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Abstract 

The aim of this part 1 of this paper is to present the mathematical modeling and validation of the temperature effect 
on PEM fuel cell by different assumptions. The Tafel equation has been used to find the electrochemistry relation that 
combined with mass transfer parameters. The final models are then compared and validated with experimental data. 
Results show that both anodic and cathodic over-potential have significant effect on modeling results but the effect of 
anode over-potential is much less than its cathode.  
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1. PEM fuel cell modeling 

The electrochemical reactions occurring on electrodes of a PEM fuel cell can be described as  follows. 
The first and second equation show the anode and cathode side reaction respectively and the third 
equation show the overall electrochemical reaction [1]. 
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During the processes of electrochemical reactions and electron transfer, an electromotive force is 
generated between the two electrodes. The output voltage of a single cell can be written as  

oc
cell act ohmV V          (4) 

Where 
act

 being the sum of the polarization over-potentials or activation over-potentials due to kinetic 
losses at the anode and cathode, 

ohm
 the over-potential due to ohmic losses and ocV is the open-circuit-

voltage of PEM fuel cell [2]. Activation losses are associated with overcoming reaction energy barriers at 
the electrode-electrolyte interfaces. Os mic Ohmic losses are associated with electron and ion conduction 
processes occurring in the electrodes, electrolyte, and interconnects, as well as the contact resistances 
across each material interface [3]. The act ivation over-potentials and ohmic losses parameters can be 
expressed as equations 5-6.  
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where 

a
 and 

c
 are the over-potential in anode and cathode respectively and can be calculated by the 

Butler-Volmer equation as follow [4] 
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where I, i0, α, n , F, R and T are current density, apparent exchange current density (AECD), t ransfer 
coefficient, electron transfer number, faraday number, gas constant and temperature , respectively and the 
notation i can be a and c represent anode and cathode. The above form of But ler-Volmer equation just use 
to find activation over-potential but there is another loss in PEM fuel cell called  concentration or mass 
transfer over-potential. The following form of Butler-Volmer equation can be used to find the relation of 
activation loss and current density and enter the concentration over-potential [5]. 
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where f
diI  and b

diI  are the apparent diffusion limiting current densities for the cathodic/anodic forward  and 
backward react ions, respectively. Actually, the second term of above equations is much less than first 
term and usually omitted. On the other hand, the concentration activation loss in low polarization range is 
much less than activation over-potential and therefore can also be omitted [6]. There are two 
approximations of But ler-Volmer equation, which are at low (equation 9) and high polarizat ion (equation 
10). This equation can be expressed as follow respectively for anode and cathode of PEM fuel cell [7] 
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The output voltage of cell (equation 4) can be rewrit ten in the following equation at low and high 
polarization, respectively. If the anode over-potential is insignificant due to large exchange current 
density, the cell voltage can be expressed as equation 13 [5, 6]. 
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The open circuit voltage of PEM fuel cell can be express ed as equation 14, where r
cE  and r

aE  can be 
expressed by Nernst equation according to anode and cathode reaction as shown in equations 15-16. 0

aE  is 
zero at  any temperature and 0

cE  is a temperature dependence constant illustrated in equation 17. Therefore,  
by combination of equations 14-17, the final theoretical equation for open circuit  voltage achieved can be 
expressed equation 18 [8]. 
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where H  is the molar concentration of protons. 
2HP and 

2oP  are partial p ressure of reactants at anode 

and cathode, respectively. The cathode transfer coefficient is also temperature dependence and can be 
calculated by using equation 19, but the anode transfer coefficient usually approximated to 0.5 [6]. 

0.001678c T           (19) 

2. Electrochemical impedance spectroscopy 

Two important unknown factors in equations 11-13 are apparent exchange current density and 
membrane resistance. One of the best methods to find these parameters is by using electrochemical 
impedance spectroscopy (EIS). EIS is a suitable diagnostic testing method for fuel cell because it is non -
destructive, able to distinguish the indiv idual contributions of the interfacial charge transfer and the mass 
transport resistances in the catalyst layer and diffusion layer. The membrane resistance (Rm) and charge 
transfer resistance (Rct) can be achievied by EIS. The charge transfer resistance also equal to differential 
of activation over-potential by current density as follow [9, 10] 
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By combination of equations 11-13 and 20, the apparent current density at cathode can be obtained as 
follow (equations 21-23). At high polarizat ion, equations are more complicated and the apparent current 
density and diffusion limiting current density at cathode should be calculated using experimental data.  
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Although some previous research suggested using equation 11 in low current density, but it can only 
valid to small range of current density [3]. Since this research is only focused on high and wide range of 
current density, therefore the Tafel equations has been used in this research. 

3. Result and discussion 
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Figure 1 illustrates the results of the modeling conducted using equations 12-13 against the experimental 
data collected from literature [5]. The experiments have been done at 23°C, 3 atm and 100% relat ive 
humid ity. Although the equation 13 has a good agreement with experiment data at the low current density 
but the local erro r at the high current density is  significant. On  the other hand, equation 12 covered the 
experiment normally  in  all range of current density and there is no significant error in special range or 
zone.  

 
    (a)                                                                                 (b) 

Fig. 1. (a) Validation of equation 12 by experiments; (b) Validation of equation 13 by experiments 

4. Conclusion 

In this paper a mathemat ical modeling of PEM fuel cell has been investigated. The Tafel equation has 
been used to find the electrochemistry relat ion that combined with mass transfer parameters. Validation 
results have clearly showed that anode over-potential has significant effect and cannot be omitted in the 
PEM fuel cell. The parametric study of cell based on equation 12 has been conducted and presented in the 
second part of this paper. 
 
References 
[1]  B. Rismanchi, M.H. Akbari, International Journal of Hydrogen Energy, 33 (2008) 439-448. 
[2]  A. Huth, B. Schaar, T . Oekermann, Electrochimica Acta, 54 (2009) 2774-2780. 
[3]  D.A. Noren, M.A. Hoffman, Journal of Power Sources, 152 (2005) 175-181. 
[4]  W.G. Bessler, J. Warnatz, D.G. Goodwin, Solid State Ionics, 177 (2007) 3371-3383. 
[5]  C. Song, Y. Tang, J.L. Zhang, J. Zhang, H. Wang, J. Shen, S. McDermid, J. Li, P. Kozak, Electrochimica Acta, 52 (2007) 2552-

2561. 
[6]  J. Zhang, Y. Tang, C. Song, Z. Xia, H. Li, H. Wang, J. Zhang, Electrochimica Acta, 53 (2008) 5315-5321. 
[7]  R. Mann, J. Amphlett, B. Peppley, C. Thurgood, Journal of power sources, 161 (2006) 775-781. 
[8]  J. Zhang, Y. Tang, C. Song, J. Zhang, H. Wang, Journal of power sources, 163 (2006) 532-537. 
[9]  S. Asghari, A. Mokmeli, M. Samavati, International Journal of Hydrogen Energy, 35 (2010) 9283-9290. 
[10] X. Yuan, H. Wang, J. Colin Sun, J. Zhang, International Journal of Hydrogen Energy, 32 (2007) 4365-4380. 
 

Biography  

Hamid Kazemi Esfeh is PhD candidate in Universiti Teknologi Malaysia. I worked in 
Islamic Azad  University, Mahshahr Branch as scientific board member of chemical 
engineering faculty since 2009. My research interest is on fuel cell modeling. 

 


