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Abstract -    A mathematical model for the analysis of proton exchange membrane fuel cells is proposed. A special 
feature of this model is that the voltage degradation due to changes in the catalytic activity and resistivity of the 
membrane with ageing has been introduced in the model. The membrane used in Proton Exchange Membrane (PEM) 
fuel cell is Nafion. Its properties like proton conductivity, hydrophobicity and gas permeability are time dependant. 
Moreover, at the beginning-of-life, Gas Diffusion Layer (GDL) exhibits hydrophobic characteristics and over 
prolonged fuel cell operation it loses hydrophobicity and becomes more hydrophilic. This may cause voltage 
degradation due to changes in the catalytic activity. The effects of operating parameters and cell parameters on the 
performance of the fuel cell are studied. The model has been validated with experimental results at three different 
temperatures and the comparison shows that there is a good agreement between experimental data and the model.  

Keywords- Fuel cell overpotentials; Performance Analysis; PEM Fuel Cells; Voltage degradation.  

 
I. INTRODUCTION 

In recent years, the demand for environmentally friendly and cost effective alternatives to conventional power 
sources has significantly grown. As a result, many countries have invested considerable resources in finding and 
implementing new methods of power production. One of the new technologies under consideration, which is 
energy efficient, low pollutant emissions, and has an unlimited supply of energy, is a fuel cell. Still a maturing 
technology, fuel-cell technology has already shown its advantages, such as its high-energy conversion 
efficiency, modular design and very low environmental pollution, over conventional power generation 
equipments. Fuel cells are now closer to commercialization than ever and they have the ability to fulfil all of the 
global power needs while meeting the efficacy and environmental expectations. Among all kinds of fuel cells, 
PEM fuel cells are compact, lightweight, operate at relatively low temperatures with a high output power 
density, and offer superior system start-up and shutdown performances. These advantages have sparked 
development efforts in the fields of applications for PEM fuel cells which includes, transportation, power 
supply, compact cogeneration stationary power supply, portable power supply and emergency and disaster 
backup power supply. 
Fuel cell modelling helps the fuel cell developers because it can lead to fuel cell design improvements, develop 
cheaper, better and more efficient fuel cells. Two key issues limiting the commercialization of fuel cell 
technology are better performance and lower cost. The performance of a fuel cell can be illustrated by a 
polarization curve (i.e. voltage versus current density plot). The polarization curve is divided into three regions 
characterized by activation overpotential, ohmic overpotential and concentration overpotential. Activation 
overpotential represents voltage which is sacrificed to overcome the activation barrier associated with the 
electrochemical reaction, ohmic overpotential arises from the resistance of the materials for the charge transport 
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used in the fuel cell and concentration overpotential occurs when the chemical reaction is limited by the rate at 
which reactants can be supplied. The performance of a fuel cell is limited by these polarizations. 
Most of the research work reported has concentrated on the design and performance modelling of the PEM fuel 
cells. The electrolyte used in PEM fuel cell is a solid polymer membrane and the catalyst is Platinum which is 
the most active catalyst for low-temperature fuel cells. The studies which are conducted mathematically 
predicted long term performance of the fuel cells, relied on the time independent virgin properties of the 
polymeric materials employed in PEM fuel cells. However, the properties of the PEM can significantly change 
as a function of time and temperature due to degradation or ageing which could be either of chemical or physical 
nature. Chemical degradation which occurs due to a harsh chemical environment may result in the loss of 
functional sulphonic acid groups attached to the fully fluorinated backbone and scissoring of the backbone itself. 
Both processes affect the proton conductivity, mechanical stability, hydrophobicity and gas permeability of the 
membrane. Physical degradation which occurs due to clamping pressure, operating temperature and stress also 
affects the mechanical properties of the membrane [1]. 
Several researchers have developed different models for the analysis of a single PEM fuel cell considering 
different parameters and approaches. Springer et al. [2] have used an analytical approach where only the losses 
incurred by the cathode reaction and the membrane are considered. The membrane model have allowed for 
variable hydration between the anode and cathode and thus variable ohmic resistance due to the hydration of the 
membrane. An empirical formula was used to relate the hydration of the membrane and the conductivity. 
Bernardi and Verbrugge [3] have used an analytical approach to develop a mathematical model of a PEM fuel 
cell from the fundamental transport properties where the losses due to the activation overpotential incurred by 
the anode and cathode, ohmic overpotential incurred by the membrane due to the electrodes are subtracted from 
the reversible cell voltage. But this model does not account for the concentration overpotential region of the 
polarization curve. The membrane is assumed to be fully flooded and the void regions of the catalyst layer are 
assumed to contain membrane phase only. Amphlett et al. [4, 5] have developed a mechanistic and empirical 
model for the Ballard Mark IV fuel cell that combines the performance losses into the parametric equations 
based on the operating pressure and temperature of the fuel cell. This model also does not consider the 
concentration overpotential region. Kim et al. [6] have developed an empirical equation based on the 
experimental data which is shown to fit the entire polarization curve of a PEM fuel cell.  The models developed 
by the above mentioned researchers are not easily applicable to fuel cells with different characteristics and 
dimensions, since they have not included the length or area in their models. Mann et al. [7] have presented a 
general electrochemical model that accept  input values of cell parameters such as active area and membrane 
thickness in addition to the operating parameters like anode and cathode feed gas pressure and compositions, cell 
temperature and current density. Fowler et al. [8] have incorporated voltage degradation term which 
significantly reduces the electrochemical power into the generalised electrochemical model developed by Mann 
et al. [7].  Maxoulis et al. [9] have presented a semi empirical model based on equations developed by Amphlett 
et al. [4,5] for automotive fuel cell operation. Al-Baghdadi  [10] have developed a model for the analysis of a 
PEM fuel cell based on semi empirical equations developed by Amphlett et al. [4,5] for activation overpotential 
and Mann et al. [7] for ohmic overpotential. Youssef et al. [11] have developed a lumped model for PEM fuel 
cell and studied the effect of parameters like temperature, membrane thickness and GDL thickness on the cell 
performance. Mert, Dincer and Ozcelik [12] have presented a performance analysis of a PEM fuel cell engine 
system used for transport applications to investigate how the system performance is affected by the system 
operating parameters, such as operating pressure and temperature, membrane thickness, anode stoichiometry, 
cathode stoichiometry, humidity and reference temperature and pressure. Since proton conductivity, 
hydrophobicity and gas permeability of the membrane depends on the physical ageing of the MEA; introducing 
membrane ageing term in the present model makes it special. According to the free volume theory, “holes” or 
free volume must be present in the membrane between polymeric chain segments for the molecular motion to 
occur. As the free volume reduces with time, the mobility of species within the chain also decreases reducing the 
diffusion coefficients for water and proton transport [13]. Therefore, in the present model, the voltage 
degradation due to changes in the catalytic activity and resistivity of the membrane with ageing has also been 
accounted for in the analysis of PEM fuel cells by changing the different operating parameters and cell 
parameters. 

II. METHODOLOGY 

In the present work, a mathematical model has been developed for the analysis of PEM fuel cell based on the 
mechanistic and empirical models developed by Mann et al. [7], also considering the concentration 
overpotential, developed by Guzella [14] which uses nonlinear regression with polarization data obtained from 
an automotive propulsion-sized PEM fuel cell stack. Since the concentration overpotential occurs generally at 
higher current densities, it may be neglected for a single fuel cell, as higher current densities are not reached. 
However, it may not be avoided for a fuel cell stack employed for practical applications.  
As reported in the literature, GDL in fuel cell losses its hydrophobicity over prolonged operation and becomes 
hydrophilic, which causes voltage degradation due to the changes in the catalytic activity and the properties of 
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the membrane are time-dependant. Thus the voltage degradation terms developed by Fowler et al. [8] to account 
for ageing of the MEA has also been included in this model.These terms take care of the changes in the catalytic 
activty of the catalyst layer and water carrying capacity of the membrane with time-in-service. 
The  present mathematical model developed also take into account, the effect of the major operating parameters 
such as anode and cathode feed gas pressure and compositions, cell temperature, current density, and the cell 
parameters like area, membrane thickness, water content in the membrane on the overpotentials, polarization, 
power density and efficiency of the fuel cell. The present model has been validated with the experimental results 
of Ballard MK5-E proton exchange membrane fuel cell (PEMFC) stack at three different temperatures presented 
by Laurencelle et al. [15]. The comparison shows that there is a good agreement between experimental data and 
the model. 

III. MODEL FORMULATION 

A typical PEM fuel cell, as shown in Figure 1 consists of a negatively charged electrode (anode), a positively 
charged electrode (cathode) and a proton conducting electrolyte membrane. Hydrogen gas under pressure is 
supplied to the flow field of anode where oxidation of Hydrogen takes place.  Hydrogen ions (protons) produced 
is transported from anode to cathode through the electrolyte membrane and electrons are carried to the cathode 
over the external circuit or load resulting in the current flow. On the other side, Oxygen gas is supplied to the 
flow field of cathode where reduction of oxygen takes place and forms water after combining with protons and 
electrons. At the surface of two electrodes, the electrochemical reactions takes place as shown in Equations (1) 
and (2), and the overall reaction shows that the output from a fuel cell is water, heat and electric current as 
shown in Equation (3). 
 
Anode reaction (HOR):  ���� 2e2H2H                        (1) 

Cathode reaction (ORR):      O2H2e2H2O
2
1

�����                                                           (2)                          

Overall reaction:     heat Wasteenergy ElectricalO2H2O
2
1

2H ����                                                   (3)  

 
Fig.1 Schematic of a PEM fuel cell. 

  
One of the reasons for fuel cell modelling is to determine why the actual voltage of the fuel cell is different from 
the thermodynamically predicted theoretical voltage. The maximum possible fuel cell potential is achieved when 
it is operated under thermodynamically reversible condition. The actual fuel cell potential (V) is decreased from 
its equilibrium thermodynamic potential (E), also called open circuit voltage, because of the irreversible losses. 
These losses which cause deviation from the equilibrium value are called the overpotential, denoted by �, which 
are primarily, activation overpotential (�act), ohmic overpotential (�ohmic) and concentration overpotential (�con). 
The operating voltage of a cell can be represented as the departure from ideal voltage caused by these 
polarizations. 
  

conc�ohmic�act�EV ����                                                                                                                                                 (4) 

A. Open Circuit Voltage 
The open circuit voltage (E) is calculated using the energy balance between the products and reactants and the 
Faradays Constant is given by the Nernst equation [16]: 
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Further this equation is modified by Amphlett et al. [4] by substituting the values of E0, R and F  
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2
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2
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2
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The partial pressure of Hydrogen and Oxygen given by Spiegel [17] is as follows:    

 
O2HP
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                                                                            (7) 
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                                                           (8) 

Where, the saturation pressure of water vapour is calculated by Springer et al. [2] as:  

3t7101.44542t5109.1837t0.029532.1794O2HP log ������������                                                        (9) 

B. Activation Overpotential 
On the catalyst surfaces the bond in the H2 and O2 molecules are broken and new bonds are formed to produce 
water which needs energy and causes voltage drop called the activation overpotential. Activation overpotential 
represents voltage which is sacrificed to overcome the activation barrier associated with the electrochemical 
reaction, or in other words, it is the energy lost due to the slowness of electrochemical reactions at the anode and 
the cathode electrodes. Therefore, more current drawn from the fuel cell will be at the expense of voltage loss or 
activation overpotential. This dominates at the low current density region and is almost constant during when 
moderate current is drawn from the fuel cell as shown in Figure 2. The activation overpotential is represented by 
the following expression in parametric form by Amphlett et al. [4] 

T[ln(I)]�4)]
2

*
OT[ln(C�3T�2�1�act ����                                (10) 

Where �i are the semi empirical coefficients defined by the following equations [4] 
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The parametric expression for the activation overpotential resulting from a linear regression of three factor 
model given by Amphlett et al [4] is:  

ln(I)]0.000187T[)]
2

*
OT[ln(C5107.40.00312T0.9514�act �������                                                             (15) 

Where C*o2 is the concentration of dissolved oxygen at the gas/liquid interface and can be defined by Henry’s 
law: 

)
T
498exp(6105.08

2
*
Op

2
*
OC

�
�

�
                                             (16) 

The activation overpotential shown in Equation (15) is developed by assuming constant cell active area by 
assuming cross-sectional area as 232 cm2 and hence not suitable for any other dimensions of cell active area. 
Amphlett et al. [4] also assumed the concentration of hydrogen at anode membrane interface as constant which 
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otherwise depends on partial pressure of hydrogen and temperature of fuel cell. Therefore, Mann et al. [7] 

proposed the following values of the coefficients for their generalised steady state electrochemical model which 
could take other input values of cell active area and concentration of hydrogen: 

 0.004)-0.948(�1 ��                                        (17) 

)
2

*
Hln(C5104.3(A)0.000197lncellk�2

�����                                                  (18) 

5100.26.8�3
����                         (19) 

4100.051.97�4
�����                                       (20) 

In Equation (18), the parameter kcell is a measure of the apparent catalytic activity and will vary based on the 
actual catalyst surface area and the effective concentration of Hydrogen can be defined by a Henry’s law 
equation of the form 

)
T
77exp(6101.09

2
*
Hp

2
*
HC

�
�

                                                                                  (21) 

Further, Fowler et al. [8] introduced the degradation term in the equation (18) for �2 to account for ageing, which 
is a factor affecting the durability of fuel cell stack. This term involves the apparent catalytic rate constants 
associated with the reactions on the anode and cathode side and changes in the catalytic active site density due to 
catalyst degradation. 

)
2

*
Hln(C5104.3(A)0.000197lncellk

T
age

DRk�2
�������                                                                         (22) 

Where, kDR is the degradation rate of fuel cell due to the changes in catalytic activity and age is the ageing of the 
MEA in hours. 

C. Ohmic overpotential 
Every material has an intrinsic resistance to the flow of charge. The natural resistance of the material to the 
charge flow causes ohmic overpotential. The ohmic overpotential arises from the resistance of the polymer 
membrane to the transfer of protons and the resistance of the GDL, catalyst layer, bipolar plates and collector 
plates to the transfer of electrons. 
The total ohmic overpotential is given by   

)proReleI(Rpro�ele�ohmic� �����                                                                                         (23) 

Where Rele is the resistance to the transfer of electrons and Rpro is the resistance to the transfer of protons through 
the membrane. The electronic conductivity of the material is very high when compared to proton conductivity of 
the membrane and hence Rele is neglected. The resistance of the membrane to the proton flow depends on the 
water content of the membrane, which further depends on temperature and current shown by Mann et al. [7]. 
A general expression for resistance to proton flow through the membrane is written as  

A
mlmr

proR
�

�                                                                  (24) 

Where rm is the specific resistivity of the membrane for the flow of hydrated protons and is a function of the 
characteristics of the membrane type, current density, temperature and degree of hydration of the membrane.  
The following empirical expression for the specific resistivity of the membrane is given by Fowler et al. [8]  

303)/T]}{3.25[(T3(I/A)]exp0.634age[�
]2.5(I/A)23)0.062(T/300.03(I/A)181.6[1

mr ���
��

�
                                                (25) 

Where � is semi empirical parameter and is a function of the relative humidity and stoichiometric ratio of the 
anode and cathode, and also a function of age (time in service) of the membrane since the water carrying 
capacity of the membrane deteriorates with time in service. 
 A simple linear relationship is proposed for the membrane conductivity degradation with age is  
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ageDR�0�age� ���                                                    (26) 

Where �0 is initial membrane conductivity in terms of water content of the membrane, �DR is the membrane 
conductivity degradation rate, which varies with temperature and other operating conditions.  
 
D. Concentration Overpotential    
The concentration overpotential is caused by mass transport limitation of the reactants to the catalyst site, 
associated with electrochemical processes. Mass transport in fuel cell is mainly due to convection in channels and 
diffusion in electrodes. As soon as the fuel cell begins to produce current, the electrochemical reactions lead to 
depletion of reactants and accumulation of products at the catalyst layer. An empirical equation of the 
concentration overpotential is given by Guzzella [14]   

3C
)

maxi
i

2i(C�conc �                                                            (27) 

Where C2, C3 and imax are constants that depend on temperature and reactant partial pressure. 
The coefficients in the equation are determined using nonlinear regression with polarization data from 
automotive propulsion PEM fuel cell stack as given by Pukrushpan et al. [18]  C3 =2, imax = 2.2 and  

2atm,O2HP
0.1173

2
*
Op

if ��  

1.68)T3101.45()O2HP
0.1173

2
*
Op

0.622)(T410(7.162C ����������                                       (28) 

Else  

0.54)T4101.6()O2HP
0.1173

2
*
Op

0.068)(T510(8.662C ����������                                         (29) 

E. Polarization Curves 
The polarization curve of a fuel cell characterizes the cell voltage as a function of current density. At low current 
density region, the activation overpotential is more prominent due to slow rate of electron transfer. Whereas the 
ohmic overpotential is more prominent in the middle region of the polarization curve, since the proton 
conductivity of the membrane is less. At higher current density region, the amount of water produced in the 
cathode catalyst layer becomes greater than the amount of water that can be removed. Therefore, the 
electrochemical reactions within the catalyst layers are hindered by lack of reactants. Ultimately, these effects 
inhibit further reaction altogether and the cell voltage drops to zero (at limiting current density). However, the 
concentration losses can be mitigated by increasing the effective diffusivity or decreasing the GDL thickness. 
 
F.  Power Density 
Power density is the product of output voltage and current density and hence increases with the current density 
as shown in Figure 12. After reaching the maximum value, power density starts decreasing since the rate of 
decrease in voltage is more than the rate of increase in current due to flooding of water at the catalyst sites and 
channels. The gross output power of the fuel cell is found as: 

ViOutputW ��                                                                                                                                           (30) 

                                                    
G. Fuel Cell Efficiency 
The efficiency of a fuel cell can be determined as the ratio of work output (electrical work) to the input energy 
which is the product of mass flow rate of hydrogen and its lower heating value. 

2HLHV
2Hm

OutputWork  
fcE

�
�                                                                          (31)                             

The mass flow rate of hydrogen is correlated with the current as Larminie and Dicks [19] 

F2
I)310(2.02

2Hm
�

���
�                                                                      (32) 

Hence, the efficiency of fuel cell is  
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Where � is anode stoichiometry. 
 

IV. RESULTS AND DISCUSSIONS 
 
A mathematical model is developed in the present work for the PEM fuel cell using semi empirical approach, 
simulated in the MATLAB environment and studied the effect of the operating parameters like temperature, 
membrane thickness and water content of the membrane on the performance of the fuel cell. Simulations were 
carried out by keeping the anode and cathode pressures at 3 bar and changing the cell temperatures from 315K to 
345K, that being the range of the operating temperatures of PEM fuel cell. The thickness of the membrane is 
considered from 175 �m to 220 �m, since the Nafion 117 thickness as reported in the literature is from [7] 175-
222 �m. The values of water content in the membrane, � are varied from 14 to 20 as per Springer et al. [2] where 
the value of � is taken as 22 under super saturated condition. For stationary fuel cell applications typically 
require more than 40,000 hours lifespan of reliable operation at a temperature of 	35 °C to 40 °C, while 
automotive fuel cells require a 5,000 hour lifespan under extreme temperatures. Current service life is 7,300 
hours under cycling conditions [20]. Therefore, age of the MEA for this study has been considered up to 6000 
hours. 
 
A. Variation of overpotentials with various parameters 
Figure 2 shows the variation of activation overpotential with the current density at the mentioned pressure and 
various temperatures. The figure show that at low current draw, the activation overpotential is more pronounced 
due to the slow rate of electron transfer and a portion of the electrode voltage is lost in order to compensate for 
the lack of electro-catalytic activity.  
As mentioned earlier, the beginning-of-life gas diffusion layer (GDL) loses its hydrophobicity over prolonged 
fuel cell operation and becomes more hydrophilic, causing voltage degradation. The total activation 
overpotential in the fuel cell is the sum of the contribution from anode and the cathode. The rate of reaction at  
 

 
Fig.2 Activation overpotential as a function of current density at various operating temperatures. 

 
equilibrium (exchange current density) is low at the cathode and hence the activation overpotential is highest at 
the cathode [16]. The anode and cathode exchange current densities depend on materials and porosity of the 
electrodes, concentration, distribution and dimensions of the catalyst particles and operating temperature of the 
fuel cell. Among these variables, the temperature is the only operating variable during fuel cell operation. As the 
temperature of fuel cell increases, there is a positive effect on the kinetic reaction rates and increase in the 
exchange current density will tend to reduce the activation overpotential. 
It is seen from Figures 3 and 4, that the variation of ohmic overpotential with the current density is found to 
decrease with the increase in fuel cell temperature and water content (�) in the membrane, respectively. Springer 
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 Fig. 3 Ohmic overpotential as a function of current density at various operating temperatures. 

 
Fig.4 Ohmic overpotential as a function of current density at various levels of membrane water content. 

 
et al. [2] proposed a semi-empirical expression to the proton conductivity of the membrane in terms of 
temperature of the fuel cell and membrane water content. At high temperatures, the membrane pores increase in   
diameter by absorbing more bulk-like water in the ionic clusters and hence increases the proton conductivity of 
the membrane. As the temperature increases, the electronic conduction in metals decreases, but the proton 
conductivity of polymers increases exponentially and these together decrease the ohmic overpotential. But in the 
present model, the affect of temperature on electronic conductivity has been neglected as mentioned earlier. 
Ohmic overpotential decreases with increasing water content of the membrane, since the proton conductivity 
depends on the water content. 

 
Fig.5 Ohmic overpotential as a function of current density at various operating hours of the MEA. 

The variation of ohmic overpotential with current density at various ageing time or time in service of the MEA 
has also been studied as shown in Figure 5. The water carrying capacity of the membrane deteriorates with time 
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in service which is directly proportional to the proton conductivity of the membrane. Therefore, the ohmic 
overpotential decreases with ageing of the membrane. Generally, the ohmic overpotential is present at all current 
densities since the proton conductivity of the membrane is very less. 
 

   
Fig.6 Concentration overpotential as a function of current density at various operating temperatures 

 
The variation of concentration overpotential as a function of current density at various operating temperatures is 
shown in Figure 6. It is seen that, at low current density, the concentration losses are almost zero since the water 
production is negligible. As the current density increases, the product accumulates at the catalyst sites and gas 
flow channels which hinder the mass transport of reactants to the sites, increasing the concentration 
overpotential. As the temperature increases, water accumulation at the gas channels and catalyst sites decreases 
which results in decreasing the concentration overpotential. 
 
B. Effect of various operating parameters on the Polarization curves  
Figures 7 - 10 represents the polarization curves with varying operating temperatures, membrane thicknesses and 
different operating anode and cathode pressures respectively which have been developed from the model.  
Polarization curves shifts towards the higher side of output voltage with increase in temperature since the 
exchange current density and proton conductivity increase with the cell temperature.  The water accumulation at 
the gas channels and catalyst sites decreases with increase in cell temperature reducing the overpotentials as 
shown in Figure 7.  

  
Fig.7 Polarization curves at various operating temperatures. 

 
The ohmic overpotential decreases, with decrease in the thickness of the membrane as thinner membranes will 
enhance back diffusion from cathode to anode. The back diffusion from the cathode will keep anode electrode 
saturated, preventing anode dehydration at higher current densities. Hence, decrease in ohmic overpotential 
would result in the increase of the output voltage with the decrease in the thickness of the membrane as observed 
in Figure 8. Thinner membranes are advantageous for PEM fuel cells. Fuel cell polarization curves typically 
increase with increasing operating pressures as seen in Figures 9 and 10 due to the increased rate of chemical 
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Fig.8 Polarization curves at various membrane thicknesses. 

 

  
Fig.9 Variation of polarization curves with change in anode pressure. 

  
Fig.10 Variation of polarization curves with change in cathode pressure. 

  
reaction which is proportional to the partial pressures of hydrogen and the oxygen. High pressures forces 
hydrogen and oxygen to come into contact with the electrolyte. However, the output voltage of the fuel cell is 
changed from 0.59 V to 0.624 V at a current density 0.6A/cm2 when cathode and anode pressures increase from 
1 to 3 bar, above this pressure the change in output voltage is insignificant. Also, Figure 10 shows that, beyond a 
cathode pressure of 8 bar, there is a sudden drop in voltage at the current density above 0.3 A/cm2. This might be 
due to the process of flooding which takes place above this region due to concentration overpotential. It is 
always desirable to keep both anode and cathode at the almost same pressures to avoid damage of the cell 
membrane due to pressure difference.  
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C. Validation of the present model results with the experimental data 
 

Table 1 Parameters of the fuel cell used in the model for validation 
Parameter Value 
Anode pressure (PH2) 3 bar 

Cathode pressure (Pair) 3 bar 

Active area of the fuel cell (A) 100 cm2 

Membrane thickness (lM) 0.0220 cm [7] 

Water content in the membrane (�) 14 [2] 

Operating time 1000 hrs 

Degradation rate of fuel cell due to changes in catalytic activity (kDR) -0.055 �VK/h [8] 

Activity term (kcell) 0.00295 [8]  

Membrane conductivity degradation rate (�DR) -0.0007/h [8]  

Constant used in concentration overpotential (imax) 2.2 [18] 

Constant used in concentration overpotential (C3) 2  [18]  

   

 
Fig.11 Validation of the polarization profiles for model result with experimental data [15]. 

The present results obtained from the modelling has been validated with the experimental results of Ballard 
MK5-E proton exchange membrane fuel cell (PEMFC) stack at various temperatures presented by Laurencelle 
et al. [15]. The parameters used for the model validation is presented in the Table 1. 
Figure 11 presents the comparison of the polarisation curve drawn from the model result and with the 
experimental data [15] at three different temperatures of 312 K, 329 K and 345 K. An excellent agreement has 
been demonstrated between the model results and the experimental results and the trends of polarization curves 
are also quite similar. However, experimental values at 312K are slightly lower than the predicted model values 
but the trend of the polarization curve is similar. One plausible source of this deviation might be at the lower 
temperature and higher current densities; the product accumulates at the catalyst sites and gas flow channels 
which hinder the mass transport of reactants to the sites, increasing the concentration overpotential and some 
other system parameters are not well defined in the literature.   
 
D. Variation of power density as a function of current density at various parameters 
Figure 12 shows the variation of power density as a function of current density at various temperatures of the 
fuel cell. The maximum power density increases with the temperature since the overpotentials decrease with 
temperature. The power density will increase with the increase in temperature of the fuel cell due to the positive 
effect on kinetic reaction rates increasing the exchange current density. Also, with increase in the temperature, 
proton conductivity of the membrane will increase tending to decrease the overpotential. The maximum power 
density also shifts towards right along the higher current density, since by increasing the temperature of the fuel 
cell, the rate of water removal is enhanced at the cathode membrane interface, delaying the flooding of water at 
the catalyst sites. The cell voltage at maximum power density varies from 0.46 V to 0.5 V. 
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Fig.12 Power density as a function of current density at various temperatures 

 
Figure 13 shows the variation of power density with the current density for various operating hours of the MEA. 
The beginning-of-life GDL exhibits hydrophobic characteristics and over prolonged fuel cell operation becomes 
hydrophilic as described earlier, causing voltage degradation. Hence, the water carrying capacity of the 
membrane deteriorates with time in service which is directly proportional to the proton conductivity of the 
membrane. Therefore, the ohmic overpotential decreases with ageing of the membrane and both losses together 
  

 
Fig.13 Power density as a function of current density at various operating hours of the MEA 

reduce cell voltage and hence power density. The cell voltage at maximum power density degrades from 0.62 V 
to 0.54 V at a current density 0.5 A/cm2 with the operating time of the MEA. Also, the maximum power density 
points shifts towards the left along the higher current density, because with the increase in ageing of the MEA, 
the mobility of species within the chain also decreases reducing the diffusion coefficient for water transport and 
hence the water removal rate is less at the cathode membrane interface, advancing the flooding of water at the 
catalyst sites. Hence, it should be noticed that it’s never desirable to operate the fuel cell in the range beyond 
where the power curve drops off. 
 

 
Fig.14 Efficiency as a function of current density at various temperatures 
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Figure 14 shows the variation of efficiency of fuel cell with the current density for various temperatures and it is 
noticed that the efficiency increases with temperature since the output voltage is directly proportional to the fuel 
cell efficiency. The efficiency of fuel cell is modelled at an anode stoichiometry of 1.4 because of internal 
current loss and fuel cross over is more in case of Nafion membranes which are presently used in PEM fuel 
cells. Insufficient stoichiometry deprives the fuel cell stack of sufficient reactants and may cause permanent 
damage. As the stoichiometry increases, more contact of gas molecules takes place so that efficiency of fuel cell 
increases. It is found that the fuel cells should be practically operated at an anode stoichiometry of 1.4. 
  

V. CONCLUSION 
A mathematical model has been developed in the present work for the PEM fuel cell using semi empirical 
approach, simulated in the MATLAB environment and studied the effect of the operating parameters like 
temperature, membrane thickness, anode and cathode pressures and physical ageing of the MEA on the 
performance of the fuel cell. The variation of overpotentials with the temperature of the fuel cell and ohmic 
overpotential with respect to the water content of the membrane and physical ageing of the MEA has also been 
studied. The following conclusions could be drawn based on the results:  

	 The effect of temperature on the performance of the fuel cell is more significant as compared to the 
other parameters. Even though the increase in fuel cell temperature reduces the Gibb’s free energy of 
the reaction, the performance of fuel cell increases.  This is because of three reasons, firstly, the 
exchange current density increases with the temperature reducing the activation overpotential, 
secondly, the increase in proton conductivity with temperature reduces ohmic overpotential and thirdly, 
the limiting current density of the fuel cell increases indicating enhancement in mass transport due to 
the increase of diffusivity reducing the concentration overpotential. 

	 Thinner membranes will enhance back diffusion from cathode to anode preventing anode dehydration 
at higher current densities. Hence, with the decrease in the thickness of the membrane there would be a 
decrease in ohmic overpotential resulting in the increase of the output voltage. 

	 It was found that the effect of anode and cathode gas pressures is quite significant up to a pressure of 3 
bar on the output voltage of the fuel cell, above which the effect is negligible. 

	 The power density is found to be decreasing with ageing of the MEA as both the catalytic activity and 
proton conductivity of the membrane decreases. The limiting current density also decreases with ageing 
since water removal rate at the catalyst sites decreases, advancing the flooding of water. 

  For commercial applications, the end-of-life (EOL) performance is of great interest, the model can be 
extended over the life of a fuel cell so that performance could now be predicted as the fuel cell ages. Hence, this 
model could be an extremely useful tool for the design analysis of PEM fuel cell power systems without 
extensive calculations over the life of a fuel cell. However, this model does not account for the impact of 
operation in poorly hydrated manner where � is less than 14, which will affect the voltage degradation rate with 
ageing of the fuel cell.  
 Nomenclature 
A  cell active area, cm2 
age operating time, hours 
Ci concentration of species i, mol/cm3 
E open circuit voltage, V 

E0 reference voltage, V 

F Faraday’s constant, 96487 C/equi 

�Fe standard state of free energy of activation for the reaction, J/mol 
�Fec standard state of chemisorptions from the gas state, J/mol 
I current, A 

i current Density, A/cm2 

ka0, kc
0 intrinsic rate constants for the anode and cathode reactions respectively, cm/s 

kcell 
 

empirical term accounting for the apparent rate constants for the anode and cathode reactions 

kDR empirical term representing the ageing in the overall catalytic activity, Vh-1K-1 

lm thickness of polymer membrane, cm 

LHVH2 lower heating value of Hydrogen, J/kg 

mH2 mass flow rate of hydrogen, kg/s 
n   number of equivalents involved in a  reaction 
Pc   cathode gas pressure, bar 

Pa anode gas pressure, bar 
PH2O saturation pressure of water, atm. for Eqs. 7,8,28 & 29, bar for eq. 9 
pi   partial pressure of species i, atm 

International Journal of Latest Trends in Engineering and Technology (IJLTET)

Vol. 4 Issue 1 May 2014 222 ISSN: 2278-621X



rm membrane specific resistivity for the flow of hydrated protons, ohm cm 
R gas constant, 8.3143 J/mol-K 
t fuel cell temperature, oC 
T fuel cell temperature, K 
V output voltage, V 

 
Greek letters  
� semi-empirical parameter representing the effective water content of the membrane, H2O/SO3

- 
�DR empirical parameter representing the ageing of the polymeric membrane, h-1 
�c chemical activity parameter for the cathode 
�act activation overpotential 
�ohmic ohmic overpotential 
�conc concentration overpotential 
�1, �2, �3, �4    semi-empirical coefficients for calculation of activation overpotential 
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