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CHAPTER I 

INTRODUCTION 

 Fuel cell technology has been developed very fast recently as it is possible to 

replace internal engine and supplemental power generators. Among the various types 

of fuel cells, the polymer electrolyte membrane fuel cell (PEMFC) emerges as an 

interesting technology, especially for portable power supply units. It operates at low 

temperatures and offers low weight and volume, and high power density.  

 PEMFC is characterized by the use of a perfluorosulfonic membrane as the 

electrolyte. This type of membrane shows a good proton conductor. That is, in the 

presence of water, the sulfonic groups easily dissociate into SO3
- (fixed charge) and 

H+ (mobile charge) and thus, the protons encounter a low resistance in moving across 

the membrane. In PEMFC, the membrane accomplishes both the functions of H+ 

transfer from anode to cathode and the reactant separation. For PEMFC operation, 

hydrogen is used as fuel. The electrodes are formed by a porous gas dilution layer and 

a porous catalytic layer containing a noble catalyst (Pt) (Costamagna, 2001). 

 It is well known that commercial polymer electrolyte membrane being 

currently used in PEMFCs should be well-hydrated to maintain high proton 

conductivity. Generally, water management is critical in PEMFC performances as 

excessive liquid water can cause flooding of the pores in electrode thus causing higher 

mass transfer resistance of reactants. This is especially true on the cathode side where 

water is produced from electrochemical reaction. In addition, some water is 

transferred from the anode to the cathode due to electro-osmosis. The balance of 

water is more complicated due to the fact that water content in the membrane and 

liquid water distribution in the electrode are not uniform.  

 Mathematical modeling of fuel cells has become more and more important 

over the recent years in order to study the behavior of the fuel cell integrated in a 

power system. In general, basic fuel cell models require an accurate current density-
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voltage curve, which refers to as the electrical characteristics of PEMFC. This is a key 

feature to predict a cell performance. The performance of fuel cells is known to be 

influenced by operating conditions. Busquet et al. (2004) studied the effects of stack 

temperatures and oxygen partial pressure on the performance of PEMFC. Lee and 

Chu (2006) carried out the simulation of the conventional flow field of PEMFC using 

a steady state isothermal model under various humidity conditions at the cathode side.  

 Although water transport phenomena has a significant influence on  

performance of PEMFC, there is a limited number of researches focusing on the water 

management within PEMFC. For examples, Baschuk and Li (2000) studied the effect 

of water flooding in the PEM fuel cells. The effect of the variation in the degree of 

water flooding on the cell performance was also investigated. Ramousse et al. (2005) 

proposed a fuel cell model that takes into account gas diffusion in the porous 

electrodes, water diffusion and electro-osmotic transport through the polymeric 

membrane, and heat transfer in both the Membrane Electrodes Assembly (MEA) and 

bipolar plates. Their results showed that the feeding gas temperature has an effect on 

the cell temperature. Clearly, the cell performance and water management issues are 

closely related; the cell performance is significantly influenced by thermal 

management. 

 In this work, we focus on the study of the steady-state behavior of PEMFC 

with respect to the effect of changing operating conditions such as temperature, 

pressure, humidification of the reactant gases and porosity of electrode. Mathematical 

model of PEMFC based on a two-phase model under isothermal operation is 

employed for such a purpose. The mass transfer resistance of reactants due to water 

flooding is taken into account to analyze cell performance. The simulation results of 

the two-phase model are compared with that of a single-phase model in which water 

flooding is not considered. 
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1.1 Research objective 

 The objective of this study is to investigate the performance of a polymer 

electrolyte membrane fuel cell (PEMFC) under isothermal and steady state conditions 

by considering the effect of operating condition and liquid water formation. 

1.2 Scopes of research 

 In this study, an analysis of a polymer electrolyte membrane fuel cell 

(PEMFC) under isothermal and steady state conditions is performed via simulation 

studies using Matlab program. The model of PEMFC is based on a two-phase model 

consisting of mass balance and detailed electrochemical models. The mass balance is 

used to describe the distribution of reactants and reaction product along the flow 

direction at fuel and air channels whereas the electrochemical model taken all various 

voltage losses in account is employed for explaining the electrical characteristics of 

fuel cell. In addition, the formation of liquid water and its effect on the cell 

performance is considered. Based on the developed model of PEMFC, the effect of 

operating parameters, i.e., operating temperature and pressure and gas humidity, on 

cell performance is analyzed. 

1.3 Thesis outline 

 This thesis is organized as follows. First, in Chapter II, the literature reviews 

related to the basic principle of fuel cell and polymer electrolyte membrane fuel cell 

(PEMFC) and the modeling of PEMFC are presented. Next, the theory of fuel cells 

and basic operation of PEMFC are presented in Chapter III, The mathematical model 

of PEMFC based on mass balance and electrochemical equations are explained in 

Chapter IV. Then, the simulation results are presented in Chapter V. Finally, the 

conclusions and the recommendations for future work are given in Chapter VI. 

 



CHAPTER II 

LITERATURE REVIEWS 

Among the different types of fuel cell, polymer electrolyte membrane (PEM) 

fuel cells have been received most attention due to its simplicity, viability, and quick 

start-up. To improve the performance of PEMFC, there are still challenging problems 

needed to be solved, for examples, finding alternative low-cost materials, developing 

manufacturing techniques for cell components, and managing water and heat in the 

cells. To address these issues, modeling investigations are powerful and affordable 

alternative to experimental studies. A number of fuel cell models have been proposed 

in the literature over the last two decades. In this chapter, literature reviews related to 

the model development of a proton exchange membrane fuel cell (PEMFC) are 

provided.  

2.1 Modeling of PEMFC 

 Mathematical models of PEMFCs proposed during the early years were 

typically based on one-dimensional and stead-state model accounting for mass 

transport and electrochemical phenomena. The developed models have been applied 

for a variety of purposes such as prediction of the typical electrical characteristics 

(current-potential) of cell, parametric analysis, and investigation of gas composition, 

temperature, and pressure distribution within fuel cell stack. 

2.1.1 Electrochemical model  

 The electrochemical model is used to characterize the electrical characteristics 

of a cell. It demonstrates the relationship between operating cell voltage and current 

density. In addition, the model is useful in determining kinetic parameters and general 

ohmic resistance from experimental data. It is noted that the development of fuel cell 

models generally require accurate electrochemical model. In the past years, a number 

of researches have been carried out to develop the electrochemical model for 
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predicting the actual operating cell voltage as a function of current density. In 

addition, some researchers investigated the PEMFC performance based on the 

electrochemical model.   

 Wang et al. (2003) studied the effects of different operating parameters such as 

operating temperatures, cathode and anode humidification temperatures, and 

operating pressures, on the performance of proton exchange membrane (PEM) fuel 

cell by using pure hydrogen on the anode side and air on the cathode side. The results 

were demonstrated by polarization curves, and agreed well with experimental data.  

 Busquet et al. (2004) studied the effects of stack temperature and the oxygen 

partial pressure on the performance of PEMFC. The developed model of fuel cell was 

used to analysis a polarization curves. The operating condition of fuel cell was chosen 

to avoid the limitation of mass transfer process.  

 Chen et al. (2006) presented a simple electrochemical model that can be used 

for optimization of a fuel cell.  The fuel cell’s design parameters are chosen so as to 

globally minimize its total annualized cost for a given power production level.  

 The effect of several critical operating conditions on the performance of an 8-

cell stack are studied by Santa Rosaa et al. (2007) based on varying operating 

conditions such as cell temperature, air flow rate, and hydrogen pressure and flow 

rate. They proposed that although improving the electrochemical reactions kinetics 

and decreasing the polarization effects, the increasing of the stack temperature leads 

to membrane excessive dehydration (loss of sorbet water) and the increasing of the 

stack ohmic resistance (lower performance). 

 Santarelli et al. (2006) discussed a procedure of parameter estimation applied 

to the evaluation of some operating parameters of PEMFC. A parametric analysis of 

the PEMFC fed with pure hydrogen and air and operated at temperatures in the range 

of 50 ◦C to 80◦C was done and the results showed that three parameters of the cell 

polarization model can be simultaneously estimated: the cathode exchange current 

density, the cell resistance and the internal current density.  
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 Amirinejad et al. (2006) studied experimentally the effect of external humidity 

on fuel cell performance under various temperature and pressure conditions using dry 

and humidified hydrogen and oxygen as the fuel and reactant gases, respectively.  

 Lee and Chu (2006) investigated the location of the gas–liquid interface under 

various humidity conditions in the cathode gas diffusion layer and the conventional 

flow field of PEMFC based on steady state isothermal model. These works showed 

the humidity related with membrane resistant. 

 Tsai et al. (2006) simulated the transport phenomena of oxygen in cathode gas 

diffusion layer (GDL) of PEMFC. It was found that the concentration flux of oxygen 

across the GDL was primarily dominated by the thickness and porosity of GDL. For a 

thicker GDL, the diffusion resistance increased and thus lowered the cell performance 

especially under high current density condition. On the other hand, an increase of 

porosity enhanced the transport of oxygen and resulted in significant improvement of 

cell performance. The influences of system parameters including the temperature, 

channel height, inlet velocity, and inlet pressure on the diffusion of oxygen in GDL 

were also examined systematically.  

 Katsaounis et al. (2006) discussed the conductivity of fully hydrated Nafion 

membranes on the performance of fuel cells. It was shown that the Nafion 

conductivity contains two components: one constant corresponding to proton 

transport in the aqueous phase of the membrane and the other exponentially 

dependent on potential, linearly increasing with membrane thickness and strongly 

increasing with hydrogen partial pressure at the anode. A simple mathematical model 

was developed and shown to provide a semi quantitative fit to the experimental I–V 

curves.  

 In addition, Carnes and Djilali (2005) proposed the parameter estimation for 

the development of mathematical models for polymer electrolyte membrane fuel cells 

(PEMFCs). The estimate parameters in a 1-D PEMFC model included effective 

membrane conductivity, exchange current densities, and oxygen diffusion 

coefficients.    
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2.1.2 Transportation model 

 As electrochemical models lack the fundamental description of detailed inner-

cell operating conditions. Reactant gases, temperature, current density, etc. vary along 

the flow. These are critical for accurate prediction of cell performance. In general, the 

transport and electrochemical processes occur throughout the flow direction and 

various cell layers. 

 Liu et al. (2006) indicated that the temperature gradient inside the fuel cell 

stack was determined by the flow rate of the cooling air, especially, if the air flow rate 

was too low, the stack could not be effectively cooled and the temperature will rise to 

a range that might cause unstable stack operation.  

 Brett et al. (2007) presented localized membrane resistance and current density 

distribution under the conditions of high air flow rate. The increasing of current is 

observed along the channel which is not predicted by the electrochemical model. This 

phenomenon is attributed to drying of the electrolyte at the start of the channel and is 

more pronounced with increasing operating temperature. These works showed that the 

study of temperature, reactant flow rates, and pressures is not enough to predict fuel 

cell performance.   

 Shimpalee et al. (1999) studied the effects of humidity. Experimental results 

showed that inlet gas humidity has a significant influence on the performance of a 

PEMFC. They indicated that the ionic resistance of the electrolyte membrane 

depended on the activity of water at the membrane surface. Water flux and activities 

change along the flow field direction. Detailed velocity fields, pressure profiles, and 

current density distributions are obtained and predictions from the full-cell model are 

compared with the experimental data. 

 Jeng et al. (2004) studied a two-dimensional model involving kinetics and 

mass transfer in a PEM fuel cell cathode. The oxygen mass transfer in the gas 

diffusion layer (GDL) was described using a pure diffusion equation that introduced 

equivalent oxygen diffusivity. The results showed that the GDL effectiveness 

decreased with the cell current density and increased with the width of the gas flow 

channels. The PEM fuel cell performance decreased with an increase in GDL 
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thickness if the GDL porosity is low. However, when a high-porosity GDL was used, 

the optimal thickness became an indicator determining the maximal PEM fuel cell 

performance. 

2.2 Water management in PEMFC 

 Water management is the most important factor involving the performance of 

PEMFC. A careful water management is necessary to ensure that the membrane 

remain fully hydrated in order to improve the ionic conductivity and to avoid 

electrode flooding. In general, during fuel cell operation, humidification is applied to 

the inlet gases of the anode and cathode in order to supply water to the membrane 

region. If the water generated is not removed from the cathode at a sufficient rate, 

cathode flooding may result a decreased oxygen mass transfer. 

 Modeling of the water transport and distribution in PEMFC is a major issue in 

recent years. There are a number of investigations that analyze the effect of different 

operating condition on the water balance in PEMFC. Although different models have 

been proposed in the past year, they  are valid only in the absence of liquid water; 

water condensation and evaporation phase change are not taken into account. 

 Recently, Wang et al. (2001) studied the two-phase flow and transport of 

reactants and products at the cathode side of PEMFC and classified the single and two 

phase regimes of water distribution and transportation by a threshold current density 

corresponding to liquid water at the membrane and electrode interface. When the cell 

is operated above the threshold current density, liquid water appears and a two phase 

zone forms within the porous cathode.   

 Liu et al. (2005) considered the water flooding and two-phase flow of 

reactants and products in cathode flow channels. The effects of flow field, cell 

temperature, and cathode gas flow rate and operation time on water build-up and cell 

performance were studied, respectively. Their results indicated that the liquid water 

accumulating in the cathode flow channels can reduce the effective electrochemical 

reaction area; it makes mass transfer limitation resulting in the cell performance loss. 

The water in flow channels at high temperature is much less than that at low 
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temperature. When the water flooding appears, increasing cathode flow rate can 

remove excess water and lead to good cell performance. 

 Mosdale et al. (1995) studied water and thermal management in order to 

explain the mass transport limitation in a fuel cell when operating with air as a 

cathode reactant. Their study concentrated on the modification of the structure of the 

electrode to increase the diffusion of oxygen that leads to a significant enhancement 

of the cell performance.  

 A transport phenomenon in a proton exchange membrane fuel cell (PEMFC) 

was simulated by Singh et al. (1999) to improve heat and water management. The 

model takes into account the diffusion of the humidified fuel and oxidant gases 

through the porous electrodes, and the convective and electro-osmotic transport of 

liquid water in the electrodes and the membrane. The results indicate that the cathode 

potential loss, associated with the slow O2 reaction rate, is dominant at all practical 

current densities. The simulations showed a significant effect of water management 

on fuel cell performance.  

 Later, Baschuk and Li (2000) studied the effect of water flooding in the PEM 

fuel cells and stated that water management was one of the critical issues to be 

resolved in the design and operation of PEM fuel cells. The model was formulated for 

investigating the performance and operation of a single PEM fuel cell. A special 

feature of the model was that it included the effect of degree of water flooding in the 

cathode catalyst layer and cathode electrode backing region on the cell performance. 

The model predictions were compared with the existing experimental results available 

in the literature and excellent agreement of the cell polarization curves were observed. 

  Um and Wang (2005) developed a unified water transport equation for 

PEMFC, and showed that the effects of the flow arrangement, membrane thickness, 

and inlet gas humidity are important to determine fuel cell performance. Various 

modes of water transport, i.e., diffusion, convection and electro-osmotic drag, were 

incorporated in the unified water transport equation. An internal circulation of water 

with the aid of counter-flow design was found to be of vital importance for low-

humidity operation. The effects of the flow arrangement, membrane thickness, and 
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inlet gas humidity as important determinants of fuel cell performance were also 

analyzed to elucidate fuel cell water transport characteristics.  

 Chang et al. (2006) investigated the characteristics of transport phenomena in 

the cathode gas diffusion layer (GDL) of a PEMFC and their influenced on cell 

performance by utilizing a two-phase flow model. Their results showed that the liquid 

water generated by the electrochemical reaction could significantly reduce the 

effective porosity of the GDL under high current density conditions. 

 The importance of liquid water transport to the accurate modeling of fuel cell 

performance including the transport of liquid water within the PEMFC porous 

electrodes was studied by Siegel et al. (2004). Modeling results were presented that 

illustrated the importance of the transport of water within the porous sections of the 

cell and in the polymer regions of the MEA. The PEMFC was run, under standard 

conditions, at a cell temperature of 80 ◦C and a relative humidity of 100%. As current 

density is increased, the water content decreased as the anode dehydrated and the 

cathode water content increased. The results indicated that the total amount of water 

contained in the MEA decreased. This occurred because the vapor activity of the 

anode stream had dropped due to water vapor removal through MEA. This indicated 

that water transport by electro-osmotic drag was responsible for a significant fraction 

of the liquid water buildup and mass transfer of oxygen at the cathode. 

 In addition, Shah et al. (2006) presented several results pertaining to the 

effects of water on the current density (or cell voltage), demonstrating the role of 

micro-structure, liquid water removal from the channel, water activity, membrane and 

gas diffusion layer thickness and channel temperature at PEMFC cathode side. They 

investigated the polarization curves for several values of water activity in the 

channels. At fully humidified conditions, the effect of flooding is more pronounced at 

low cell voltages. The best performance of fuel cell is found at water activity = 1. 

 



CHAPTER III 

THEORY 

 This chapter presents general basic concepts of fuel cells (Section 3.1) such as 

basic principles, cell component and advantages. Section 3.2 presents detail of 

Polymer Electrolyte Membrane fuel cell (PEMFC) which is the fuel cell type of 

interest in this thesis. 

3.1 Fuel cell 

 A fuel cell is an energy-conversion device that converts the chemical energy 

of fuel directly into DC electricity. Typically, a process of electricity generation from 

fuels involves several energy conversion steps: 

• Combustion of fuel converts chemical energy of fuel into heat. 

• This heat is then used to boil water and generate steam. 

• Steam is used to run a turbine in a process that converts thermal energy into 

mechanical. 

• And finally, mechanical energy is used to run a generator that generates 

electricity. 

 A fuel cell circumvents all these processes and generates electricity in single 

step without involving any moving parts. Such a device is simpler, thus less expensive 

and far more efficient than the four-step process previously depicted. A fuel cell is in 

some aspects similar to a battery. It has an electrolyte, and negative and positive 

electrode; and it generates DC electricity through electrochemical reactions. However, 

unlike a battery, a fuel cell requires a constant supply of fuel and oxidant. Also the 

electrodes in fuel cell do not undergo chemical changes. A fuel cell cannot be 

discharged as long as the reactants, fuel and oxidant, are supplied. Typical reactants 
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for fuel cells are hydrogen and oxygen; however, neither has to be in its pure form. 

Hydrogen may be present either in a mixture with other gases (such as CO2, N2, CO), 

or in hydrocarbons such as nature gas, CH4, or even in liquid hydrocarbons such as 

methanol, CH3OH. Ambient air contains enough oxygen to be used in fuel cells. A 

fuel cell generates by-products; waste heat and water, and the system is required to 

manage those. Types of fuel cells are classified by electrolyte materials which are 

significantly related to operating temperature. Table 3.1 shows general information of 

different types of fuel cells. 

Table 3.1 Fuel cell type attributes 

 PEMFC AFC PAFC MCFC SOFC 

Temperature (◦C) 60–120 120–225 150–220 600–700 650–1000 

Electro-catalyst Pt Pt Pt Ni 
Co–ZrO2 

or Ni–ZrO2 

Ionic-charge carrier H+ OH− H+ CO3
2− O2− 

Membrane material Nafion 
Ni, Ag 

metal oxide

Silicon 

carbide 

Lithium 

aluminate 
Zirconia 

3.1.1 Cell Component 

 Fuel cells consist of an electrolyte sandwiched between two electrodes (an 

anode and a cathode) where the electrochemical reactions take place. For hydrogen 

fuel and oxygen oxidant, the electrochemical combustion reaction consists of the 

oxidation of hydrogen at the anode and the reduction of oxygen at the cathode. The 

overall reaction yields water as the reaction product. In the operation of fuel cell, fuel 

(typically hydrogen) is fed to the anode where it is oxidized and electrons are released 

to the external (outer) circuit. Oxidant (typically oxygen) is fed to the cathode where 

it is reduced and electrons are accepted from the external circuit. The electron flow 
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(from the anode to the cathode) through the external circuit produces direct-current 

(DC) electricity. 

3.1.2 Advantages of fuel cell 

 Fuel cells are a very promising energy technology with a myriad of possible 

applications. Fuel cells have many properties that make them attractive when 

compared with the existing, conventional energy conversion technologies. The 

advantages of fuel cell include high efficiency, low or zero emissions, Simplicity and 

promise of low cost and long life. 

3.2 PEM fuel cell 

3.2.1 Physical structure  

 A PEM fuel cell consists of two electrodes with a thin layer of catalyst in 

contact with a polymer membrane separating gas supply chambers. Hydrogen gas 

(H2) which acts as fuel, is fed through a narrow channel from one end of the plate 

(Anode). Similarly, oxygen (O2) enters the fuel cell from the other end of the plate 

(Cathode). Figure 3.1 presents a schematic diagram of a polymer electrolyte 

membrane fuel cell.  

 

 

Figure 3.1 A schematic diagram of a polymer electrolyte membrane fuel cell  

 (Lee et al., 1998) 
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3.2.2 Design, component materials, and assembly 

 A basic design of single cell component involves the porous gas diffusion 

electrodes for the anode and cathode, the proton conducting membrane electrolyte, 

and the current collectors with the flow fields. The active layer with the 

electrocatalyst is generally deposited on the electrode but can also be deposited on the 

proton conducting membrane. In the former case, the electrode consists of three layers 

– a substrate layer (Teflonized carbon cloth or paper – about 30% Teflon), a diffusion 

layer (with high surface area carbon and Teflon, again about 30% Teflon), and the 

active layer with the nano-size Pt or Pt alloy particles, 200 to 400 nm, supported on 

high surface area carbon, e.g., Vulcan XC72. The active layers of the electrode are 

impregnated with the proton conductor (Nafion) to enhance the ionic conductivity in 

the three-dimensional reaction zone. The electrodes are hot-pressed on to the Nafion 

membrane at a temperature of about 130oC and at a pressure of about 140 atm. The 

membrane and electrode assembly (MEA) is then placed in the appropriate position 

between the current collectors. The external surface area of the Nafion (i.e., without 

the electrode) serves as a gasket to prevent any leakage of the reactant gases from the 

anode side to the cathode side or vice-versa. The current collector contains the flow 

fields for the gases.  

 In respect to electrocatalysts, Pt or Pt alloys are the best ones to date. The 

reason is that the electrolyte environment is quite acidic (as strong as 2N sulfuric 

acid). Hence, it is not possible to use transition metals or their alloys. Other 

electrocatalysts have been investigated, but to date, these have not yielded the desired 

performance characteristics in respect to power density or lifetime. 

 The discovery of the perfluorosulfonic acid membrane by Dupont, Inc. made it 

possible to enhance the power density of a PEMFC by five to ten times. It is 

interesting to analyze the quantum jumps made in the development of proton 

conducting membranes from 1959 to 1980 (see Table 3.2). There are two reasons for 

the dominance of PEMFC technology with Nafion as compared with phenol sulfonic 

and polystyrene sulfonic acid membranes used previously. PFSAs, like Nafion, have a 

Teflon-like backbone except for side chains with ether like linkages, followed by FP2 

groups prior to the sulfonic acid group (Figure 3.2). The high electronegativity of the 
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fluorine atom bonded to the sulfonic acid enhances the acidity of Nafion to that of a 

superacid like trifluoromethane sulfonic acid (CP3SO3H). C-F bonds are also highly 

electrochemically stable compared to C-H bonds (present in PSSAs and other C-H 

based polymeric acids), particularly at potentials in the range of operation of the 

oxygen electrode, enhancing the lifetime by about four orders of magnitude (see 

Table 3.2). High proton conductivity and high mechanical/chemical stabilities are pre-

requisites for proton conducting membranes for PEMFCs. Efforts were made 

successfully by Dow Chemical Company and Asahi Chemical Company to enhance 

proton conductivities in PFSAs by some modification in the structures, i.e., altering 

the m and n parameters in the structure of the PFSA (Figure 3.2). The Nafion was 

impregnated into a supporting Teflon mesh, another major advance in PEMFC 

technology. 

 

Table 3.2 The development of proton conductive membranes 

Time Membrane Power density 

(kW/m2) 

Lifetime 

(thousands of 

Hours) 

1959-1961 Phenol sulfonix 0.05-0.1 0.3-1 

1962-1965 Polystyrene sulfonix 0.4-0.6 0.3-2 

1966-1967 Polytriflurostyrene 

sulfonix 

0.75-0.8 1-10 

1968-1970 Nafion (experimental) 0.8-1 1-100 

1971-1980 Nafion (production) 6-8 10-100 
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   (CF2CF2)x-------(CF2CF) ------- 
         | 
         O 
         | 
     (CF2CF2)n------- (CF2)m-------SO3-H+ 
              | 
             CF3 

   N m 

 ACIPLEX-S : 0-2 2-5 

 DOW        : 0 2 

 NAFION : 1 2 

   EW thickness 

 ACIPLEX-S1004 1000 120 µm 

 DOW   800 125 µm 

 NAFION 1100 100 µm 

Figure 3.2 Basic structure and composition of some perfluorosulfonic acid  

 membrane of DuPont, Dow, and Asahi Chemical. 

3.2.3 Operation principle of PEM 

 A PEM fuel cell uses a simple chemical reaction to combine hydrogen and 

oxygen into water, producing electric current in the process. Figure 3.3 shows the 

flow diagram of PEM. More details of the mechanism occurred in PEM are 

summarized as follows: 

• At the anode, hydrogen molecules give up electrons, forming hydrogen ions. 

This process is made possible by the platinum catalyst. 
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  Anode:  2 2 2H H e+ −→ +  

• The proton exchange membrane allows protons to flow through, but not 

electrons. As a result, the hydrogen ions flow directly through the proton 

exchange membrane to the cathode, while the electrons flow through an 

external circuit. 

• As they travel to the cathode through the external circuit, the electrons produce 

electrical current. This current can perform useful work by powering any 

electrical device (such as an electric motor or a light bulb). 

 

Figure 3.3 Flow diagram of polymer electrolyte fuel cell 

• At the cathode, the electrons and hydrogen ions combine with oxygen to form 

water. 

  Cathode: 2 2
1 2 2
2

O H e H+ −+ + → O  

• In a fuel cell, hydrogen's natural tendency to oxidize and form water produces 

electricity and useful work. 

• No pollution is produced and the only byproducts are water and heat. 

  Overall: 2 2 2
1
2

H O H+ → O  



CHAPTER IV 

MATHEMATICAL MODEL OF PEMFC 

 A mathematical model is essential tool in the design of a PEMFC system. A 

mathematical model of PEMFC under isothermal condition is developed based on 

appropriate mass conservation and electrochemical. The model is used to predict cell 

behavior, i.e., gas composition, cell potential and current density, along the length of 

fuel cell for various cell configurations and operation conditions.  

4.1 Mass balances  

 Physical phenomena occurring within a PEM fuel cell can in general be 

represented by the solution of conservation equations for mass, species and current 

transport. The complete mass conservation equations of PEM fuel cell are presented 

in this section. Mass balance of fuel cell requires that the sum of all mass input must 

be equal to the sum of all mass outputs. The inputs are the flows of fuel and oxidant 

plus water vapor present in those gases. The outputs are the flows of unused fuel and 

oxidant, plus water vapor present in those gases, plus any liquid water present in 

either fuel or oxidant exhaust. Figure 4.1 shows the schematic diagram of PEM fuel 

cell 

 The conservations of mass is established as follows: 

Fuel channel:   

2H , 1 1∂
=

∂
f

x
f f

C
R

x u h
       (4.1) 

2H O, 1f
w

f f

C
N

x u h
⎛ ⎞∂

= ⎜ ⎟⎜ ⎟∂ ⎝ ⎠
       (4.2) 
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Figure 4.1 Schematic diagram of PEM fuel cell 

Air channel:   

2 , 1 1∂
=

∂
O a

x
a a

C
R

x u h
       (4.3) 

It is noted that Rx is the rate of electrochemical reaction that can be expressed as: 

 
2 2 2, , ,

1
2x H a H O c O c

iR R R R
nF

= − = = − =      (4.4) 

and Nw is the water vapor flux transport across the membrane electrode assembly 

(MEA) that can be explained by the combined effects of electro-osmosis drag force 

(nD) and back diffusion (Dw) as shown in the following equation: 

 2 2,( , )H O a H O f
w D w

C CiN n D
F δ

−
= −      (4.5) 

 In this study, transport properties of the electrolyte for Nafion membranes are 

considered. The electro-osmotic drag coefficient for water (nd) in the membrane and 

the water diffusivity through the membrane are correlated with the water content of 

the membrane (λ ) which is a function of the water activity (a) as: 

 W
sat

X Pa
P

=         (4.6) 
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2 30.043 17.81 39.85 36.0 0 1

14 1.4( 1) 1 3
a a a for a

a f
λ

⎧ + − + <
= ⎨

+ − <⎩ ≤

or a
≤

>

  (4.7) 

  (4.8) 
2 30.0049 2.02 4.53 4.09 1

1.59 0.159( 1) 1
anode anode anode anode

d
anode anode

a a a for a
n

a f
⎧ + − +⎪= ⎨

+ −⎪⎩

 11
,

1 15.5 10 exp 2416
303w mem dD n

T
− ⎡ ⎤⎛= × −⎜

⎞
⎟⎢ ⎥⎝ ⎠⎣ ⎦

    (4.9) 

 For the two-phase model, water produced is assumed to be in the liquid phase. 

Considering a water vapor at the cathode channel, an additional term accounting for 

evaporation /condensation appears in the mass balance equation of the water vapor as 

follows: 

  ( ) ( ) ( )1
(1 )sat satw

W c w w v w
w

s sR k X p P q k p P q
RT M

ε ε ρ−
= − + − −  (4.10) 

where WR  is the interfacial transfer of water between liquid water and vapor water. If 

the vapor pressure of water at the cathode side is more than the saturated vapor 

pressure, the water vapor will condense (q = 1). On the other hand, if the saturated 

vapor pressure is more than the partial pressure of vapor water, the liquid water will 

evaporate (q = 0).  

Mass balances of water at the air channel are as follows: 

Vapor water:  

 (2 , ( ) 1H O a v
w w

a a

C
N R

x u h
∂ ⎛ ⎞

= ⎜ ⎟∂ ⎝ ⎠
)−      (4.11) 

Liquid water: 

(2 , ( ) 1∂ ⎛ ⎞
= +⎜ ⎟∂ ⎝ ⎠

H O a liq )x w
a a

C
R R

x u h
     (4.12) 
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4.2 Theoretical fuel cell potential 

In general, electrical work is a product of charge and potential: 

          (4.13) qEWel =

The total charge transferred in fuel cell reaction per mol of H2 consumed is equal to: 

         (4.14) nFq =

Electrical work is therefore: 

         (4.15) nFEWel =

The maximum amount of electrical energy generated in a fuel cell corresponds to 

Gibbs free energy, Δ : 

 GWel Δ−=         (4.16) 

The theoretical potential of fuel cell is then: 

 
nF

GE Δ−
=          (4.17) 

The theoretical cell potential ( ) changes with an operating temperature as: therE mo

 ⎟
⎠
⎞

⎜
⎝
⎛ Δ

−
Δ

−==
nF

ST
nF
HEE thermo       (4.18) 

In general, fuel cell may operate at any pressure. For isothermal process, the 

change in Gibbs free energy due to the variation of the pressure may be shown as: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

0
0 ln

P
PRTGG        (4.19) 

For the hydrogen/oxygen fuel cell reaction, the change in Gibbs free energy is the 

change between products and reactants:  
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22

5.0

0 ln        (4.20) 

This is known as the Nernst equation, 

 From the definition of the theoretical potential of fuel cell (Eq. (4.17)), Eq. 

(4.20) becomes:  

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+==

OH

H
thermo P

PP
nF
RTEEE O

2

22

5.0

0 ln      (4.21) 

It is noted that when liquid water is produced in fuel cell, 
2H OP =1. From Eq. 

(4.21), it can be seen that at higher reactant pressure the cell potential is higher. 

4.3 Voltage losses 

 If a fuel cell is supplied with reactant gases, but the electrical circuit is not 

closed, it will not generate any current, and one would accept the cell potential to be 

at, or at least close to, the theoretical cell potential for given conditions (temperature, 

pressure, and concentration of reactants). However, in practice this potential, which 

called the open circuit potential, is significantly lower than the theoretical potential, 

usually less than 1V. This suggests that there are some losses in the fuel cell even 

when no external current is generated. When the electrical circuit is closed with a load 

(such as a resistor) in it, the potential is expected to drop even further as a function of 

current being generated, due to unavoidable losses. There are different kinds of 

voltage losses in fuel cell caused by the following factors: 

4.3.1 Activation polarization 

 Some voltage difference from equilibrium is needed to get the electrochemical 

reaction going. This is called activation polarization, and it is associated with sluggish 

electrode kinetics. These losses happen at both the anode and cathode; however, 

oxygen reduction requires much higher overpotentials, that is, it is a much slower 

reaction than hydrogen oxidation. 
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 At relatively high negative overpotentials (i.e., potentials lower than the 

equilibrium potential), such as those at the fuel call cathode, the first term in the 

Butler-Volmer equation becomes predominant, which allows for expression of 

potential as a function of current density (from Eq. (4.22)): 

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=−=Δ

cc
ccrcact i

i
F

RTEEV
,0

,, ln
α

      (4.22) 

 Similarly, at the anode at positive overpotentials (i.e., higher than the 

equilibrium potential) the second term in the Butler-Volmer equation becomes 

predominant: 

 ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=−=Δ

aa
aaraact i

i
F

RTEEV
,0

,, ln
α

      (4.23) 

 In electrochemistry, the reversible potential of the hydrogen oxidation reaction 

is zero at all temperatures. That is why the standard hydrogen electrode is used as a 

reference electrode. Therefore, for hydrogen anodes ,r aE = 0 V. Activation 

polarization of the hydrogen oxidation reaction is much smaller than activation 

polarization of the oxygen reduction reaction. 

 A simplified way to show the activation losses is to use the so-called Tafel 

equation: 

 )        (4.24) log(ibaVact +=Δ

• where 
F

RTbandi
F

RTa
αα

3.2),log(3.2 =−=   

If these activation polarizations were the only losses in a fuel cell, the cell 

potential would be: 

 aactcactraccell VVEEEE ,, Δ−Δ−=−=      (4.25) 

 ⎟
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If anode polarization is neglected, the previous equation becomes: 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

0

ln
i
i

F
RTEE rcell α

      (4.27) 

This has the same form as the Tafel Eq. (4.27). 

4.3.2 Ohmic Losses 

 Ohmic losses occur because of resistance to the flow of ions in the electrolyte 

and resistance to the flow of electrons through the electrically conductive fuel cell 

components. These losses can be expressed by Ohm’s law: 

 iiRVohm =Δ         (4.28) 

where Ri is the total internal resistances (i.e., ionic, electronic, and contact resistances) 

 Electronic resistance is almost negligible, even when graphite or 

graphite/polymer composites are used as current collectors. Ionic and contact 

resistances are approximately of the same order of magnitude. Typical values for Ri 

are between 0.1 and 0.2 Ω cm2. 

 As mentioned earlier, transport properties of the electrolyte for Nafion 

membranes are considered. The proton conductivity (Kmem) in the membrane are 

correlated with the water content of the membrane (λ ). 

 1 1(0.5139 0.326)exp 1268 100
303memK

T
λ ⎡ ⎤⎛ ⎞= − − ×⎜ ⎟⎢ ⎝ ⎠⎣ ⎦

⎥   (4.29) 

 To determine the ohmic loss of the membrane, membrane resistance could be 

calculated by the membrane conductivity and the membrane thickness as: 

 mem memR Kδ=        (4.30) 

 Following the Ohm’law, the ohmic loss of the membrane can be expressed by: 

 ohmic iiRη =         (4.31) 
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 iR memKδρ δ= +        (4.32) 

where ρ is the specific electronic resistance of membrane. 

4.3.3 Concentration Polarization 

 Concentration polarization occurs when a reactant is rapidly consumed at the 

electrode by the electrochemical reaction so that concentration gradients are 

established. The electrochemical reaction potential changes with partial pressure of 

the reactants, and this relationship is given by the Nernst equation: 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=Δ

S

B

C
C

nF
RTV ln        (4.33) 

According to Fick’s Law, the flux of reactant is proportional to concentration 

gradient: 

 A
CCD

N SB
eff

δ
)( −

=         (4.34) 

where  is the effective diffusivity that relates between binary gas diffusion 

coefficient ( ) and the porosity of porous structure (

effD

ij ε ) as: D

         (4.35) ij
eff DD 5.1ε=

where  is a strong function of temperature, pressure, and the molecular weights of 

species  and

ijD

i j . At low pressures, nominal diffusivity can be estimated from the 

following equation based on the kinetic theory of gases. 

 
( ) ( )

1 32.334 1 2
5/12

8 1 13.640 10 i j

i j

i j

c c

ij c c
i jc c

P PTD T T
P MT T

−
⎛ ⎞ ⎛ ⎞
⎜ ⎟= × +⎜⎜⎜ ⎟ ⎝ ⎠⎝ ⎠

M
⎟⎟  (4.36) 

The porosity (ε ) of a gas diffusion can be calculated from real weight, 

thickness, and the density of solid phase (for carbon-based materials, ρ  varies 

between 1.6 and 1.95 g/cm3).  



 
26 

 

 1mem mem

total total mem

v
v v

ε
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w        (4.37) 

The weight fraction of platinum is:   

pt
pt

pt c

w
f

w w
=

+
        (4.38) 

The weight fraction of membrane is:  

mem
mem

pt c mem

wf
w w w

=
+ +

      (4.39) 

Then, 

1
1

ptmem

total mem mem pt

wf
v f

ε
ρ

⎧ ⎫
= ⎨ ⎬−⎩ ⎭ f

      (4.40) 

Rearranging Eq. (4.40), we obtain 

 1
1

ptmem

mem mem pt

mf
f f

ε
δρ

⎧ ⎫
= ⎨ ⎬−⎩ ⎭

      (4.41) 

where memρ  is the membrane density that is related to water content in membrane as: 

0.03251000 1.98 + 
(1+0.0648 )mem

λρ
λ

⎛ ⎞
= ⎜

⎝ ⎠
⎟      (4.42) 

It is noted that if fuel cell has flooding or membrane has much water, it results 

in higher membrane density and the porosity will decrease. In addition, if water 

flooding in cell occurs, the membrane thickness will increase due to the addition of 

water film thickness. The water film thickness can be expressed as follows: 

 ( )( ) ( )( )
( ) ( )( )( )memmemmemptptptpt

memmemmem

mem

gg
memw ffff

ffr
ρρρ

ρ
ρ

δ
)1(/1/

111
3_ −−+

−−
=  (4.43) 

Thus, the total thickness when using the two-phase model is: 
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memwsoild _δδδ +=        (4.44) 

 Under steady state condition, the rate at which the reactant species is 

consumed in the electro-chemical reaction is equal to the diffusion flux: 

 
nF
IN =          (4.45) 

By combining Eqs. (4.34) and (4.45), the following relationship is obtained: 

 ( B SnF D C Ci )
δ

⋅ ⋅ −
=        (4.46) 

 The reactant concentration at the catalyst surface thus depends on current 

density; the higher the current density, the lower the surface concentration. The 

surface concentration reaches zero when the rate of consumption exceeds the 

diffusion rate; the reactant is consumed faster than it can reach the surface. Current 

density at which this happens is called the limiting current density. A fuel cell cannot 

produce more than the limiting current because there are no reactants at the catalyst 

surface. Therefore, for C = 0, i = , and the limiting current density is then: S Li

 
δ

B
L

nFDCi =         (4.47) 

As a result, a relationship for the voltage loss due to concentration polarization 

is obtained: 

 ⎟⎟
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⎞
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RTVconc       (4.48) 

4.3.4 The Actual Voltage of Fuel Cell 

 The real voltage output of a fuel cell could be written by starting with the 

thermodynamically predicted voltage and then subtracting the various over-voltage 

losses as: 

 concohmicactthermoEV ηηη −−−=       (4.49) 
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 The net fuel cell current density – voltage (i-V) can be written as: 
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 Figure 4.1 shows a typical electrical characteristic of fuel cell. 
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Figure 4.2 I-V curve of a polymer electrolyte membrane fuel cell 
 

4.4 Power Generation 

 The power output ( ) of fuel cell is the product of the voltage and current: outP

         (4.51) IVPout =

For calculation, we need use current density to satisfy with another equation, so the 

Eq. (4.51) will become: 

         (4.52) iVPD =
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 The power density increase as the current density is increased until a 

maximum power density reached. Afterward, the power density is reduced because 

cell voltage is insufficient to maintain the power density. 

4.5 Efficiency of Cell 

 The efficiency of any energy conversion device is defined as the ratio between 

useful energy output and energy input. In case of a fuel cell, the useful energy output 

is the electrical energy produced, and energy input is the enthalpy of hydrogen 

(hydrogen’s higher heating value or hydrogen’s lower heating value). The use of 

lower heating value is justified by water vapor being produced in the process, but is 

thermodynamically more correct to use the higher heating value, because it accounts 

for all the energy available and it is consistent with the definition of the efficiency. 

Assuming that all of the Gibbs free energy can be converted into electrical energy, 

The efficiency of fuel cell is: 

 eff
G
H

η Δ
=
Δ

        (4.53) 

The maximum possible (theoretical) efficiency of fuel cell is: 

 237.34 83%
286.02eff

G
H

η Δ
= = =
Δ

      (4.54) 

Then  

1.23 83%
1.482eff

G
nF

H
nF

η

−Δ

= = =
−Δ

      (4.55) 

Following this approach, the cell efficiency can be calculated as: 

  
1.482

cell
eff

Vη =         (4.56) 

 



CHAPTER V 

SIMULATION RESULTS AND DISCUSSION 

 In this chapter, the influences of operating parameters on PEMFC performance 

under isothermal and steady-state conditions are presented. Mathematical model of 

PEMFC described in Chapter IV is used to investigate the electrochemical 

characteristics of fuel cell.  

5.1 Model validation 

 The PEM fuel cell consisting of the mass balances describing gas composition 

variation along the fuel and air channel and the electrochemical model as presented in 

Chapter IV is first validated with data obtained from literature (Liu et al., 2005). In 

their study, hydrogen gas with 90% relative humidity and air with 90% relative 

humidity are fed through a narrow fuel (at the anode side) and air (at the cathode side) 

channels, respectively. Nafion membrane is used in PEM fuel cell. The electrode 

porosity of 0.4, the operating temperature of 70 oC, and the operating pressure of 2 

atm are taken to be the same as given by Liu et al. (2005). All the physical parameters 

used in the simulation are listed in Table 5.1. 

 Figure 5.1 shows the comparison of the model prediction using a single phase 

PEMFC model and experimental result. It can be seen that the proposed model can 

predict the cell characteristics very well.  
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Table 5.1 Model parameters used in the simulation 

Parameters Symbol Value Unit 

Channel width w  0.002 m 

Channel length L  0.25 m 

Membrane thickness δ  2.5 x 10-4 m 

Dry membrane density memdry ,ρ  2000 kg/ m3 

Membrane equivalent weight memM  1.1 kg/mol 

Specific resistance of membrane memρ  0.5 Ωm 

Anode transfer coefficient anα  0.5 - 

Cathode transfer coefficient caα  2 - 

Anode exchange current density ani0  1.4 x 108 A/m2 

Cathode exchange current density cai0  5.0 x 10-4 A/m2 

Condensation rate coefficient ck  100 s-1 

Evaporation rate coefficient vk  100 s-1atm-1 

Liquid saturation s  0.2  

Weight fraction of Pt on carbon ptf  0.2  

Weight fraction of ionomer memf  0.25  

Pt loading inside the catalyst layer ptm  0.2 kg Pt/ m2 
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Figure 5.1 Comparison between model prediction and experimental data (Liu et al., 

2005). 
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 Figure 5.2 Comparison between a single-phase and two-phase PEMFC model. 
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 Under the same operating condition of PEMFC as given in Liu et al., (2005), 

simulations of a PEMFC based on a single phase model and a two-phase model are 

compared in Figure 5.2. It is noted that the single phase model assumes that the water 

produced by an electrochemical reaction at the cathode is in a vapor form whereas it 

is in a liquid form in the two-phase model. From the polarization curve shown in 

Figure 5.2, it is found that the cell performance predicted by a two-phase model is 

lower than that obtained from the single phase model. Since the two-phase model 

accounts for the flooding effect on the gaseous reactant transport, an amount of 

oxygen permeated to the catalyst layer is lower. In addition, the liquid water causes 

higher ionic membrane resistances, thus leading to an increase in the ohmic loss. This 

result demonstrates the effect of the liquid water on the overall cell performance.  

5.2 Performance of PEMFC at standard condition 

 In the next section, the performance analysis of PEMFC using the two-phase 

model is performed under isothermal and steady state condition. Table 5.2 shows the 

operating conditions of PEMFC at the standard condition. Fully humidified hydrogen 

and air are fed to PEMFC at the fuel and air channels, respectively. 

 

 Table 5.2 Operation conditions of PEMFC at the standard condition 

Parameters Symbol Value Unit 

Temperature of fuel cell T 353.15 K 

Inlet anode temperature  Tan 353.15 K 

Inlet cathode temperature Tca 353.15 K 

Relative humidity of reactants RH 100 % 

Cell pressure P 1 atm 

Volumetric flow rate of inlet anode gas Fan 1.67 x 10-6 m3/s 

Volumetric flow rate of inlet cathode gas Fca 3.33 x 10-6 m3/s 

Electrode porosity ε 0.4 - 
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  Figure 5.3(a)-(f) show the distribution of current density, mole fraction of 

hydrogen, oxygen, water, and membrane conductivity along the flow direction at 

different operating cell voltage. It is found from Figure 5.3(a) that the current density 

decreases along the flow channel direction. This is due to the depletion of reactants 

(hydrogen and oxygen) as shown in Figures 5.3(b)-(c). It is noted that although 

hydrogen is consumed by the electrochemical reaction at the anode channel to 

generate the electricity, the mole fraction of hydrogen is increased as can be seen in 

Figure 5.3(b). This is because of a high decrease in vapor water in the anode channel 

due to the effect of the electro-osmosis drag force as shown in Figures 5.3(d). Figure 

5.3(e) illustrates an increase in the mole fraction of vapor water at the channel inlet 

since vapor water is transferred from the anode to the cathode channel by the electro 

osmosis drag force and derived from the vaporization of liquid water generated by the 

electrochemical reaction. Since the water content in membrane decreases due to more 

vapor water transported across the membrane, the membrane ionic conductivity 

decreases as shown in Figure 5.3(f). 
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Figure 5.3 Profiles along the cell channel: (a) Current density, (b) hydrogen mole 

fraction at the anode, (c) oxygen mole fraction at the cathode, (d) water mole fraction 

at the anode, (e) water mole fraction at the cathode, and (f) Membrane Conductivity. 

 

5.3 Effect of operating temperature  

 Figure 5.4(a)-(f) shows the distribution of current density, mole fraction of 

hydrogen, oxygen, water, and membrane conductivity along the flow direction at 

different operating temperature. It is found from Figure 5.4(a) that the current density 

decreases along the flow channel direction. This is due to the depletion of reactants 

(hydrogen and oxygen) as shown in Figures 5.4(b)-(c). At the same operating voltage 

of 0.7 V, more current density can be produced when the cell is operated at higher 

temperatures. However, an increase in operating temperatures has a slight effect on 

the variation of hydrogen, oxygen and water. It is noted that although hydrogen is 

consumed by the electrochemical reaction at the anode channel to generate the 

electricity, the mole fraction of hydrogen is increased as can be seen in Figure 5.4(b). 

This is because of a higher decrease in water vapor in the anode channel due to the 

effect of the electro-osmosis drag force as in Figures 5.4(d). As more water vapor 
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transports through the membrane to the cathode side by the electro osmosis drag force 

and some liquid water generated by electrochemical reactions at the cathode 

vaporizes, the fraction of water vapor at the cathode increases (Figure 5.4(e)). Due to 

a decrease in the water content of the membrane, the membrane ionic conductivity 

decreases as shown in Figure 5.3(f). Figure 5.3(f) show the operating temperature has 

a significant influence on the membrane ionic conductivity. 
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Figure 5.4 Profiles along the cell channel: (a) Current density, (b) Anode hydrogen 

mole fraction, (c) Cathode oxygen mole fraction, (d) Anode water mole fraction, (e) 

Cathode water mole fraction, and (f) Membrane Conductivity 

 

 The characteristic curve of cell voltage and power density for PEMFC at 

different operating temperature is presented in Figure 5.5(a)-(b). As expected, the cell 

performance increases with increasing operating temperature. This is due to the 

decreased mass transport resistance and ohmic loss. 
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Figure 5.5 Effects of operating temperature at different current density on (a) cell 

voltage and (b) power density. 
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5.4 Effect of gas humidity  

 In this section, the effect of the relative humidity of inlet gas at the anode and 

cathode on cell performance is studied. Figures 5.6-5.13 show the distribution of 

current density, mole fraction of hydrogen, oxygen, water, membrane conductivity, 

membrane resistance loss, and cathode concentration loss along the flow direction of 

PEMFC at different relative humidity of inlet gas (50%, 75% and 100%) at the anode 

and cathode channels.  

 From Figure 5.6, it is found that when the humidified fuel gas with higher 

relative humidity is fed to PEMFC operated at the 0.7 V, the current density obtained 

increases as high vapor water in fuel gas cause the membrane to have more water 

content. This results in higher gas diffusivity and membrane conductivity. On the 

other hand, when hydrogen or air with higher relative humidity is used as fuel or 

oxidant, respectively, the current density is decreased due to the lower mole fraction 

of hydrogen at the anode or oxygen at the cathode as can be seen in Figures 5.7-5.8. 

Figure 5.9 illustrates the decrease of water vapor in the anode channel due to the 

effect of the electro-osmosis drag force. This leads to an increase in water vapor at the 

cathode. The results indicate that high humidified fuel and air cause an increase of 

vapor activity at both the electrodes and thus, increasing water content in membrane 

and the membrane ionic conductivity (Figure 5.11). The increased membrane ionic 

conductivity decreases the membrane resistance loss as can be seen in Figure 5.12. 

However, it is found from Figure 5.13 that the cathode concentration loss increases 

when fuel and air with high relative humidity are fed to PEMFC due to the decrease 

of oxygen diffusivity, leading to mass transport limitations. 
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Figure 5.6 Distribution of current density along the cell channel at different gas inlet 

humidity at (a) anode channel and (b) cathode channel. 
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(b) 

Figure 5.7 Distribution of hydrogen along the cell channel at different gas inlet 

humidity at (a) anode channel and (b) cathode channel. 
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(b) 

Figure 5.8 Distribution of oxygen along the cell channel at different gas inlet 

humidity at (a) anode channel and (b) cathode channel. 
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(b) 

Figure 5.9 Distribution of anode vapor water along the cell channel at different gas 

inlet humidity at (a) anode channel and (b) cathode channel. 
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(b) 

Figure 5.10 Distribution of cathode vapor water along the cell channel at different gas 

inlet humidity at (a) anode channel and (b) cathode channel. 
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(b) 

Figure 5.11 Distribution of membrane conductivity along the cell channel at different 

gas inlet humidity at (a) anode channel and (b) cathode channel. 
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(b) 

Figure 5.12 Distribution of membrane resistance along the cell channel at different 

gas inlet humidity at (a) anode channel and (b) cathode channel. 
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Figure 5.13 Distribution of concentration loss along the cell channel at different gas 

inlet humidity at (a) anode channel and (b) cathode channel. 
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(b) 

Figure 5.14 Effects of gas inlet humidity at different current density on cell voltage: 

(a) change of anode relative humidity, and (b) changing of cathode relative humidity. 
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(b) 

Figure 5.15 Effects of gas inlet humidity at different current density on cell power 

density: (a) change of anode relative humidity, and (b) changing of cathode relative 

humidity 
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 The effect of the humidity of gas inlet at the anode and cathode channels on 

the polarization curve is further investigated. Figures 5.14(a) and 5.15(a) shows, 

respectively, the cell voltage and power density as a function of current density when 

the humidity of the fuel gas is varied from 0 % (dry gas) to 100 % and shown the 

humidity of the oxidant is fixed at 100% whereas Figures 5.14(b) and 5.15(b) shows, 

respectively, the cell voltage and power density at different current density when 

varying the humidity of the oxidant from 0 % to 100 %. It is found that increasing the 

humidity of the fuel gas leads to a significant improvement of cell performance. As 

the increased gas humidity causes more vapor water in the fuel, the membrane 

conductivity is increased and thus reducing the ohmic loss. Dry fuel gas dehydrated 

the membrane, so the cell performance is decreased rapidly. Figure 5.14 (b) shows 

that the humidified air also improve the cell performance. Although the dry air 

consists of high content of oxygen which can promote the electrochemical reaction, 

less vapor water in the air channel causes the membrane dehydrated, resulting in high 

ohmic overpotential. An increase of humidification of inlet air leads to the increased 

membrane conductivity and improved cell performance. From simulation results, it 

can be seen that the humidified fuel and air provides the improvement of the PEMFC 

performance.  

5.5 Effect of anode inlet temperature 

 The effect of the anode inlet temperatures is studied in this section by 

changing the anode inlet temperature form 50 to 90 oC. The investigation of PEMFC 

performance is based on humidified inlet gas conditions. Figure 5.16(a)-(b) show the 

cell voltage and power density at different operating temperature and current density. 

It demonstrates that the cell voltage and power density decrease when the PEMFC is 

fed by fuel at higher temperature. An increase in fuel temperature at the inlet results in 

the dehydration of membrane. A decrease of hydrogen in fuel due to the increase of 

humidity temperature affect to the anode limiting current-density, especially at high 

current density. Thus, the PEMFC can be operated at low voltage and power density. 

 

 



 
55 

 

0 0.2 0.4 0.6 0.8 10

0.3

0.6

0.9

1.2

Current density (A/cm2)

V
ol

ta
ge

 (V
)

 

 

Tan = 323.15 K
Tan = 333.15 K
Tan = 343.15 K
Tan = 353.15 K
Tan = 363.15 K

 

(a) 

(b) 

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

Current density (A/cm2)

Po
w

er
 d

en
si

ty
 (W

/c
m2 )

 

 

Tan = 323.15 K
Tan = 333.15 K
Tan = 343.15 K
Tan = 353.15 K
Tan = 363.15 K

 

Figure 5.16 Effect of anode inlet temperature at different current density on (a) cell 

voltage and (b) power density. 
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5.6 Effect of cathode inlet temperature 

 The effect of the cathode inlet temperatures is analyzed by changing the 

cathode inlet temperature form 50 to 90 oC. The investigation of PEMFC performance 

is based on humidified inlet gas conditions. Figure 5.17(a),(b) show the cell voltage 

and power density at different operating temperature and current density. The results 

show that the cell voltage decreases while the cathode inlet temperature increases, 

especially at the high current density. This is because higher air inlet temperature 

results in the dehydration of membrane. In addition, a decrease of oxygen in air due to 

the increase of humidity temperature affects the limiting current-density which has an 

effect on cell voltage and power density. 
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(b) 

Figure 5.17 Effect of cathode inlet temperature at different current density on (a) cell 

voltage and (b) power density. 

 

 

5.7 Effect of operating pressure 

 The effects of operating pressure at the anode and cathode sides on the 

characteristic curve are shown in Figure 5.18. The pressure is varied form 1 to 3 atm. 

It is found that the operating cell voltage slightly increases with increasing pressure. 

As the diffusivity of the reactant gases is increased, mass transport resistance 

decreases. Further, the increased operating pressure increases the partial pressure of 

reactants. This improves the PEMFC performance in terms of cell voltage and power 

density. However, increasing operating pressures decreases the water content of 

membrane that results in membrane dehydration and the increased ohmic loss. 
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Figure 5.18 Effect of operating pressure at different current density on (a) cell voltage 

and (b) power density.  
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5.8 Effect of water flooding  

 Figure 5.19 shows the effect of operating current density on cell voltage and 

the fraction of water flooding when PEMFC is operated at 353 K and 1 atm and fed 

by humidified fuel and air. The results show that the fraction of water flooding at the 

cathode side increases with increasing operating current density. At high current 

density, more liquid water is produced and thus the fraction of water flooding 

increases. Increasing water flooding result in lower void fraction in the cathode and 

less oxygen can diffuse to the catalyst layer. Therefore, high concentration loss is 

observed. It is noted that the water flooding can be decreased by increasing 

volumetric flow rate of cathode gas to remove liquid water from the cell. 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.2 0.4 0.6 0.8 1
Current density (A/cm2)

V
ol

ta
ge

 (V
)

0

0.05

0.1

0.15

0.2

0.25

0.3

Fr
ac

tio
n 

of
 w

at
er

 fl
oo

de
d

x 
10

3
Operating voltage

fraction of flooding

T = 353 K,P = 1 atm,

 

Figure 5.19 Effect of current density on cell voltage and fraction of water flooding. 
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Figure 5.20 Effect of current density on cell voltage and fraction of water flooding at 

(a) T = 353 K and P = 3 atm and (b) T = 363 K and P = 1 atm  
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 Figure 5.20 shows the effect of operating current density on cell voltage and 

the fraction of water flooding at different operating pressure and temperature. It is 

found that when the PEMFC is operated at higher pressure and temperature, the 

occurrence of water flooding seems to be reduced. At low temperature, it make the 

cathode water vapor condense to liquid water because the cathode water vapor 

increases from electro-osmosis drag from anode to cathode and then the cathode 

partial pressure increase more than the saturated pressure at low temperature. It seems 

that the water flooding occurred earlier and increases rapidly at high current density. 

At high pressure, it makes the cathode activity decreases that result in the dehydration 

of membrane and then the liquid water evaporated because the cathode partial 

pressure decrease less than the saturated pressure. 

 



CHAPTER VI 

CONCLUSION AND RECOMMENDATION 

6.1 Conclusion 

  This work studies on the simulation of polymer electrolyte membrane fuel 

cell (PEMFC) based on a two-phase steady state isothermal model. The mass transfer 

resistance of reactants due to water flooding is taken into account to analyze cell 

performance. Performance analysis of PEMFC in terms of the distribution of gas 

composition and current density, and cell voltage and power density is performed 

with respect to the effect of key operating conditions such as temperature, pressure 

and humidification of the reactant gases on the PEMFC.  

 Simulation shows that the cell performance increases with increasing 

operating temperature due to the decreased mass transport resistance and ohmic loss. 

Increasing the humidity of the fuel gas and air leads to a significant improvement of 

cell performance because an increase in high vapor water causes the membrane to 

have more water content and higher gas diffusivity and membrane conductivity. It is 

found that the cell voltage decreases while the anode and cathode inlet temperatures 

increase, especially at the high current density. This is because higher anode and 

cathode inlet temperature leads to the dehydration of membrane that causes high 

ohmic loss. Considering the influence of cell operating pressure, it is indicated that 

the increased pressure increases the partial pressure of reactants. This improves the 

PEMFC performance in terms of cell voltage and power density. By comparing with 

the result obtained from a single-phase PEMFC model in which water produced from 

the electrochemical reaction is in the vapor phase, it is found that the cell performance 

predicted by the two-phase model is lower than that obtained from the single phase 

model. Since the two-phase model accounts for the flooding effect on the gaseous 

reactant transport, an amount of oxygen permeated to the catalyst layer is lower. In 

addition, the liquid water causes higher ionic membrane resistances, thus leading to an 

increase in the ohmic loss.  
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 Considering the effect of water flooding at the cathode, simulation results 

show that the occurrence of the water flooding increases with increasing operating 

current density. At high current density, more liquid water is produced and thus the 

fraction of water flooding increases. Increasing water flooding result in lower void 

fraction in the cathode and less oxygen can diffuse to the catalyst layer. Therefore, 

high concentration loss is observed. It is noted that the water flooding can be 

decreased by increasing volumetric flow rate of cathode gas to remove liquid water 

from the cell. The study of the electrical characteristics of PEMFC under the variation 

of key cell operating parameters contributes a useful tool for the understanding and 

improving of cell performance. 

6.2 Recommendation 

 The performance of PEMFC is influenced by an operating temperature. The 

cell temperature is known to have an important impact on water management and 

transportation within the PEMFC. The future work should concentrate on the analysis 

of PEMFC under non-isothermal condition. 
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