cathodic sides always remains 
higher than that of the anodic side with a small difference less than 1°C and this is thanks to the 
cooling circuit with a higher convective coefficient. Therefore, the contact resistance depends on the 
location of the cell in the stack. It is clear that as long as one moves away from the clamping pressure, 
the contact resistance decreases, which translates to an increased temperature in the GDL / BP, 
interface.  
 

 
Fig. 12. Temperature profile in each cell location: e=60e-6, 
I=1.5A/cm2 with temperature cooling of 70°C 

 

3.2 Effect of the Metallic Bipolar Plate on Contact Resistance and Temperature 

 
Figure 13(a) and Figure 13(c) compare the temperature profile at the interface GDL/BP between 

two fuel cell stacks in case of a medium current density of 0.5A/cm2 and a cooling temperature of 
70°C. Therefore, it can be seen that the existence of a thin oxide layer on the surface of BP allows for 
an increase in temperature of about 3°C. This increase in temperature due to the presence of an 
oxide film will become more significant in cases of high current density and depend on cell location. 
The temperature on the cathode side is always slightly higher than that on the anode side. This is due 
to the heat coming from the electrochemical reactions, which are slow on the cathode side and are 
strongly dependent on current density. On the other hand, low PEMFCs authorize small temperature 
variations and a large amount of waste heat indicating that a cooling system is necessary for 
optimizing fuel cell stack temperature distribution. As a temperature of 80°C constitutes the ideal 
operating temperature for PEMFCs, a cooling circuit of 60°C to 70°C is suitable and adopted in all 
applications of this technology in the event of medium and high power to evacuate the increase in 
temperature due to over-voltages. Figure 13(a) and Figure 13(b) show the effect of the cooling 
system on the temperature profiles at the GDL/BP contact in four zones of the PEMFC stack : Anode1, 
Cathode1, Anode2, and Cathode2. It can be seen that a cooling circuit of T=60°C makes the 
temperature profile more homogeneous at the level of the ribs (353K). The temperature in the 
channel are identical on the cathodic side as well as on the anodic side with a difference of 1°K 
between the first and the last cell. 
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(a) (b) 

 
(c) 

Fig. 13. Temperature profile at the GDL/BP interface in case of Metallic SS316L BP (a) Uncoated SS316L 
BP with passive film (Tcool=70°C) (b) Uncoated SS316L BP with passive film (Tcool=60°C) (c) Uncoated 
SS316L BP without passive film (Tcool=70°C) 

 

On the other hand, Figure 14 shows the temperature distribution in the case of a Niobium coated 
SS316 BP Under a high current density of 1.5A/cm2. It’s clear that the temperature distribution is 
homogeneous and don’t depend on cell location, which is a great advantage over other kinds of 
coating despite its high cost compared to Several metals and alloys including stainless steel, Nickel 
alloys, Copper alloys, chromium alloys, Aluminum alloys, and Titanium alloys. Therefore, a neglected 
temperature gradient of 0.2° C between the anodic BP of the first cell and the cathodic BP of the 
second cell thanks to the existence of the cooling system. It should also be noted that Nb coated 
SS316L makes the temperature almost identical between the channel and the rib.  The trend can be 
explained by the large value of the thermal expansion coefficient and thermal conductivity of Nb in 
comparison with other coating materials, Bipolar plates. On the other hand, Figure 15(b) shows the 
Von Mises stress distribution in metallic SS316L Bipolar plates. It’s can be observed that the stress 
distribution is uniform at the interface GDL/BP about 1.5e9Pa, and maximal in the corners about 2e9 
Pa. In addition, coating materials must be uniform and adhere to the metal of BP to eliminate the 
formation of pinholes and micro-cracks, especially in corners (Figure 15(a)) where, there is maximum 
stress which allows acceleration of localized corrosion.  
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Fig. 14. Temperature profile for NB Coated 
SS316L bipolar plate 

 

  
(a) (b) 

Fig. 15. Stress distribution (a) In the Nb Layer (b) In the SS316L BP 
 
4. Conclusion 
 

A two-dimensional model using the FEM method has been established to compare the effect of 
cell location on stress and distribution in the cell stack. In addition, a comparative study has been 
established to investigate the effect of both the presence of passive film and Nb coated SS316L BP 
on temperature profile and ICR using a mechanical structural module, heat transfer module, and 
joule-heating module. The results show contact resistance depends on cell location and current 
density in case of graphite and corroded SS316L BP. As a result, the farther the cell is from the 
clamping force, the lower the contact pressure and therefore the higher the contact resistance. In 
addition, the results show that the temperature distribution in the case of a Niobium-coated SS316 
BP allows for a neglected temperature gradient between the components of the cell stack. 
Furthermore, the presence of a system cooling circuit of T=60°C makes the temperature more 
homogeneous between the rib and the channel and not depend on the location of the cell. 
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