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ABSTRACT 

Numerical Investigation of Thermodiffusion Effects on PEM 

Fuel Cell Performance 

Rihab J aralia 

Master of Applied Science, Ryerson University, 

Department of Mechanical and Industrial Engineering, 2009 

A novel mathematical model for an entire proton exchange membrane fuel cell 

(PEMFC) is developed with its focus placed on the modeling and assessment of 

thermodiffusion effects that have been neglected in previous studies. Instead of 

treating catalyst layers as interfaces of nil thickness, the model presented here features 

a finite thickness employed for catalyst layers, allowing for a more realistic 

description of electrochemical reaction kinetics arising in the operational PEMFC. To 

account for the membrane swelling effect, the membrane water balance is modeled by 

coupling the diffusion of water, the pressure variation, and the electro-osmotic drag. 

The complete model consisting of the equations of continuity, momentum, energy, 

species concentrations, and electric potentials in different regions of a PEMFC are 

numerically solved using the finite element method implemented into a commercial 

CFD (Comsol 3.4) code. Various flow and transport phenomena in an operational 

PEMFC are simulated using the newly developed model. The resulting numerical 

simulations demonstrate that the thermodiffusion has a noticeable impact on the mass 

transfer for the oxygen. It is also revealed through a systematic parametric study that, 

as the porosity of gas diffusion layers and catalyst layers increase, the current density 

of an operational PEMFC may increase. Also, it is found that a PEM fuel cell can 

perform better with reasonably high operating pressure and temperature, as well as a 

supply of fully humidified gaseous reactants. 
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Chapter 1 

Introduction and Literature Review 

1.1 Fuel Cell Description 

Fuel cells are a family of electrochemical devices that convert chemical energy of the 

reactants directly into DC electricity and heat with high efficiency. In general, a fuel 

cell is simply an energy conversion device for power generation where reactants are 

supplied. The basic physical structure of a fuel cell consists of an electrolyte 

membrane layer in contact with a porous anode and cathode on either side. A 

schematic representation of a fuel cell with reactant/product gases and the ion 

conduction flow directions through the cell is shown in Figure 1.1. 

I 
2e- j 

Heat, Water 

H2 ~2H+ +2e-

Hydrogen 

__&. 

Negative Electrode 
_j 

LOAD 

u 
... 
I 

Proton 
Exchange 
Membrane 

I ! 2e-

Ilz02+2e-~o2-

_..._ 

L .. 
Positive Electrode 

Figure 1.1: The polymer electrolyte fuel cell (PEMFC) [4]. 

In a characteristic fuel cell, gaseous fuels are supplied continuously to the anode 

(negative electrode); while an oxidant (oxygen from the air) is supplied continuously 

to the cathode (positive electrode). An electric current is generated via 
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electrochemical reactions with the aid of two catalyst layers inserted between the 

central membrane and the electrodes at the two sides. The main advantages of fuel 

cell systems include: 

• Fuel cells generate by-products: waste heat and water; thus, they produce zero 

or near-zero greenhouse emissions. 

• Fuel cells have the potential for a high operating efficiency 

• Many types of potential fuel sources are available. 

• Fuel cells have a highly scalable design. 

• Compared with batteries, fuel cells provide nearly instantaneous recharge 

capability. 

• Fuel cells generate electricity in a single step without any moving parts (other 

than pumps or compressors in some fuel cell plant subsystems), allowing for 

quiet, vibration-free, and highly reliable operation. 

Common limitations of all fuel cell systems include: 

• Fuel cell performance gradually decreases over time, if fuels other than pure 

hydrogen are used, due to catalyst degradation and electrolyte poisoning. 

• The high cost for pure hydrogen storage and delivery technology affects the 

mass production. 

• Fuel reformation technology needs to be considered, if pure fuel is not used. 

Many types of fuel cells are currently being investigated. These types are 

differentiated from one another on the basis of the electrolyte and/or fuel employed. 

The most common fuel cell types are: 

• Polymer electrolyte membrane fuel cells (PEMFCs) 

2 



• Alkaline fuel cells (AFCs) 

• Phosphoric acid fuel cells (P AFCs) 

• Solid oxide fuel cells (SOFCs) 

• Molten carbonate fuel cells (MCFCs) 

• Direct methanol fuel cells (DMFCs) 

• Zinc air fuel cells (ZAFCs) 

• Protonic ceramic fuel cells (PCFCs) 

• Biological fuel cells (BFCs) 

When conducting research on fuel cell types, one may also come across the names of 

other fuel cells, such as: 

• Direct borohydride fuel cells 

• Metal hydride fuel cells 

• Formic acid fuel cells 

• Direct ethanol fuel cell 

• Regenerative fuel cells 

• Microbial fuel cells 

• Enzymatic fuel cells 

This research focused on the PEMFC which is the most common type of 

"regenerative fuel cell". The high power density and rapid adjustment to power 

demands make proton exchange membrane fuel cells (PEMFCs) one of the best 

candidates for a clean alternative energy source in the 21st century, especially for 

transportation applications. 
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1.2 Polymer Electrolyte Membrane Fuel Cells (PEMFCs) 

The polymer electrolyte membrane fuel cells (PEMFCs ), sometimes also referred to 

as proton exchange membrane fuel cells, deliver high power density while providing 

low levels of cost, weight and volume. A PEMFC consists of a negatively charged 

electrode (anode), a positively charged electrode (cathode), and an electrolyte 

membrane, as shown in Figure 1.1. Hydrogen is oxidized at the anode and oxygen is 

reduced at the cathode. Protons are transported from the anode to the cathode through 

the electrolyte membrane, and the electrons are carried over an external circuit load. 

At the cathode oxygen reacts with protons and electrons, generating water and 

producing heat. 

In the PEM fuel cell, transport from the fuel flow channels to the electrode takes place 

through an electrically conductive carbon paper, which covers the electrolyte on both 

sides. These backing layers typically have a porosity of 0.3 to 0.8 and serve to 

transport the reactants and products to and from the bipolar plates to the reaction site 

[l].An electrochemical oxidation reaction at the anode produces electrons that flow 

through the bipolar plate/cell interconnect to the external circuit, while the ions pass 

through the electrolyte to the positive electrode (cathode). The electrons return from 

the external circuit, while the ions pass through the electrolyte to the positive 

electrode. The electrons return from the external circuit to participate in the 

electrochemical reduction reaction at the cathode as shown in Figure 1.1. The 

reactions at the electrodes are: 

Anode: H2(g) 4 2H(aq)+2e-

Cathode: 1 I 20 2 (g) +2 H~aq) +2e- 4 H20 (I) 

4 

(1.1) 

(1.2) 



Overall: (1.3) 

where " (g) "refers to the gaseous state, " ( aq) " stands for a substance in the aqueous 

phase that is dissolved in water [2], and"(!)" denotes the liquid state. 

The standard electrolyte material presently used in PEM fuel cells is a fully 

fluorinated Teflon-based material produced by DuPont for space applications in the 

1960s. The DuPont electrolytes have the generic brand name Nation, and the types 

used most frequently are 113 5, 115, and 117, the latter of which is the one used in this 

study. The Nation membranes are fully fluorinated polymers that have very high 

chemical and thermal stability. The electrodes are thin films that are bonded to the 

membrane. Electrodes with low platinum loading perform as well or better than high­

platinum-loaded electrodes. To improve the utilization of platinum, a soluble form of 

the polymer is incorporated into the porosity of the carbon support structure. This 

increases the interface between the electrocatalyst and the solid polymer electrolyte. 

The following processes take place inside the fuel cell (the numbers correspond to 

those in Figure 1.2) [3]: 

1. Gas flow through the channels; some convective flows may be induced in the 

porous layers. 

2. Gas diffusion through porous media. 

3. Electrochemical reactions, including all the intermediary steps. 

4. Proton transport through proton-conductive polymer membrane. 

5. Electron conduction through electrically conductive cell components. 

6. Water transport through polymer membrane including both electrochemical 

drag and back diffusion. 
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7. Water transport (both vapor and liquid) through porous catalyst layer and gas 

diffusion layers. 

8. Two-phase flow of unused gas carrying water droplets. 

9. Heat transfer, including both conduction through solid components of the cell 

and convection to reactant gases and cooling medium. 

It is important to understand those processes, their mutual interdependence, and their 

dependence on components design and materials properties. Design of the 

components and properties of materials must accommodate the aforementioned 

processes with minimum obstruction and losses. Moreover, more than one process 

occurs in some of the components frequently with conflicting requirements, the 

PEMFC structure design and material selections must be optimized. For instance, the 

gas diffusion layer (GDL) must be optimized so that the reactant gas may easily 

diffuse and, meanwhile, the water traveling in the opposite direction does not 

accumulate in the pores. 

membrane 
electrode 

Hydrogen feed 
(humid) 

electrode 

Figure 1.2: Main cell components and processes. 
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The diffusion layer, sometimes also referred to as the current collector layer, must be 

both electrically and thermally conductive [2]. The same requirements may be 

established for almost every fuel cell component. A fuel cell seems to be a very 

simple device; however, many processes occur simultaneously. 

1.2.1 Membrane 

A fuel cell membrane must exhibit relatively high proton conductivity, present an 

adequate barrier to mixing of fuel and reactant gases, and operate chemically and 

mechanically stably in the fuel cell environment. Typically, the membranes for PEM 

fuel cells are made of perfluorocarbon-sulfonic acid ionmer (PSA). This is essentially 

a copolymer of tetrafluorethylene (TFE) and various perfluorosulfonate monomers. 

The best-known membrane material is Nafion™ made by Dupont, which uses 

perfluoro-sulfonylfluoride ethyl-propyl-vinyl ether (PSEPVE) [4]. 

The protonic conductivity of the membrane is strongly dependent on membrane 

structure and its water content. The water content in the membrane is usually 

expressed as grams of water per gram of polymer dry weight, or as number of the 

water molecules per sulfonic acid groups present In the polymer, 

...t=N(H20)/N(S03H). The maximum amount of water in the membrane strongly 

depends on the state of water used to equilibrate the membrane. Water uptake from 

the vapour phase may be more relevant for fuel cell operation, where the reactant 

gases are humidified and water is present in the vapour phase. Water uptake results in 

the membrane swelling and changes its dimensions, which is a very significant factor 

for fuel cell design and assembly. 
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. 1 

1.2.2 Catalyst layer (CL) 

A fuel cell electrode is essentially a thin catalyst layer pressed between the ionmer 

membrane and porous, electrically conductive substrate. It is the layer where the 

electrochemical reactions take place. More precisely, the electrochemical reactions 

take place on the catalyst surface. Transport phenomena in the catalyst layer are 

complicated due to the electrochemical reactions. 

The catalyst layer usually consists of platinum, carbon, membrane material, and 

Teflon. The most common catalyst in PEM FC for both oxygen reduction and 

hydrogen oxidation reactions is platinum. In the early days of PEMFC development, 

large amounts ofPt catalyst were used (up to 28 mg cm-2
). In the late 1990s, with the 

use of supported catalyst structure, this was reduced to 0.3-0.4mg cm-2
· It is the 

catalyst surface area that matters, not the weight, so it is important to have small 

platinum particles (4nm or smaller) with a large surface area finely dispersed on the 

surface of catalyst support, typically carbon powders (cca 40 nm) with a high 

mesoporous area (>75 m2g-1 ). Typical support material is Vulcan XC72R BY Cabot, 

but other carbons such as Black Pearls BP 2000, Ketjen Black Intl., or Chevron 

Shawinigan have been used [4]. 

Catalyst layers are made highly porous, thus their active surface areas are orders of 

magnitudes greater than their geometrical ones. The requirements of a catalyst layer 

are: high intrinsic activity, large active surface area, high ionic and electric 

conductivities, highly porous for reactant access and product removal, and stability. 

8 



1.2.3 Gas Diffusion Layer (GDL) 

In a fuel cell, a gas diffusion layer is compressed to minimize the contact resistance 

loss. Both carbon papers and carbon cloths are relatively soft and easily deformable 

materials. Cloth is more compressible than paper. 

The catalyst layer consists of carbon or graphite particles mixed with PTFE binder. 

The resulting pores are between 0.1 and 0.5 pm, thus much smaller than the pore size 

of the carbon fiber papers (20-50 f-1ill ). The small pore size helps in improving the 

electrical contacts with the adjacent catalyst layer. The interface with the adjacent 

catalyst layer may also be fitted with a coating or a micro porous layer to ensure better 

electrical contacts as well as efficient water transport in and out of the diffusion layer. 

One of the functions of the gas diffusion layer is to connect electrically the catalyst 

layer with the bipolar plate. Because only a portion of the bipolar plate makes the 

contact (the other portion is open for access of reactant gases), the gas diffusion layer 

bridges the channels and redistributes electrical current. Because of this, both through­

plane and in plane resistivities of gas diffusion material is important [4]. 

1.2.4 Bipolar Plates 

For a single PEM fuel cell, there are no bipolar plates (only single-sided flow-field 

plate). The two plates on each side of the membrane electrode assembly may be 

considered as two halves of a bipolar plate. In fuel cells with more than one cell, there 

is at least one bipolar plate. Bipolar plates perform many roles in fuel cells. The fully 
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functioning bipolar plates are essential for multicell configurations, by electrically 

connecting the anode of one cell to the cathode of the adjacent cell. 

The bipolar collector /separator plates have several functions in a fuel cell stack. Their 

required properties follow their functions, namely: 

• They separate the gases in adjacent cells; therefore, they must be impermeable 

to gases. 

• They typically house the flow field channels; therefore, they must be 

conformable. 

• They provide structural support for the stack; therefore, they must have 

adequate strength, yet they must be lightweight. 

• They connect cells electrically in series; therefore, they must be electrically 

conductive. 

• They conduct heat from active cells to the cooling cells or conduits; therefore, 

they must be thermally conductive. 

In addition, they must be corrosion resistant in the fuel cell environment, yet they 

must not be made out of "exotic" and expensive materials. One of the first materials 

used for PEM fuel cell bipolar plates was graphite primarily because of its 

demonstrated chemical stability in the fuel cell environment. Graphite is inherently 

porous, which may be detrimental in fuel cell applications. Those plates therefore 

must be impregnated to make them impermeable. This material is still used in 

laboratory fuel cells (primarily in single cells). However, machining of graphite plates 

is not an easy task and may be prohibitively expensive for most fuel cell applications. 
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It should be mentioned that one fuel cell manufacturer (UTC Fuel Cells) uses porous 

graphite plates for water management inside the fuel cell stack. 

In general, two families of materials have been used for fuel cell bipolar plates, 

namely, graphite based (including graphite/composite) and metallic [4]. 

1.3 Literature Review 

Modeling plays a significant and important role in the fuel cell design and the 

development process. Because of its importance, modeling is initialed early into a fuel 

cell development cycle. Hence, modeling has a critical role in the fuel cell design and 

development process. A designer can use an accurate and robust model to design and 

develop fuel cell stacks more efficiently and often with better performance and lower 

manufacturing cost. Using fuel cell modeling as a successful design tool requires the 

model to be robust, accurate, and able to provide usable answers quickly. In terms of 

robustness, the model should be able to predict fuel cell performance under a large 

range of operating conditions. For example, a PEM fuel cell can be operating at 

different temperatures, humidity levels, and fuel mixtures. A robust model should be 

able to predict fuel cell performance under varying conditions. The model must also 

predict fuel cell performance accurately. 

There are an enormous number of fuel cell analytical /numerical studies. The simple 

way to classify these models is to classify them into two major groups: the 

microscopic models that simulate the transport phenomenal on a pore or microscopic 

level, and the macroscopic models that study of the fuel cell operation using average 

parameters. Microscopic models are realistic, but such models require more detailed 
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information of the microstructures which are not readily available, and the 

computation time is much longer for the microscopic models. Therefore, nowadays 

most of the existing models for PEM fuel cell are of macroscopic nature. 

The macroscopic models for fuel cells can be further classified according to the 

objects of study: a single-fuel-cell unit, a stack, and a system. A stack contains a 

number of fuel cells arranged in a matrix so as to produce the desired power output. A 

system is a power production unit which includes the fuel cell stack and peripherals 

such as supply systems, heat exchangers, power controls, etc. A single fuel cell unit 

usually contains a cathode, a membrane assembly, and an anode. This review focuses 

mainly on macroscopic models for a single PEM fuel cell. 

Since the early nineties, many papers on single PEM fuel cell models have been 

published to investigate different aspects of the heat and mass transport processes in 

the fuel cell. Springer et a!. [5] and Bernardi et a/. [6] were the first to publish 

complete fuel cell models which are isothermal, one-dimensional, and steady state, 

but one-dimensional models are unable to simulate the species and phase distribution 

along the channel within the gas diffusion layer (GDL). In late nineties, the models 

were more advanced, involving multi-dimensionality (2D or 3D), multiphase flow, 

and entire fuel cell structure. Illustrated below is a brief overview of the modeling 

strategies employed be some of the models reported in the literature. Some of these 

modeling approaches were used in this work. 

A two dimensional model for an entire sandwich of PEM fuel cell including the gas 

channels was developed by Gurau et a/. [7]. The self-consistent model for porous 
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media was used for the equations describing transport phenomena in the membrane, 

catalyst layers, and gas diffusers, while standard equations of Navier-Stokes, energy 

transport, continuity, and species concentrations were solved in the gas channels. 

With a special treatment of the transport equations they managed to use the same 

numerical method in the unified domain consisting of the gas channels, gas diffusers, 

catalyst layers and membrane. It also eliminated the need to prescribe arbitrary or 

approximate boundary conditions at the interfaces between different parts of the fuel 

cell sandwich. The only input data were the parameters that can be controlled in real 

fuel cell applications. No assumptions were necessary for the distribution of the 

species concentrations or current density, which is distinguished from other fuel cell 

models available in the literature relying on assumptions for a number of parameters. 

By solving transport equations as well as the equations for electrochemical reactions 

and current density with the membrane phase potential, polarization curves under 

various operating conditions were obtained. Oxygen and water vapor mole faction 

distributions in the coupled cathode gas channel-gas diffuser were studied for various 

operating current densities. And they found that the computed oxygen mole fraction 

along the gas channel-gas-diffuser interface and the current density along the 

membrane-catalyst layer interface do not present linear distributions, as were assumed 

in other works. The oxygen mole fraction field is also presented in the coupled gas 

channel-gas-diffuser domain .Liquid water velocity distributions in the membrane and 

influences of various parameters on the cell performance were also obtained. The 

computed fuel cell performances were realistic. 
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Zhou et al. [8] and Urn et al. [9] developed a three-dimensional model using a similar 

approach by Gurau et al. A general three-dimensional model for PEMFCs has been 

proposed in [8] and numerical simulations have been performed to evaluate the effects 

of various design operating parameters on fuel cell performances. In Gurau et al. , the 

unified approach was applied to three distinct unified domains. In that work, the 

unified approach was significantly extended to treat the whole fuel cell sandwich as 

one unified domain which includes two flow channels, two gas diffusers, two catalyst 

layers, and a membrane. This general mathematical model consists of the equations of 

continuity, momentum, energy, and species concentrations in different elements of the 

fuel cell sandwich, as well as the equations for phase potential in the membrane and 

the catalyst layer. This set of governing equations is coupled with chemical reaction 

kinetics by introducing various source terms. They found that once the model is 

further developed into dimensionless forms, the similarity of the governing equations 

in different components are obvious and, with special treatment, the general 

mathematical model can be solved in coupled domains without prescribing any 

boundary conditions at various interfaces between the different components of the 

fuel cell sandwich. 

For generality, the effects of vanous dimensionless parameters on fuel cell 

performance can be evaluated. Another manifestation of the generality of the model 

lies in its independence of chemical kinetics models, since the kinetics are 

incorporated in the source terms. One can choose any kinetics models, and any new 

development in the electrochemistry can easily be incorporated in this general model. 

The predicted polarization curve agrees very well with the experimental result. By 

comparing with the 2-D case, this 3-D model has produced more accurate results, 
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especially at high current densities, as it has included the added mass resistance 

brought by the collector plate. The modeling results indicated that their 3-D model 

could be a valuable tool for fuel cell design, optimization and operation. 

Transport phenomena of mass, energy, momentum and electrical charges play a 

significant role in proton exchange membrane fuel cells (PEMFCs). The transport and 

balance equations are the basis of a simulation model by Costamagn [10], which 

allows the evaluation of the distribution of the physico-chemical parameters within 

the structure of a PEMFC reactor. The validated model was then used to investigate 

the behaviour of the reactor, with particular attention paid to critical operating 

conditions. 

Some critical aspects need to be accurately verified. In particular, for an operating 

polymeric membrane; both the temperature and the hydration level have to be 

carefully controlled in order to obtain satisfactory performance. Costamagn found that 

local temperature peaks above 130°C (at 1 atm) cause irreversible degradation of the 

membrane, while local dehydration leads to a reversible decrease of the efficiency of 

the conversion process. In addition, water condensation in the gas distributor can lead 

to the occlusion of some gas channels, causing periodical interruptions of the 

operation of the system. A model based on the study of charge, mass, momentum and 

energy transport within the PEMFC has been studied and validated on the basis of the 

experimental data. Costamagn' s model allowed the identification of the distribution of 

the physico-chemical parameters within the reactor; in particular, the zones of the cell 

where membrane dehydration and water condensation occur have been shown and 

discussed in this study. Thus, this model can act as the basis for a study of the optimal 
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fuel cell geometry and operating parameters which could alleviate the critical aspects 

of the PEMFC modeling study. 

An analysis of transport phenomena in a proton exchange membrane fuel cell 

(PEMFC) was presented by Djilali and Lu [11], with focus placed on the modeling 

and assessment of non- isothermal and non- isobaric effects. The model takes into 

account diffusion of humidified fuel and oxidant gases through the porous electrodes, 

water transport through the electrodes and membrane, as well as heat transfer and gas 

pressure gradients in the fuel cell. The micro-hydrodynamic phenomena associated 

with small electrode permeability were also taken into account. The model was 

implemented in a 1-D code, and solved numerically to analyze fuel cell performance 

and water transport over a range of operating current densities. 

A parametric study was performed by Djilali and Lu and results compared and 

validated against available data. Non-uniform temperature and pressure distributions 

were found to have a large impact on the predicted liquid water and vapour fluxes in 

the anode and cathode diffusion layers. The model yielded more conservative 

humidification requirements than indicated by isothermaVisobaric models. Assuming 

fully hydrated conditions are maintained, polarization is not affected significantly by 

temperature and pressure non-uniformity. Finally, it was found that, in the range of 

permeabilities of the porous electrodes used in PEMFCs (10-16-10-17 m2
), Knudsen 

diffusion has to be taken into account in modeling gas transport. 

Siegel [12] carried out a two-dimensional, non-isothermal, two-phase flow model of a 

porous cathode gas diffusion layer of a polymer- electrolyte-membrane fuel cell 

16 



taking in account the thermodiffusion. He solved this model numerically usmg 

computational fluid dynamics coding and sequentially solver scripting. The model 

accounted for multicomponent species diffusion. Phase change and transport of water 

were accounted for in terms of liquid phase water saturation level. The heat transfer 

was investigated for the fluids and solid matrix temperature separately. This study 

showed that the presence of liquid phase water reduces the performance of a cell, 

especially at high current densities. It was shown that its dominating parameters are 

capillary pressure and permeability. The performance of cathode increases with higher 

temperature and using higher GDL porosities. The average liquid phase water 

saturation level is reduced but it was found that the average current density only 

increases slightly. 

To understand the interactions of electrochemical and thermal processes along with 

two-phase flow, Siegel used two equations to describe the thermal behavior. . The 

average temperature difference between the fluids and the solid matrix is much 

smaller when using higher heat transfer coefficients. The maximal temperature is 

found to be present at the catalyst layer interface. The local hot spot position depends 

on the value of the heat transfer coefficient. It is seen that a one-phase model always 

overpredicts the fluids temperature. 

Built upon the work of Cao et al. [13], a more general detailed non-isothermal, two­

dimensional CFD model was presented by Yin [14] using Famlab, a commercial CFD 

package. In this model, with a finite thickness of catalyst layer taken into account, 

electrochemical reactions, including hydrogen oxidation reaction in the anode catalyst 

layer and oxygen reduction reaction in the cathode catalyst layer, were taken into 
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account by adding proper sources/sink terms in the governing equations. The water 

balance in the membrane was modeled by coupling diffusion of water, pressure 

variation, and the electro-osmotic drag. The membrane swelling effect was explicitly 

considered the newly derived model, leading to a set of novel water and proton 

transport equations for a membrane under the partial hydration condition. The 

electron transport in the catalyst layers, gas diffusion layers and bipolar plates were 

also described. The simulation using this model provided valuable information about 

the transport phenomena inside the PEM fuel cell such as the flow field, reactant 

gases distribution, temperature distribution, water content distribution, as well as the 

membrane-phase and solid-phase potential distributions. A parametric study was also 

performed that reveals the effect of various operation and property parameters on the 

fuel cell performance. Also, the model can be slightly modified to simulate various 

transport process within a cross section of the fuel cell. Along this new investigation 

direction, the superiority of the interdigitated flow field design was demonstrated over 

the conventional one. Good overall agreement was achieved when comparing 

numerical results based on the model and the available experimentally obtained data. 

On the other hand, in the extension of the 2-D model presented by Cao eta/., a three­

dimensional PEM fuel cell model was developed by Wu [15]. Taking into account 

the diffusion of water, the pressure variation, and the electro-osmotic drag in the 

membrane and using an empirical relationship between electro-osmotic drag and 

water content, a transport equation for membrane water molar concentration was 

obtained, and a new equation for the electric potential that strictly accounts for 

variable water contents was derived. It was also found that the new potential equation 

is more accurate than the conventionally employed Laplace's equation. The model is 
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capable of predicting the bulk flow velocity background, the distribution of reactant 

gases, temperature, local current density, membrane water concentration and 

membrane potential loss. A number of 3-D numerical simulations are performed for 

comparing the new model with other results obtained computationally or 

experimentally. The relationship between the humidity in fuel cell and the electric 

potential loss withip. the membrane was also investigated at different nominal current 

densities. The impact and importance of three-dimensionality, relative humidity, 

temperature, and pressure non-uniformity were assessed and discussed. Parametric 

studies were performed using the 2D model, which revealed the effect of various 

operating conditions on the fuel cell performance. 

A comprehensive non-isothermal, three-dimensional, steady-state computational 

model of a polymer electrolyte membrane (PEM) fuel cell has been developed by 

Berning eta!. [16]. The model incorporated a complete cell with both the membrane­

electrode-assembly (MEA) and the gas distribution flow channels. With the exception 

of phase change, the model accounts for all major transport phenomena. The model 

was implemented into a computational fluid dynamics code, and simulations were 

presented with an emphasis on the physical insight and fundamental understanding 

afforded by the detailed three-dimensional distributions of reactant concentrations, 

current densities, and temperature and water fluxes. One of the major advantages of 

using a detailed model is to illustrate the detailed distribution of the reactant gases 

inside the fuel cell. Such distributions, which cannot be measured in situ, provided 

valuable information about the onset of concentration losses and their effect on the 

limiting current density. 
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The results showed that significant temperature gradients exist within the cell, with 

temperature differences of several degrees K within the MEA. The three-dimensional 

nature of the distribution of flow velocities, species concentration, mass transfer rates, 

electric current and temperature was clearly illustrated by the simulations. And it was 

found that the transport is particularly pronounced under the collector plates land area 

and has a major impact on the current distribution and the limiting current density. 

Sun et a!. [17] have proposed a two-phase flow model for a PEM fuel cell using a 

similar treatment as in You et a!. [18]. The model was based on the mixture flow 

model and the unified approach was used. Instead of using a separate model for the 

catalyst layer, the catalyst layers were included in the respective unified domains for 

the cathode and anode so that boundary conditions at the interface between the 

catalyst layer (CL) and gas diffuser layer (GDL) are no longer needed. The model 

coupled the flows, species, electrical potential, and current density distributions in the 

cathode and anode fluid channels, gas diffusers, catalyst layers and membrane 

respectively. Also, the two-phase flow model was used in the anode side, and the 

momentum transfer between the liquid and gas phases due to phase change was taken 

into consideration. Experiments have been conducted to study the performances of a 

PEM fuel cell and the results were used to improve and validate the model. The model 

was used to study the influences of fuel cell operating temperature, operating pressure 

and humidification temperature on the oxygen, vapour and liquid water transports, as 

well as fuel cell performances. Specifically the results of water distribution across 

different parts of a fuel cell were presented. And it was found that, in the cathode 

catalyst layer, total water mass fraction increases form its interface with the GDL to 

its interface with the catalyst layer. Within reasonably high temperature range and 
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with sufficient humidification for gas stream, total water mass fraction in the cathodic 

catalyst layer and the membrane ionic conductivity will both increase, leading to a 

better cell performance. The total water mass fraction in the cathode catalyst layer and 

the liquid volumetric fraction (liquid saturation) in the cathode channel and GDL 

increase with operating pressure due to higher water generation rate and lower vapour 

fraction in the gas phase. For counter-flow arrangement, generally, total mass fraction 

and liquid water volumetric fraction in the anode GDL and catalyst layer increases 

along the anode flow direction. 

Baschuk and Li [19] presented a comprehensive, consistent and systematic 

mathematical model of PEM fuel cells that can be used as the general formulation for 

the simulation and analysis of PEM fuel cells. The general PEM fuel cell model 

formulation, which has been previously published by You eta/. , was implemented for 

a two-dimensional fuel cell, assuming steady-state and isothermal operation. Water 

was assumed to exist only in the gas phase in the pores of polymer electrolyte layer. 

Water and ion transport was modeled using the generalized Stefan-Maxwell equations, 

with mobile species being water and hydronium. The governing equations were 

solved using the finite volume method with computer codes developed in house. 

Baschuk and Li's simulation results illustrated three important phenomena in PEM 

fuel cells. The gas phase flow in the gas flow channels, electrode backing and catalyst 

layers showed that there is a net mass transport from the anode side of the cell to the 

cathode side. This net mass transport creates a bulk velocity that favors hydrogen 

transport from the gas flow channels to the anodic catalyst layer, but inhibits the flow 

of oxygen to the cathode reaction sites. Water is consumed in the anode catalyst layer 
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and produced in the cathodic catalyst layer. Some of the water required by the anode 

is transported from the cathode to the anode through the polymer electrolyte. However, 

the gas phase of the anode side supplies the majority of the water, making operation 

with fully humidified reactants necessary. The length of the gas flow channel has a 

significant effect on the current production of the PEM fuel cell, with a longer channel 

length having a lower performance relative to a shorter channel length. This lower 

performance is caused by a greater water content variation in the fuel cell with the 

longer channel length. 

A number of thermal PEMFC models have appeared in the literature. The common 

goal was to better understand and hence optimizing fuel cell systems. Such 

information has been sought through modelling and simulation in order to get better 

understanding of water and species transport, optimize thermal management and 

shorten the design and optimization cycles. Recent models for PEM fuel cell were in 

the direction of two-phase, completely three-dimensional, realistic large-scale 

simulations with coupled electrochemical-transport-thermal effects. 

1.4 Thermodiffusion 

Diffusion is the net action of matter (particles or molecules), heat, momentum, or light 

towards minimizing their concentration gradient [20]. There are many kinds of 

diffusion mechanisms. Concentration diffusion or molecular diffusion is the tendency 

to mix due to concentration gradient in the system. Thermodiffusion is the tendency 

of a convection free mixture to separate under a temperature gradient. Pressure 

diffusion is the separation resulting from a pressure gradient. Forced diffusion is 

caused by unequal external forces acting on the chemical species. In this study, 

concentration diffusion and thermodiffusion are considered. For multicomponent gas 
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mixtures at moderate pressures, the Maxwell-Stefan equations in the form developed 

by Curtiss and Bird [21] will be used to model the transport of reactants in the 

electrodes. 

If the temperature of a liquid mass vanes with spatial position, there will be a 

transport of energy from the hotter regions to the colder ones, [22] as shown in Figure 

1.3. A temperature gradient applied to a liquid mixture not only causes a heat flux but 

also gives rise to a diffusion current of constituent components. The resulting 

separation of the components causes a concentration gradient parallel or antiparallel 

with respect to the temperature gradient. This cross-effect between temperature and 

concentration is known as thermodiffusion or Ludwig-Soret-effect, since this effect 

was discovered by Ludwig [23] and systematically investigated by Soret [24] for 

liquid mixtures. 

In response to the thermal gradient, concentration gradients appear in an originally 

uniform mixture. They produce isothermal diffusion, which aims at eliminating 

concentration variations. A steady state is reached when the separating effect of 

thermodiffusion is balanced by the remixing effect of isothermal diffusion [25]. For 

binary mixtures of dilute gases, it was found by experiment that the species with the 

larger molecular weight usually goes to the colder region, see Figure 1.3. If the 

molecular weights are about equal, then usually the species with larger diameter 

moves to the colder region. In some instances, there is a change in the sign of the 

thermodiffusion ratio as the temperature is lowered: when Soret coefficient is positive 

species A moves toward the colder region, and when it is negative, species A moves 

toward the warmer region [26]. For binary mixtures, the So ret effect is measured by 
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the Soret coefficient, which is defined as the ratio of the thermodiffusion coefficient, 

DT, to the molecular diffusion coefficient DM. However, for a multicomponent 

mixture, the thermodiffusion coefficient is more commonly used as a measure of the 

Soret effect. 

... 0 

Figure 1.3: Illustration of the Soret effect. If a temperature gradient is applied to a mixture, this results 
in a concentration, [31]. 

Thermodiffusion plays a crucial role in many important processes. A particular 

example is thermohaline convection in oceans driven by salinity gradients associated 

with temperature differences [27] thermodiffusion has various technical applications, 

such as isotope separation in liquid and gaseous mixtures [28]; characterization and 

separation of polymers [29], surface coating, and crystal growth. 

Thermodiffusion together with isothermal and pressure diffusion play a major role in 

the studies of hydrodynamic stability in fluid mixtures, migration of minerals, mass 

transport modeling in living matters, and the compositional variation in hydrocarbon 

reservoirs [30]. 
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In low-pressure gaseous mixtures and ideal liquid mixtures, the magnitude of the 

thermodiffusion coefficient may be small. In contrast, in non-ideal liquid mixtures 

particularly, close to the critical points the thermodiffusion coefficient becomes large 

and strongly depends on the energetic interactions, the size and shape of the 

molecules and thermodynamic conditions [31]. 

In recent years, thermodiffusion has become a subject of extensive scientific research 

both theoretically and experimentally. Research on thermal-solutal convection in 

porous media has gained more attention; such attention has been focused on areas 

including underground diffusion of nuclear waste, oil reservoir analysis, tar sand 

extraction. Theoretical developments regarding solutal thermodiffusion have been 

achieved by Furry et al. for binary mixtures and more generally by de Groot et al. 

[32], [33] by means of irreversible process thermodynamics. A porous medium is 

usually defined as material that consists of a solid matrix with an interconnected void. 

This void also known as pores allows for the flow of one or more fluids through the 

material. The distribution of the pores in a natural porous medium with respect to the 

size and shape is irregular. 

In the experimental studies for thermodiffusion, the Soret effect can be measured by 

using different techniques which have been divided into two different groups [34]. 

The first group is convection free systems and the second group of techniques uses 

convective coupling. In the first group, the diffusion flux in a binary mixture becomes 

zero ( J; = 0 ) after a steady sate is achieved in the absence of convection. The 

resulting equations are as follows: 

25 
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where: Sr is Soret coefficient , J; is diffusion flux of component i, x; is mole fraction 

of component i, Vxj is a mole fraction gradient, VT is a temperature gradient. DM, 

and Dr are the molecular and thermodiffusion coefficients, which are functions of the 

temperature and composition of the fluid mixture respectively. 

The investigation of the thermodiffusion effect in the current model is based on the 

determination ofDT (thermal diffusion coefficient). In this work, DT is determined for 

each species: hydrogen, water vapour and carbon dioxide at the anode side; and 

oxygen, water vapour and nitrogen at cathode side. Then, by adding the D T to the 

Maxwell-Stefan equations, the thermodiffusion effects on the molar fraction of each 

species can be investigated; as exhibited and discussed in detail in chapter three. 

1.5 Research Objectives 

The objective of this thesis is to develop a comprehensive two-dimensional model that 

accounts for all important transport phenomena and electrochemical kinetics in the 

fuel cells. The new ingredient introduced to the fuel cell modeling study by this thesis 

work is the effect of thermodiffusion in the GDLs. As a result, the thermodiffusion 

coefficient is added to the Maxwell-Stefan equations. Detailed effects of 

thermodiffusion on all important transport processes of reactants and other physical 

phenomena will be numerically investigated. The simulation involves seven regions 
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of a PEM fuel cell: the anode/cathode current collector plates, two GDLs, two catalyst 

layers in finite thickness, and a membrane. Based on a given cell voltage, the cell 

current in the present model will be predicted, followed by a validation through 

comparison against available experimental results. The fully validated model with and 

without thermodiffusion will be used in a series of parametric studies to investigate 

the sensitivity of various operating and design parameters on fuel cell performance. 

1.6 Thesis Organization 

This thesis consists of four chapters and it is organized as follows: 

• Chapter one presents an introduction to the fuel cell and literature review. 

• Chapter two displays a model description and governing equations which are 

used to solve the problem. Also, the full model and the boundary conditions 

are described in detail. Finally, the finite element analysis is explained. 

• Chapter three deals with a series of numerical experiments, including a base 

case study with thermodiffusion effects considered, a systematic set of 

parametric studies, and a validation of the numerical model through 

comparison of overall cell performance against experimental data obtained 

from other literature. 

• Finally, chapter four presents the conclusions and outlooking remarks on this 

modeling study. 
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Chapter 2 

Computer Model Description 

A two dimensional model for a single PEM fuel cell is modeled in the y-z plane. 

There are five primary transport phenomena during fuel cell operation, namely, heat 

transfer in the solids and in the gases, fluid flow of reactant gases, 

convection/diffusion of different species, proton transport, and liquid water transport 

processes. For computation convenience, these five transport phenomena are modeled 

using seven computational sub-domains (from the top to the bottom as schematically 

shown in Figure 2.1): on the anode side, the collector plate, gas diffusion layer (GDL) 

and catalyst layer (CL ); the ionomeric membrane; the catalyst layer, gas diffusion 

layer, and collector plate on the cathode side. 

Collector P\Qie 

Figure 2.1: Sketch of a single PEM fuel cell configuration, [1]. 
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In the current model, the anodic channel is supplied by hydrogen (H2 ), water vapour 

( H 2 O(g) ) and carbon dioxide ( C02 ), whereas humidified air consisting of oxygen 

( 0 2 ) , nitrogen (N2 ), and water vapor (H20 (g) ) is fed into the cathodic channel. In the 

active catalyst layers on the anode and cathode sides, the hydrogen oxidation and 

oxygen reduction reactions occur respectively. This chapter introduces the governing 

equations that are used for the mathematical fuel cell models in this thesis with the 

boundary conditions for these equations in every subdomain. Also, the modeling 

parameters for this study and model validation are presented. 

2.1. Model assumptions 

The following assumptions will be invoked to make the model more tractable and the 

computation faster: 

1. The transport processes are steady-state. 

2. The thermodiffusion has been taken into account. 

3. The flow in the gas-distribution channels is laminar. 

4. The gravity effect is negligible. 

5. Ohmic heating in electrodes is not neglected. 

6. Though heat generation due to the electrochemical reaction is considered, the 

fluid properties are assumed to be independent of temperature. 

7. The membrane is assumed to be impermeable for the gas-phase, for which a 

fairly small permeability for gases is employed to ensure nil gas concentration 

in the membrane. 

8. The gas diffusers, the catalyst layers, and the membrane are all considered as 

isotropic and homogeneous porous media. 
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9. On the cathode side, the gaseous mixture consists of 02, N2, and H20 (g) only, 

while on the anode side, the gaseous mixture consists of H2, C02 (due to 

incomplete purification of the hydrogen product), and H20 (g) only, all of these 

gasses are assumed to be ideal gases and the gas mixture is incompressible. 

10. within the gas channels, the gas diffusers, and the catalyst layers, water is 

purely in the form of vapour or over-saturated vapour, while water in the 

membrane is in the liquid phase only and exhibits a linear variation in its 

pressure; 

11. No water phase change is taken into account within each component except that 

all water vapour at each interface between the catalyst layer and the membrane 

is entirely transformed to liquid water. 

2.2. Modeling Equations in Gas Diffusion Layers (GDLs) 

The gas diffusion layer (GDL) is a porous backing between the gas channel and the 

catalyst layer. The main functions of the diffusion layer are to distribute reactants, to 

remove product water to and from the area under the shoulders of the collector plates, 

to conduct electrons to/from the surfaces of the collector plates from/to everywhere in 

the catalyst layer, and to remove heat. 

In the GDL, the multi-species transport processes in conjunction with heat transfer 

can be described using the mixture continuity equation, the Darcy equations, the 

energy equations, and the Maxwell-Stefan equations, (in the form developed by 

Curtiss and Bird [21] are used to model the transport of reactant in the electrodes). 
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2.2.1. Continuity and Momentum Equations 

Since Darcy's law can be used to model the flow in the porous media with the 

pressure gradient as the driving force, Darcy's law can be used to describe the 

conservation of the mass and momentum for the GDLs; as, the gas channels in which 

the flow fields were governed by the Navier-Stokes equations, are not involved in the 

y-z plane model; otherwise, it is important to consider the average viscous stress 

terms in the outer boundary of a porous medium where the macroscopic velocity 

varies rapidly in space [35]. The flow governing equations are: 

The continuity equation 

(2.1) 

And momentum equations (Darcy's law): 

- k -
V=-TJVp 

r Jl 
(2.2) 

where k P is the permeability of the porous electrode, JL is the viscosity of the fluid 

and rc 2
> is a coefficient describing the effect of the porosity of the medium to the 

viscous force. Eq. (2.2) turns into the Brinkman's equations, ifrC2
> = 1. We can get 

rc2
> from [35]: 

( )

2 
1-8 

r(2
) = 2.25 

2 
g 

8g 
(2.3) 

Darcy's equation is proposed empirically to describe the slow seepage of fluids 

through granular media by homogenization of the porous and fluid media into one 

single medium, so that a detailed geometric description of the pore structure is not 

required [36]. 
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2.2.2. Mass Transport Equations 

In a binary diffusion, the movement of any species is proportional to the negative of 

the concentration gradient of this species. In multicomponent diffusion, other 

interesting things can arise such that (i) the species can move against its concentration 

gradient which is known as reversed diffusion; (ii) the species can move in the 

absence of its concentration gradient, which is called osmotic diffusion; and (iii) the 

species may not diffuse though its concentration gradient, which is called nonzero 

diffusion. 

Maxwell-Stefan equations are shown to be a very good approximation for 

multicomponent diffusion in gases at low density [37], [38]. Curtiss and Bird revised 

the Maxwell-Stefan equations by using different diffusivities to validate the equations 

for dense gases, liquids and polymers. Unlike the conventional one, their formulation 

incorporates the pressure dependence and the temperature dependence of the 

concentration gradient of the species. The formulation is adopted in this study, and 

briefly explained as follows: 

The mass balance for each species, except one, in a solution is given by the general 

transport equation: 

(2.4) 

where w; is the mass fraction of the species and R; is the reaction rate. The second 

term in this equation is the combined mass flux consisting of molecular mass flux 

vector }; and the convective mass flux vector with the velocity vector u. }; describes 

the diffusion -driven transport, which is the property investigated by Curtiss and Bird. 

They derived their description of the molecular mass flux from Jaumann's entropy-

balance equation [39] and were able to describe diffusion transport as a function of 
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temperature and a diffusion driving force dj. Hence, with the thermodynamics of 

irreversible processes, }; is defined as: 

N 

}; = -nrv(Inr)- pw/LDijdj (i=l, 2, ...... N) (2.5) 
j=J 

where Dr is the thermal diffusion coefficient, T is the temperature, Dij are the 

symmetric diffusivities proposed by Curtiss, and dj is the diffusion driving force for 

the species}, which is defined as: 

d; = Rlr(Vp; -w;Vp- pw;g; +w;±pwjgjJ 
c j~ 

(2.6) 

where c is the concentration of the mixture, R is the universal gas constant and gij is 

the force per unit mass acting on the i1
h species. The first two terms on the right side 

of Eq. (2.6) describe the effects of the intermolecular forces, and the last two terms 

describe the effects of the external forces. If the only external force is the gravity, the 

last two terms cancel each other. Noting that from the ideal gas law p =cRT and the 

mole fraction of the species i is 

x.=P; 
l (2.7) 

p 

Eq. (2.6) can then be written as: 

(2.8) 

With the assumptions that the transport processes are steady-state and there is no 

external force acting on the species apart from the gravity, by substituting Eqs. (2.5) 

and (2.8) into Eq. (2.4), the resulting mass balance in the mass fractions reads: 

(2.9) 

where, on the anode side, the subscripts i and j are applied to denote hydrogen, water 
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vapour, carbon dioxide; while, on the cathode side, i and j are applied to denote 

oxygen, water vapor, and nitrogen; X; is the mole fraction of the component i ; N; is 

the molar flux of the componenti; c stands for the concentration; and Dij represents 

the binary diffusivity of species i and j . On the cathode side, the ternary mixture of 

while on the anode sides, the three species pairs are: H 2 - C02 , C02 - H 20(g), and 

H 20(g)-H2 • The binary diffusivitiesD~ are usually obtained by experiment at the 

atmospheric pressure Parm and reference temperatureT0 ; according to [16], D~ can 

then be scaled to the operating temperature and pressure as follows: 

(2.1 0) 

Due to the porous nature of the gas diffusers, the binary diffusivity correction is taken 

for the porous media. The resulting species equations become: 

(2.11) 

where the binary diffusivities D ij are corrected for the flow in porous media by using 

the so-called Bruggemann correction formula [40]: 

D~ff =D .. & 1.5 
lj I] g (2.12) 

Note the right hand side ofEq. (2.11) vanishes because there is no reaction rateR; in 

GDL. In the Eq. (2.11 ), Dr denotes the multi component thermodiffusion coefficient 

and is calculated with the following equation [41]: 

{ 

Mo.s 11 nr = -2.59 ·10-7. r;·659 n i . wi 
~Mo.s11. 
LJ ; W; 
i=l 

X;]·[~M,•·511 .w1 ] 
~ M?.4s9 ·w. 
LJ l l 

i=l 
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It is possible to express the molar fraction xi in the term of mass fraction mi by [13]: 

!!!L 
M . 

x. = I 

I I (J)j 

J=l M J 

the above equation can also be written as: 

x.M . 
=-1_1 

M 

where M stands for the total mole mass of the mixture calculated using: 

n 

M=IMixi 
i=l 

(2.14) 

(2.15) 

(2.16) 

and M i indicates the mole mass of the species i . Assumption 7 implies the 

applicability of the state equation, which relates density, temperature and pressure. 

That is, for each species i contained in the ternary system, such as the mixture of 0 2, 

N2 and H20 (g) at the cathode side and the mixture of H2, C02 and H20 (g) at the anode 

side, the following relationship holds: 

=M Pg 
Pi i RT 

g 

(2.17) 

Though, theoretically Eq. (2.11) can be used for each species in the gas mixture, the 

mass and molar fractions for C02 on the anode side and N 2 on the cathode side are 

practically calculated by using: 

n-l 

(J) n = 1 - L (J)i 

i=l 

n-l 

xn =1-I xi 
i=l 

(2.18) 

(2.19) 

which ensures the conservation of mass on both sides. Therefore, the Maxwell-Stefan 

diffusion and convection equation applies only to 2 species out of the 3 species on one 

electrode side. The final species is solved through the fact that: 
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(2.20) 

2.2.3. Solid-Phase Potential Equations 

There is no electron produced in gas diffusion layers, as the GDL works as a bridge 

between the current-collecting land and catalyst layer to provide electron lateral 

conduction. The electron current density ie in the gas diffusers satisfies: 

(2.21) 

where the electron current density ie can be described by: 

(2.22) 

where a~DL is the electrical conductivity of the gas diffuser. Conductivity is the 

inverse of electrical resistivity and has the SI units of Siemens per meter( S I m). 

By substituting Eq. (2.22) into Eq. (2.21) the solid-phase potential can be obtained by 

solving: 

(2.23) 

2.2.4. Energy equation 

Energy balance is important since most chemical reactions either require or produce 

heat, which in tum affects both the reactions themselves and other physical processes 

connected to the system. By overall averaging of the microscopic energy equations in 

both fluid and solid phase, the effective conductivity becomes a function of the fluid 

phase and solid matrix conductivities, which satisfies: 

1 
keff = -2kgr + --£----1--£-

g +--g 

(2.24) 

2kgr + kgas 3kgr 
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where k gas and k gr are the thermal conductivities of the gas mixture and of the 

graphite solid matrix, respectively. Because there is electron current in the gas 

diffusers, the energy equation for the gas diffusers can be written as: 

·2 

pep (v.vr) = keff i1.T ++ 
(J"GDL 

(2.25) 

Note the last term represents the heat source term produced as a result of the ohmic 

heating of electron currentie. 

2.3. Modeling Equations in Catalyst Layers 

2.3.1 Flow Model: Darcy's law 

The catalyst layers usually consist of platinum, carbon, membrane material, and 

Teflon. Since catalyst layers are made highly porous and the components neighboring 

the catalyst are the porous electrode and membrane, the velocity variation taking place 

at the interfaces within the MEA is fairly small. As the sole driving force, Darcy's law 

can be applied to model the flow in the porous catalysts. 

Darcy's law states that the velocity vector is determined by the pressure gradient, Vp, 

the fluid viscosity, f.1 , and the structure of the porous media, resulting in the following 

equation: 

- k -
V=-T,Vp 

r f.1 
(2.26) 

Gagan [35] estimated r<2
) in the catalyst layer by using: 

r( 2) = 2.25 ( l- ~ct )
2 

(2.27) 
5 ct 

where the effective porosity of the catalyst layer &c1 can be calculated by: 
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(2.28) 

where Em and {}me denote the porosity of the membrane and the volume fraction of 

the membrane in the catalyst layer, respectively. 

2.3.2. Electrochemical Modeling Equations 

Transport phenomena in the catalyst layers are complicated because of the electro-

chemical reactions. The electrochemical reactions can be modeled by the Butler-

Volmer equations [7]: 

(2.29) 

(2.30) 

where ia and ic are the exchange current densities of the anode and cathode, 

respectively; a the catalyst surface area per unit volume; j~ef the reference exchange 

current densities; c H
2 
and c

0 2 
the hydrogen and oxygen concentrations, respectively; 

a; and a~ the anodic transfer coefficients at the anode and cathode, respectively; 

a; and a; the cathodic transfer coefficients at the anode and cathode, respectively; F 

Faraday's constant; CH
2

,ref and CH
2

,ref the corresponding reference concentrations, 

respectively; 17a and 1lc the activation overpotentials at the anode and cathode, 

respectively; the kinetic expressions in Eqs. (1.1) and (1.2) represent the hydrogen 

oxidation reaction (HOR) in the anode catalyst layer and oxygen reduction reaction 

(ORR) in the cathode catalyst layer, respectively. 

The surface overpotential for an electrochemical reaction, 17 is considered the driving 
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force for an electrochemical reaction, and can be described as: 

at anode 

at cathode 
(2.31) 

where ¢s is the solid-phase potential,¢ P is membrane-phase potential, and E0 is the 

thermodynamic open circuit potential for overall reaction, which is expressed by the 

Nernst equation [7] as a function of the reactant and product concentrations at the 

interface: 

£ 0 = 1.23-0.9x 10-' (T -298)+ 2.3 :; !og(p~, Po, ) (2.32) 

Beattie et a!. [42] tabulated the experiential results for the open circuit potential, 

which are fitted into a linear function of temperature as proposed: 

E0 = 0.0025T + 0.2329 (2.33) 

2.3. 3. Mass Transport Equations 

The mass transport equation used in the catalyst layers takes the exchange current 

densities over both anodic and cathodic catalyst layers into account: 

(2.34) 

where Sk is the source/sink term for species k. As seen from the chemical reaction 

given by Eqs. ( 1.1) and ( 1.2), in order to produce one electron with the charge of one 

Coulomb, Y2 mole of hydrogen from the anode side and 14 mole oxygen from the 

cathode side are needed, and Y2 mole of water will be produced at the cathode side. 

Therefore, at the anode catalyst layer, hydrogen is consumed to produce electrons and 

protons. Hydrogen is oxidized with local sink (source) terms for hydrogen and water: 

(2.35) 
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(2.36) 

where M H
2 
is the molecular weight of hydrogen, and no water is produced or depleted 

in the anodic catalyst layer as shows in Eq. (2.36) ; alternatively, the mass generation 

source terms at the cathode catalyst layer are defined as: 

So = i c Mo2 
2 4F 

(2.37) 

(2.38) 

where M 0 2 and M H
2
o are the molecular weights of oxygen and water, respectively. 

Also, ic and la are the transfer current density at the cathode and anode, which 

represent the reaction rates. The value la is positive and ic is negative, according to 

Eqs (2.29) and (2.30), respectively. 

2.3.4. Energy Equations 

The electrochemical reaction taking place in the anode and cathode catalyst layers 

lead to migration of the electrons and protons through the layers. Thus, the energy 

equation can be expressed as: 

at anode 

at cathode 
(2.39) 

where a; and a;1 are proton and electronic conductivity within catalyst layers, 

respectively, while ie and i P are electron and proton current density, respectively. On 

the right hand side of the above equation, the second and third terms describe the 

ohmic heating of both proton current i P and electron current ie within catalyst layers; 

and the last term represents the heat generation or absorption because of 

electrochemical reaction at the catalyst. 
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2.3.5. Solid-phase and membrane-phase potential equations 

Although the catalyst layers are relatively small, they are the heart of a fuel cell, 

where fuel and oxidant react electrochemically to produce electrical energy. In the 

anodic catalyst layer, hydrogen-rich fuel fed to the anode side diffuses through the 

porous gas diffusion layer (GDL); the hydrogen splits into hydrogen protons and 

electrons. Electrons pass through an external circuit to the cathode, thus providing 

electrical power, while the protons transport through the membrane to the cathode. In 

the cathodic catalyst layer, oxygen combines with protons and electrons to produce 

water. Figure 2.2 shows the transportation paths for protons and electrons forming a 

closed electrical circuit. 

Flow 

Figure 2.2: Transport paths of protons and electrons within a PEM fuel cell, [52]. 

In the anode catalyst layer, and cathode catalyst layer, the proton current density 
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i P and the electron current density ie satisfy: 

v 7 { j . at anode 
·l = p . 

at cathode l c 
(2.40) 

v 7 {- j . at anode 
•l = e • at cathode - Jc 

(2.41) 

Generally, the current density conservation law follows: 

V·T +V·T =0 p e (2.42) 

This means: 

~ + ~ = constant (2.43) 

That leads to the membrane-phase potential rjJ P and the proton current density i P 

being interrelated by: 

(2.44) 

The membrane-phase potential satisfies: 

at anode 

at cathode 
(2.45) 

Following the same approach, the solid-phase potential rfls satisfies: 

at anode 

at cathode 
(2.46) 

Note that a:, and a;1 are the ionic and electrical conductivity of the catalyst layers, 

respectively. 

2.4. Modeling Equations in Membrane 

The major function of the membrane is to transfer protons from anode to cathode. As 

the protonic conductivity of the membrane depends robustly on its water content, the 
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polymer electrolyte must be kept hydrated during operation. On the other hand, 

flooding of the porous electrodes and GDL should be avoided so that reactants can be 

transported effectively to the reaction sites in the catalyst layer. In the membrane, 

water is assumed to exist in its liquid phase while the reactant gases are considered 

impermeable. Properties of interest in the membrane are the liquid water flux, the 

electrical potential distribution, and temperature distribution, which have effects on 

the ionic conductivity. The governing equations in the membrane are the same in the 

catalyst layer, but without any chemical reaction. 

2.4.1. Darcy's Law and Energy Equations 

The membrane is a porous medium and water can migrate through it by pressure 

difference that is called hydraulic permeation. Darcy's law can be used to describe the 

water transport in the membrane for liquid water: 

(2.47) 

where kh is the hydraulic permeability of the membrane, p 1 is the pressure for liquid 

water, f-11 is the liquid water viscosity, and r<2
) is the related to the expression in Eq. 

(2.3) in which &m is used as a substitute for &g . In the membrane, an additional Joule 

heating source has been added to the energy equation as follows: 

·2 

(
-- ) lp 

pc P V · VT = km,efffl.T + aP 
m 

(2.48) 

where G"; appears in the Joule heating source term representing the ionic conductivity 

in the membrane. It depends on many factors , for instance, temperature, methods of 

pretreatment, the type of membrane and its equivalent weight, as well as other 
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external variables and the amount of water uptake, etc. The effective thermal 

conductivity in the membrane km,eff satisfies: 

1 
km ,eff = -2km,dry + --8----1---8-

m +-- m-

(2.49) 

2km,dry + k w,l 3km,dry 

where k w,t is the thermal conductivity of liquid water, 8 m is the membrane porosity, 

and k d is the thermal conductivity of a dry membrane. m, ry 

2.4.2. Water and Proton Transport Model 

The transport models of water and proton have been investigated in this study. 

Particularly, the effect of membrane swelling on water content and potential loss 

within the membrane is examined. The permeability of the membrane to hydrogen, 

oxygen, nitrogen and carbon dioxide is low and can be neglected as stated in 

assumption 7. Thus, only water and protons are transported in the membrane, where 

both follow the principle of mass conservation. While the exact and complete 

mechanism of water transport in the membrane is still under investigation, an updated 

model formulated by Cao et al. [13], has been used here to allow quantitative 

assessment of fuel cell operation with a membrane under the partial hydration 

condition. 

Conservation equations for liquid water and protons satisfy: 

V·N =0 w (2.50) 

and 

V·N =0 p (2.51) 
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where N w and N P are the molar flux of water and that of protons, respectively. And 

the positive values for N w or N P indicate net water flux or proton flux from the 

anode to the cathode, while negative values means, a net flux from the cathode to the 

anode side. 

2.4.2.1. Water Transport 

There are three mechanisms of water transport in the membrane: electro osmotic drag, 

diffusion, and hydraulic permeation, which are induced separately by the moving 

protons, the water concentration difference, and the pressure difference between the 

two sides of the membrane. A good water management procedure is to balance the 

three water fluxes so that the membrane is kept well-hydrated while avoiding flooding, 

as shown in Figure2.3. 

o..,._ _____ Y _____ -1 .... Om 

.,._ W(HzO)n 

Electro-osmotic drag 

Water pe1111eatioo .. ... 

t 

Water djffusion .. ~ 

Cathode 
~+4W +4e ·~2H20 Membrane 

Figure 2.3: Schematic of water transport phenomena in a proton exchange membrane 
[4]. 

The net water flux through the membrane is the sum of these three water fluxes and is 

expressed by the following equation: 
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- - k - ndi 
N =-D Vc -c c w_h Vp +--P w w w wm I F 

J.l, 
(2.52) 

where Nw is the molar flux of water, Cw denotes the molar concentration of water, 

c; the volume fraction of water in the membrane, Dw the diffusion coefficient, kh the 

hydraulic permeability of the membrane, J.11 the liquid water viscosity, nd the elector-

osmotic drag coefficient, F Faraday's constant, p1 the water pressure, and ~ is the 

proton current density that equals the local current density 7 in the membrane, as 

there is no electron transport in the membrane. This equation accounts for back 

diffusion processes induced by the water concentration gradient, which provides the 

model with improved capability of predicting humidification schemes. 

Taking into account the current density conservation: 

(2.53) 

along with the linear profile of pressure: 

(2.54) 

the divergence of N w can be expressed as: 

(2.55) 

Combination ofEq. (2.50) and Eq. (2.55) yields: 

2 kh - - Vnd · T 
-D V c -cm-(Vc ·Vp )+ =0 w w w w I F 

J.lt 
(2.56) 

Based on the experiments using Nafion117, Springer et al. [5] proposed a simple 

linear relationship between the electro-osmotic drag coefficient, nd and the 

membrane water content: 
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-2.5 ') 
nd --A 

22 
(2.57) 

where A is the hydration index, which is defined as the number of moles of water per 

equivalent sulfonic acid group, so; , in the membrane; the numeric values 2.5 and 22 

correspond to the number of water molecules dragged per migrating H + ion and the 

possible maximum hydration index, respectively. 

Springer et a/ [5] expanded the dry membrane thickness dimensions by the 

factor (1 + f.A) to account for membrane swelling, and presented an empirical formula 

relating cw to A as follows: 

eA 
c =--

w jA+l 
(2.58) 

where f is the membrane swelling coefficient experimentally determined through the 

measured thicknesses of the dry and fully hydrated Nafion 117 membranes, and e is a 

constant ratio for Nafion 117 expressed as: 

(2.59) 

where p~ry is the dry membrane density, and EWm is the equivalent molecular weight 

of the membrane. 

Since, the membrane water diffusivity is related to the temperature and water content 

of the membrane, its formula of empirical nature is satisfied by [ 5]: 

D w = 10-6 exp [ 2416 ( 3~3 - ~) ]<2.563-0 .33A + 0.0264.<. 2 
- 0.00067 U 3 ) (2.60) 

Re-arranging Eq. (2.58) leads to: 
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(2.61) 

The electro-osmotic drag coefficient nd for Nafionll7 expressed in Eq. (2.57) can 

now be re-written as a function of water concentration: 

2.5 cw 
nd = 

22 e- few 
(2.62) 

Substituting Eq. (2.62) into Eq. (2.56), the water transport equation can be expressed 

as: 

(2.63) 

which is a complete mathematical description of water concentration distribution in 

the membrane. Eq. (2.63) can be viewed as a nonlinear partial differential equation 

ofcw with the known pressure profile p 1 and current density T in the membrane, 

2.4.2.2. Proton Transport 

The Nernst-Planck equation can be used to determine the flux of protons through the 

membrane, representing that the migration, diffusion, and convection of the dissolved 

protons cause the net molar flux of protons: 

(2.64) 

where D P is the diffusion coefficient, c P is the molar concentration of protons, Z P is 

the charge number of ion, ¢ P is the electric potential, i.e., membrane-phase potential, 

and ~ is the convective velocity of the liquid water. 

By using Schliogl equation [43], [44], the velocity of liquid water in the pores of the 

membrane can be estimated: 
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(2.65) 

where Z 1 is the charge number of the fixed charges, k¢ and kh are the electric and 

hydraulic permeabilities of the membrane, respectively, and c 1 is the fixed-charged 

concentration. 

As the electric current results from the flux of charge species, the current density in 

the membrane can be expressed as: 

(2.66) 

whereNj is the molar flux of ions, Zj is the charge number of the charged mobile ion 

of species j, and Zj = 1 for the sole mobile ions, which are the hydrogen ions in this 

situation. Thus, Eq. (2.66) becomes: 

- i 
N =­

P F 

The membrane ionic conductivity is commonly defined as: 

The electro-neutrality condition signifies that no net charge should exist in the 

membrane: 

(2.67) 

(2.68) 

(2.69) 

Since only a proton charged mobile ion in the membrane (for H+) andZ P = 1, thus Eq. 

(2.68) can be reduced to: 

p2 
a~= RTDPcP 

and, Eq. (2.69) becomes: 

(2.70) 

(2.71) 
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Substituting Eq. (2.71) into Eq. (2.64) and (2.65) results in: 

(2.72) 

and 

(2.73) 

Combining Eq. (2.72) and (2.73) with the divergence ofEq. (2.51) gives: 

1 - - RT- -- ~¢ = --[V(lnc ) · i] + -V · [V(lnc )]c P aP P F P P 
m 

(2.74) 

where c P is a function of hydration. Unlike the unrealistic assumption of a constant 

c P as employed in many other previous studies, the concentration of protons is now 

allowed to vary in response to the swelling or drying of the membrane due to the 

change of internal liquid water. Since in the membrane the hydration index, A., is 

defined as the number of moles of water per equivalent sulfonic acid group, for 

Nafion 117, the proton concentration can be expressed as: 

(2.75) 

Substituting Eq. (2.58) into (2.75) leads to: 

e 
c =--

p JA-+1 
(2.76) 

Substitution Eq. (2.61) in Eq. (2. 76) leads to: 

cP=e-fcw (2.77) 

Invoking Eq. (2.77) into Eq. (2.74), the electrical membrane-phase potential can be 

expressed in terms of water concentration cw: 
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1 f (- -) RTe f -fl.¢ = V c · i - fl.c 
P aP e-fic w F e-fic w 

m w w 

( J
2 

RT f - -
-- (vcw · Vcw) 

F e- fe w 

(2.78) 

In order to eliminate fle w, i.e. V 2cw, Eq. (2.63) is substituted into Eq. (2.78) and the 

electric potential equation in the membrane accounting for the swelling effect is 

finally written as: 

(2.79) 

The ionic conductivity of a Nafion117 proton exchange membrane is expressed by 

Springe et al. [5] as: 

a;:1 = 0.5139A -0.326 if A~ 1 (2.80) 

where a:ef is the reference ionic conductivity measured at 303K. The reference ionic 

conductivity is assumed constant for the values of membrane water content, A < 1· At 

other temperatures, it is corrected to be a function of operating temperature T [5]: 

(2.81) 

2.5. Collector plates 

Since the bipolar plates serve to transfer the electrons and separate different cells, the 

solid-phase potential equations accounting for the electron transport in the current 

plates have to be added to the simulation model: 

(2.82) 
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where a;,are is the electrical conductivity of current plates. In the present model, the 

value of a;,are is assumed to be 20000 S/m [45]. 

2.6. Boundary Conditions 

Corresponding to the equation systems, in practice, some subdomains may be grouped 

to be subjected to an identical governing equation. For example, the oxygen is 

transported in the cathode gas diffusion layer (GDL), and catalyst layer (CL); then, 

the Maxwell-Stefan equation for the oxygen transport applies to both subdomains. 

Accordingly, the boundary conditions for the mass fraction of oxygen are required 

only at the border of the grouped subdomains, while no specification of interfacial 

conditions is required between neighboring subdomains in the group. 

Catalyst 
Layer CL 

4 

anode 

Current plate 

3 

2 
1 9 

Gas Diffusion Layer GDL 

membrane 

Gas Diffusion Layer GDL 

1 10 9 
2 

Current plate 

s· 
cathode 

6 

Figure2.4: Schematic diagram of computation model of a PEM fuel cell in y-z plane. 
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For the sake of convenience, all boundaries in the model are named as #1, #1', etc. In 

the y-z plane, additional components, the current plate/current collectors, are involved 

in the two-dimensional model, while the anode/cathode gas channels may be extracted 

from the computational domains since the cross flow within the channels is 

insignificant. Hence, in the two-dimensional model of a PEM fuel cell in the y-z plane, 

there are seven computational subdomains including the anode/cathode current plates, 

GDLs, catalyst layers, and membrane, as shown in Figure 2.4 which schematizes all 

boundaries of a 2D PEM fuel cell model in the y-z plane. 

2.6.1 Darcy's Law 

Since gas diffusion layers (GDLs), catalyst layers (CLs) and the membrane domains 

are porous structure, Darcy's law can be apply within these entire domains. The 

pressure boundary values are prescribed at the operating pressures for the interfaces 

between the gas channels and GDLs for both anode and cathode sides. That is: 

For Boundaries #1, #9: p=pa (2.83) 

For Boundaries #1 ', #9', p=pc (2.84) 

where pis the local pressure, Pa and Pc are the operating pressures at the anode and 

cathode sides, respectively. For both anode and cathode sides, insulation condition are 

specified at the interfaces between the GDLs and collector plate as well as at the inlet 

and outlet for both GDLs and catalyst layers CLs. 

53 



2.6.2 Species Equations 

To describe the species transport in the gas diffusion layers (GDLs) and catalyst 

layers; the Maxwell-Stephan equations are applied. At the anodic and cathodic 

interfaces between the gas channels and GDLs, i.e. , boundaries #1 ,#1 ', #9, and #9' (as 

shown in Figure 2.5), each of the mass fractions of H 2 , 0 2 is prescribed using a 

constant inlet value. The mass fractions of water vapor at the anode and cathode sides 

can determine as follow respectively: 

(2.85) 

(2.86) 

where RH is the relative humidity, p a and p care the operating pressures at the anode 

and cathode sides; p sar is the saturated water partial pressure calculated using the 

following empirical equation [5]: 

(2.87) 

A homogeneous Neumann boundary condition was specified for the oxygen mass 

fraction equation, a boundary condition must be specified at the interface between the 

cathode catalyst layer and the membrane to keep the oxygen from entering the 

membrane. As well, a homogeneous Neumann boundary condition was applied at the 

interface between the anode catalyst layer and the membrane to prevent hydrogen 

from entering the membrane. 

2.6.3 Solid-Phase Potential Equation 

A combination of Dirichlet and Neumann boundary conditions are used to solve the 

electronic and protonic potential equations. The solid-phase potential equation is 
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applied in the anode and cathode GDLs and catalyst layers and to account for electron 

transport in current plates as well. The solid-phase potential f/Js is the cell voltage; the 

value of solid-phase potential along the cathode collector plate edge, i.e., Boundary 

#5', is prescribed while the value of the cell voltage along the anode current plate edge, 

i.e., Boundary #5, is assumed to be zero. To represent that no electron current passes 

through the boundaries, i.e., Boundaries #1,#2,#3,#4,#6,#7,#8,#9 and Boundaries 

#1 ',#2',#3',#4',#6',#7',#8',#9'; Homogeneous Neumann boundary conditions are 

applied at these boundaries. 

2.6.4 Energy Equations 

In this model, a constant temperature, i.e., the ambient temperature T:m is applied to 

the interface between the collector plate and gas diffusion layers at the anode and 

cathode side. The value of temperature along the boundaries #1, #9 and #1', #9', at 

anode and cathode side respectively are prescribed; noting that the temperature is 

higher at cathode than anode side; as well as, it's higher at boundaries #1, #1' than 

boundaries #9 and #9' .Convective flux conditions are employed at the inlet and outlet 

of MEA. Otherwise, the thermal insulation conditions are used. 

2.6.4 Boundary Conditions for Water and Proton Transport Model 

2.6.4.1. Proton transport. 

Proton transport through proton-conductive polymer membrane only; thus protons can 

not go through the GDL and the proton current density at the interface between the 

catalyst layers and the GDL is set zero. Dirichlet boundary conditions are used to 

solve the protonic potential equations at the interface between the membrane and 
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catalyst layers at anode and cathode sides. Elsewhere; homogeneous Neumann 

boundary conditions are applied. 

2.6.4.2. Water Transport in the Membrane 

In this model; equilibrium is assumed between the gas phase and the membrane phase 

of water in Nation membrane. As the water can be transported through the catalyst 

layers to the membrane; Dirichlet boundary conditions should be applied at the 

interface between the membrane and the catalyst layers at the anode and cathode sides. 

And the water content at these interfaces can be calculated using [ 5]: 

A= 0.043 + 17.8a- 39.85a2 + 36a3 for 0 <a~ 1 in catalyst layers (2.88) 

where a is the activity of water vapor defined as: 

xH,oP 
a=--­

p sat 
(2.89) 

As the water mole fraction exceeds saturation, a linear relation is assumed between 

the water content and water activity [5]: 

A= 14+1.4(a-1) for 1 <a~ 3 in the membrane ( 2.90) 

the Neumann boundary condition is applied at the left and right sides of the membrane: 

n·Vc =0 w (2.91) 

where n denotes the unit vector normal to the boundaries. 

2. 7 Modeling Parameters 

Choosing the right modeling parameters is very important and difficult in establishing 

the fully PEM fuel cell computational model for numerical simulation. Very limited 

experimental results are available in the literature with detailed specification of the 

56 



cell geometry and experimental conditions. Most of the physical parameters present 

here and base operation conditions are taken from the modeling work of Gurau et a/. 

[7] other available original references are quoted when employed. 

Table 2.1 groups the basic dimensions of the computational domain used in this thesis. 

All values in this table refer to both anode and cathode sides. Table 2.2 lists the base 

case operational parameters for the current model. Operational parameters have great 

effects on fuel cell performance and parametric studies will be performed and 

discussed in details in chapter three. 

Table 2.1 Physical dimension of the PEM fuel cell, [7] 

PARAMETER VALUE UNIT 

Gas diffuser width (z-direction) 3 X 10-3 m 

Gas diffuser height (y-direction) 2.54x10-4 m 

Collector width 1.3 X 10-3 m 

Catalyst layer thickness 2.87x10-5 m 

Membrane thickness (y-direction) 2.3x10-4 m 

Table 2.2 Operating parameters for a PEM fuel cell under a base case computation, [7]. 

DESCRIPTION VALUE UNIT 

T : fuel cell (ambient) temperature 333 K 

Sa : stoichiometric ratio at anode 1.3 -

Sc : stoichiometric ratio at cathode 3 -

p a : fuel inlet pressure at anode 1 atm 

p c : air inlet pressure at cathode 3 atm 

RH : relative humidity of inlet gas mixture 100 % 
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The properties for the membrane are required to model various transport phenomena 

across the membrane. A proper choice of membrane properties will directly improve 

the accuracy of the modeling work; Table 2.3 lists the electrode properties for the base 

case. And, Table 2.4 groups the electrochemical parameters chosen for this modeling 

study. 

Table 2.3 Electrode properties 

DESCRIPTION VALUE UNIT REF. 

&g: gas diffuser porosity 0.4 - [7] 

&m: membrane porosity 0.28 - [7] 

(}me : volume fraction membrane in catalyst 0.5 - [7] 

k P : permeability to air in the gas diffuser 1.76x10-11 mz [7] 

kh : hydraulic permeability of the membrane 1.58x10-18 mz [7] 

k<t> : electrokinetic permeability of membrane 1.13x10-19 mz [7] 

kair: air thermal conductivity 3.0x10-2 Wlm/K [7] 

kgr : thermal conduc. of matrix of gas diffuser 150.6 Wlm/K [7] 

km ,dry : thermal conductivity of dry membrane 100 Wlm/K [7] 

c p,air : air specific heat at constant pressure 1008 J/kg/ K [7] 

c 1 : fixed charged site concentration in memb. 1.2 X 103 mol 1m3 [7] 

z 1 : charge of sulfonate site in memb. -1 - [7] 

p;ry : membrane solid dry mass density 1980 kg 1m3 [7] 

EWm : equivalent membrane weight 1.1 kg/mol [5] 

f : membrane swelling coefficient 0.0126 - [5] 

Table 2.5 listed the values of binary diffusivities involved in Maxwell-Stephan 

equations (2.11 ). These values are determined experimentally under the specific 

reference temperature and 1 atm pressure and now should be converted to actual 

operating conditions used in this study by conversion Eq. (2.1 0). 
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To visualize the mesh element quality in the 2D case, mesh quality for all elements 

over the entire computational domain is shown in Figure 2.6. The quality measure is 

related to the aspect ratio, which means that anisotropic elements can get a low quality 

measure even though the element shape is reasonable. For triangular elements, 

COMSOL Multiphysics computes the mesh quality q with the formula: 

(2.92) 

where A is the area, and h, , h2 and h3 are the side lengths of the triangle. The value 

of q is a number between 0 and 1. If q >0.3 , the mesh quality should not affect the 

solution's quality [47]. Figure 2.6 shows the minimum quality of the mesh element is 

0.447, which is greater than 0.3. 
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Figure 2.6: Mesh quality of computational domain. 
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Chapter 3 

Base Case Results and Parametric Study 

3.1 Model Validation 

To validate the fuel cell model presented in this thesis, a comparison using fuel cell 

performance curves is made between the simulation results corresponding to the base 

case conditions (Table 2.2) and the experimental data obtained by [46]. 

1 

0.9 

0.8 

0.7 
~ 
Q) 0.6 
C) 
C'IS 

0.5 ~ 
0 
> 
"i 0.4 
0 

0.3 

0.2 

0.1 

0 
0 02 0.4 0.6 0.8 

Current density (A/cm2
) 

1 

~Cal 

• Exp. 

1.2 

Figure 3.1: Comparison of modeling results with experimental data by Ju and Wang 

]. 

The polarization curve is the most important characteristic of a fuel cell. It may be 

used for diagnostic purposes. As shown in Figure. 3.1, the slope of the polarization 

curve IS steeper and exhibits slight nonlinearity m the range of 

0.065 A I cm2 ~ ITI ~ 0.246 A I cm2 
, which represents the activation region. Then, the 
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two sets of results have good agreement at intermediate current 

densities 0.246 A I cm2 s ITI s 0.632 A I cm2 
, showing the cell voltage drops clearly in 

a linear trend as the current density increases within this ohmic loss region. 

However, a remarkable discrepancy is found for high current densities 

( IJI ~ 0.632 A I cm2 
). This is due to lack of an established mathematical model to 

accurately quantify the effect of mass transport losses. As of today, all existing fuel 

cell models underestimate the mass-transport limitation. The limiting current density 

effect can be practically observed in the numerical results by examining the starting 

point of a new steeper drop of cell voltage following the generally linear ohmic loss 

region. As shown in Figure 3.1, the limiting current density captured from the 

simulation results is about 0.8 A/cm2
, which is in fairly good agreement with the 

finding through experiments. 

The reason for the latter steeper drop in the cell voltage is the increased strength of 

electrochemical reaction in response to the desired higher current density. Under such 

a circumstance, the available oxygen that has migrated to the reaction site cannot 

afford a fully effective electrochemical reaction, causing a limitation of cell voltage 

output. Thus, the model is unable to replicate the experimental data at high current 

densities. Another reason that may lead to the discrepancy between the simulation 

results and the experimental results is that the present model is two dimensional while 

the experiment is of three dimensional natures. In spite of this discrepancy related to 

the limiting current density, the model can efficiently predict the overall performance 

of an operational fuel cell under its normal working conditions. 
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Apart from polarization curve, the evolution the power density along with varying 

current density is another commonly used curve in fuel cell technology. The results 

obtained from computer model and experiments are plotted in Figure 3.1 Good 

agreement between the two sets of results persists up to a current density of 0.632 

A/cm2
• For high current densities ( ITI ~ 0.632 A I cm2 

), increasing discrepancy is 

observed. This is again due to the concentration losses caused by the reactant 

transport limitation in the region near and beyond the limiting current density. 
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Figure 3.2: Power curve resulting from the fuel cell polarization curve. 

The power curve resulting from the fuel cell model helps identify the limiting current 

density. Also, Figure 3.2 shows that there is a maximum power density (0.316W/cm2
) 

when employing a fuel cell. Hence, it does not make sense to pursue the operation of 
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fuel cell beyond its maximum power point; instead, optimal fuel cell performance 

takes place at a combination of a lower current and a higher cell voltage. 

3.2 Base Case Study on Thermodiffusion Effect. 

A temperature gradient applied to a liquid mixture not only causes a heat flux but also 

gives rise to a diffusion current of the constituent components. This research is 

focused on the study of the thermodiffusion effect in the mixture of hydrogen, water 

vapor and carbon dioxide at the anode side and oxygen, water vapor and nitrogen at 

the cathode side of the polymer electrodes membrane PEM fuel cell, aiming at an 

understanding of the dependence of molar fractions on thermodiffusion. Two models 

will be studied and compared: the first one takes thermodiffusion into account and the 

other model neglects it. The numerical simulation employs fuel cell operational 

conditions as described in Table 2.2. Numerical results such as the distribution of 

mole fractions of reactant gases will be examined in the subsequent sections. 

3.2.1 Oxygen Distribution 

Figure 3.3 shows the mole fraction of oxygen at 0. 7 V cell voltage in the y-z plane for 

PEM fuel cells with thermodiffusion (Figure 3.3a) and without thermodiffusion 

(Figure 3.3b). The only mechanism for mass transport is diffusion; hence, the oxygen 

decreases in the direction toward the reaction surface and the minimum value can be 

found in the centre of the domain, indicating a greater concentration gradient in the z­

direction within the GDL and CL as a result of the presence of the current plate 

separating the gas channels. Since the geometry is symmetric, the resulting 

distribution also appears symmetric about its vertical central line. 
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Figure 3.3: Oxygen mole fraction in y-z plane for cell voltage 0.7V: (a) with thermodiffusion DT and 
(b) without thermodiffusion 

To further analyze the cell performance, the oxygen mole fraction is plotted at the gas 

diffusion layer as a function of cell height (y) as in Figure 3.4. The plotted oxygen 

mole fraction profile corresponds toy= -2.6e-4 m. It is noticed that the consumption 

of the oxygen mole fraction becomes 3.4% more when the thermodiffusion is taken 

into account, indicating an underestimation of oxygen consumption if the 

thermodiffusion is ignored. 
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Figure 3.4: Comparison of oxygen mole fraction with and without thermodiffusion DT at cathode side. 

3.2.2 Water Vapour Distribution at Cathode Side 

Figure 3.5 demonstrates the water vapour mole fraction distribution at the cathode 

side. The contours for both cases illustrate that the water increases linearly in the 

direction toward the reaction surface, and the profile is symmetric about its vertical 

central line due to the symmetric geometry and flow employed. In addition, it is 

noticed that the maximum value of the water vapour mole fraction within the GDL 

and cathode catalyst layers decreases from 0.276 to 0.275 when the thermodiffusion is 

switched on. 

Figure 3.6 indicates that the water vapour mole fraction increases by 1.931% 

aty = -2.6e-4m, which is the same position as in Figure. 3.4. Consistent with each 

other, the more oxygen depleted, the higher water vapour concentration produced. 
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Figure 3.5: Water vapour mole fraction for cell voltage 0.7V: (a) with thermodiffusion DT and (b) 
without thermodiffusion 
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Figure 3.6: Comparison of water vapor mole fraction with and without thermodiffusion DT at cathode 
side. 
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3.2.3 Hydrogen and Water Vapour Distribution at the Anode Side 

Figure 3. 7 depicts the water vapour mole fraction distribution at the anode side; it 

shows the maximum of the water vapour mole fraction slightly decreases when taking 

the thermodiffusion into account. Furthermore, Figure 3.8 shows that the difference is 

as little as 0.026% only. Therefore, there is no significant effect on the hydrogen mole 

fraction, revealing the anode turned out to be less sensitive to the addition of 

thermodiffusion. 
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Figure 3.7: Water vapor mole fraction at anode side for cell voltage 0.7V: (a) with thermodiffusion 
DT and (b) without thermodiffusion (b) 
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Figure 3.8: Comparison of water vapor mole fraction at anode side with and without thermodiffusion 
DT at anode side 

3.3. Parametric Study 

The performance of PEM FC is known to be influenced by many parameters. The 

parameters investigated in this study include: operating temperature, inlet reactant 

relative humidity, operating pressures, GDL porosity, effective porosity of catalyst 

layer, and proton conductivity. In order to improve fuel cell performances, it is 

necessary to understand the effects of these parameters on fuel cell operations. To 

individually examine the effect of each parameter on the overall performance of the 

fuel cell, in each case study, only one parameter is allowed to vary while all others 

remain unchanged. The results are presented in the form of polarization curve. 

3.3.1. Effect of Operating Pressure Load. 

A fuel cell can be operated at ambient pressure or in a pressurized state. Fuel cell 

performance will improve with increased pressure. Figure 3.9 shows polarization 

curves for three different pairs of testing pressure conditions: P ( 1-1 ), that is, 1 atm at 
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the anode side and the cathode side as well; P (1-3), which is 1atm at the anode side 

and 3atm at the cathode side, and P (3-5) representing 3atm at the anode side and 

5atm at the cathode side. Figure 3.9 illustrates that, as the operating pressure rises, the 

fuel cell performance improves, that is, properly pressurized reactant gas streams will 

help increase the limit current density. 
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Figure 3.9: Cell performances at different operating pressure loadings. 
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Figure 3.10: Oxygen mole fraction distribution under different operating pressure conditions at the cell 
voltage 0.6V. 
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Figures 3.10 and 3.11 clearly demonstrate that more oxygen is supplied when 

pressurization applies to both sides of the fuel cell. Figure 3.11 shows the oxygen 

mole fraction distribution across the gas diffusion layer at the cathode side 

corresponding toy= -2.6e-4. 
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Figure 3.11: Oxygen mole fraction profile across the channel-GDL domain at cathode side under 
different operating pressure conditions at the cell voltage 0.6V. 

3.3.2. Effect of temperature 

The cell temperature is another operating parameter that may be selected and preset. 

In general, a reasonably raised operating temperature results in higher cell potential. 

Based on the experimental studies, Wang et al [48] concluded that when sufficient 

humidification is ensured, the performance of the PEM fuel cell improves with the 

increase of operating temperature. Their finding is confirmed by this numerical 

investigation, as shown in Figure 3.12. A higher temperature causes more 
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vaporization of water product, leading more waste heat to the form of latent heat and 

less liquid water for removal from the fuel cell. The upper limit of operation for 

PEMFCs is about 90° C (363K) because water evaporates from the membrane and 

performance drops quickly if overheated. 
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Figure 3.12: Effect of temperature on fuel cell performance. 

Figure 3.12 illustrates the polarization curves of a PEMFC at three operating 

temperatures between 333 K and 353 K. The limit current density increases with the 

increase of the fuel cell temperature. Gas diffusivity and membrane conductivity go 

up in the case of a higher temperature, resulting in better mass transport. On the 

contrary, at lower temperatures, water is in its liquid state, and may flood the catalyst 

and gas diffusion layers, which may adversely affect gas diffusivity. However, 

membrane conductivity may decrease at high temperatures due to the reduction of 

water content in the membrane. 
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3.2.3 Effect of Relative Humidity 

Relative humidity is the ratio of the partial pressure due to water vapour to the 

saturation pressure, which is the maximum amount of water vapour that can be 

present in gas for given conditions [48], [49]. In PEM fuel cell, the reactant gases 

need to be humidified before entering the cell for high ionic conductivity of the 

membrane. The polarization curves for different inlet reactant relative humidity, 

ranging from 50% to 100% for both oxygen and hydrogen, are shown in Figure 3.13. 

A significant increase in the current density from 0.2597 A I cm2 to 0. 9179 A I cm2 1s 

achieved when the RH increases from 50% to 100%. The best performance 1s 

obtained when the relative humidity reaches 100%. 
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Figure 3.13: Polarization curves corresponding to different relative humidity 

At high relative humidity (RH), the ionic conductivity of a Nafion117 proton 

exchange membrane increases with membrane water content as suggested by Eq. 

(2.80), which helps reduce the membrane-phase potential loss as demonstrated in 

Figures 3.14 and 3.15. 
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Figure 3.14: water content at cell voltage 0.6V, and Relative humidity RH: (a) 50% and (b) 80%. 
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Figure 3.15: membrane-phase potential losses at cell voltage 0.6V, and relative humidity (RH): (a) 
50% and (b) 80%. 

The water is produced at the catalyst layer on the cathode side as result of the 

electrochemical reaction expressed in Eq. (1.4). [50], [51], indicated that liquid water 

pockets are more likely to form under the land area of the gas diffusion layer, and 

their finding is confirmed by this study, as shown in Figure 3.14. More accumulation 

of water content is found near to the current collector where the mass fraction of water 
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is higher probably due to back diffusion of water at the cathode side. Overall 

comparison shown in Figure 3.14 also reveals a higher RH renders much more 

enriched water content within the cell. From Figure 3.15, it can be noticed that the 

membrane-phase potential loss may be reduced by a higher RH. Hence, increase of 

RH is an important means of enhancing the cell performance. 

3.3.4 Effect of GDL Porosity 

The porosity of a material is the ratio of void space to the total volume of the material. 

Fuel cell electrodes and catalyst layers must exhibit good porosity in order to be 

effective. Higher volume porosity has positive effects on the mass transport of 

reactant gases (such as the oxygen on the cathode side) from the channel towards the 

catalyst layers. As shown in Figure 3 .16, the oxygen mole fraction increases with 

higher GDL porosity (0.4) compared to the case with a porosity of 0.17, since 

increased volume porosity provides less resistance to mass transport, thus allowing for 

a more complete electrochemical reaction. Figure 3.17 shows the reactant distribution 

inside the cathodic catalyst layer, demonstrating less oxygen is left over in the case of 

a higher porosity. 

The simulation results of the effects of GDL porosity on fuel cell performance are 

shown via polarization curves in Figure 3.18 for two different GDL porosities of 0.17 

and 0.4. Consistent with the previous two figures, Figure 3.18 reveals again that a 

higher GDL porosity results in a higher limit current density. 
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Figure 3.16: Oxygen mole fraction distribution inside fuel cells with different GDL porosities: 

(a) Eg = 0.17 , and (b) Eg = 0.4 at cell voltage 0.4V. 
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Figure 3.17: Oxygen mole fraction distribution inside cathode catalyst layer with different GDL 

porosities: Eg = 0.17 (a) and Eg = 0.4 (b) at cell voltage 0.4V. 
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Figure 3.18: Effects of GDL porosity on the PEM fuel cell performance. 

3.3.5 Effect of Proton Conductivity 

One of the most important properties of the polymer membranes used in a fuel cell is 

the high protonic conductivity under the hydrated condition and at current densities 

typically required in PEMFCs. By assuming the proton conductivity constant inside 

MEA, the effect of proton conductivity is studied. Figure 3.19 depicts the polarization 

curves for two constant proton conductivities, 10 S/m and 14 S/m, and altering proton 

conductivity based on Eq. (2.81). The limiting current density does not change for the 

constant proton conductivity of 10 S/m and the varying proton conductivity based on 

Eq. (2.81). However, fuel cell can better perform if a higher proton conductivity of 14 

S/m is employed. The comparison shown in Figure 3.19 indicates that the overall 
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current density is decreasing when the proton conductivity goes lower. High proton 

conductivity can be achieved by increasing water content, which is mainly related to 

operating conditions and another design parameter, ionomer fraction in the catalyst 

layer. 
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Figure 3.19: Effect of proton conductivity on PEM fuel cell performance. 

To achieve a desired current density, various potential losses should be reduced. Due 

to ohmic resistance, there is a potential loss in the electrolyte phase from the catalyst 

layer/membrane interface to the catalyst layer/diffuser interface. Also, the potential 

loss in the membrane is due to resistance to proton transport across the membrane. 

The membrane phase potential loss increases from 0.155 V to 0.165 V with the 

decrease of proton conductivity from 14 S/m to 10 S/m, as shown in Figure 3.20. This 
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a) 

b) 

signifies that higher proton conductivity can reduce the proton resistance 1n the 

membrane. 
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Figure 3.20: Membrane-phase potential losses for different proton conductivities: 
(a) 10 S/m and (b) 14 S/m, at cell voltage 0.6V 
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3.3.6 The effects of effective porosity of the catalyst layer 

The oxygen transport resistance depends on the effective porosity of the catalyst layer. 

If the effective porosity of the catalyst layer is high, oxygen transfer resistance is low 

and then the limiting current density is high. This is confirmed by Figure 3.21, which 

depicts the polarization curves, corresponding to a three different effective porosity Bet: 

0.056, 0.084, and 0.14 for different volume fractions of the membrane in the catalyst 

layer: 0.2, 0.3 and 0.5, respectively. The effective porosities are calculated according 

to Eq. (2.28) where the membrane porosity is 0.28. 
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Figure 3.21: The influence of effective porosity on the performance of the PEM fuel cell. 

Figures 3.22 and 3.23 show the same trend. When effective porosity Bet = 0.056, 

oxygen is quickly consumed, thus only a small portion of the catalyst layer can serve 

actively. When Bet= 0.14, more area of catalyst layer become active. 
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Figure 3.22: Oxygen mole fraction distribution in the cathode side with different effective porosity of 

the catalyst layer: (a)cc1 = 0.056, (b) cc1 =0.084 and (c) c c1 =0.14 at cell voltage 0.6V. 
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Figure 3.23: Oxygen mole fraction profile across the channel-GDL domain at cathode side under 
different effective porosity of the catalyst layer at the cell voltage 0.6V. 

Figure 3.23 shows the oxygen mole fraction distribution across the gas diffusion layer 

GDL and catalyst layer in the cathode side at y = -2.6e-4m along the channel. This 

clearly demonstrates that the oxygen mole fraction increases with an increase in the 

effective porosity of the catalyst layer. 

3.4 Effect of thermodiffusion on polarization curve 

The effects have been investigated for parameters, including the fuel cell operating 

temperature, inlet reactant relative humidity, operating pressure, GDL porosity, proton 

conductivity, and effective porosity of the catalyst layer. Note that in the above 

investigations, the thermodiffusion term was switched on. Here, a set of systematic 

comparisons are made against the results with the thermodiffusion effects turned off. 

Using the two types of simulation results, Figures 3.24 and 3.25 deal with the pressure 

loading and operating temperature, respectively; Figure 3.26 examines two different 
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GDL porosities; and Figures 3.27, 3.28, and 3.29 show the comparisons related to the 

effective porosity, proton conductivity, and relative humidity, respectively. All 

comparisons show that the overall performance of a fuel cell during its steady 

operation does not significantly change no matter whether the thermodiffusion term is 

switched on or off. 
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Figure 3.24: Comparison of modeling results with and without thermodiffusion for different operating 
pressure loading on the PEM fuel cell performance. 
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Figure 3.25: Comparison of modeling results with and without thermodiffusion for different 
temperature on the PEM fuel cell performance. 
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Figure 3.26: Comparison of modeling results with and without thermodiffusion for different GDL 
porosity: (a) 0.17 and (b) 0.4; on the PEM fuel cell performance 
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Figure 3.28: Comparison of modeling results with and without thermodiffusion for different proton 
conductivity on the performance of the PEM fuel cell. 
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Effect of Relative Humidity with and without DT 
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Figure 3.29: Comparison of modeling results with and without thermodiffusion for different Relative 
Humidity on the performance of the PEM fuel cell. 
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4.1 Conclusion 

Chapter 4 

Conclusions and Outlook 

A two-dimensional, steady-state, and general-purpose PEMFC model was developed 

in this work with emphasis placed on effects of thermodiffusion that have been 

neglected in previous fuel cell modeling studies. The simulation based on this new 

model can predict the overall performance of PEMFC, which reach good agreement 

with available experimentally-obtained data. Simulation results also provided valuable 

information about the detailed distribution of the reactant gases inside the PEM fuel 

cell. 

Due to the relatively small magnitude of the thermodiffusion coefficient in the fuel 

cell application, the overall performance of a steady-state PEMFC exhibits no 

significant change after the thermodiffusion term is incorporated into the model. 

However, the oxygen consumption in the presence of thermodiffusion is found to be 

3.4% less than in the case of nil thermodiffusion. This warns PEMFC researchers 

against the overestimation of oxidant supply using conventional computer models that 

ignore the thermodiffusion effect. 

This work also included a systematic PEMFC parametric study. A variety of operation 

conditions and material properties, such as the operating pressure loading and 

temperature, inlet reactant relative humidity, GDL porosity, proton conductivity, and 

effective porosity of the catalyst layer have all been tested. The results were presented 
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in the form of polarization curves, revealing that PEM fuel cells can perform better if 

using reasonably higher temperature, pressure drop, GDL porosity, effective porosity 

of catalyst layer and ensuring a full hydration of the cell. 

The comprehensive fuel cell model developed in this study can be used to examine 

details of complex flow patterns, as well as mass and heat transport encountered in an 

operational PEMFC, which are usually unobservable by in-situ measurements due to 

the tiny dimension of the cell. The simulation results also provide insights that may 

assist practitioners in optimizing PEMFC design and reducing the manufacturing cost. 

4.2 Contributions 

Built upon previously established fuel cell models, refinements were made during this 

thesis work with the following new ingredients taken into consideration: 

1. The new model was supplemented by incorporating the thermodiffusion term into 

the Maxwell-Stefan equations. This is an original piece of fuel cell research work 

since, as of today, none of other available PEMFC models have taken the 

thermodiffusion effect into account. 

2. A detailed parametric study including the effective porosity of the catalyst layer 

was conducted using the refined model. 

3. The Ohmic heating in electrodes can be examined in this new model, which made 

simulation results more realistic. 
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4.3 Recommendations 

In order to render computer simulations more reliable, the PEM fuel cell model 

presented in this thesis may be improved by the following extensions: 

1. Flow and mass transport are of two-phase nature in the fuel cell application, and 

this might have a great impact on the actual current profile at higher current 

densities. It is recommended to enable phase change in the fuel cell model to gain 

a more realistic understanding of the fuel cell operation mechanism. 

2. Since the thermal gradient arises in all three directions for an operational fuel cell, 

a three dimensional model is recommended so that the non-isothermal effects can 

be fully pronounce in the simulation. 

3. The model is established under the steady-state assumption, and this assumed 

condition prevents many effects, including the thermodiffusion effect, from 

evolving. Believing a transient model can provide more valuable insights to all 

types of overpotentials of the cell, it is strongly recommended to enrich, at the 

next stage, the present model by making variables time-dependent. 
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