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Abstract 

Fuel cells are electrochemical devices that directly convert the chemical energy of reaction of 

a fuel and an oxidant (usually hydrogen and oxygen) into electricity. Detailed measurements of 

properties such as the fluid flow distribution, species concentration, temperature distribution and 

local current densities are difficult to obtain during the operation of a fuel cell. Nonetheless, 

information like that is critical for improving the fuel cell performance, reducing cost and 

identifying possible failure mechanisms. Therefore, numerical models that are capable of 

producing this information would be very useful for design and optimization as well as improved 

fundamental understanding of transport processes in fuel cells. 

In this project a two-dimensional, non-isothermal and non-isobaric computational model of 

a PEM fuel cell is formulated. The model is coupled with a computational fluid dynamics 

model for diffusive transport in the electrodes and convective transport in the gas flow channel, 

which is built principally upon the conservation laws for mass, momentum and energy. Then 

the following four phenomenological equations are also involved: the Stefan-Maxwell equation 

for the description of mUlti-species diffusion; the Bulter- Volmer equation for the description of 

first-order reaction kinetics; the Nernst-Planker equation for the description of proton flux 

through membrane; and the Schlagl equation for the description of water velocity in membrane. 

The focus of the project is placed on the study of partial hydration in the membrane. For this 

propose, we develop our membrane model partly based on empirical relationships to account 

explicitly for water diffusion, pressure distribution and electro-osmotic drag; meanwhile, 
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thermal effects are introduced implicitly via the variation of membrane transport parameters as 

functions of temperature. 

Although the solution ofthe present model is beyond the scope of the project, we are trying 

to embed the general solution ideas in our modeling work by giving, for all computation 

domains, detailed boundary conditions and corresponding properties and parameters that are 

critical for the prediction accuracy of the model. 
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Chapter 1 Introduction 

1.1 Background 

Fuel Cells (FC's) are electrochemical devices that directly convert the chemical energy of 

fuel into electricity. Unlike battery, a fuel cell does not run down or require recharging. It will 

produce energy in the form of electricity and heat as long as fuel is supplied. 

Fuel cells at standard working conditions can theoretically achieve an efficiency as high as 

83 percent. Other advantages of fuel cells include mechanical simplicity, modularity, lower 

noise and, of top importance, zero emission that are directly attributable to the reduction of air 

pollution and greenhouse effect. 

Statistics showed that nearly 30% of urban CO2 emissions in OECD (Organization for 

Economic Co-operation and Development) countries in 1993 came from transportation, which 

consumed a large quantity of fossil fuel. So replacing internal combustion engines with a more 

efficient and environmentally benign technology is highly desirable. Amongst various types of 

fuel cells being developed, the Proton Exchange Membrane (PEM) fuel cell characterized by 

the use of a polymer electrolyte membrane appear to be the best candidate for powering 



Chapter 1- Introduction 

commercial and private vehicles owing to its simplicity in design and its low-temperature 

operating condition. 

However, compared to Ie engines and batteries, currently PEM fuel cells are significantly 

more expensive. The commercialization of PEM fuel cells requires reducing cost and increasing 

power density through engineering optimization, which can be implemented on the basis of a 

better understanding of PEM fuel cell operation mechanism. Detailed measurements of 

properties such as the fluid flow distribution, species concentration, temperature distribution and 

local current densities are difficult to obtain during the operation of a fuel cell. Nonetheless, such 

information is critical for improving the fuel cell performance, reducing cost and identifying 

possible failure mechanisms. Therefore, numerical models that are capable of producing this 

information would be very useful for design and optimization as well as fundamental 

understanding oftransport processes in fuel cells. 

In this project, a complete two-dimensional, non-isothermal, and non-isobaric model will 

be formulated for a single PEM fuel cell. In particular, water management of PEM fuel cells is 

a critical operation issue. Optimal operation is achieved by carefully balancing the supply and 

removal of water vapor to ensure that neither flooding of the electrodes nor drying out of the 

membrane takes place. Protonic conductivity is strongly dependent on the membrane water 

content, and high conductivity required for efficient operation can only be achieved by 

maintaining the membrane near full water saturation. The concentration of this project is to 

examine the effects of partial hydration in membrane during PEM fuel cell operation. 
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Chapter 1- Introduction 

1.2 Operation Principle of a PEM Fuel Cell 

A PEM fuel cell consists of a membrane sandwiched by two porous electrodes, along with 

two thin catalyst layers located at the anode-membrane and the cathode-membrane interface, 

respectively. Oxygen passes over one electrode and hydrogen over the other, generating 

electricity, water and heat. 

In a contemporary PEM fuel cell, reformed hydrocarbon (main composition: H2 and CO2 ) 

and air (main composition: 02 and N 2 ) are almost invariably adopted as fuel and oxidant, 

respectively. 

Figure I shows the operation principle of a PEM Fuel Cell involving the following 

transport processes: 

e _ .. 
- - .. ----- -t::: 

---

H"CO,.H,O, Channel 

Anode 

Catalyst Layer Membrane 

Cathode 

O,.N,.H:O, Channel 

---.-.---.--------~----- -------------.--- -- ..... o(~~~ 

e 

Figure 1 Operating scheme of a PEM Fuel Cell 

On the anode side, 

• Humidified hydrogen fuel mixture (H2' CO2 and H20 g) flows into the anode channel; 
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Chapter 1- Introduction 

• Hydrogen diffuses through the porous gas-diffusion anode; 

• At the anode-membrane catalyst layer the following electrochemical reaction takes 

place: 

(1.1 ) 

• Electrons flow through the external circuit where they produce electric work; 

meanwhile, protons migrate through the membrane towards the cathode side; 

On the cathode side, we have the following similar processes, 

• Humidified air (02, N2 and H20g) enters the cathode channel; 

• Oxygen diffuses through the porous gas-diffusion cathode; 

• A reduction reaction producing water and heat takes place at the cathode-side catalyst 

layer: 

(1.2) 

For a single PEM fuel cell, its total amount of current is related to the geometrical cell area 

by the current density of the cell in [Alcm2
]. And the product of current density and cell 

voltage gives the power density in [w/cm2] of a single cell, which is often shown via the 

polarization curve. 
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Chapter 1- Introduction 

1.3 Fuel Cell Components 

Proton Exchange Membrane 

One important part of a PEM fuel cell is the proton exchange membrane, a polymer 

electrolyte. The acidic polymeric membrane conducting protons but repelling electrons makes 

the electrons travel through the outer circuit providing the electric work. Membrane is 

characterized by the fixed-charge concentration: a higher fixed-charges concentration can lead 

to a higher protonic conductivity of the membrane. A commonly used electrolyte material is 

Nafion from DuPont, which is also the one considered in this project. 

In PEM fuel cell it is particularly important to maintain appropriate water content in the 

electrolyte membrane, since the conductivity depends directly on water content. However, 

membrane saturation needs to be balanced between water removal and excessive water 

condensation in the gas diffusion electrodes. In this project, we describe a mathematical model 

for the membrane that takes into account the diffusion of water, the pressure variation, and the 

electro-osmotic drag in the membrane, which can be used to sophisticatedly predict the water 

transport fate in membrane. 

Catalyst Layer 

Although the catalyst layer is a relatively small part ofthe cell, it is the heart ofthe fuel cell 

energy transformation mechanism. Here the fuel and oxidant react electrochemically to 

produce electrical work. However, the electrochemical reactions in PEM fuel cells occur 

slowly especially at the cathode side. In order to enhance the electrochemical reaction rates, a 
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catalyst layer, which usually consists of small particles of platinum catalyst supported on larger 

carbon particles, is needed. These carbon particles have to be mixed with some electrolyte 

material in order to ensure that the protons can migrate towards the reaction site. The 

composition, morphology, and thickness of catalyst layer are critical in determining the 

performance ofa cell and also the resulting cost of fuel cells. 

The study conducted by Ticianelli et al. [I] shows that the optimum amount of Nation 

loading in PEM fuel cells is 3.3% for high current densities. And the optimum value of catalyst 

layer thickness is found to be 1O,um [2] because almost all of the electrochemical reactions 

occur within a 10,urn thick layer close to the membrane. 

Gas Diffusion Electrodes 

The electrode region consists of the gas transport substrate which serves the purposes of 

current collection and gas transport medium. GDE's are characterized mainly by their 

thickness (between 100,um and 300,urn ) and porosity. The assembly of the membrane and the 

gas-diffusion layer including the catalyst is called the Membrane-Electrode-Assembly (MEA). 

Bipolar Plates 

Separating different cells in a fuel cell stack and feeding the reactant gases to the 

gas-diffusion electrodes are the main duties of bipolar plates. The gas-flow channels are curved 

into the bipolar plates, which should otherwise be as thin as possible to reduce the weight and 

volume requirements. Also, maintaining a good electrical connection between the bipolar 
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Chapter 1- Introduction 

plates and the gas-diffusion layers to minimize the contact resistance and hence ohmic losses is 

of importance. 

1.4 Literature Review 

In the past decade, fuel cell modeling has been used extensively to provide understanding 

about fuel cell performance. Although numerous researchers have focussed on different aspects 

of the fuel cell, the general trend from one-dimensional to multi-dimensional, from 

single-phase to multi-phase, from simple to complex has been established. Amongst all of these 

models, those addressing water-management issues are especially of interest and should be 

mentioned particularly in this project. 

One of the earlier models addressing water management in PEM fuel cells was developed 

by Bernardi [3]. The primary focus of this one-dimensional model was the humidification 

requirements of inlet gases to maintain a state of water balance in PEM fuel cell. This work 

assumes that the cell is isothermal, the gas diffusion electrodes are free of water droplets, and 

that only water vapour is produced by the electrochemical reaction. Further assumptions are 

that the electro-osmotic drag of water and pressure induced flow across the membrane are 

insignificant next to the flow caused by a concentration gradients. These assumptions are valid 

for a thin membrane. Results of Bernardi's model suggest that the current density needed to 

maintain a water balance increases with increasing temperature due to larger water evaporation. 

Her work also suggests that oxygen transport in the cathode may limit fuel cell performance 

due to the current required to maintain water balance being higher than the diffusion-limiting 
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Chapter 1- Introduction 

current density. 

Bernardi continued her modeling work with Verbrugge by investigating the performance of 

a gas-fed porous cathode bonded to an ion-exchange membrane [4]. In this model, the cell is 

assumed to be isothermal and the gas streams ideal. The membrane is assumed to be fully 

hydrated; however, unlike her previous model, the flux of water through the membrane due to 

pressure and potential gradients is addressed. The possibility of liquid water as well as vapour 

flux in the electrode is considered. This model is derived from analytic expressions describing 

the physical processes occurring in cathode electrode, catalyst layer and membrane. The effects 

of hydrogen electrode are neglected. The results of this model predict a performance for a 

complete PEM fuel cell that agrees well with some experimental work. Results show that at 

higher operating currents, the resistance of the membrane is a significant contributor to overall 

polarization. The model also predicts that at typical operating currents, the cathode reaction is 

essentially a surface reaction at the front ofthe catalyst layer due to low reactant permeability. 

Bernardi and Verbrugge completed their model evolution with a one-dimensional, 

isothermal model of a complete PEM MEA [5]. A good agreement with experimental cell 

polarization curves was achieved and the use of membranes with varying thickness was 

investigated. Also, the results of using a Dow membrane as compared to Nafion are explored. 

Experimentally determined parameters are used wherever possible; however, the cathode 

exchange current density per unit volume is adjusted to fit performance data. The hydraulic 

permeability is also adjusted to fit experimental water-transport characteristics. Besides, the 

results of the model shows that membrane dehydration can pose limitations on operating 

current density. They suggest that electrodes with low hydraulic permeability are advantageous 
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Chapter 1- Introduction 

for maintaining membrane hydration. 

Bernardi and Berbrugge's work is usually recognized as the starting point of contemporary 

PEM fuel cell modeling study and has been adopted as the basis for further modeling 

investigation by many researchers. 

A significant amount of experimental and theoretical PEM fuel cell work is being 

performed at Los Alamos National Laboratories (LANL). Their modeling is of special interest 

because, in most cases, it is being rigorously coupled with experimental work. One of the 

groups led by Springer has contributed significantly to the understanding of the processes 

occurring in complete fuel cell assemblies. Their first one-dimensional, isothermal model 

which accounted for a partially dehumidified membrane was published in 1991 [6]. The anode 

catalyst layer is neglected and the cathode catalyst layer is assumed to be a thin reactive plane. 

The presence of liquid water in the electrodes is ignored. The result of this model predicts a net 

water per proton flux of 0.2 for typical operating conditions which compares well to their 

experimental measurements. They also show that significant advantages concerning cell 

performance result from using thinner membranes. In this study, the water content in the 

membrane had been measured experimentally as a function of relative humidity outside the 

membrane, and a correlation between the membrane conductivity and the humidification level 

of the membrane had been established. Since this is the only such model, it is still widely used 

by different authors when a partly humidified membrane is to be taken into account. 

A more ambitious model examining water and thermal management in PEM fuel cells was 

developed by Fuller and Newman [7]. This quasi-two-dimensional model is obtained by 

solving a one-dimensional through-the-membrane problem and integrating the solutions at 
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various points in the down-the-channel direction. The model assumes that the oxidation of 

hydrogen and the evaporation of water are fast and can be neglected. The results of the work 

showed that the thermal considerations must be included in an analysis of water management. 

A steady, two-dimensional heat and mass transfer model of a PEM fuel cell was presented 

in 1993 by Nguyen and White [8]. This model solves for the transport of liquid water through 

the membrane by electro-osmotic drag and diffusion and includes the phase-change of water, 

but the MEA is greatly simplified, assuming "ultra-thin" gas diffusion electrodes. The volume 

of the liquid phase is assumed to be negligible. This model was used to investigate the effect of 

different humidification schemes on the fuel cell performance. It was refined in 1998 by Yi and 

Nguyen [9] by including the convective water transport across the membrane, temperature 

distribution in the solid phase along the flow channel, and heat removal through natural 

convection and coflow and counterflow heat exchangers. The shortcoming of assuming 

ultrathin electrodes had not been addressed, so that the properties at the faces of the membrane 

are determined by the condition in channel. Again, various humidification schemes were 

evaluated. In 1999 Yi and Nguyen [10] published a two-dimensional model of the 

multi-component transport in the porous electrodes of an interdigitated gas distributor [11]. The 

first detailed two-phase model of a PEM fuel cell was published by He, Yi and Nguyen in 2000 

[12]. It is two-dimensional in nature and employs the interdigitated flow field design proposed 

by Nguyen [11]. 

In the model proposed by Amphlett, Kim et al. they use an empirical equation to describe 

the performance curve of a PEM fuel cell over the complete operating range [13]. The 

inclusion of an exponential term with an adjustable parametric coefficient is found to 
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sophisticatedly model performance curves up to and including the mass transport limited 

region. The mechanistic insights of this equation are limited; however, the equation is of some 

use where a simple equation is needed to simulate cell performance. Such a application may be 

a complete fuel cell system. 

In 1995, another PEM fuel cell model is published from a group at Los Alamos [14]. 

Weisbrod et al. developed an isothermal, steady-state, one-dimensional model of a complete 

cell incorporating the membrane water model of Springer et al. This model explores the 

possibility of the water flux in the electrode backing being a result of vapour flux only, or with 

liquid water present as well. If liquid water is present, they assume the gas stream is saturated. 

For the catalyst layer model, they assume that the catalyst particles are covered by a thin film 

of ionomer and that diffusion through this film can be neglected. The volume composition they 

use for the catalyst layer is dominated by void space. The results of the model indicate that 

moderate cell performance is predicted for catalyst loadings less then 0.1 mg/cm2
• The model 

also indicates a drop in performance when the cell temperature is raised to approximately 

100°C with a gas stream pressure of 2 atm. 

More recently, Wohr et al. [15] have developed a one-dimensional model that is capable of 

simulating the performance of a fuel cell stack. In addition, it allows for the simulation of the 

transient effects after changes of electrical load or gas flow rate and humidification. For the 

membrane, the model previously described by Fuller and Newman [7] was used. 

In 1998, the first model to use the methods of computational fluid dynamics (CFD) for 

PEM fuel cell m,odeling was published by Gurau et al. [16]. This group developed a 

two-dimensional, steady-state model of a whole fuel cell, i.e. both flow channels and the MEA 

11 
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in between. The model considers the gas phase and the liquid phase in separate computational 

domain, which means that the interaction between both phases is not considered. 

Another research group to apply the methods of CFD for fuel cell modeling is located at 

Pennsylvania State University. Their first publication [17] describes a two dimensional model 

of a whole fuel cell similar to the one by Gurau et al., with the exception the transient effects 

can be included as well in order to model the response of fuel cell to a load change. This model 

is used to investigate the effect of hydrogen dilution on the fuel cell performance. The transport 

of liquid water through the membrane is included, but results are not shown. Since the model is 

isothermal, the interaction between the liquid water and the water-vapour is not accounted for. 

In a separate publication [18], the same group investigates the phase change at the cathode side 

.of a PEM fuel cell with a two-dimensional model. It is shown that for low inlet gas humidities, 

the two-phase regime occurs only at high current densities. A multi phase mixture model is 

applied here that solves for the saturation of liquid water, i.e. the degree of flooding. 

The first fully three-dimensional model of a PEM fuel cell was published by a research 

group from the University of South Carolina, where Outta et al. used the commercial software 

package Fluent (Fluent, Inc.) [19]. In this model, they accommodates an empirical membrane 

model that can account for a partially dehydrated membrane. Two phase flow is also accounted 

for, but in a simplified fashion that neglects the volume of the liquid water that is present inside 

the gas-diffusion layer. 

Overall it can be said that up to around 1998, most of the fuel cell models were 

one-dimensional, focussing on the electrochemistry and mass transport inside the MEA. In 

order to account for 20 and 3D effects, the methods of computational fluid dynamics have 

12 



Chapter 1- Introduction 

recently been successfully applied to fuel cell modeling study. 

1.5 Project Goal 

The design for a fuel cell stack, thermal and water management subsystem, and the means 

of delivering fuel and oxidant are dependent upon the operating conditions of fuel cells. The 

optimum design point for a cell is determined by cell materials, transport properties, and 

reaction kinetics. 

To decrease the costs of a PEM fuel cell system, optimization of cell design is required; 

ultimately, the power density needs to be increased. To this end, the goal of the project is to 

develop a comprehensive two-dimensional mathematical model for a complete PEM fuel cell 

in hope of sophisticatedly predicting the performance of a PEM fuel cell under various 

operating conditions. Particularly, a membrane sub-model that takes into account the three 

main transport mechanisms - diffusion of water, the pressure variation, and the electro-osmotic 

drag in the membrane, is formulated. 

The outline of this project report is as follows: Chapter 2 introduces the chemical and 

thermodynamical theories of a fuel cell, fuel cell performance and efficiency definitions. From 

chapter 3 to chapter 6, the mathematical model of a complete PEM fuel cell is described on a 

component-by-component basis and the corresponding boundary conditions of this model are 

detailedly summarized in chapter 7. To sophisticatedly formulate the transport phenomena 

inside a PEM fuel cell, the properties and parameters are carefully selected from the available 

open literature and summarized in chapter 8. Finally, in chapter 9, conclusions are drawn and 

13 
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an outline for future work is presented. 
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Chapter 2 Fuel Cell Thermodynamics, Performance and Efficiencies 

2.1 Introduction 

The potential of a fuel cell at open circuit with no internal losses is know as the reversible 

cell potential, which is the maximum theoretical electric potential for a given reaction andean 

be determined by Nernst equation under the condition of thermodynamic equilibrium. Also the 

fuel cell performance characterized by overpotentical due to various mechanisms and 

efficiencies of a fuel cell are discussed in this chapter. 

2.2 Fuel Cell Thermodynamics 

2.2.1 Free-Energy Change of a Chemical Reaction 

PEM fuel cells converse chemical energy into electrical energy directly by electrochemical 

reaction. For a general chemical reaction 

aA+f3B~rC+8D 

the Gibb's free energy change is given in terms of chemical activities by: 

15 
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(2.2) 

where a; is the chemical activity of the substance i and the standard free energy change of 

the reaction, ~gO, is given by 

aY ali 
~g-O =-RTln C,e D,e =-RTlnK 

a p 
aA,eaB,e 

(2.3) 

where the subscript e 's in the activity terms indicate the values of the activities at equilibrium, 

and K is the equilibrium constant for this reaction. 

2.2.2 Free-Energy Change and Cell Potential: Nernst Equation 

In this section the bridge between chemical activity and cell potential, Nemst equation, will 

be derived by considering a PEM fuel cell as an open system. 

l ~ W .. . System Boundary 
~ - - ~ - - - - -- . - - ~! - ~ ~ ~ - .~ .~ -- -

HP 

Figure 2 Open system boundary for thermodynamic consideration 

16 



Chapter 2 - Fuel Cell Thermodynamics, Performance and Efficiencies 

Assuming an isothermal system and applying the first law of thermodynamics to the open 

system: 

(2.4) . 

The internal energy change for an overall fuel cell reaction can be denoted as: 

(2.5) 

in equation (2.4) and (2.5), n; s are the molar flow rates in [molls] and his the molar enthalpy 

in [llmol], Q and W represent the heat transferred to and work done by the system, 

respectively, in [W]. 

Substituting equation (2.5) into (2.4) and writing the expression on a per mole offuel basis: 

(2.6) 

Recalling the overall fuel cell reaction: 

(2.7) 

equation (2.6) can be written as: 

- 1- - Q W 
h +-h -h +---=0 

H, 2 0, H,O n n 
H, H, 

(2.8) 

or 

(2.9) 
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where h;n and ~1I1 denote the incoming and outgoing enthalpy streams per mole of fuel, 

respectively. 

Substituting the definition of Gibbs free energy, i.e. 

(2.10) 

into equation (2.9) yields: 

(2.11 ) 

where M is the entropy change per mole of fuel and T is the temperature in [K]. 

Rearranging (2.11) leads to 

Q. /. . 
_ _ nH2 I(A- W) s -s - =-- Llg+-

0111 In T T izH2 
(2.12) 

note that the right hand side is always greater than zero. 

If the process is carried out reversibly (i.e. equation (2.12) is equal to zero), we get the 

following expression for the heat production: 

(2.13) 

By combining equation (2.9) and (2.13) we obtain an expression for the work of a 

reversible process, which is the maximum work obtainable from one mole of hydrogen: 
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(2.14) 

or with the definition of the Gibb's free energy change, i.e. equation (2.10), the above equation 

can be written as: 

(2.15) 

So we conclude that the free-energy change of a chemical reaction is a measure of the 

maximum net work obtainable from the reaction. For the overall reaction of a PEM fuel cell, 

the standard Gibb's free energy change is /1g0 = -237.3 x 103 J / mol when the product water 

is in the liquid phase [20]. 

Next, from the electrical view the reversible work in a fuel cell is the electrical work 

involved in transporting the charges around the circuit from the anode side towards the cathode 

side at their reversible potentials, Vrel' a and Vrev c' respectively. Hence, the maximum electrical . . 

work per mole of hydrogen provided by the overall reaction in a cell is: 

(2.16) 

where F is the Faraday constant (96485 C mor l
) and n is the mole number of electrons per 

mole of hydrogen involving in the reaction. 

Comparing equation (2.16) with (2.15) results in: 

/1g = -nF (V,ev c - Vrev a) . . (2.17) 
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i.e. 

!1g = -nFErev 
(2.18) 

where Erev is the electromotive force (EMF) ofthe cell. 

Under the standard state, it follows that 

(2.19) 

where terms with superscript "0" represent "standard state". 

Combining these equations with (2.2) yields: 

A-O RT r" 
E =-~--In aCaD 

rev nF nF aa afJ 
A B 

(2.20) 

which reduced to the common form of the so-called Nernst Equation: 

(2.21) 

In the case of the hydrogen-oxygen fuel cell the Nernst equation results in: 

(2.22) 

which allows the computation of theoretical cell potentials for a fuel cell. 

When considering the effect of temperature on the free energy change, the above equation 

becomes: 

(2.23) 
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where the activities can be replaced by the partial pressures for ideal gases, i.e. 

(2.24) 

with Pi' p, the partial pressure of gaseous species i and the pressure of the gaseous mixture, 

respectively. 

2.3 Fuel Cell Performance 

Fuel cell potential predicted by Nemst equation is under the condition of equilibrium. The 

actual cell potential under operating conditions is always smaller than it. Figure 3 shows a 

typical polarization curve of a PEM Fuel Cell. 

1.25 r--- -------.---.. ----- --- ---- ---- --------.--- ------- --------- ---. ----. 

c- Idealvoltageofl.2 V 

1.00 ._-
Open-circuilloss due to fuel crossover , 

........, 
> ......... 
-a 0.75 

- Rapid drop-offdue to activation losses 

·z 
s:: 
11) ..... 

r C£ 
0.50 r" 

Q) 

------
Linear drop-offdue 10 ohmic losses 

U 

0.25 ~- Mass transport losses at high current densities 

~ 

0.00 ~~1 __ --"- ____ ~~ ______ . ___ ~~_.J_. _~ __ ":'-'--':---L._-,-----------.: ____ :----,-I-----"----,---I -,-I -,' 

0.00 0.25 0.50 0.75 1.00 1.25 

Current Density [A/cm 2
] 

Figure 3 Typical polarization curve of a PEM fuel cell and predominant loss mechanisms in 

various current density regions 
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The potential losses in a PEM fuel cell are usually due to the following reasons: 

• Fuel crossover or internal currents occurs due to the diffusion of hydrogen across the 

membrane and recombining with the oxygen on the cathode side; 

• Activation losses are caused by the slowness of the reactions taking place on the surface 

of the electrodes. In a PEM fuel cell this loss occurs mainly on the cathode side since the 

exchange current density of the anodic reaction is several orders of magnitude higher than 

that of the cathodic reaction. In most cases, the applied activation overpotential is 

described by Tafel equation [21]; 

• Ohmic losses result from the resistance of the electrolyte (membrane for PEM fuel cell) 

and sometimes the electrical resistance of the electrodes; 

• Mass transport or concentration losses result from the change in concentration of the 

reactants at the surface of the electrodes as the reactants are being consumed. It becomes 

significant when the cell is working at a relatively higher current density. 

2.4 Fuel Cell Efficiencies 

The Maximum Intrinsic Efficiency 

From the thermodynamic view, the intrinsic maximum efficiency is given by: 

(2.25) 

which can be used to compare with other energy conversion devices. 

22 



Chapter 2 - Fuel Cell Thermodynamics, Performance and Efficiencies 

Voltage Efficiency 

Under the working condition the terminal cell potential of a fuel cell decreases with 

increasing current density drawn from the cell due to the following reasons: 

• The slowness of one or more of the intermediate steps of the reactions occurring at either 

or both of the electrodes; 

• The slowness of mass transport processes; 

• Ohmic losses through the electrolyte. 

So the terminal cell potential can be given by: 

E = Erev -1]act,a -1]act,c -1]conc,a -1]conc,c -1]ohm (2.26) 

where the 1] I s with the appropriate subscripts represent the magnitudes of the losses of the 

first two types at the anode a and the cathode c and the third type generally in the 

electrolyte. 

Then the voltage efficiency Ee is defined as: 

E 
E =--

e Ere .. 
(2.27) 

The Faradaic Efficiency 

Due to the fact that either there is an incomplete conversion of the reactants at each 

electrode to their corresponding products or sometimes cross-over effect, there will be a 

portion of losses, which is taken into account by the faradaic efficiency, and it is defined as: 
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(2.28) 

where I is the observed current from the cell and I'heo is the theoretically expected current 

on the basis of the amount of reactants consumed, assuming that the overall reaction in the fuel 

cell proceeds to completion. 

Fuel Utilization Efficiency 

In practice, to keep a finite concentration gradient in a fuel cell, which is needed to allow 

the reactants to diffuse towards the catalyst layer, extra amount of fuel has to be input. A fuel 

utilization coefficient can be defined as: 

.9 = mass of fuel reacted in cell 
f mass of fuel input into cell 

note that this is the inverse ofthe stoichiometric flow ratio. 

Overall Efficiency 

(2.29) 

The overall efficiency 8 in a fuel cell is the product of the efficiencies worked out in the 

preceding subsections: 

(2.30) 
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Chapter 3 Gas Flow Channel Model 

3.1 Introduction 

The gas flow channels in a PEM fuel cell are curved into bipolar plates, and serve the 

purposes of feeding oxygen to the cathode and fuel gas to the anode. The commonly used 

material of bipolar plates is graphite, which is also a good electrical conductor for current 

collection. In a PEM fuel cell, bipolar plates make up the majority of the volume because 

anode, electrolyte and cathode are made in one very thin piece. Meanwhile, significant amount 

of cost has to be considered because of the complexity and difficulty of bipolar plate 

manufacture. 

To make the gas transport more efficient, the design of the gas flow channel is usually 

much more complicated than the simple straight channels. However in this project such a 

simple straight channel model is still used since it is capable of providing reasonable prediction 

for the processes occurring within a PEM fuel cell in spite of its simplicity. 
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3.2 Assumptions 

The gas flow channel model presented in this chapter is based on the following 

assumptions: 

1. the transport processes are steady-state and two-dimensional; 

2. two ternary gaseous systems, O2 , N2 and H 20 g on the cathode side and H 2 , CO2 

and H 20 g on the anode side, will be considered in this model; 

3. all gases are assumed to be ideal gases; 

4. the flow in the channels is considered laminar; 

5. all gases are assumed to be fully compressible and saturated with water vapour; 

6. the effect of gravity is neglected; 

3.3 Mathematical Formulation 

In fuel cell channels, only the gas-phases are considered. The various transport processes 

occurring in the flow channel are mathematically described by applying the following generic 

steady-state Navier-Stokes equations in their compressible form: 

the continuity equation: 

the momentum equations: 

in x direction: 

(3.1) 
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P (U . V')u = --- ---.!:!..+-- 8p (8(J' 8(J'yx) 
gg g ax ax By (3.2) 

in y direction: 

P (U ·V')v =--- -+-- ap (8(J'xy 8(J' yy ) 
gg g 8x ax By (3.3) 

the energy equation: 

(3.4) 

In the continuity equations (3.1), Pg and VI = (Ug,Vg)1 are the density and velocity of 

the gaseous mixture, respectively. The subscript "g' denotes the gas-phase here. 

In the two momentum equations, i.e. (3.2) and (3.3), Pg is the pressure of the fluid, 

and (J' xx' (J' yy and (J'xy are components of stress tensor expressed as: 

(3.5) 

(3.6) 

(3.7) 

with Jl , dynamic viscosity, and ,;, dilatational viscosity. 

In the energy conservation equation, Ag is the thermal conductivity of gaseous mixture 

and H is the total enthalpy calculated out of the static (thermodynamics) enthalpy h via: 

(3.8) 

There are seven unknowns involving in equation (3.1) - (3.4) and (3.8): Pg , ug ' v g' P g , 
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Tg , Hand h ,which are used to describe the behaviour of bulk flow instead of those for a 

certain individual species in the mixture. 

To make the system complete, the other two algebraic equations from thermodynamics 

should be added. One is the constitutive equation, relating static enthalpy to temperature and 

pressure. For our assumed thermally perfect fluid, h is a function of temperature only, that is: 

(3.9) 

where cp is specific heat capacity at constant pressure and is approximately viewed as a 

constant here. The other auxiliary equation is the state equation relating density to temperature 

and pressure. For each ideal gaseous species i in the ternary gaseous system, it obeys: 

(3.10) 

where Mi is the molecular weight of species i, and R is the universal gas constant (8.3143 

J/mol-K). 

The relationship between the average density Pg and the densities of components in the 

mixture, Pi' is: 

(3.11 ) 

where Wi is the mass fraction ofthe species i in the mixture. 

In addition, each species obeys the following generic advective-diffusive mass transfer 

equation: 

(3.12) 
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where the first term in the left-hand side denotes the mass transfer due to diffusion and the 

second term represents that due to convection. In equation (3.12), rg; is the molecular 

diffusion coefficient for species i. 

In a binary mixture of two species, say A and B, we have r gA = r gB = pDAB ,where DAB is 

the binary diffusivity of species A in species B. However for a ternary mixture system 

considered in our model the diffusion becomes more complex, because the diffusive flux now 

is a function of the concentration gradient of two species instead of only one kind. The way 

chosen here to deal with the problem is to approximately view the ternary system as the 

mixture made from three existing binary pairs - O2 and N2 , N2 and H 20g , H 20 g and 

O2 in the cathode-side channel, and the similar treatment can be applied to the anode-side 

channel. Thus, each binary pair can be considered as a binary mixture so that we can treat the 

ternary mixture by simply using binary-mixture-related approach. 

So far, the mathematical model describing bulk physical quantities of our interest, i.e. Ug , 

Pg 'Pg ' T and OJgi' have been presented. Considering that saturation pressure varies with 

temperature, thus the variation of vapor content in the mixture, we should perform some 

updates to sophisticatedly account for the concentration variation of each species. 

In practice, the relationship between saturation pressure and temperature can be obtained 

using the empirical formula [6]: 

p;ot = 1 O( -2. 1794+0.02953T-9. 1837xlO-s r 2+1.4454xIO-7 T') (3.13) 

with the temperature Tin [0C]. 

This new saturation pressure from temperature correction equation (3.13) will be used to 
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calculate the molar fraction of water vapour in the gas flow channel: 

(3.14) 

where a is the relative humidity, which is unity if the gaseous mixture is fully humidified. 

Then the mass fraction of vapour can be obtained using: 

(3.15) 

The newly updated vapor mass fraction will be back-substituted into (3.12) to update mass 

fraction OJ; for other species. Particularly, accurate concentration distributions of H2 and 

°2 , which are of importance in optimization and design of PEM fuel cell, can be obtained. 

Finally, to investigate diffusion details of each species of the ternary system, the 

Stefan-Maxwell equation is included [22]: 

(3.16) 

where V; is the diffusion velocity of species i defined as: 

(3.17) 

with ii;, the absolute velocity of species i. Dij is the binary diffusivity for each 

above-mentioned binary pair; X g/ is the molar fraction of lh species in the gas mixture and it 

can be obtained from mass fraction using following expression: 

OJg; 1M; 
X g;=-'3,.......-"---

LOJgjl M j 
j=l 

30 

(3.18) 



Chapter 4 Electrode Model 

4.1 Introduction 

The gas diffusion electrodes (GDE) consist of carbon cloth or carbon fibre paper and they 

serve to transport the reactant gases towards the catalyst layer through the open wet-proofed 

pores. Meanwhile, they provide interfaces where ionization takes place and the solid matrix 

through which electrons are transferred to outer circuit to provide electrical power. In addition, 

for contemporary PEM fuel cell, the electrode structure often incorporates a layer of platinum 

black or platinum supported catalyst. It is the place where electrochemical reaction occurs. In 

this project, this region is modeled as a separate layer and will be described in the next chapter. 

The aim of the electrode model is to quantify the effects of specified operating conditions 

on heat and mass transfer of the gaseous species in the porous electrode, which is of 

importance in determining the resulting cell performance. Particularly, in this region of the 

PEM fuel cell the effects of flooding may limit transport of gaseous reactants towards the 

reaction sites, thereby starving the cell. Thus, understanding the transport of water as vapour 

and liquid is very important to PEM fuel cell design and optimization. This can be achieved by 

modeling the effect of energy variation within the computation domain. 
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4.2 Assumptions 

Except those we have made in the previous chapter, the following assumptions for the 

electrode model are adopted to make the analysis tractable: 

1. the water in the pores of the gas diffusion electrodes is considered separate from the gases, 

i.e., the gas and liquid water are at different pressure; 

2. no phase change is taken into account for the reason of simplicity; 

3. the dissipation effect of viscosity are neglected because the primary means of gas transport 

is diffusion in porous electrodes; 

4. the convective heat transfer between solid matrix of the gas-diffusion-electrode and gas 

mixture is negligible; 

4.3 Mathematical Formulation 

The equations that govern the transport phenomena in the diffusion electrode layers are 

similar to those in the gas flow channel, except that the gas-phase porosity Yg of the electrode 

material should be additionally taken into account. The continuity equation for gas-phase is 

given in compressible form: 

(4.1) 

and the momentum equations reduce to Darcy's law: 

_ k 
Y U =_--H...Vp 

g g /-lg g 
(4.2) 
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where kg,p is the gas-phase hydraulic permeability and Pg denotes the viscosity of the 

gaseous mixture in porous electrodes. 

Since the gas and liquid have their own pressure (assumption 1) in porous electrodes, the 

mass conservation equation for the liquid water takes the following incompressible form, i.e,: 

(4.3) 

meanwhile, the Darcy's law is applied to liquid water as well: 

(4.4) 

where kl,p is the liquid water hydraulic permeability and PI denotes the viscosity of liquid 

water in porous electrodes. Note that the subscript" I" represents "liquid water" here. 

The effect due to porosity of electrodes has to be taken into account in the energy equation: 

(4.5) 

where, ;.;ff is the effective thermal conductivity, which has considered the effect of porosity 

and the conductivity of electrode material. The convective heat transfer between solid matrix of 

the gas-diffusion-electrode and gas mixture is not considered due to assumption 4. 

The corresponding generic advective-diffusive mass transfer equation for different gaseous 

species can be given as: 

(4.6) 

Similar to the gas flow channel model, the diffusion details of each species in electrode 

model can be obtained by solving porosity-corrected Stefan-Maxwell equations. 
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Chapter 5 Catalyst Layer Model 

5.1 Introduction 

The catalyst layer is the place where fuel and oxidant react electrochemically to produce 

electrical work. The composition, morphology, and thickness of catalyst layer are critical in 

determining the performance and the resulting cost of a PEM cell. Extensive research in 

catalyst layer morphology is being conducted in hopes of reducing the amount of precious 

metal catalyst required and decreasing polarizations in this layer. 

Because of the small physical dimensions of membrane thickness and the simplification 

needs due to the complexities of physical and chemical processes, the catalyst layers, in this 

project, are assumed to be interfaces with certain source and/or sink terms to meet the heat and 

mass balance requirements of other modeling equations. 

5.2 Assumptions 

Except the sink/source terms assumption, to simplify the problem, we also have the 

following ones: 
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1. all gaseous water completely condense at the catalyst layer interfaces: that means all water 

in the membrane is in the liquid phase; 

2. the reaction kinetics is taken to be first order and thus can be described by the 

Bulter-Volmer equation [23]; 

3. the catalyst distribution is uniform throughout the entire layer: this is the requirement of 

homogenous source/sink term assumption; 

5.3 Mathematical Formulation 

Based on the overall chemical reaction relations given by (2.7), the local sink term for 

hydrogen can be expressed by a function of the local current density i: 

(5.1) 

where M H, is the molecular weight of hydrogen and F is the Faraday constant. The 

negative sign here represents "sink" or "consume". 

Similar to the hydrogen depletion at the anode side, the local oxygen depletion at the 

cathode side is described as: 

s =_v.7 M 
0, 4F 0, 

(5.2) 

From the equation above, it can be seen how important it is to obtain a sophisticated 

description of the local current density i. This can be given by Bulter-Volmer equation based on 
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the assumption 2 [23]: 

(5.3) 

where io is the apparent exchange current density; Po and Pc are the anodic and cathodic 

apparent transfer coefficients, respectively; F is Faraday constant and TJoc1 is the activation 

overpotential. 

Typically, the reaction at the cathode is slow and therefore requires a higher polarization 

than the anode does to satisfY a given current density. Since the activation overpotential at the 

cathode catalyst layer is highly negative, one of the terms on the right-hand side of equation 

(5.3) can be neglected: 

(5.4) 

The apparent exchange current density io is a function of the temperature and the reactant 

concentrations as well as the catalyst loading [8]. The relation between the exchange current 

density and the dissolved gas concentrations at the cat~ode catalyst layer is given by [24]: 

(5.5) 

The concentration of protons throughout the catalyst layer is fixed by the concentration of 

negative charge sites in the membrane, and it can be assumed constant. Therefore, the second 

term on the right-hand side is equal to unity yielding: 
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(5.6) 

where i:;'! is the reference exchange current density and it is one of the input parameters of 

this model. 

From the equation above, it is important to note that for constant activation overpotential, 

the local current density is a function of the local reactant concentration. For example on the 

cathode side it holds that: 

( J
YOl 

" xo, 
1=1 --'-

ave XO"ave 

(5.7) 

where ial'e is the average current density and xO"ave is the average oxygen concentration at 

the catalyst layer. Hence, the local current distribution for a desired current density can be 

determined by knowledge of the local oxygen concentration distribution and average oxygen 

concentration at the catalyst layer. 

Then, to complete the mathematical description of energy transport in the previous chapters, 

the energy source term due to chemical reaction and overall ohmic effect has to be taken into 

account: 

. MI,. V . 
q, = 4F 1+ celli (5.8) 

where MI, is the enthalpy change of reaction and ~ell is the cell voltage. The second term 

on the right-hand side takes account of heat generated due to ohmic effect. 

We have assumed that all the gaseous water condense at catalyst layers, so the liquid water 

source terms must be given accordingly. Meanwhile, there is liquid water generated on cathode 
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side due to the chemical reaction, leading to an extra water source term at cathode-side catalyst 

layer: 

i -
S =V·(-+N )M HzO,c 2F HzO. HzO (5.9) 

and at anode-side catalyst layer: 

(5.10) 

where NHzOg is the molar flux of water vapor from electrodes. 
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6.1 Introduction 

The categorization of fuel cells is usually based upon the type of electrolyte. For a PEM 

fuel cell, a perfluorosulfonate polymer membrane is usually chosen to act as a hydrogen ion 

conductor. Membranes from different manufacturer have differing characteristics, but a 

common point is that they all seem to exhibit minimum resistance to proton transport when 

saturated with water. Thus, it is particularly important to maintain appropriate water content in 

the electrolyte membrane. 

Water transport in membrane is driven by three mechanisms: diffusion due to the 

concentration gradient of water, pressure gradient due to the difference between anode and 

cathode inlet pressure and electro-osmotic effect due to the drag force caused by proton 

migration in membrane. At low current densities the electro-osmotic drag is not significant, and 

therefore the trend of water transport is from Cathode to anode side. While, with the current 

densities increasing, the electro-osmotic drag becomes dominant and water begin to transport 

in the reverse direction. This will lead to membrane dehydration at anode side. The situation 

will be further deteriorated when heat generated by the exothermic electrochemical reaction at 
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the cathode is considered. In practice, maintaining the membrane near full saturation is usually 

achieved by carefully balancing the supply and removal of water vapor to ensure that neither 

flooding of the electrodes nor drying out of the membrane takes place. 

In the project, our focus is placed on the study of partial hydration in the membrane by 

developing a membrane model, which partially based on empirical relationship proposed by 

Springer et al. [6, 25] to account explicitly for water diffusion, pressure distribution, and 

electro-osmotic drag; meanwhile, thermal effects are introduced implicitly via the variation of 

membrane transport parameters as functions oftemperature. 

6.2 Assumptions 

The following assumptions are made for the membrane model: 

I. no phase change is considered in membrane; 

2. hydrogen and oxygen species are not present in the layer: that means, only two mobile 

species, liquid water and proton, are considered in the membrane; 

3. the pressure variation is linear across the membrane: it is unknown what the actual pressure 

distribution in the membrane is , however, this is felt to be a suitable first assumption; 

6.3 Mathematical Fonnulation 

The membrane model is mathematically described by considering the mass conservation 

for the two mobile species: liquid water and proton. 
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6.3.1 Water Transport in Membrane 

For liquid water transport in membrane, the following mass conservation principle, under 

the condition of steady-state, should be obeyed: 

'\j·N =0 w (6.1) 

where N w is the molar flux of water across the membrane. 

The net flux of water across the membrane is assumed to be the sum of osmotic-drag, . 
diffusion, and convection due to a pressure gradient: 

(6.2) 

where, ew is the molar concentration of water, which is the variable of our interest; Dw is 

the diffusion coefficient; the parameters kh and PI are the hydraulic permeability of the 

membrane and water viscosity respectively; &; is the water volume fraction in the membrane; 

nd is the electro-osmotic drag coefficient, which is defined as the molar number of water 

transported by a mole of protons under the condition of no concentration and pressure 

gradient; T is the current density. Note that the subscript "w" represents "liquid water". 

Current conservation law gives: 

'\j·T =0 (6.3) 

and according to the linear pressure distribution assumption 3, we have: 

(6.4) 
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Using relations (6.3) and (6.4), the divergence of net water flux (6.2) is reduced to: 

(6.5) 

where the variation of water volume fraction t:l~ and water diffusion coefficient Dw are 

relatively small and can be considered as a constant during the derivation. 

Thus, from (6.1), we get: 

(6.6) 

Next, based on the work of Springer et al. [6] who propose a functional relationship 

between electro-osmotic drag coefficient and the membrane water content, the third term in the 

above equation will be further developed. 

Their experiment examining Nafion 117 shows a simple linear relationship between 

electro-osmotic drag coefficient and water content A., which is defined as the number of moles 

of water per equivalent sulfonic acid group, SO;, in the membrane: 

(6.7) 

which indicates that Nafion 117 exhibits nd = 2.5 for A. = 22 . 

An empirical formula relating Cll' to A. is also presented by Springer et al.: 

eA. 
c =--

W /,.1.+1 
(6.8) 

where, f is an experimentally determined swelling constant coefficient for the membrane 
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and e is a constant property for Nation 117, which is given by: 

with p;ry, dry membrane density, and Em' equivalent membrane weight. 

Rearranging equation (6.8) leads to: 

A, = Cw 

e-fc ... 

(6.9) 

(6.10) 

Substituting (6.10) back into (6.7), we can get an empirical expression for the 

electro-osmotic drag coefficient nd as: 

(6.11) 

The gradient of nd can be obtained as: 

Vnd = "1(2.5 Cw ) 

22 e- fcw 

5 (e- fc,JVcw +c,JVc", 
= 44 (e- fc,Y 

(6.12) 

= 5 eVc". 
44 (e- fCw )2 

Finally, the equation (6.6) can be rewritten in term of water concentration as: 

D n2 m kh (n n) 5 e(V Cw • f) 0 
- v C -£ - vC . v + -'" w'" w PI 44 F( _ fi )2-Ji./ e clY 

(6.13) 

which is a complete mathematical description of water concentration distribution in membrane. 
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Given the pressure profile p, and current density T , the above equation can be viewed as 

an nonlinear partial differential equation of ell'. By applying appropriate boundary condition, 

the distribution of water concentration in membrane can be obtained. This will be a good 

starting point for the potential distribution study in the membrane, because, as has been 

mentioned, the proton transport is directly related to the water transport in the membrane. 

6.3.2 Proton Transport in Membrane 

Similar to water transport, proton transport in membrane also obeys the following mass 

conservation principle, under the condition of steady-state: 

V·N =0 p (6.14) 

where Np is the molar flux of proton across the membrane. 

The proton transport in membrane can be mathematically described by Nernst-Planck 

equation, which indicates that the net flux of proton across the membrane is assumed to be the 

sum of migration, diffusion, and convection of the dissolved protons [4, 26 and 27]: 

(6.15) 

with Z p' the charge number of proton, D p' the proton diffusion coefficient, c p' the molar 

concentration of protons, ¢, the electrical potential and 0" the convective velocity of the 

liquid water. Note the subscript" p " represents "proton". 

The mathematical description of liquid water velocity in membrane pores can be estimated 

by schlOgl equation [26, 27]: 
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(6.16) 

where k; and kp denote the electric and hydraulic penneabilities, respectively; ZJ is the 

charge number of the fixed-charges; C f is the fixed-charge concentration in the membrane; F 

is Faraday constant and 11, is the liquid water viscosity. 

This equation considers two different water transport mechanisms: the electro-osmotic drag, 

whereby protons migrating through the membrane drag water molecules with them, and 

pressure driven flux, which is usually directed from the cathode side to the anode side. Strictly 

speaking, a diffusive tenn should be accounted for as well, however, comparing with the 

migration and pressure gradient effects, this tenn is neglected to simplify the model 

fonnulation. In addition, one should note that under the steady state, we have: 

(6.17) 

Since the flux of charged species constitutes an electric current, the current density in an 

electrolytic solution (i.e. membrane in our case) can be given as: 

(6.18) 

where Ni and Z, are the molar flux and the charge number of charged mobile ion of species 

i in the membrane, respectively. 

For PEM fuel cell, the only charged mobile ion in the membrane is proton (Z p = 1), so we 

have: 

(6.19) 
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and the membrane conductivity generally defined as: 

(6.20) 

reduces to: 

(6.21) 

For a macroscopic portion of a cell, the fact that there should be no net charge gives the 

electro-neutral principle: 

(6.22) 

and for PEM fuel cell (proton and fixed charge are the only two charged species) it can be 

written as: 

(6.23) 

Using the above relationships, the Nernst-Planck equation (6.15) and schlOgl equation 

(6.16) can be rewritten as: 

(6.24) 

and 

(6.25) 
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Combination of equation (6.17), (6.19), (6.21), (6.24), (6.25) along with the proton 

transport conservation condition (6.14) gives: 

2 1 -: RT -v ¢=--(V(lnc )·I)+-V·(V(lnc » 
K P F P 

(6.26) 

which relates the potential distribution in the membrane to the proton concentration variation. 

The proton concentration c P varies with the variation of hydration in the membrane and 

the functional relation between them is needed to construct the electrical potential equation in 

term of water concentration. Similar to the equation (6.8), for Nafion 117 the proton 

concentration can be described as: 

e 
c =--

P f-1.+1 
(6.27) 

where e and f have the same physical meanings with those mentioned before. 

Comparing equation (6.27) and (6.8), we can get the relation between the two concentration 

variables as follow: 

cp =e- fc ... (6.28) 

Substituting (6.28) into (6.26), we get the electrical potential expression in term of water 

concentration c ... : 

2 1 f -: RT f 2 RT [ f )2 
-V ¢ = (VCII"') - fi V CII' -- (Vc ... · VCII,) (6.29) 

K e - fcll' F e - Cw F e - fcw 

Then, by substituting equation (6.13) into equation (6.29), we can get the final form of 
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electrical potential equation in term of water concentrationc
lV

: 

-vV' = I [~_ 5 RTe J(VC .j) 
e - fic K 44 D F2 ( fi)2 IV w W e- CW 

RT I 8,~kh (n .n ) +- vCw VPt 
F e - Icw Dwf.Lt 

(6.30) 

- RT ( ~ J2 (Vc
lI 
•• VCIl') 

F e- Cw 

When we switch off the water concentration terms on the right hand side of the above 

equation, it reduces to Laplace s equation, which is commonly used in modeling potential 

distribution in membrane. Obviously, our newly developed membrane potential equation is 

more sophisticated than that because of the consideration of water concentration variation in 

membrane. 
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Chapter 7 Boundary Conditions 

7.1 Modeling Domain and Geometry 

Boundary conditions have to be applied at all outer interfaces ofthe computational domains. 

Since the present model is coupled with a computational fluid dynamics model, it is convenient 

to specify boundary conditions by splitting up the entire modeling domain into three 

sub-domains, i.e. Main Domain, Water Transport Domain, and Electrical Potential Domain. A 

schematic illustration of these domains along with the boundaries and interfaces is given in 

figure 4. 

• The main domain accounts for the flow, heat and mass transfer of the reactant gases inside 

the flow channels and the gas-diffusion electrodes; 

• Water Transport Domain is used to solve for the flux of liquid water through the 

membrane-electrode-assembly; 

• Electrical Potential Domain consists of the membrane only and is used to calculate the 

electrical potential distribution inside the membrane. 
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~----------------- --------------
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(c) Electrical Potential Domain 

routach 

rou/cch 

Figure 4 Computational domains and boundaries/interfaces 
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7.2 Main Domain 

For the Main Domain, the environment temperature, 1'.nv;r, and no-slip condition are 

prescribed on the walls of raw and r ClI'. At the two inlets r;nach and r;ncch' the horizontal 

inflow velocity, u, the environment temperature, 1'.nVlr, and the mass fractions OJ01 , OJH1 

and OJH,o (Dirichlet Boundary Conditions) are needed to be specified. -. 
According to the following two half cell reactions: 

(7.1) 

and 

(7.2) 

we can see that a half mole of H2 or a quarter mole of 02 is needed to produce one mole of 

electrons with the charge of one Coulomb. Then the relationship between the horizontal inflow 

velocity, u, and the stoichiometric flow rate, ;, the desired current density, i, can be 

obtained as follows: 

at r;nach: 

(7.3) 

and at r;ncch 
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~ 1 i RT.nvir u = c c 4 F X in 
o,Pg,c 

(7.4) 

where Rand F denote the gas universal constant (8.3143 J/mol-K) and Faraday constant 

(96487 Coulomb/mol), respectively. 

Then only two different pressure values, Pg,a and Pg,c representing a pressure drop 

across the MEA are needed to be prescribed at the two outlet boundaries r ol/tach and r ol/tcch • 

Note the slight variation of pressure along each gas flow channel is ignored here. For all other 

variables, the gradients in the flow direction are assumed to be zero (Neumann Boundary 

Conditions). 

At the internal interfaces, i.e. r a and r c on each side, it is not necessary to specifY any 

values, because the gas flow channel model presented in this project will be extended to the 

neighbouring electrode model with slight modifications by introducing porosity of electrodes 

and then all the modeling equations will be iteratively solved using a digital computer. 

Finally, we should note that the membrane in this domain is simply used as a separator 

between the anode and the cathode side. It is considered impermeable for the reactant gases. 

Properties of our interest in the membrane are the liquid water flux and electrical potential, 

which will be accounted for in the other two domains. 

7.3 Water Transport Domain 

For the liquid water transport through the MEA in this domain, the pressure is given at the 

interfaces between electrodes and channels, i.e. ra and rc: 
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PI,a = Pa (7.5) 

and 

PI,e = Pe (7.6) 

That means the pressure drop from r e to r a (figure 4) is required to be kept. Note here, 

the pressure inside the gas flow channels, as has been mentioned before, is assumed constant at 

these boundaries. We can do so, because preliminary computations indicated that the pressure 

drop in the flow channels is very small and can indeed be neglected without a loss of accuracy. 

For a specific hydration study in membrane, which is described by equation (6.13), we may 

fix a ell' value along ram (see figure 4) and prescribing the water content behaviour at rem 

such that the water balance condition described byequations (5.9) and (5.10) is satisfied on a 

point-by-point basis throughout the length of the membrane. 

7.4 Electrical Potential Domain 

In consistence with the boundary conditions specified for water concentration equation 

(6.13), the boundary conditions for proton transport equation (6.30) can be prescribed as 

follows: 

A zero electric potential is set at ram ,i.e. 

r/J=O (7.7) 

and at rem' the following potential gradient can be specified [5]: 
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(7.8) 

where K is the protonic conductivity of the membrane; i is the local current density; F is 

Faraday's constant; cf is the fixed-charge concentration inside the membrane and VI is the 

liquid water velocity. 
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Chapter 8 Properties and Parameters 

The fuel cell model described in the preceding chapters accounts for all basic transport 

phenomena, so a proper choice of the modeling properties and parameters will make it possible 

to obtain good agreements with experimental results acquired from a real "fuel cell". 

The properties and parameters described in this chapter are taken from the open literature 

and most of the values are for Nafion 117, unless otherwise stated. 

8.1 Physical Dimensions and Operational Parameters 

Table I shows the basic physical dimensions of the PEM fuel cell model. As was 

mentioned in the previous chapter, straight channels are chosen for the reason of simplicity. In 

addition, only half of the gas channel length is given and will be taken into account when 

computing because of the consideration of geometrical symmetry. Since the catalyst layers are 

simplified as source/sink interfaces, the physical dimensions of them are not necessarily given. 

The membrane thickness is taken from [5], and it refers to a fully wetted Nation 117 

Membrane. 

Table 2 gives the basic operating parameters for our fuel cell model. All these were taken 
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from Bernardi and Verbrugge [4, 5], who used the experimental data of Ticianelli et al. [I] as 

their base case. The stoichiometric flow ratio for the experiments was not reported. 

Parameters Value Unit 

gas channel length (halt) 0.025 m 

Gas channel width 0.001 m 

Gas diffusion electrode thickness 0.00026 m 

Membrane thickness 0.00023 m 

Table I Physical Dimensions of a PEM fuel cell 

Parameters Symbol Value Unit 

Inlet fuel and air temperature T 80 °C 

Air stoichiometric flow rate C;c 3.0 

Fuel stoichiometric flow rate C;a 1.3 

Pressure at cathode side Pc 5 atm 

Pressure at anode side Pa 3 atm 

Relative humidity of inlet gases a 100 % 

02/N2 volume ratio 8 e 3.76 

H2/C02 volume ratio 8 a 2.56 

Table 2 Operational parameters for a PEM fuel cell under a typical condition 

Using equations from previous chapters, some of the boundary conditions, such as the 

horizontal velocity components and mass fraction of gaseous species, can be obtained by virtue 
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of the above operating parameters. 

8.2 Electrode Parameters and Gas-phase Diffusivities 

Electrode properties for a base case study are listed in Table 3. The effective thermal 

conductivity Xu' has been taken from an expression given by Ouran et al. [16]: 

(8.1) 

where the thermal conductivity of the graphite matrix is Agr = 150.6W / m· K and Y g is the 

electrode porosity. Since the conductivity of the gases is several orders of magnitude lower, it 

can be neglected and the expression above can be simplified to: 

Aelf' =[_6 -2JA 2+ gr Yg 
(8.2) 

The reference exchange current density i~ef is one of the most sensitive parameters in this 

model, as it determines the activation overpotential, which is necessary to obtain a certain 

current density. This value should be adjusted based on different electrode situation according 

to the data available in the open literature. 

The experimentally determined binary diffusivities listed in Table 4 can be taken and scaled 

for various operating temperature and pressure according to [28]: 

( )

1.75 

opT 
Dij = Dij(I'o,Po)- T: 

Po 0 
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Parameters Symbol Value Unit reference 

Electrode porosity Yg 0.4 [5] 

Hydraulic permeability kp 4.73xl0·19 m2 [5] 

Effective thermal conductivity A 75.3 W/(m-K) [16] 

Transfer coefficient, anode side aa 0.5 

Transfer coefficient, cathode side a" [1] 

Anode ref. exchange current density 
-ref 
10,0 0.6 Ncm2 [33] 

Cathode ref. exchange current density 
·ref 
10,,, 4.4 x 1 0-7 Ncm2 [1] 

Hydrogen concentration parameter YH, 0.5 [16] 

Oxygen concentration parameter Yo, [34] 

Table 3 Electrode properties for a PEM fuel cell under a typical condition 

Gas-Pair Reference Temperature Binary Diffusivity 

TO[K] D:[cm 2 Is] 

D H,-H,O 307.1 0.915 

D H,-CO, 298.0 0.646 

DH,o-co, 307.5 0.202 

D O,-H,O 308.1 0.282 

D (),-N, 293.2 0.220 

D H,O-N, 307.5 0.256 

Table 4 Binary diffusivities at 1 atm at reference temperature 
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In the gas diffusion electrodes, the above binary diffusivities have to be corrected for the 

porosity. This is often done by applying the so-called Bruggemann correction [29]: 

DefJ = D xy1.5 
Ij Ij g (8.4) 

where Y g is the electrode porosity. 

8.3 Membrane Properties 

The parameters of our newly developed membrane model are chosen from various open 

literatures and have their significant characteristics: taking account of the water concentration 

and temperature variation. 

Conductivity of Membrane 

The conductivity of the membrane is dependent on the water content. When considering the 

temperature effect, the conductivity, K, for the Nafion 117 membrane, can be updated by the 

following empirical relation [6]: 

K=(0.5139A-0.326)exp(1268(3~3 - ~)) (8.5) 

From chapter 6, we know that the hydration of membrane can be represented by water 

concentration in membrane, i.e. equation (6.10), so we have: 

K=(0.5139 c.. 0.326)exP(1268(_I __ l )) 
e- fcll' 303 T 

(8.6) 
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Then the conductivity In (6.30) should be updated by the new K from the above 

equation. 

Viscosity of Water 

As a function of temperature, the viscosity of water can be estimated from the empirical 

relation given by White [30]: 

( 
f.1 ) 273 (273)2 In f.1o =-1.704-5.306xr +7.003x r (8.7) 

where f.1o = 1. 788 x 10-3 kg/em . s). The above formula is valid in the range of 273 ~ T ~ 373K . 

Volume fraction of water 

Due to the expansion caused by water in membrane, the volume fraction of water 6\~ 

should be treated as a function of hydration. For Nation 117, we use the expression for 8; 

given by [6]: 

8\~ = 0.35 (~) 
16.8 

(8.8) 

note this parameter varies considerably amongst different membranes. The above equation can 

also be rewritten in term of water concentration as: 

m ell' 
811' = 48(e- lew) (8.9) 

where I is an experimentally determined swelling coefficient for the membrane. For Nation 

117 it is given by [6]: 
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f =0.0126 (S.10) 

and e is given by equation (6.9): 

(S.11 ) 

where the dry membrane density, p;ry = 19S0kg I m3
, and equivalent membrane weight, 

Em = 1.lkg I mol are reported by Fales et. al. [31]. Thus 

Water Diffusion Coefficient 

e = 19S0 = 1800 mol/m3 

1.1 
(S.12) 

C.West and T. F. Fuller have shown that the water diffusion coefficient in a PEM fuel cell 

can be related to hydration and temperature by the following formula [32]: 

DII' = 2.5 x 10-7 A exp( -2436 I T) (S.13) 

or, in term of water concentration: 

DII' =2.5xl0-7 clI' exp(-2436IT) 
e- fcll' 

(8.14) 

Hydraulic and Electric Permeabilities 

The values of hydraulic and electric permeabilities can be found from literature [31] and [5] 

as: 

(8.15) 
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and 

(8.16) 
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Chapter 9 Conclusions 

9.1 Summary and Scope 

Based on earlier modeling studies, a two-dimensional, non-isothermal and non-isobaric 

model for a complete PEM fuel cell is developed in this project. Particularly, a new membrane 

model that takes into account the three main transport mechanisms - diffusion of water, the 

pressure variation, and the electro-osmotic drag in the membrane, is formulated. The 

comprehensive model accounts for the fluid flow inside the gas flow channel and porous 

electrodes, water management, heat and mass transfer, so it is expected to predict the 

concentration distribution of the reactant gases, the temperature profile and local current 

densities as well as the fuel cell performance under various operating conditions. 

More importantly, we developed an equation describing the electrical potential variation in 

membrane, which appears more sophisticated than the conventionally adopted 

fully-saturated-membrane-assumption based Laplace s equations since the water content 

variation in membrane is considered. So, usmg the newly developed electrical potential 

equation, the effects of partial hydration in membrane on PEM fuel cell performance are 

explorable. 
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The project mainly consists of two parts: an introduction to PEM fuel cell, including its 

background information, operation principle and components summary is given in the first part, 

Also, the working principle of PEM fuel cells is introduced from the points of view of 

chemistry and thermodynamics. In the literature review section, the history of Fuel cell 

modeling study and some of the latest trends are briefly introduced. In the second part of the 

project, based on the conservation law for mass, momentum and energy and four 

phenomenological equations used in previous work, a two-dimensional, non-isothermal and 

non-isobaric mathematical model for a complete fuel cell is developed. By studying relevant 

transport phenomena in PEM fuel cell technology, we might expect to predict the velocity, 

temperature and species distribution in a cell and reveal the relationship between various 

operational parameters and fuel cell performance. Also, in this part, the boundary conditions 

for this model, the properties and parameters taken from open literature, including both 

empirical relations from experimental work as well as the theoretical equations based on 

different theories are given to complete the whole FEM fuel cell modeling. 

In a word, the mathematical model formulated in this project provides a basic framework 

for PEM fuel cell modeling study and the membrane part of the model demonstrates a sample 

of modeling expansion according to some empirical natures for a kind of specific membrane, 

Nafion 117. 

9.2 Application 

The predicting capabilities of the developed model can provide valuable insight and 

guidance for design, performance optimization and cost reduction of PEM fuel cells. 
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By solving gas flow channel and electrode model, the concentration distributions of 

hydrogen and oxygen, which are directly related to the local current distribution, can be 

obtained. Particularly, at high current density, the concentration overpotential can be detailedly 

examined based on the concentration distribution analysis at the surface of electrodes. Thus the 

optimum parameters, such as stoichiometric flow ratio, mass flux of inlet gases, porosity of 

electrode and pressure gradient can be optimally chosen by performing numerical experiments. 

Using our newly developed membrane model, the effects of water content variation on the 

cell potentiai across the membrane can be numerically observed. This will provide guidance for 

determining optimal water content, pressure gradient selection and cooling system design for 

the whole fuel cell and finally an effective water management scheme can be proposed. 

The model can also simulate the effects of various properties and parameters on the cell 

performance such as the transport properties (e.g., Dw ' Dp and nd etc.) and structural 

properties (e.g., r, e\~ and membrane thickness etc.), in addition to the conditions of 

temperature and pressure. These results can serve as a guide in the future design and 

economical production of PEM fuel cells. 

9.3 Limitations and Recommendations 

Since all the equations in our fuel cell model are based on theoretical conservation law or 

empirical relations, which have been commonly recognized or verified by many researchers, 

they are expected to be valid even though the model has not been solved and therefore 

predictions about its validity cannot be made. However, there are also some limitations in this 

model that prevent it from being broadly used. 
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Firstly, like most of the other models which address the de-hydration phenomenon, the 

present model also relies on experimentally determined parameters which pose a limitation to 

the extent that the model can be used for different types of membranes. Most ofthe parameters 

used in the present model are for Nation 117 and therefore for other membranes the results 

might, not be entirely valid. Efforts should be made to reduce the dependency on empirical 

relations as they are useful for a particular type of membrane. Of course, the similar analysis 

and formula derivation can be done based on the ideas presented in this project as long as the 

empirical data are available. 

Secondly, in the electrodes and flow gas channel, all gaseous species are assumed to be 

ideal gases. In reality, gases are typically assumed to be ideal at temperatures that are 

considerably in excess of their critical temperature. The critical temperature of water is 

374.15°C while PEM fuel cells' typical operating temperature is below 100°C, therefore at low 

temperature this assumption becomes questionable. 

Pressure profile is considered linear in the membrane because of its unknowable behaviour. 

This might not be the case in reality and therefore more sophisticated equations based on 

analytical or empirical analysis are required to effectively eliminate the limitation. 

In our present model, the catalyst layers are simplified as interfaces with source/sink terms. 

Although in practice, the physical and chemical processes in the catalyst layer, which may 

influent the heat and mass transfer within the whole cell, are extremely complicated, 

formulating a more sophisticated and detailed catalyst model would be beneficial. 

Additionally, the potential loss due to the fact that hydrogen from anode diffuses through 

the electrolyte, and reaches cathode, where it reacts directly with the oxygen, i.e. cross-over 
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effect, should be taken into account by incorporating the necessary equations to gain more 

sophisticated numerical experiment result. 

Finally, the most important issue is phase-change. Although at elevated temperatures such 

as 80°C, the volume of the liquid water is indeed quite small and the results obtained are only 

weakly affected by neglecting the effect of phase change, the vaporization of liquid water in 

the electrodes and the rate at which water vapour condenses is of importance for 

sophisticatedly modeling mass and energy transport. The condensation of water in the electrode 

will affect the cell temperature profile, and the rate at which water vapour is absorbed into the 

membrane material will determine the water vapour flux at the catalyst layer boundaries. 

Depending on the operating conditions, this boundary flux could significantly affect the overall 

transport of reactant to the catalyst layer and, furthermore, affect the rate of chemical reaction 

at catalysts. Thus, expanding the existing model to account for phase-change effects should be 

an important task in enhancing the present model. 
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Appendix: A Summary of Modeling Equations 

1. Reversible Cell Potential (Nernst Equation): 

(2.23) 

2. Gas Flow Channel Model: 

Continuity Equation: 

(3.1) 

Momentum Equation: 

- ap (aa oayX J p (U ·V')u =--- ~+-
gg g ax ax By (3.2) 

p (U ·V')v =--- -" +-- ap (oaXY oa yy J 
gg g ax ax By (3.3) 

Energy Equation: 

(3.4) 

Mass Transfer Equation: 

(3.12) 
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Stefan-Maxwell Equation: 

(3.16) 

3. Electrode Model: 

Gaseous Phase: 

Continuity Equation: V . (pgYgUg) = 0 (4.1) 

_ k 
Darcy's Law: Y U =_-H....Vp (4.2) 

g g Il
g 

g 

Energy Equation: - V . p.;ffVTg) + V . (pgYgUgH) = 0 (4.5) 

Mass Transfer Equation: -V· (r g;Yg V (Og;) + V . (UgPgYg(Ol) = 0 (4.6) 

Liquid Phase: 

Continuity Equation: V·(yp,)=O (4.3) 

Darcy's Law: 
- k, 

y,U, = ---.:..£. Vp, (4.4) 
Il, 

4. Catalyst Layer Model: 

Hydrogen Sink: (5.1) 
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Oxygen Sink: (5.2) 

Energy Source Term: (5.8) 

Water Source (cathode): (5.9) 

Water Source (anode): (5.10) 

Reaction Rate (Bulter-Volmer equation): 

(5.3) 

5. Membrane Model: 

Water Transport Equation: 

-D V2 _ m kh (V . V) 5 e(V clI' . i) - 0 
w Cit' Gw clI' PI + 2 -

111 44 F(e- jell') 
(6.13) 

Membrane Potential Equation: 

(6.30) 
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