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ABSTRACT 

The idea of having the triple phase boundary (TPB) is extensively used in the fuel cell 

literature, especially with respect to solid oxide fuel cells (SOFC). The TPB concept indicates 

that the hydrogen oxidation reaction and the oxygen reduction reaction, which produce electric 

current, can actually occur at special sites, called "triple phase boundaries" where the gaseous 

fuel phase, ion conducting phase: electrolyte, and electron conducting phase, come into contact. 

Recent study shows that despite the common assumption about TPB, it is not just a point, but a 

zone that consists of two lines. The kinetic reaction often introduces a significant limitation to 

fuel cell performance. Therefore, understanding, characterizing, and optimizing the TPB content 

in fuel cells provides excellent opportunities for performance improvement. 

Studying the kinetics of the reaction that takes place at the triple phase boundary is one 

aspect of this paper. It includes the study of all kinds of chemical and electrochemical reactions 

as well as their reaction rates, the surface species, and the electrochemical parameters, such as 

reaction rate constants and conductivity. A mathematical model is developed to describe a 

simplified anodic solid oxide fuel cell (SOFC) system, Ni/ H2-H2O/YSZ, and its reaction 

occurring in the vicinity of the triple phase boundary (TPB). 

The model incorporates coupled diffusion, migration and reaction phenomena of the 

chemical components in the gas phase, Ni particle and zirconia solid state. The kinetic constants 

necessary for the simulations are estimated on the basis of literature data. 
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RESUME 

L'idee d'avoir la limite de coexistence des trois phases (TPB) est largement utilisee dans 

la litterature des piles a combustible, en particulier en ce qui concerne les piles a combustible a 

oxyde solide (SOFC). Le concept TPB indique que la reaction d'oxydation de I'hydrogene et la 

reaction de reduction de I'oxygene, qui produisent du courant electrique, peut effectivement se 

produire sur des sites speciaux, appeles les "limites de coexistence des trois phases", ou la phase 

du combustible gazeux, la phase de la conduite d'ions: electrolyte, et la phase de la conduite 

d'electrons, entrent en contact. Des recherches recentes montrent que, malgre la supposition 

prevalente sur la TPB, ce n'est pas seulement une ligne, mais il s'agit plutot d'une zone large de 

plusieurs centaines d'angstroms. La reaction cinetique introduit souvent une limitation 

importante a la performance des piles a combustible. Par consequent, la comprehension, la 

caracterisation et l'optimisation du contenu de la TPB chez les piles a combustible fournit 

d'excellentes occasions d'ameliorer la performance. 

L'etude de la cinetique de la reaction qui a lieu a la limite de coexistence des trois phases 

est un aspect de notre recherche. Celle-ci comprend l'etude de toutes sortes de reactions 

chimiques et electrochimiques en plus de leur taux de reaction, les especes de surface et les 

parametres electrochimiques, tels que les constantes de vitesse de reaction et la conductivity. 

Un modele mathematique est developpe pour decrire un systeme simplifiee de pile a 

oxyde solide (SOFC) anodique, Ni / H2-H20/YSZ, et sa reaction qui se produit auz elentours de 

la limite de coexistence des trois phases (TPB). Le modele integre la diffusion couplee, les 

phenomenes de migration et de reaction des composants chimiques en phase gazeuse, particules 

de Ni et de zircone dans l'etat solide. On a estime les constantes cinetiques necessaries pour les 

simulations en se basant sur les donnees de la litterature. 
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Chapter 1 Introduction 

A fuel cell is an electricity generation device that converts chemical energy in a fuel (H2, 

CH4, natural gas, etc.) directly to electrical energy. It produces electricity, water and heat from 

the fuel (on the anode side of the electrolyte) and the oxidant (O2, air, on the cathode side of the 

electrolyte), which react catalytically. An electrolyte separates the two electrodes. Fuel cells 

are typically fed with hydrogen as the fuel and air as the oxidant. The electrode structures are 

porous. The porous structure is used to maximize the three-phase interface between the 

electrode, electrolyte and the gas/liquid fuel or oxidant. The main purposes of the electrolyte are 

to (a) prevent the direct contact of fuel and oxidant such that no combustion takes place without 

generating electrical power, and (b) conduct ions formed from the reductant/oxidant to the other 

side of the electrolyte where it takes part in the electrochemical reaction. 

Solid oxide fuel cells (SOFCs) are high temperature fuel cells, usually operating in a 

range of 800-1000°C (Crawley 2007). The central design of SOFCs is similar to many other fuel 

cell technologies. It consists of an anode, cathode, and electrolyte. In SOFCs, the electrolyte is 

made of ceramic and can conduct oxygen anions. The ceramic used most frequently in SOFCs, 

is yttria stabilized zirconia (YSZ). YSZ is a mixture of Zr02 zirconium-oxide and yttria, Y2O3. 

Zr4+ (radius = 79 pm) is a tetravalent cation. Y3+ (radius = 92 pm) is a dopant. In order to 

maintain charge neutrality oxygen ion vacancies occur in the YSZ. They allow oxygen ion 

migration. Furthermore the materials for the electrodes are usually a mixture of Ni and YSZ for 

the anode and LSM (lanthanum strontium manganite) for the cathode, as shown in Figure 1.1. 

These are called composite electrodes or cermet. Using a composite electrode rather than a 

porous packing of only electrocatalyst particles has advantages. It increases the electrode 

performance by spreading the reaction zone from a single electrode/electrolyte interface to a 

three dimensional electrode, and it allows stresses due to the difference in thermal expansion at 

the interface of electrode and electrolyte to be reduced. The most important, advantage of using 

composite electrodes is the extension of the TPB, the contact zone where three phases meet, 
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throughout the electrode. Both the conduction of electrons and the migration of oxygen ions can 

occur in LSM so it is referred to as a mixed ionic electronic conductor. 
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Figurel 1 SEM image of Electrolyte, and Anode of SOFC. YSZ electrolyte film is 9 m thick. NiO-YSZ was 
reduced m situ with H2/H20 at 800°C to yield final Ni/YSZ cermet structure. Souza, S D, S J Visco, and L C De 
Jonghe, J. Electrochem. Soc, Vol. 144, No 3, March 1997 L35. Reproduced by permission of ESC, The 
Electrochemical Society. 

In a typical SOFC the oxygen molecules are supplied to the cathode, where they 

dissociate and accept electrons from the cathode to form anions (usually O2"). The anions then 

diffuse across the electrolyte and react with the fuel at the anode, to produce the final product 

(usually water). An example illustrating this kind of mechanism in a SOFC that usually uses 0 2 

as the oxidant and H2 as fuel is shown in Figure 1.2. 
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Figure 1. 2 A Schematic Picture of SOFC 

SOFC systems are widely considered to be promising candidates for clean stationary 

power. They can also be the primary or auxiliary power source for many facilities like homes, 

office buildings, and industrial power plants. Their attractive characteristics have provided the 

incentive for the development of a substantial number of numerical models for SOFC's and their 

components. 

Modeling SOFCs continues to attract attention, since a valid mathematical model is 

expected to predict fuel cell performance without the need for expensive experiments. There are 

many papers on modeling parts of SOFCs, such as the electrolyte, the anode, and the cathode. 

Some of these models were reasonably successful in reproducing and simulating observed SOFC 

performance. 
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1.1 The Research Problem 

The triple phase boundary (TPB) is the location where the three phases (gas, solid 

electrolyte, and solid electrode) intersect. It is the region where the electrochemical reaction 

occurs. The traditional concept of the TPB has the thickness of one reaction site. Although little 

has been done on TPBs, a vast range of papers exists on SOFC anodes. That work varies in 

terms of complexity and number of assumptions. In the past, the emphasis in a majority of the 

models has been either on the transport processes or on the electrochemical processes with a 

little attention on the TPB. 

It has been shown by several electrochemical and surface science techniques that the 

oxidation process is not strictly limited to the TPB of the anode, as believed earlier. Instead the 

reaction zone extends beyond the Ni catalyst surface over several hundreds of Angstroms 

(Williford 2003). A valid model of The TBP would be a useful tool for guiding the design and 

fabrication of SOFC electrodes. Furthermore an analysis of different aspects of the TPB would 

optimize the performance of the cell. For SOFC fuel cell cathodes there are a few papers that 

develop the concept of the TPB. In contrast little work has been done on modeling the TPB at 

SOFC anodes. 

The absence of a comprehensive model describing the processes occurring in the vicinity 

of an SOFC anode TPB motivated us to develop the two dimensional model described in this 

work. Analysing the TPB is important as this is the region, where the electron conducting phase 

(anode), the ion-conducting phase (electrolyte) and the gaseous phase meet (black circle in 

Figure 1.3). Also charge transfer reactions proceed in this region. 
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1.2 Objective of the Thesis 

The objective of this work was to develop a two-dimensional model of the concentration 

distributions of species in the vicinity of the TPB (ie. the three phases: gas, nickel, and YSZ). 

The model should couple both mass transfer and electrochemical reaction. The numerical model 

was intended to be more comprehensive than the conventional definition of the TPB that 

considers the reaction zone of the fuel cell anode to be just a line, having the thickness of one 

reaction site, at the Ni/YSZ interface. 

Figure 1. 3 Triple Phase Boundary in SOFC 

5 



Gas z>0 

YSZ z<0 

Figurel. 4 Schematic Picture of a Ni Particle in the Vicinity of YSZ and Gas of Anode Side of SOFC 

A schematic diagram of the anode side of a fuel cell is shown in Figure 1.3. This 

schematic diagram represents the real composite anode structure shown in Figure 1.1. The triple 

phase region, specified by the circle in Figure 1.3, is represented in three dimensions in Figure 

1.4. A hemispherical solid particle (Ni) is sitting on top of the flat electrolyte (YSZ) surface. 

The region above the electrolyte and outside the particle is the gas phase. 

The 2D schematic diagram of the TPB shown in Fig 1.5 represents the interior of the 

black circle in Figure 1.3. It is the domain modeled by the work described in this thesis. In 

order to have a 2D picture, the 3D domain is considered as a very long, cylinder having sub-

domains representing the YSZ ceramic, (flysz), Ni (ONO, and gas (QG) phases. The result is 

shown in Figure 1.5. T is the symbol used to represent the interface between different sub-

domains. TBUIIC/G is the interface between the bulk gas and QG in the TPB model. T Buik/Ni is the 

interface between the bulk nickel and the QNJ in the TPB model. TBUIIC/YSZ is the interface 

between the bulk YSZ and the Qysz in the TPB model. 
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Figure 1. 5 Schematic Domain for Our Problem 

1.3 Organization of the Thesis 

This thesis is written in 7 chapters. Chapter 2 describes the history of fuel cells, the 

fundamentals of their operating characteristics, the different types of fuel cells, and fuel cell 

applications. Chapter 3 is an overview of published research on SOFCs, with a special emphasis 

on modeling the anode. Chapter 4 describes the model developed in this work. Chapter 5 

describes the numerical methodology used in this work. It includes some general comments on 

numerical methods, an overview of the finite element method, a description of the COMSOL 

software, and the validation of the model. The simulation data obtained from the model 

developed in this study are presented and discussed in Chapter 6. Comparisons with existing 

models are also described is this chapter. Finally Chapter 7 contains the conclusion and some 

suggestions for future studies. 
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Chapter 2 Fuel Cells 

Fuel cells are a type of electrochemical device that converts the chemical energy of a 

reactant to electrical energy. The fuel cell concept is 160 years old (Holland 2001). They are 

noise pollution-free and highly effective sources of electrical energy. They are limited by the 

same Carnot efficiency as combustion engines. However, materials that are unable to withstand 

the adiabatic flame temperature limit the efficiencies of combustion engines. Electricity is 

produced directly in fuel cells. In contrast in combustion engines chemical energy is first 

converted to heat, then to mechanical energy, and eventually to electrical energy. 

Batteries are the most familiar type of electrochemical device. In terms of function, fuel 

cells and batteries follow the same or a very similar principle (Bacon 1973). However, fuel cells 

use a reactant from an external source, which can be replaced continuously. This represents a 

thermodynamically open system. By contrast, batteries store electrical energy chemically and 

hence correspond to a thermodynamically closed system. 

This chapter will discuss a comparison between fuel cells fuel cells fundamentals and 

basic features, existing fuel cell technologies, as well as their advantages and disadvantages. 

Solid oxide fuel cells (SOFCs) will be introduced and discussed in detail. 

2.1 The History of Fuel Cells 

The history of fuel cells includes two distinct periods: Some of the highlights from the 

first period are mentioned below. It lasted around one hundred years, and began with William 

Robert Grove's experiments in 1839 (Grove 1839). Grove immersed two platinum strips, 

surrounded by closed tubes containing hydrogen and oxygen, into dilute sulphuric acid. In 1842, 

Sir Grove described his invention in all detail (Grove 1842). (Fuller 2002) has attributed the first 

use of the term 'fuel cell' to William White Jacques in 1889. Ludwig Mond and his assistant 

Charles Langer developed a fuel cell using air and industrial coal gas. Mond and Langer 
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(Hoogers 2002) understood Grove's need for a surface of action and made significant changes in 

the experimental design of fuel cells. Firstly, they used a porous non-conducting diaphragm and 

impregnated it with dilute sulphuric acid, that was, the electrolyte. Next on each side of the 

diaphragm they placed punched strips of platinum coated with a thin film of platinum black. 

Their cell achieved 6 A.ft"2 at 0.73 (V) in 1889. Freidrich Ostwald (Ortiz-Rivera 2009) provided 

the theoretical understanding of how Grove's fuel cell operated, thus determining the role of 

each component with respect to electrodes, electrolytes, anions, cations and oxidizing and 

reducing agents. He showed that chemical reactions within a gas diffusion electrode took place 

in a contact area where the catalyst, reactant gas and electrolyte met. 

From this point on, the fuel cell might well have developed rapidly, if it had not been for 

the invention of the internal combustion engine and the discovery of petroleum. In contrast to 

the technologically advanced fuel cell concept, internal combustion engines were a simpler 

technology. With the option of petroleum as fuel, and an internal combustion engine as the 

energy transformation machine, almost all other forms of transforming energy were suspended 

for the time being. 

The second period began shortly after World War II when Francis T. Bacon of 

Cambridge, England, successfully developed a high-pressure cell (Bacon 1973). A functioning 

device was demonstrated in 1954. But serious interest in the fuel cell as a practical generator of 

electrical energy did not begin until the 1960s, when the National Aeronautics and Space 

Administration (NASA) (Fitzgerald 2005) chose fuel cells over riskier nuclear power and more 

expensive solar energy for the first manned flight into space (Apollo and Gemini projects). 

Since their adoption by the space program, fuel cell technology has achieved widespread 

recognition by industry and government as a clean energy source for the future. 

In recent years the technology has developed significantly and now appears promising in 

offering inexpensive and clean energy. The demand for highly-efficient, low to zero emission 

processes converting fossil and renewable combustibles into rapidly-available energy increased 

constantly during the last two decades. This demand originated from growing environmental 
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problems caused by air pollutants and other reasons. Fuel cells present an attractive alternative 

for both stationary as well as mobile applications in industry and in the transportation sector. 

2.2 Fuel Cell Phenomena 

Understanding the phenomena in fuel cells through advancements in the areas of 

thermodynamics, electrode kinetic, transport processes and their applications, has continued 

since the time of Grove's discovery. In this section the basic fundamentals of fuel cells are 

discussed. 

In a fuel cell an overall combustion reaction takes place through two so-called half-cell 

reactions. For example in solid oxide fuel cell: 

Half-cell reaction (Cathode) 0.502 + 2e" -» 0 2 " (2 - 1) 

Half-cell reaction (Anode) H2 + 02~ -» H20 + 2e" (2 - 2) 

Fuel cells are typically fed with hydrogen as the fuel and air as the oxidant. The 

conventional physical structure of all fuel cells consists of an electrolyte layer in contact with an 

anode where the fuel (typically hydrogen) is electrochemically oxidized and a cathode at which 

the oxygen (typically from air) is reduced. The electrode structure is porous, and is used to 

maximize the length of the three-phase boundary between the electrode, electrolyte and the gas 

or liquid reactant, and also to separate the bulk gas phase and the electrolyte. The main functions 

of the electrolyte are to (a) prevent the direct contact of fuel and oxidant such that no thermal 

combustion takes place, and (b) conduct the reductant/oxidant to the other side of the electrolyte 

where it takes part in the electrochemical reaction. The gas/liquid ionization or de-ionization 

reactions take place on the surface of the electrode, and the reactant ions are conducted away 

from or towards the three-phase boundary. A solid or liquid electrolyte layer provides a physical 

barrier to prevent the direct mixing of the fuel and the oxidant, allows the conduction of ionic 

charge between the electrodes, and transports the dissolved reactants to the electrode. 
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Depending on the type of the fuel cell there are two mechanisms for migration through 

electrolyte: 

• Conducting Ions Supplied from Cathode 

In this case oxidant is supplied to the cathode. With the help of the catalyst, the oxidant 

dissociates and accepts electrons from the cathode to become diffusing anions (usually O "). The 

anions then diffuse across the electrolyte and react with the fuel at the anode, to produce the final 

product (usually water). An example of this kind of mechanism is a solid oxide fuel cell (SOFC) 

that uses O " as an oxidant and H2 as fuel. The half reactions are shown in Equation (2 — 1) 

and (2 - 2). 

• Conducting Ions Supplied from Anode 

In this case fuels are dissociated, give up electrons to the anode, and become cations 

(usually H+). The ions diffuse across the electrolyte and then react with the oxidant on the 

cathode, releasing the final product. An example of this fuel cell mechanism is the proton 

exchange membrane fuel cell that uses O2 as an oxidant and H2 as a fuel separated by a thin 

polymer membrane acting as the electrolyte. The half reactions are as follows: 

Anode: H2 -> 2H+ + 2e~ (2 - 3) 

Cathode: 0.5O2 + 2H+ + 2e" -> H2 (2 - 4 ) 

The electrons produced at the anode are gathered by the current collectors and passed 

through an external circuit to a load where the energy is used. Finally the electrons flow from 

the load to the cathode side. Along with production of electrical energy, heat is also produced as 

a by-product of fuel cell operation. Both the reversible entropy change and the irreversibility 

resistances within the fuel cell system cause the heat production. 
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2.2.1 Differences between Conventional Electric Power Generation and a Fuel Cell 

The overall reaction in a fuel cell is identical to a combustion reaction. However; the 

difference is that in a fuel cell the oxidation of the fuel and reduction of the air/oxygen are 

spatially separated from each other in order to prevent all the free energy of reaction from being 

converted to thermal energy. 

Fuel cells have many advantages compared to conventional electric power generation 

systems. They include high intrinsic efficiency, which is relatively independent of size, and 

environmental compatibility. Furthermore, vibration-free operation of fuel cells (no moving 

parts in a fuel cell) also eliminates the noise usually associated with conventional power 

generation systems. 

In fuel cells, unlike other power generation systems, electricity is produced directly 

through a chemical reaction. Although fuel cells are limited by the Carnot cycle efficiency, they 

do not have the severe materials limitation of combustion processes. The theoretical 

efficiency r|th, of an electrochemical process is defined as the ratio of the Gibbs free energy AG 

for the reaction and the reaction enthalpyAH (Services 2000). 

Theoretical efficiency of a fuel cell: n th = / A H (^ — *>) 

For combustion engines the theoretical efficiency rh^carno *s determined by their heat 

source working temperature TH and heat sink working temperature TC in the Carnot-process. 

T 
Theoretical efficiency of a combustion engine: ™th,camo = 1 ~~ C / T (2 — 6) 

The maximum value for TH is the adiabatic flame temperature. The materials normally 

used in combustion processes are normally limited to a maximum of 900 K. 
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2.2.2 Ideal Performance 

The maximum efficiency of a fuel cell occurs at an electrical potential known as the open 

circuit potential. The open circuit potential is generally described by the Nernst equation which 

is derived from thermodynamics equations. The maximum electrical work of a fuel cell is 

defined by the change in the overall Gibbs free energy for the electrochemical reactions taking 

place in an anode and a cathode of a typical fuel cell (Bockris 2008). 

For a typical equation: aA + bB -> cC + dD the useful work that can be obtained from a process 

is defined as 

Wei = AG = -nFE (2 - 7) 

While the change in free Gibbs energy is: 

AG = AH - TAS (2 - 8) 

It is also represented by the definition of chemical potential (Gibbs energy per mole) in the 

following equation: 

AG = AG° + R T l n g g ( 2 - 9 ) 

Therefore: 

In this general form of the Nernst equation AG° and E° refer to the free energy of the 

standard state and the standard electrochemical potential of the reaction at 298 K. Ideal cell 

performance is defined by the ideal cell electrical potential (E). The Nernst equation gives the 

ideal performance of a fuel cell in terms of the standard electrochemical potential, E°, (the 

potential at concentrations of the reactant and product species of 1 atm and T=25°C. The open 
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circuit potential is electrical potential of a fuel cell when no current is flowing. It is generally 10 

-20 % less than the value of E°. 

2.2.3 Actual Performance 

During operation of a real system, as the current flows through the cell, the resistances 

within the system (electrolyte, electrodes, and current collector) cause a drop in potential. This 

wasted chemical energy is released as heat. The losses usually originate from four sources: (1) 

electrode resistance (2) ohmic resistance, (3) diffusion in the gas and/or liquid phase, and (4) the 

difference between the standard electrochemical potential and the open circuit potential, as 

shown in Figure 2.1. 
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Figure 2. 1 Ideal and Actual Fuel Cell Potential/Current Characteristic 

2.2.3.1 Electrode Resistance 

The Electrode resistance can be observed at low current densities when surface processes, 

adsorption, reaction, desorption occur. In electrochemical reactions, like chemical reactions 
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activation energy is necessary to form the transition state (a reaction intermediate). The energy 

of the transition state is greater than the energy of the reactants. 

2.2.3.2 Ohmic Resistance 

Ohmic polarization occurs because of the natural resistance to the flow of charges 

through the fuel cell materials. There is resistance to the movement of ions inside the electrolyte 

and there is also a resistance towards the movement of electrons inside the electrode and through 

the external circuit. The dominant ohmic losses are often through the electrolyte. They are 

reduced by decreasing the electrolyte thickness and by improving the ionic conductivity of the 

electrolyte. Ohm's law describes the losses in both the electrolyte and fuel cell electrodes. 

2.2.3.3 Diffusion Resistance 

This kind of resistance is caused by a decrease in concentration of the fuel or oxidant at 

the surface of the electrodes. As a reactant is consumed at the electrode by electrochemical 

reaction, a loss of chemical potential occurs. This phenomenon is due to the concentration 

gradient that is related to the rate of diffusion. Several diffusion processes may contribute to the 

overall diffusion resistance: slow diffusion in the gas phase in the electrode pores is one. 

Solution/dissolution of reactants/products into/out of the electrolyte, and diffusion of 

reactants/products through the electrolyte to/from the electrochemical reaction site are others. 

The rates of these diffusion processes cause potential losses over the entire current density range. 

2.2.4 Efficiency 

The overall energy efficiency of the fuel cell can be defined as the useful electrical 

energy produced divided by the heat that would have been obtained through the combustion of 

the fuel (enthalpy of fuel conversion to CO2 and H2O). In the ideal case, the maximum 

efficiency (or thermodynamic efficiency) of a fuel cell operating reversibly can be expressed as 
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the ratio of Gibbs free energy of formation divided by the enthalpy of formation, where AG is 

the change in Gibbs free energy and AH is the change in the enthalpy for the reaction, as shown 

in Equation (2 — 5). 

A single fuel cell typically operates at a potential of 0.6-0.8 (V) (Hoogers 2002). In order 

to produce more electrical power a number of cells are attached to each other in series to form 

the so-called "fuel cell stack". Stacks producing 1W to 250 (kW) power (Kordesch 1996) are 

available commercially. 

Hydrogen can be produced and stored for future consumption in a fuel cell. However, 

there are challenges and costs associated with transforming fuel into hydrogen and its subsequent 

storage. On-site production of hydrogen (fuel processing) includes both steam reforming of 

hydrocarbons and hydrogen purification. The hydrogen must be purified, by removing sulphur 

and carbon monoxide, for use in low temperature fuel cells while high temperature fuel cells can 

tolerate larger CO contents in the feed. 

System components other than the fuel conversion and conditioning systems are also 

required. Thermal management and electric power conditioning components are necessary for 

the operation of the fuel cell system. These components together form what is called the balance 

of plant and are added to the fuel cell stack and the fuel processor to build a complete system. 

2.2.5 Advantages and Disadvantages of Fuel Cell 

2.2.5.1 Advantages 

• Efficiency: Theoretically Fuel cells could be more efficient than combustion engines for the 

conversion of chemical energy directly into electrical energy. They do not have the material 
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limitation of the heat engine. For high temperature fuel cells all the exhaust gas from the fuel 

cell can be used to generate even more power, increasing the efficiency even higher. 

• Simplicity: Fuel cells have few or no moving parts. In some cases high reliability may be 

attained with operational lifetimes exceeding 40,000 hours, (the operational life is formally 

over when the rated power of the fuel cell is no longer satisfied) 

• Low/Zero emissions: Fuel cells running on hydrogen and air produce only water as the by­

product. The reaction inside the fuel cell occurs between specific reactant species only. It 

limits release of NOx because the temperature in fuel cells is less that in combustion engines. 

Fuel cells produce lower concentrations of SOx because the fuel being fed to the fuel cell 

contains less sulphur than that being fed to combustion engines. 

• Quiet operation: Fuel cells operate quietly with only a few moving parts if any. They also 

require less maintenance. This is in strong contrast with the combustion engine. 

• Flexibility: Modular installations can be used to match the load and increase reliability of the 

system 

2.2.5.2 Disadvantages 

Since different types of fuel cells have significantly different operating regimes, they 

have their own individual disadvantages. Many of them are associated with their materials of 

construction, fabrication techniques, and specific system requirements. But some of these 

disadvantages are similar for the majority types of the fuel cells. 

• Cost: The most important disadvantage of almost all types of fuel cells at the present time is 

the cost. The cost and energy requirements associated with production, storage, and 

distribution of hydrogen decreases the attractiveness of fuel cells and is a significant 

challenge in commercialization of these systems 
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• Endurance and Reliability: Although fuel cells are highly environmental friendly devices 

which can produce energy with reasonable efficiency, improvements in the long term 

performance of most types of fuel cells are wanted. Many research projects are currently 

underway in order to improve reliability and durability. 

• Other disadvantages include catalyst deactivation, catalyst poisoning by fuel impurities or 

reaction products, carbon sediment, material incompatibility within fuel cells or fuel cell 

stacks; limitations in infrastructure for the delivery of fuels suitable for many fuel cells; and 

their acceptance into the existing marketplace as safe energy devices. 

2.2.6 Application 

The three major categories of fuel cells are portable, stationary and mobile. Examples of 

these applications include using alkaline fuel cells in space application, applying proton 

exchange membrane fuel cells in cars, buses and locomotives, employing SOFCs in commercial 

heat and power production. Some of the most important application areas are as follows: 

2.2.6.1 Stationary Applications (~ 10-500 (kW)) 

Fuel cells have possible applications as stationary power generation units. Large fuel 

cells might become an alternative to conventional combustion power plants. Fuel cells can also 

be used as a backup power source or an emergency power system in a crisis (eg. When regular 

systems fail in hospitals, laboratories, telecommunication sites and data centers). A smaller fuel 

cell of capacity up to 7 (kW) of power can be used to generate power for houses. 
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2.2.6.2 Transportation (Vehicular Applications ~ 50-100 (kW)) 

Another major application of fuel cells is in transportation. From cars and scooters, to 

locomotives, trains and planes, fuel cell vehicles have already been developed to the prototype 

stage. Fuel cell vehicles can be fuelled either with pure hydrogen gas stored onboard in high-

pressure tanks or with hydrogen-rich fuels; such as methanol, natural gas, or even gasoline. 

However, these fuels must first be converted into hydrogen gas by a fuel processor. The latter 

produce air pollutants CO2 during steam reforming. While hydrogen fuel produces no pollutants; 

only water and heat, CO2 was emitted to the atmosphere when hydrogen was manufactured. 

Almost all the major car companies have R&D units to investigate and test fuel cell 

applications in the transportation industry. Some of them like Toyota plan commercial 

production of a fuel-cell vehicle by 2015. After US President Barak Obama declared (Scoggins 

2008) that there would be government fuel cell funding, several car companies, including 

General Motor Corp. and Honda Motor Co. decided to continue their research. 

2.2.6.3 Portable Power (Mobile/Portable Applications ~ 10-100 W) 

For portable power applications such as lap-top computers, smart cell-phones, and 

personal digital assistants, fuel cells must compete with batteries. Nevertheless, this application 

promises to be one of the early commercial markets for fuel cell technology. Fuel cells were first 

explored as portable power units in the 1960s. Casio, HP, NEC and Motorola all have fuel cell 

programs (Bove 2007). Fuel cell manufacturing companies like Medis, Mechanical Technology, 

and Enable Fuel Cell, are developing miniature fuel cell solutions to power portable electronics. 

2.3 Types of Fuel cell 

Fuel cells are usually categorized according to their electrolyte type. The following are 

the five different types of fuel cells: 
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2.3.1 The Phosphoric Acid Fuel Cell (PAFC) 

The operation temperature of the phosphoric acid fuel cell (PAFC) is in the range of 

150°C to 220°C. The specific electrolyte used for this type of fuel cell is phosphoric acid. The 

acid is contained in the porous structure of silicon carbide diaphragms. A Pt catalyst is used in 

both the anode and cathode. Protons, (H+), the charge carrier in this type of fuel cell, migrate 

from the anode, through the electrolyte, to the cathode where they combine with the oxygen. 

The final product of this reaction is water. The electrons produced flow out of the fuel cell 

through an external circuit. 

The basic reactions taking place in a typical PAFC are shown below: 

Anode: H2 -» 2H+ + 2e_ (2 - 11) 

Cathode: 0.5O2 + 2H+ + 2e_ -» H20 (2 - 12) 

Overall: H2 + 0.5O2 -» H20 (2 - 13) 

Some of the advantages of PAFC's are high efficiency in cogeneration mode, simple 

construction, low electrolyte volatility, long-term stability and minimum corrosion problems. 

2.3.2 The Proton Exchange Membrane Fuel Cell (PEMFC) 

The fuel cell type proposed for the automobile industry is the proton exchange membrane 

fuel cell (PEMFC). They operate at low temperature 60°C -80°C. The electrolyte that is used in 

this type of fuel cell is a proton conductor membrane, normally Nation. 

The fuel for the PEMFC is normally hydrogen and the charge carrier is the hydrogen ion 

(H+, proton). The hydrogen ions flow from the anode, through the electrolyte, to reach the 

cathode while the electrons flow through an external circuit and produce electric power. 

Oxygen, usually in the form of air, is supplied to the cathode and combines with the electrons 
21 



from the external circuit and the hydrogen ions from the electrolyte to produce water. The 

electrode reactions that take place are: 

Anode: H2 -» 2H+ + 2e" (2 - 14) 

Cathode: 0.5O2 + 2H+ + 2e" -> H20 (2 - 15) 

Overal: H2 + 0.5O2 -> H20 (2 - 16) 

Fast start times, minimum hardware corrosion, more power for a given volume or weight 

of fuel cell compared to other types of fuel cell, long cell and stack life due to their solid 

electrolyte are the merits of PEMFCs. 

2.3.3 The Molten Carbonate Fuel Cell (MCFC) 

Molten carbonate fuel cell (MCFC) is a high-temperature fuel cell. The electrolyte is a 

combination of alkali carbonates. In order to provide mechanical stability to the structure of the 

electrolyte a ceramic network of LiA102 is usually used to contain the molten carbonate. 

When heated to a temperature of around 650°C, alkali carbonates melt and become 

conductive to carbonate ions (C0|~). In order to produce water at the anode of the fuel cell the 

carbonate ions flow from the cathode, through the electrolyte, to the anode where they react with 

hydrogen. The electrons flow from the anode, through an external circuit, to the cathode. 

Carbon dioxide produced at the anode must be moved to the cathode where it is consumed. The 

electrode reactions taking place in the anode and cathode are: 

Anode: H2 + CO!" -» H20 + C02 + 2e~ (2 - 17) 

Cathode: 0.5O2 + C02 + 2e~ -> C0 | _ (2 - 18) 

Overall: H2 + 0.5O2 -» H20 (2 - 19) 
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Some of the advantages of MCFC's are internal fuel reforming of natural gas, the ability 

to use standard materials for construction of fuel cell, and the possibility of using nickel-based 

catalysts on the electrodes. 

2.3.4 The Alkaline Fuel Cell (AFC) 

As mentioned in 2.2 (history of the fuel cell) the alkaline fuel cell is one of the oldest 

types of the fuel cells. It was used in the mid 1960 by NASA (National Aeronautics and Space 

Administration) in the Apollo program and later in the Space Shuttle program. KOH is the 

electrolyte used in this type of fuel cell. One of the other features of this type is the wide variety 

of catalysts that can be applied from Ni, Ag, metal oxides, to many noble materials. 

One of the drawbacks of these fuel cells is the fuel supply purity. CO is a poison. CO2 

will react with the KOH to form K2CO3, thus altering the electrolyte. The charge carrier for an 

AFC is the hydroxyl ion (OH") that migrates from the cathode to the anode where it reacts with 

hydrogen to produce water and electrons. Water formed at the anode migrates back to the 

cathode to regenerate hydroxyl ions. The set of reactions in the fuel cell is: 

Anode: H2 + 20H" -> 2H20 + 2e~ (2 - 20) 

Cathode: 0.5O2 + 20H" + 2e~ -» 20H" (2 - 21) 

Overall: H2 + 0.5O2 -» H20 (2 - 22) 

The major advantage of this type of fuel cell is its low cost. 

2.3.5 The Direct Methanol Fuel Cell (DMFC) 

Direct methanol fuel cells are a recent (1954) technology compared to hydrogen fuel 

cells, and are almost at the stage of commercial development. DMFCs are very similar to 

23 



PEMFC in that both use a polymer electrolyte and the charge carrier is the hydrogen ion 

(proton). Liquid or vapour phase methanol (CH3OH) is oxidized in the presence of water at the 

anode producing CO2, hydrogen ions, and electrons that travel through the external circuit to the 

cathode. The hydrogen ions flow through the electrolyte and react with oxygen from the air and 

the electrons from the external circuit to form water at the anode. The reactions are as follows 

Anode: CH3OH + H20 -» C02 + 6H+ + 6e~ (2 - 23) 

Cathode: 1.502 + 6H+ + 6e~ -> 3H20 (2 - 24) 

Overall: CH3OH + 1.502 -> C02 + 2H20 (2 - 25) 

The main advantage of this type of fuel cell is the fact that the fuel is stored in the liquid 

phase and thereby avoids the problems of storing gaseous hydrogen. 

2.3.6 The Solid Oxide Fuel Cell (SOFC) 

Solid oxide fuel cells operate at very high temperature (600°C -1000°C). The high 

operating temperature of SOFC attracts attention from power generation industries because the 

high temperature gas leaving the fuel cell can be used to generate additional electrical power. 

They are also being considered as auxiliary power units for diesel trucks. The in-situ production 

of hydrogen from hydrocarbon fuels at the high temperature inside SOFC's is also being studied. 

The basic half reactions of SOFC are as follows: 

Anode: 2H2 + 20 2 _ -» 2H20 + 4e~ (2 - 26) 

Cathode: 02 + 4e~ -» 20 2 _ (2 - 27) 

Overall: 2H2 + 02 -> 2H20 (2 - 28) 
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Like any other fuel cell, SOFCs are made up different components. The major distinct 

characteristic of solid oxide fuel cell is that the electrolyte is made of ceramic. The materials 

used are solid ion conductors. Furthermore the materials for the electrodes need to meet a 

number of requirements. High electrical conductivity, sufficient ionic conductivity, good 

catalytic activity, and compatible thermal expansion coefficient are the main characteristics 

required for anode and cathode materials. Various components of SOFC will be discussed in 

detail in the next sections. 

2.3.6.1 History of Solid Oxide Fuel Cell 

The idea of using a stabilized zirconia material as an electrolyte stemmed from the 

experiments by Nernst in 1899. In the late 1930s, Emil Baur et al. (Baur 1937), carried out some 

experiments using solid oxide electrolyte. The solid substances used were zirconium, yttrium, 

cerium, lanthanum, and tungsten. Their designs were not successful and frequently experienced 

unwanted chemical reactions between the electrolytes and various gases, including carbon 

monoxide. 

In the 1940s, O. K. Davtyan's (Davtyan 1947) experimental results on solid electrolytes 

for high-temperature fuel cells were published. He and his colleagues designed a new ceramic 

material that increased the conductivity and mechanical strength. Davtyan's designs, however, 

also experienced unwanted chemical reactions and short life ratings. 

Toward the end of the 1950s several different research institutions worked on improving 

solid oxide conditions (CONSOL Energy, General Electric). A 1959 discussion of fuel cells, 

mentioned by (Stambouli 2002), pointed out those problems with solid electrolytes included 

relatively high internal electrical resistance, melting, and short-circuiting due to semi-

conductivity. However the promise of a high-temperature cell that would be tolerant of carbon 

monoxide and use a stable solid electrolyte continued to attract attention (Janardhanan 2007). 

More recently, increasing energy prices and achievements in materials technology have revived 
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work on SOFCs, and a recent report (Stambouli 2002) noted about 40 companies working on 

these fuel cells. 

2.3.6.2 Advantage and Disadvantage of SOFCs 

The high temperature of the outlet streams of an SOFC offers the possibility of co-

generation using gas turbine power systems to produce electricity from the high temperature heat 

in the fuel cell product off-gas. Once a SOFC is combined with a gas turbine, efficiencies of up 

to 74% can be achieved (Singhal 2000). In addition the high operating temperature enables the 

fuel cell to operate without precious metal electro catalysts at the electrodes. The use of solid 

oxygen conductors as the electrolyte eliminates corrosion and electrolyte management problems. 

However, there are also disadvantages associated with SOFCs. The major demerits are 

the time needed for heating an SOFC system to the operating temperature during start up, sealing 

failure, and safety issues. SOFCs require expensive materials of construction. 

2.3.6.3 Anode 

The function of an SOFC anode is to electrochemically oxidize hydrogen contained 

within the fuel. The anode must meet the following requirements: 

• Stability: The anode should have stability and compatibility with the adjacent materials. 

Several chemical and phase changes, that cause dimensional changes, take place during the 

operation of the fuel cell. These changes may occur due to interactions with other SOFC 

components, or by the production of water vapour at the high operating temperature. SOFCs 

should also be capable of operating with impurities in the feed streams. 

• Catalytic activity: The anode should have a high catalyst activity for the oxidation of fuel 

gas. 

• Conductivity: In order to minimize the ohmic loss a large electrical conductivity is desired. 

• Porosity: The porosity of the anode must be tailored with regard to mass transport 

considerations as well as mechanical strength. 
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The anode material is usually a combination of Ni (nickel) and YSZ (yttrium stabilized 

zirconia) (Zhu 2003). Usage of the ceramic material in the anode is (a) to ensure that the thermal 

expansion coefficient of the composite electrode is close to that of the other components of the 

cell, (b) to prevent the nickel particles in the porous structure from sintering, and (c) to have a 

three dimensional electrode where there is intimate contact for reaction between the electrons (Ni 

phase) and the ions (YSZ phase). Ni/YSZ is the conventionally used cermet anode, where Ni 

plays the dual role of hydrogen (or hydrocarbon) oxidation catalyst and electric current 

conductor. 

2.3.6.4 Cathode 

It is important for the cathode materials to meet the following criteria: 

• Stability and compatibility: Cathode compatibility refers to (a) preventing high temperature 

reactions that form undesired phases at the cathode-electrolyte and cathode interconnect 

interfaces, (b) ensuring matching thermal expansion of different materials over the entire 

SOFC operating range, as well as (c) the rapid incorporation of oxygen ions into vacancies 

within the electrolyte. 

• Catalytic activity: The cathode should have a high catalyst activity for the half-cell reaction 

at the cathode: the dissociative adsorption of oxygen and its reduction at the surface. Since 

the O ~~ ion formation is an energy demanding reaction, the electrode resistance at the 

cathode is very high. Any material that can effectively catalyze the formation of O ions 

can reduce the overpotential. 

• Conductivity: The cathode should usually have a good ionic conductivity. Ionic properties 

can significantly improve the performance and electrode overpotential. 
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• Porosity: It should have some porosity for an adequate gas transport rate. A porous structure 

allows rapid mass transport of reactant and product gases. 

The cathode is composed of a perovskite mixed with YSZ. The perovskite is both the 

electro catalyst and the electronic conductor. It is composed of strontium doped lanthanum 

manganite (LSM) with the formula La (].x) SrxMn03 (LSM) (Minh 1995). 

2.3.6.5 Electrolyte 

The electrolyte in SOFC is a ceramic material sandwiched between the anode and the 

cathode. An electrolyte should have the following requirements: 

• Conductivity: The electrolyte should be a very good ionic conductor for the transport of the 

oxygen ions that are formed at the cathode/electrolyte interface and subsequently transported 

towards the electrolyte-anode interface. On the other hand the electrolyte should have no 

conductivity for electrons 

• Stability: The electrolyte has to be stable under the oxidizing atmosphere prevailing at the 

cathode and under the reducing atmosphere at the anode. 

• Electrolyte materials also must be electrically insulating and gas impermeable 

(microstructurally dense). 

The most common electrolyte material is zirconia with 8% yttria added as dopant 

(yttrium-stabilized zirconia or YSZ). It is a polycrystalline ceramic, exhibiting excellent stability 

in both oxidizing and reducing atmospheres. YSZ is not the only electrolyte material being 

investigated for SOFCs. Other materials such as rare earth oxide doped ceria's and lanthanum 

gallates have higher ionic conductivities than YSZ, however they also have higher costs and 

have experienced some reaction and phase stability issues. (Singhal 2004) 
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2.3.6.6 Fuels 

Most fuel cells demand quite pure hydrogen as fuel. SOFCs have the ability to work with 

other fuels like hydrocarbons. Nevertheless SOFC fuel cells, that can use other fuels, normally 

work best with hydrogen. Operating fuel cells directly with hydrocarbons has drawn 

considerable attention recently. The large availability of hydrocarbon fuels like natural gas, 

make them a good choice for stationary applications. Although there are some reports on the 

operation of SOFCs using fuels such as ethane, propane, butane and octane, these have been 

limited to laboratory studies. When operating SOFCs with hydrocarbon fuels, the higher 

hydrocarbons, break down to smaller molecules, and the electrochemical charge transfer 

proceeds through hydrogen and CO oxidation (Singhal 2004). 

2.3.6.7 Types of Solid Oxide Fuel Cell (SOFC) 

SOFCs can be categorized based on their manufacturing process. They can be either 

electrolyte or electrode supported which means either the electrolyte or the electrode provides 

the mechanical strength for the cell. 

• Electrolyte Supported Cells 

In the electrolyte-supported SOFCs, the anode and cathode are very thin but the 

electrolyte thickness is thick enough to provide the necessary mechanical strength, generally 

100-200 (um). Electrolyte supported cells are appropriate at 850-1000°C (1123 -1273 (K)) 

where the thick electrolyte will have adequate conductivity for the oxygen anions. Electrolyte-

supported cells have the disadvantage that due to the high Ohmic losses in the solid electrolyte 

they require a much higher operating temperature and their power density is comparatively low. 

• Electrode Supported Cells 

Electrode supported cells can be cathode or anode-supported. The thickness of the 

electrolyte in these systems can be decreased to 5-10 (um) and thus they can operate at lower 
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temperatures (700°C -800°C). Either the anode or cathode must be thick enough to support the 

cell. It is usually between 0.3 and 1.5 (mm). In cathode-supported cells, there are mass transfer 

limitations, manufacturing problems, and higher costs are issues. Anode supported cells are the 

most attractive, because the Ni/YSZ anode material provides higher thermal and electrical 

conductivity, better mechanical strength, and minimal chemical interaction with the electrolyte. 

In addition cathode-supported cells are more expensive to produce than anode-supported cells 

since perovskite cathode material is more expensive than the anode material. 

SOFC can also be classified based on the shape and geometry of the cell 

• Planar (Bipolar)Solid Oxide Fuel Cell 

The planar geometry is the sandwich type utilized by most types of fuel cells including 

SOFCs, where the electrolyte is in between the electrodes. A flat shape is one of the main 

advantages of the planer SOFCs (Costamagna 2004). Flat shapes are easy to handle, fabricate, 

and assemble in stacks. In addition the current collection is easier when the surface is flat. The 

main disadvantage however, is the appropriate sealing of the different layers of the cell to 

prevent cross-over of the fuel and oxidant, and to prevent leaks to the cell exterior. In the planar 

design the fuel and air may flow co-currently, counter-currently, or cross currently. Each of 

these flow patterns has its own advantages and all three cases are currently used in 

manufacturing planar cells. (Yamamoto 2000): 

• Tubular Solid Oxide Fuel Cell 

In the tubular design of SOFCs either air or fuel passes through the inside of the tube and 

the other gas passes along the outside of the tube. Tubular cells have the advantage that their 

geometry results in a natural seal between layers of the structures, and fabrication can be simple. 

Nevertheless, these cells tend to be long and small in diameter, and are vulnerable to consistency 

and failure issues due to induced thermal stresses (Yamamoto 2000). 
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2.3.6.8 The Application of Solid Oxide Fuel Cell 

Solid oxide fuel cells are expected to be used in three major energy applications: 

stationary, transportation, and military. SOFCs have great promise for the stationary power 

generation sector. They can be the primary or auxiliary power source for many facilities like 

homes, office buildings, and industrial power plants. Since SOFCs, like molten carbonate fuel 

cells, require high operating temperatures, cogeneration-using waste heat to generate steam for 

space heating, industrial processing, or in a steam turbine to make more electricity is possible. 

In the transportation sector, recent developments suggest that SOFCs could play an 

important role. In diesel trucks, they will probably be used as auxiliary power units to run 

electrical systems like air conditioning and on-board electronics (Singhal 2002). Such units 

would eliminate the need to leave diesel trucks running at rest stops, thereby leading to a savings 

in diesel fuel expenditures and a significant reduction in both diesel exhaust and truck noise. 

The above fuel cell types can also be categorized by their operating temperatures: 

• High Temperature Fuel Cells: MCFC (550°C -700°C) and SOFC (600°C -1000 °C) 

• Low Temperature Fuel Cells: PEMFC (60°C - 80°C), AFC, and PAFC (150°C -220°C) 
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Chapter 3 Literature Review 

3.1 General Overview 

The number of academic publications on the topic of solid oxide fuel cells (SOFCs) has 

been increasing. A search in databases shows that more than 8,000 papers on fuel cell related 

subjects have been published up to the present time. Almost 1200 papers were published last 

year, compared to the approximately 700 that were published in 2007. This increasing number 

of publications shows an increasing interest in addressing SOFC issues. 

This research can be divided into several areas of interest: alternative material of 

electrodes and electrolytes (Steele 1990, Metcalfe 1992, Baker 1994, Irvine 1997, Slater 1997, 

Flot 1998, Kaiser 1998); micro-structure (Lee 1997, Jensen 2001, Clemmer 2004, Pratihar 2005, 

Jeon 2006, Vels Kenney 2007, Zhu et al. 2008); kinetics (Divisek 1994, Mizusak 1994, 

Mogensen 1996, Fouquet 2003, Modak 2007); anode and cathode modeling (Costamagna 1998, 

Bieberle 2002, Hussain 2006) [details of this group of papers will be discussed later]; 

electrochemical characteristics of the cell (Kawada 1990, Kawada 1994, Horita 1996, 

Patcharavorachot 2008); and TPB (Nakagawa 1995, Nakagawa 1999, Deng 2005, O'Hayre. 

2005, Hertz 2007, Janardhanan 2008, Lynch 2008, Zhu 2008); reforming (Meusinger 1998, 

Finnerty 1998, Ormerod 1999, Finnerty 2000, Peters 2002, Atkinson 2004); low temperature 

SOFCs (De Souza 1997, Huebner 1999, Yuan 2009); hydrocarbon fuels (Lu 2002, Lu 2004, Pil 

Yoon 2004, Kee 2005). 

3.2 Modeling 

One of the major topics of interest among researchers is quantitative modeling of SOFCs. 

Finding an appropriate mathematical model is important, since it can diminish the need for 

expensive and time consuming experiments. Quantitative models are also valuable because they 
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can examine and evaluate the effects of particular designs and operating conditions on the overall 

performance of SOFC. 

The first SOFC model appeared in 1985. Vayenas et al. (1985) presented a paper in 

which a 2D model of a monolith SOFC was constructed in order to describe the distribution of 

the species concentrations, current density and temperature. One of the other early significant 

publications on SOFC modeling was published by Bossel (1992). Since then the number of 

papers on modeling SOFCs has been increasing rapidly. Up to the time of writing this thesis 

there were more than 330 papers on modeling SOFCs (Vandersteen 2004). 

One major drawback of all numerical simulations is that models do not guarantee an 

exact representation of natural phenomena of each cell, especially if there are arbitrary unknowns 

incorporated into the model. Numerical approximations can cause errors and the possibility of 

inaccurate simulation results. However, a comparison of predicted numerical values with 

measured experimental data permits researchers to validate the simulations. Numerical results 

reported by different researchers using commercial modeling software packages such as 

COMSOL, Fluent and the like often show reasonable correlations with experimental data. 

Mathematical models can be divided into different types. A typical SOFC can be treated 

as: 

• A heat and mass exchanger from the viewpoint of fluid dynamics and transport phenomena. 

• An electrochemical generator from the viewpoint of electrochemical modeling. 

• A chemical reactor from the viewpoint of chemical reactions including the influence of fuel 

composition and heat effects associated with irreversibilities during electrochemical 

conversion. 

• A system of components by combining stack models with system models such as a reformer, 

a contaminant removal unit, and compressors, 
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The models presented in the literature are: one dimensional, (Suwanwarangkul 2003, 

Zhu et al. 2003, lora et al. 2004, Costamagna et al. 2004, Hernandez-Pacheco et al. 2004); two 

dimensional (Stiller et al. 2005); or three dimensional (Yakabe et al. 2000, Yuan et al. 2003, 

Ferguson et al. 1996, Recknagle et al. 2003, Achenbachl994, Hussain et al.2006 and Shi et al. 

2006). They take into account charge transport phenomena, mass, momentum, and energy 

transport; and in some case the combination of all of these phenomena. 

The following models simulate only the anode (Yakabe et al. 2000, Xia et al. 2001, 

Suwanwarangkul et al. 2003, Yakabe 2004, Xia 2004, Ni 2007, Suzue 2008, Tseronisa 2008, 

Bessler 2008); only the cathode (Svensson et al. 1996, Chan et al. 2004, X. S. Chen 2004) and a 

single SOFC (Achenbach 1994, Iwata et al. 2000, Zhu et al. 2003, Inui et al. 2006, and Ji et al. 

2006), or the whole stack (Recknagle et al. 2003, Petruzzi et al. 2003, Burt et al. 2004, and Chan 

et al. 2005). 

Models include both steady state models (Aguiar et al. 2002, Aguiar 2005) and dynamic 

models (Petruzzi et al. 2003, lora et al. 2004, Aguiar et al. 2005, Magistri et al. 2005 and 

Bhattacharyya 2009). 

There are a large number of researchers that wrote software programs using established 

computer languages such as Fortran, C++, or MATLAB (ZhongHua 2007, Li 2008 and Yu 

2009). Others used commercially available computational fluid dynamics programs like Fluent® 

(Lockett et al. 2004, lora et al. 2004, Opera 2005) gPROMS® (Aguiar et al. 2005), and 

COMSOL (Suwanwarangkul 2003, Chaisantikulwat 2008, Ciano 2008). Finally some used a 

combination of methods (Tseronis 2006). 

The distinction between micro-modeling and macro-modeling is another way to classify 

models. Macro-models deal with the macroscopic or overall operational behaviour of SOFCs. 

Micro-models, consider the micro-scale behaviour. There are several models that concentrated 

on SOFC component performance, especially electrodes. Micro-structure is important because it 

influences the performance of the electrodes. The porosity, the pore size, and the tortuosity 

factor can affect the transport of gaseous species through porous electrodes. 
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• Simple Pore Model 

This model is one of the physicochemical models for porous gas diffusion electrodes 

used with liquid phase electrolytes. In this model the gas must first dissolve in the liquid phase 

electrolyte and then be transported to the surface of the electrode that is covered with liquid 

phase electrolyte. This model is referred to as the pore model (Austin 1965). 

• Thin Film Model 

In the case of thin film model for a gas diffusion electrode, used with liquid phase 

electrolytes, it is postulated that a thin film covers the interior surface of pores within a porous 

electrode (Austin 1965, Tanner 1997). A uniform cylindrical pore as in the case of the simple 

pore model and a uniform structure of a thin film within each pore are the essential features. The 

thin film model proved to be more realistic than the pore gas model. Pore model is used in 

micro-structuring model of SOFC (Kuo 1995). 

• Random Resistor Network Model 

In a random resistor network model particles of ionic and electronic conductors are 

randomly distributed by a Monte Carlo technique, and modeled as a resistor network. Then, the 

overpotential at the electrode is obtained by solving Kirchoff s law for this resistor network 

(Sunde 1995, Maddox 1985, Costamagna 2004). 

• Random Packing Sphere Model 

This is an advanced model in comparison with the classical electrode models (Na 2006). 

Percolation theory (Stauffer 1994) and coordination number theory (Bouvard 1991) were were 

applied to a system of randomly packed spheres to calculate ionic and electronic conductivities, 

length of the TPB, and density. Most of these models rely on the macroscopic homogeneity of 
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composite electrode media. Their results are not consistent with experimental results using the 

real micro-scale electrode structures. 

3.3 Modeling the Electrodes 

Numerous quantitative models have been developed to relate SOFC electrode micro-

structure to performance 

3.3.1 Mass Transport 

The mass conservation law can be written as: 

Net rate of accumulation of species i in the control volume (C.V.) 

= Net rate of mass efflux of species i from the (C.V.) 

+ Rate of chemical production of species i within the (C.V.) 

^ = - V . N i + R i ( 3 - 1 ) 

Where Q is the concentration of species i, N, is the flux of species i, and R, is the rate of 

reaction of species i. 

Models for mass transport inside a porous SOFC anode/cathode were developed based on 

Fick's model (FM), the dusty-gas model (DGM) and the Stefan-Maxwell model (SMM) to 

predict the concentration overpotential (Suwanwarangkul 2003). 
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3.3.1.1 The Fick's Law Model (FM) 

FM is the simplest form used to describe the transport of components through the gas 

phase and within porous media. The general extended form of this model (Suwanwarangkul 

2003) takes into account diffusion and convection transport and is given by: 

Nj = -Df AC; + vQ (3 - 2) 

and if the convection transport term is described by the Darcy equation: 

Nj = -DfAQ + Q - ^ - Vp (3 - 3) 

Where Df is the effective diffusion coefficient which includes both bulk diffusion and 

Knudsen diffusion for the species i. v is the convection velocity p\ is the permeability; p is the 

pressure and nmjx is the viscosity of the mixture. dm is the diameter of the molecules and n is the 

number of molecule per unit volume. Molecular diffusion is dominant for large pore sizes and 

high system pressures while Knudsen diffusion becomes important when the mean-free path of 

the molecular species is larger than the pore diameter dp. 

The mean-free path A is (Suwanwarangkul 2003): 

V2ird2 n 

The relative importance of bulk diffusion and Knudsen diffusion is determined by calculating the 

Knudsen number (Nkn). 

Nkn=-J- (3 -5 ) 
dp 
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For Knudsen numbers less than 0.01 molecular diffusion is dominant. For Knudsen 

numbers greater than 10 the Knudsen diffusion is dominant. For the numbers in between, both 

types diffusion will contribute. By assuming equimolar counter diffusion of reactant and product 

species the effective diffusivity of the mixture, Df (Veldsink 1999) will be 

Df = 
i - i 

Dim Dfk 

( 3 - 6 ) 

Dfm and Dfk are the effective molecular and Knudsen diffusion coefficients respectively. 

d p £ 8RT 
Dfm = f x UM (Mason 1983) (3" 7) 

R= Universal gas constant 

T= Absolute temperature 

and 

Dfk = v n e ' (Yakabe 2000) (3 - 8) 

Dfj is the ordinary molecular binary diffusion and can be obtained from the following equation 

(Krishna 1997): 

Dfj = I Dij (3 - 9) 

E is porosity and x, is tortuosity. 
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Vv 
z = 7T- (3-10) 

vTotal 

where Vv is the volume of void-space and VTotai is the total or bulk volume of material, and the 

following equation can be used to calculate tortuosity, x can be calculated from the following 

equation: 

• ( T ) 
(3 - 11) 

where le , is the length of the tortuous path through the pores between two points and 1 is the 

straight line distance between the same two points. The permeability p„ in Equation (3 — 3) is a 

characteristic of the porous matrix structure and ideally should be obtained experimentally. If a 

bed of spherical particles (with diameter dp) represents a porous electrode, then the permeability 

(30 can be calculated from the Cozeny- Carman equation (Bear 1972). 

d5 E3 

The ordinary molecular binary diffusion coefficient Djj can be calculated from kinetic 

theory and the Champan-Enskog equation (Chapman 1970), 

P- + -M T 3 

Dij = KN (3 - 13) 
P CJ " D , i j 

in which K is a constant of the equation, ftD jj is a function of the temperature and the Boltzman 

constant, k (Bird 2002). M, and Mj are the molecular weight of species i and j respectively and o~ 

is the collision diameter of molecules. 
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The viscosity of each species can be calculated by (Bird 2002) 

CVMT 
Uj = 8.4411 * 10"5 -r— (3 - 14) 

The mixture viscosity is given by 

Vn Yfl ( 3 " 1 5 ) 

In which 0j;is a function of each species viscosity (Bird 2002) 

-0.5 / , N 0.5 . . 0 . 2 5 \ 2 

-If *D ( fvi\ tM 

' 1 , - V 8 V 1 + M, 
9 i i=^ U + i ? 1+ - bM (3-16) 

3.3.1.2 The Stefan-Maxwell Model (SMM) 

The SMM is a well-known mass transport model applied to nonporous medium. The 

SMM expresses species concentrations in terms of fluxes; it is given by (Lehnert 2000): 

V 1 XjNi-XjNj 

•™<=L^5fr (3"17) 

j = i j * i *•' 

Where Xj and Xj are the mole fractions of species i and j respectively. 0.5 n(n — 1) 

binary diffusivities are required. The viscous diffusivity can be added to the general equation to 

give the total fluxes. 
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3.3.1.3 The Dusty Gas Model (DGM) 

The DGM includes three transport mechanisms: molecular diffusion, Knudsen diffusion, 

and viscous transport where the Stephan-Maxwell formulation is used to describe molecular 

diffusion. The total diffusive flux in the DGM is molecular diffusion acting in series with 

Knudsen diffusion. The viscous porous media flow (Darcy flow) acts in parallel with diffusive 

flux (Janardhanan 2007). 

-V.Xi-X; - ^ — Vp = - ^ + > L (3 ~ 18) 
HmixDfk Di,k . ^ . CDi,j 

In general the DGM is often the preferred way to describe a system consisting of all three 

types of transport. Comparing the DGM equation(3 — 18) with the SMM equation (3 — 17) 

shows that there are two additional terms in the DGM equation, —- accounts for the interaction 
D i ,k 

between the gas species and the pore wall. The second additional term describes viscous 

transport. It is assumed from this model that pore walls consist of giant molecules "dust" 

uniformly distributed in space. These dust molecules are considered to be a dummy, or pseudo, 

species in the mixture (Arnost 1999). 

3.3.2 Ion/Electron Transport 

Another key aspect of an SOFC electrode model is ion transport. It is sometimes 

assumed that the electrolyte layer is the only cause of ohmic losses. In addition, charge transport 

in the ion conducting component of electrodes is important. Ionic transport is a fundamental 

process of fuel cell operation since ions must be present at the reaction site where the 

electrochemical reaction occurs. 
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3.3.2.1 Ionic Transport: Nernst-Plank Equation 

Ions respond to both the concentration gradient and the electrical potential gradient 

(Lightfoot 1965). The total flux is therefore the sum of diffusion, and migration or drift, 

(electrophoresis phenomena) that moves ions in electric fields: 

Based on Equation (3 — 2): 

Diffusion = —D, V. Cj and 

Convection = vCj 

There will be another term due to the potential difference for charge species: 

Electrophoresis = —K; Q Z( V. <p 

Where Kj is the mobility 

So the total flux will be: 

(3 - 19) 

Total Flux (Nj) = vCj-Dj V. Q - K^ CJ zt V. cp (3 - 20) 

The Nernst-Einstein relation: 

x ' i k T - D 

q = elementary charge = — 

k= Boltzmann constant 

F= Faraday constant 

replacing K; and q: 

(3 - 21) 

( 3 - 2 2 ) 

Nj = v C i - D i V C i - z i ^ V c p C i 
i i i i i R T -r I 

(3 - 23) 
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Zj, is an integer ionic charge (the moles of charge per mole of ion). 

Total Flux (Nj) = vCj-Di V. Q - x^ Q Z; V. cp (3 - 24) 

3.3.2.2 Electronic and Ionic Transport: Ohm's Law 

The governing equation for the charge transport of electrons is Ohm's law: 

iel = ffelV(Pel (3 - 25) 

It is based on the conservation of charge in the electron conducting phase of the 

electrode. Wherein, is the electronic current density and ae\ is the conductivity of the electronic 

material. The governing equation for the charge transport of ions is 

iio = <*ioVcpio (3 - 26) 

It is based on the conservation of charge in the ion conducting phase of the electrode. Where iio, 

is the ionic current density and 0"j0 is the conductivity of the ionic material. 

3.3.3 Anode 

Xia et al. (2001) developed a one-dimensional micro-model of an anode in a SOFC. It 

includes the transport of electrons, ions, and gas molecules and the electrochemical reaction at 

the TPB of the anode. They identified a particular particle size that caused a minimum overall 

polarization. Very little anode polarization occurred when pure hydrogen was used. Finally they 

found a strong link between the anode thickness and particle size in the anode design. The 

bigger the particle size, the thicker the anode required to provide a sufficient number of reaction 

sites. 
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Xia et al. (2004) improved their previous work (Xia et al. 2001) by considering all 

possible polarizations that govern the complex interdependency among the various transport 

phenomena and the electrochemical reaction. They included variations in the micro-structure of 

the anode. The true internal exchange current density in the charge transfer equation accounted 

for the reaction rates at all anode locations. They validated their predicted anode resistance by 

comparing it with experimental data collected using different cermet particle sizes, anode 

thicknesses, and water content in the hydrogen. They obtained good agreement between the 

predicted results and the experimental data. They postulated that their model can be used as a 

guide for cell component design, component matching, and optimization of performance and 

operating conditions. 

3.3.4 Cathode 

In 2004, Chan et al. developed a cathode micro-model. They added the micro-structure 

of the electrode to the various transport phenomena and electrochemical reaction. These 

combined effects on the cathode overpotential at different operating conditions were studied. 

Their results showed that to decrease the cathode overpotential (a) the larger the ratio of yttrium 

stabilized zirconia (YSZ) particle size, to lanthanum strontium manganite (LSM) particle size, in 

the composite cathode, the smaller the optimum YSZ volume fraction, and (b) the larger the 

absolute particle sizes, the thicker the optimum cathode. A reduced overpotential was predicted 

for a thin cathode consisting of small particle sizes. Their results were in good agreement with 

experimental findings from the literature. 

Chen et al. (2004) developed a mechanistic model to simulate a composite SOFC 

cathode. Their model incorporated oxygen reduction at the YSZ/LSM interface, and a complete 

micro-model for the YSZ/LSM composite cathode. Their numerical model also described the 

interrelationship among the transport phenomena, the electrochemical processes, and the micro-

structure of the composite cathode. They estimated a TPB length in a pure LSM cathode from 

the micro-structure of the YSZ surface after the LSM cathode was washed with HC1 acid. 
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3.3.5 TPB 

The concept of the TPB is frequently employed in the fuel cell literature, especially with 

respect to SOFCs. The TPB concept holds that electrochemical reactions only occur at confined 

spatial sites, or "triple phase boundaries" where electrolyte, gas, and catalyst regions contact. 

The most important reactions of a typical fuel cell are thought to occur at the TPB. 

Therefore improving the performance of the fuel cell is highly dependent on understanding, 

characterizing, and optimizing the TPB length. From a technology perspective the TPB zone can 

be increased by decreasing the size of catalyst particles in the electrode. By using nanoscale 

composites of catalyst material, conductive support, solid electrolyte, and gas pore space, the 

length of TPB can be increased (Steele 2001). The longer the TPB the better the kinetic 

performance of the fuel cell. 

Most of the papers published on the nature and properties of a TPB in a SOFC agree that 

TPB is not a line. Rather it is a zone in which diffusion through materials and reactions between 

components take place. There are several papers on TPB in SOFCs (Mizusaki 1991, Petitbon 

1996, Bieberle 2001, Brichzin 2002, Fleig 2002 and Fleig 2003). Most of results have focused 

on the cathode. In contrast few studies have considered the TPB at SOFC anodes. 

3.3.5.1 TPB Length 

The TPB length is widely viewed as a key electrode structural parameter. Deng et al. 

(2005) described a geometrical model that predicted the influence of solid grain size, pore size, 

and porosity on the TPB length in electronic composite SOFC electrodes. Their results showed 

that the TPB length is inversely proportional to grain size and can be optimized by the pore size 

and porosity. They concluded that the TPB length is a function of size and volume fraction of 

the three phases. A finer solid grain size increased the TPB length exponentially. The TPB 
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length can be maximized at optimal values for the pore size and porosity. Their optimal values 

depended on grain size, pore size, and on porosity. 

J.R. Wilson et al. (2006) used a dual-beam focused ion beam-scanning electron 

microscope to make a three-dimensional reconstruction of a SOFC electrode. They used these 

data to calculate critical micro structural features including the TPB length. The volume-

specific TPB length was found to be 4.28 x 106 (m.m"3). 

Deng et al. (2005) described a mathematical model to calculate the TPB length for mono 

sized particles. Their expression leads to a TPB length with units of (m.m"4). The unit of their 

TPB length is not well-defined in terms of physical quantities. For a composite electrode, one is 

interested in the volume-specific TPB length. 

Deseure et al. (2007) developed an analytical model that calculated the TPB length for a 

composite electrode. They claimed that the maximum TPB length is obtained when the volume 

fraction of ionic conducting particles is 50%. 

Janardhanan et al. (2008) described a mathematical model to calculate the volume 

specific TPB length in the porous composite electrodes of a SOFC that was based on simple 

geometrical concepts. Their model accounts for porosity, particle diameter, particle size 

distribution, and solids phase distribution. Their results were based on both a uniform particle 

size distribution as well as a non-uniform particle size distribution. 

3.3.5.2 TPB at an Anode 

It has been shown by several electrochemical and surface science techniques that the 

oxidation process is not strictly limited to the TPB of the anode. Instead the reaction zone 

extends beyond the Ni catalyst surface over several hundreds of Angstroms (Williford 2003). 
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Williford et al. (2003) claimed that anodic concentration polarization originates in the 

immediate vicinity of the reactive TPB sites near the anode/electrolyte interface. They first 

presented experimental evidence that supports tortuosities in the range of 2.5-3 for modern 

SOFC anode materials. This was followed by a description of the proposed mechanisms 

responsible for concentration polarization: competitive adsorption and surface diffusion near the 

TPBs. Then an anode mathematical model was described showing how concentration 

polarization is controlled by two localized phenomena. One is competitive adsorption of 

reactants in areas adjacent to the reactive TPB sites. The other phenomenon is relatively slow 

surface diffusion. The mathematical model was then fitted to experimental fuel cell performance 

data and showed good agreement when model parameters were filled with independent 

experimental data. 

3.3.5.3 Mechanism 

The major species present at the anode side of a SOFC are H2 and H2O in the gas phase. 

The reaction taking place at the interface of the three phases - metallic Ni, gaseous H2- H2O, and 

ceramic YSZ - is the oxidation of hydrogen which results in the production of water. The 

electrochemical reaction at the anode is: 

H2 -• 2H+ + 2e~ (3 - 27) 

However, the detailed mechanism of the reaction is more complicated, and less 

investigated in the literature. Despite the fact that materials and micro-structural properties of 

the anode have been investigated and optimized properly, very little information is available on 

the intermediates, the reaction mechanism or the kinetics. 

The electrode kinetics were studied experimentally using either Ni-YSZ cermet anodes or 

metallic Ni anodes, such as Ni pattern (Mizusak 1994, Mizusaki 1994) Ni point (Nakagawa 

1995), or porous Ni anodes (Jiang 1997, Jianga 1999). Electrochemical information was obtained 

from electrochemical impedance spectroscopy (EIS) measurements and from fitting these data to 
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equivalent circuits. Several phenomena, the dissociative adsorption of hydrogen, the formation 

of hydroxyl, the charge transfer reaction, and desorption of water were examined as possible rate 

limiting steps (Mizusak 1994, Kawada 1990). 

Despite the difficulties concerning the interpretation of the EIS data, various reaction 

mechanisms have been proposed in the literature. Major differences were found by variying (a) 

the location where the chemical and the electrochemical reactions take place (either merely on 

the Ni surface or equally on the Ni and on the YSZ surface, respectively), (b) the reactions of the 

interstitial oxygen in the YSZ, (c) the adsorption and desorption behaviour of water, and (d) the 

charge transfer step. 

Many different reaction steps have been studied. Mizusaki et al. (1994) consider the Ni 

surface to be exclusively electrochemically active. Jiang et al. (1997) include surface reactions 

on the YSZ surface in their model. De Boer et al. (2000) and Holtappels et al. (1999) suggest 

that interstitial hydrogen and hydroxyl are formed. The removal of oxygen from the YSZ is 

assumed to proceed rather differently: (a) if the oxygen becomes adsorbed onto the YSZ surface, 

(b) if it forms a hydroxyl interstitial, (c) if a negatively charged hydroxyl is formed on the Ni 

surface, or (d) if water is immediately formed without any intermediate steps. 

De Boer et al. (2000) postulated the following sequence of reactions at the porous nickel anode: 

H2gas + 2SNi -> 2HNiad (3 - 28) 

HNiad + O2- + SYSZ -» OHYSZad + V„ + e" + SNi (3 - 29) 

HNiad + OHyszad ** H20YSZad + e - + SNi (3 - 30) 

H20YSZad <-> H20g a s + SYSZ (3 - 31) 

Where the subscript YSZ indicates species that are adsorbed on YSZ, Ni represent 

species adsorbed on nickel, SNi and SYSZ denote vacant sites on the nickel electrode surface and 

the YSZ surface. V0, denotes oxygen vacancies and O2 - stands for the lattice oxygen anions. 

51 



The assumptions for the models were: 

1. Dissociative adsorption of hydrogen occurs on the Ni surface. 

2. Charge transfer between hydrogen and both lattice oxygen and hydroxyl ions occurs at the 

TPB. 

3. Water molecules are desorbed from the YSZ surface. 

Equations in which protons act as mediators in the reaction were reported by Mogensen 

et al. (1996) and later by (Brown 2000, Vels Jensen 2001) 

H2gas + 2SNi <-» 2HNiad (3 — 32) 

HNiad <-» HjJiad + e - (3 - 33) 

Hmad + O2" ~ OHySZad + Vo + SNi (3 - 34) 

20H7SZad + Vo ~ H20YSZad + OS + SYSZ (3 - 35) 

H20yszad *"* H20g a s + SYsz (3 - 36) 

Mizusaki et al. (1994), proposed the following scheme for the electrode reaction, which 

proceeded only via the nickel surface: 

H2gas + 2SNi «-* 2HNiad (3 - 37) 

0 2 - + S N i ~0&- a d + Vo ( 3 - 3 8 ) 

HNiad + 0&Tad ~ 20HNiad + SNi (3 - 39) 

HNiad + OHNiad «-» H20N i a d + SNi + e" (3 - 40) 

H20Niad ~ H2Ogas + SNi (3 - 41) 
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The assumptions for their models were: 

1. Oxygen adsorbs on Ni near the TPB via charge transfer. 

2. All surface intermediates involved bear no charge. 

Bieberle et al. (2000, 2002) altered the scheme proposed by Mizusaki et al. (1994). They 

introduced one more, step in which two hydroxyl groups react to form water and an oxygen 

anions: 

20HNiad ~ H20N i a d + 0&rad (3 - 42) 

Ihara et al. (2000) presented a model for Ni/YSZ cermets in which all reaction steps take 

place on nickel with surface coverage of H, O and H2O in equilibrium. They replaced the third 

and fourth reaction introduced by Mizusaki et al. (1994) by: 

2HNiad + CWad ** H20N i a d + 2SNi (3 - 43) 

Holtappels et al. (1999) claimed that the electrochemical reaction would extend beyond 

the area of the Ni/YSZ interface. That is possible because hydrogen is permeable in Ni and 

protons are conducted in YSZ. The first step was the dissociative adsorption of H2 on Ni. Two 

different reaction pathways were assumed for the oxidation of the adsorbed hydrogen atoms. 

HNiad was oxidized both on the Gas/Ni interface and in the region of the TPB. The water 

formation reaction proceeded via intermediates, e.g., hydroxides on the Ni surface. In the area of 

the Ni/YSZ interface, hydrogen dissolved in Ni. HNiad, was oxidized by forming interstitial 

protons (Hj) or hydroxides (OHj) in the electrolyte. The transport of HNjad and (Hj) may occur 

via diffusion in the Ni and the electrolyte phase, respectively. The remaining processes, e.g., 

formation, dissociation, as well as adsorption and desorption of water took place in the TPB 

region. Gas transport limitations were not considered because the porosity of the Ni-YSZ 

cermets electrode was small and the high binary diffusion coefficients of the hydrogen/water 

mixtures were sufficiently large. 
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Jiang et al. (1997) developed a model in which the interaction of water with a Ni surface 

proceeded via a dissociative adsorption or a molecular adsorption step. They found that 

interaction of H2O with Ni leads to complete dissociation at elevated temperatures: 

H2Ogas ~ 02
N-ad + H2gas (3 - 44) 

Oxygen species could be thermodynamically stable on the Ni surface either in the form of 

adsorbed Ô Tad o r a s a suboxide on the Ni surface. Dissociative adsorption/diffusion processes 

of hydrogen could be very different on an oxidized surface compare to that on a clean Ni surface. 

In summary, it should be noted that a variety of reaction steps have been investigated at 

the interface of Ni, YSZ, and a gas phase. All the models discussed here were developed from 

AC and DC electrochemical impedance spectroscopy. 

3.3.5.4 Modeling 

TPB is rarely modeled separately in the literature. It has been treated as a boundary 

condition for mass transport equations in modeling the whole anode/ cathode (Bieberle 2002). It 

has been discussed from a kinetics analysis view point. On the other hand some models examine 

the possibility of having a wider TPB than the original concept of single line. Williford et al. 

(2006) discussed a model that described concentration polarization in areas adjacent to the 

reactive TPB sites. 

In general the TPB term usually appears in the literature that studied the micro-structure 

of a SOFC anode. Several groups have developed microscopic models to study charge-transfer 

processes in the vicinity of the TPB (Mizusak 1994, Bronin 2004, Bessler 2008). These TPB 

models may include adsorption/desorption of the gas-phase species, surface reactions, diffusion 

of the adsorbed species, and the charge-transfer electrochemical reactions. 
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Bieberle et al. (2002) developed an electrochemical model for the Ni/YSZ interface that 

only considered the Ni surface. They studied the polarization resistance, as a function of the 

TPB length. R. Bove et al. (2006) assumed that the TPB is small enough compared to electrode 

and electrolyte thickness to be treated as a boundary condition (Bove 2005). 

A variety of geometries have been studied. Presvytes et al. (2007) developed a diffusion-

reaction model having spherical coordinates to describe the steady-state operation of nickel 

cermet anodes in SOFCs. Sund (2000) presented two models. One was based on random 

packing of particles. Their thin film model used TPB length model to simulate the conductivity, 

polarization resistance, and impedance of composite electrodes. Zue et al. (2005) described a 

computational framework for modeling porous media transport in electrodes. Charge transfer 

chemistry was presented using a modified Butler-Volmer equation. The TPB was included in 

their model as a boundary condition at the electrode-electrolyte interface for the electrochemical 

charge-transfer reaction. 

Zue et al (2008) also presented a one dimensional model to examine the effect of micro-

structure on the performance of a SOFC anode. They took a similar approach to O'Hayre et al. 

(2005) in dealing with the effect of surface diffusion along the width of the interface adjacent to 

the TPB. 
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Chapter 4 Description of the Model 

4.1 Introduction 

Solid Oxide fuel cells (SOFC) are a promising power source option due to their high 

electrical efficiency and low emission of polluting gas compared to the other kinds of fuel cells. 

For the past few decades, there has been substantial research and development of SOFC 

technology all over the world. Its objectives have been to lower production costs, increase 

reliability and durability, and improve both design and operating conditions. 

One important step in minimizing costs and maximizing efficiency of a fuel cell is to 

optimize the performance of the TPB. The TBP is the locus of points common to a gas phase in 

which hydrogen diffuses (Gas), a solid phase which conducts electrons (metallic Ni) and a solid 

phase in which oxide ions migrate (ceramic YSZ)]. This contact line is where the 

electrochemical reaction takes place. Therefore it can be considered to be the core of the fuel 

cell. 

The various aspects of the model for the triple phase boundary (TPB) are described in 

this chapter. In this work the geometry of the TPB model evolved from an initial version to a 

final version. The assumptions used for the final geometry are listed. A summary of the 

equations that were used in the model is then presented. The coupling between the variables in 

the differential equations is shown and the boundary conditions are listed. Finally, the values 

for the parameters that are held constant are presented at the end of the chapter. 

A framework is presented for the simulation of reaction dynamics in the vicinity of the 

TPB of the SOFC composite anode. This model is a physically based, numerical predictive 

model that can be used for understanding SOFC phenomena. The model coupled diffusion, 

migration and reaction phenomena for the chemical components in the vicinity of the TPB. 

In this model a two dimensional geometry was considered. In order to find the best 

representation of the actual physical structure three geometries were examined. The first attempt 

was the simple geometry in Figure 4.1 
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Figure4 1 First Proposed TPB Geometry 1 

In this geometry G, N and Y represent gas, nickel metal, and YSZ, where all components 

(species participating in reactions) have uniform bulk concentrations. The letter I is used for 

interfaces. I(G-GN) represents the position at which the concentration of a component in the GN 

region is equal to the bulk gas phase concentration (G). I (G-GY) is the position at which the 

concentration of a component in the GY region is equal to the bulk gas phase concentration (G). 

I (N-NY) is the position at which the concentration of a component in the NY region is equal to 

the bulk phase concentration in the nickel metal phase, (N). I (NG-N) is the position at which 

the concentration of a component in the NG region is equal to the bulk concentration in the 

nickel metal phase, (N). I (GY-Y) is the position at which the concentration of a component in 

the GY region is equal to the bulk concentration in the YSZ phase, (YSZ). I (YN-Y) is the 

position at which the concentration of a component in the YN region is equal to the bulk 

concentration in the YSZ phase, (YSZ). 

The geometry described above was eventually discarded. It was inadequate in 

representing the external boundaries of the TPB. In addition it had too many subdomains (eleven 

regions). Each additional subdomain adds more complexity to the model. 

The other proposed geometry is shown in Figure 4.2. In this representation the region 

between the two bulk phases was visualized. The YSZ within the anode cermet is treated here as 

regularly spaced corrugations shown in Figure 4.2, where AL is the thickness of the composite 

electrodeAL = a x Aw, and a is an adjustable parameter. Aw is the periodic spacing between 
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corrugations in the electrode and it is the width of a corrugation. As Aw approaches zero, the 

boundary region between the two bulk phases (the line that defines the TPB between the two 

bulk phases) will approach a straight line (the interface line) of length = r (the radius of the 

domain). For a region having a finite thickness, the length of the interface line will be 

n (2 Aw + 2aAw) where n is the number of interface segments. AL = a x Aw where a is an 

adjustable parameter. 

. AW„ 

1 region 
between 
phases 

YSZ oxide phase 

Figure4. 2 Second Proposed TPB Geometry 

This representation was also discarded. It was difficult to implement this TPB 

configuration in the software. Overpotential and boundary conditions were hard to specify in 

each domain 

Figure4. 3 Schematic Picture of a Ni Particle in the Vicinity of YSZ and Gas of Anode Side of SOFC 
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Another representation is shown in Figure 4.3. A semi-spherical solid nickel particle on 

the surface of a semi-infinite YSZ solid is shown on the right hand side of Figure 4.3. There is a 

gas phase above the nickel particle and the YSZ solid. The location where the gas, nickel, and 

YSZ are in contact is magnified on the left hand side of Figure 4.3. This physical model defined 

the external boundaries, which is a definite advantage over the previous geometry. The 3D 

schematic geometry on the left side of Figure 4.3 is a very long and thin cylinder. It simplifies 

the representation by being a 2D model. The same two dimensional geometry is shown in 

Figure 4.4 with additional labels for domains and boundaries. The contact line common to the 

three phases is shown as a single point at the origin of the two dimensional domain. The domain 

comprises a circular neighbourhood with a radius that will be varied to investigate phenomena 

that occur in the region of the TPB. 

In Figure 4.4 the symbol Q. is used to represent subdomains and the symbol T is used to 

represent interfaces. (Qysz), (£^Ni), and (QG) represent domains for the YSZ, Ni, and gas phases 

respectively. TBUIIC/G is the interface between the bulk gas and the QG in the TPB model. T Buik/Ni 

is the interface between the bulk nickel and the QN; in the TPB model. rBuik/Ysz is the interface 

between the bulk YSZ and the Qysz in the TPB model. 

Although simplified, this geometry can be used to describe the transport of multiple 

components. This type of schematic diagram has been used previously by mathematicians for 

PEMFC and SOFC models (Berg et al. 2008, Fehribach 2009). One feature of this geometry is 

that it is only necessary to change one variable (the radius) to be able to examine the distance 

from the origin in all three regions where phenomena occur. 
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Figure4. 4 Geometric Modeling of the TPB Contact Point 

The mathematical formulation for the model is based on the following physical 

assumptions: 

1. The system is assumed to be at steady state. 

2. The behaviour of different chemical components (hydrogen, oxygen, water, etc) is described 

by the macroscopic conservation laws for species, i.e. a system of equations for reaction-

diffusion-migration continuum mechanics. Thus, nanoscale phenomena including the 

quantum size effect are not modelled explicitly. The QNJ is not porous and QYSZ is a dense 

phase (impermeable to gas). 

3. x and y have been represented in the geometry of the system and z coordinate in the 

thickness direction has been eliminated. 

4. Each conducting phase is considered continuous and homogenous, having a constant 

conductivity throughout each subdomain. 

5. The molecular hydrogen supplied to the gaseous subdomain and the water produced by the 

reaction exists in QG and behave as ideal gases. 

6. The gas pressure at the T Buik/G is assumed to be constant and equal to 1 atmosphere. 

7. Thermal effects are negligible and the temperature is taken to be constant and uniform 

throughout the domain. The temperature is 1273 K. 
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8. Molecular hydrogen is assumed to adsorb dissociatively on Ni. The diffusion of molecular 

hydrogen in YSZ is very small and is therefore neglected. 

9. Surface diffusion is not implemented into the model. 

10. The diffusive fluxes of gases are described using Fick's Law since it is simpler to implement 

than the Dusty Gas model or the Stephan Maxwell model. 

The first step in finding the distribution of different species that exist at the TPB was to 

write a general mass conservation equation for a three dimensional element: 

Net rate of accumulation of i within the element 

= Net rate of mass efflux of i from the element 

+ Rate of chemical production of i within the element 

A representative elementary volume is shown in Figure 4.5. The lengths of the three 

sides are Ax, Ay and Az. The time step used for the discretization of the continuity equation 

was dt. Then the mass conservation equation will be: 

Ni,x+AXAyAz|x+Ax - Ni>xAyAz|x + Niiy+AyAxAz|y+Ay - Ni/yAxAz|y + Nu+AzAyAx|z+Az 

dp 
NizAyAx|z + -j-AxAyAz - RAxAyAz = 0 ( 4 - 1 ) 

Figure4. 5 An Elementary Control Volume 
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Therefore mass conservation can be analytically described by the following transportation 

equation: 

dp 
V - ( N j ) + - £ = R ( 4 - 2 ) 

Since the system is assumed to be at steady state: 

dp 

Ni? consists of three terms representing (a) the movement of species based on concentration 

gradients (Diffusion), (b) the movement of species due to potential gradient (Migration), (c) and 

the convective flux. 

V • (-DiVCj - ttjCj + Cjv) = Rj (4 - 4) 

The expression that is used for alpha is related to the nature of the mass transfer: 

( 0 i = H2,H,H20,Ni Fick'slaw 
a i = (-Di^;V(p i = 0 rT ,H + , 0 2 - ,Ni 2 + Nerns t - Plank ^ ~ * 

For neutral species Equation(4 — 4) becomes a simple Fick's law equation. For charged species 

Equation (4 — 4)becomes the Nernst-Plank equation. In Equation (4 — 4), Rj is the rate of 

production/consumption of species i. 

The following equation is used for electron conservation: 

dV<p 
Cdl ~dT + v" ( ° l V ( p ) = jfarLTPB (4 " 6) 

The double-layer capacitance per unit total volume Cdjonly impacts transient calculations 

and thus has no effect on the steady-state modeling (Mitterdorfer 1999, Adler 2004). 
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C d i - ^ = 0 ( 4 - 7 ) 

j f a r , the Faradaic current, is the local charge transfer rate between phases at the TPB. The 

Faradic current, j f a r is caused by charge-transfer electrochemistry. LTPB is the TPB length which 

has the units of meter per meter cubed (Deng 2005, Janardhanan 2008). It should be mentioned 

that outside of the electrochemically active region, TPB, j f a r = 0 so in Equation (4 — 6) the 

electric potential in the bulk collapses to a simple Ohm's law equation. 

The Faradaic current is a function of overpotential and concentration of reactants. This 

function is usually described via an empirical global kinetic, Butler-Volmer equation. The 

Butler-Volmer equation usually describes the kinetics of the electrode (half-cell) reactions in a 

single-step reaction. While The Butler-Volmer equation does account for the complex 

electrochemical processes at the reaction interface, it does not account for all the other processes 

at the three-phase boundaries. Here the Butler-Volmer equation is used explicitly as part of the 

rate constant expressions; as described by Bessler et al. (2008) is used. The rate expressions 

forRj, in Equation(4 — 4): 

R i = k f w d n C i - k b w d n C j (4 - 8) 

where kf^and kbW(j are for forward and reverse reaction. For reactions involving one electron 

charge transfer, the rate constants are: 

kfwd = kjfwd x exp (z x o^d x r\ x —J ( 4 - 9 ) 

kbwd = kibwd x exp ( - z x (1 - 0 fWd) x r\ x — ) (4 - 10) 

The reaction in which losing an electron (oxidation) occurs, is considered as a forward 

reaction. The reverse reaction or backward reaction is considered to be the process of gaining an 

electron (reduction). r| is the local overpotential. T is the temperature. R and F are the universal 

gas and Faraday constants, respectively. The forward and backward symmetry parameters 
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are (XfWd= abwd = 0.5. kj, is the rate constant for the thermal component of the rate 

expression, expressed in Arrhenius form: 

k, = A x TP exp (^fj ( 4 - 1 1 ) 

This may be included in the expression for the overall rate expression as: 

kbwd = (p) x A x TP exp (-^ x exp ( - z x a w x i i x - ) (4 - 12) 

where Ea (J mol-1) is the activation energy for the chemical (thermal) reaction and A is the pre-

exponential factor (Schichlein 2002). The first and second exponential terms thus represent 

chemical (thermal) and electrochemical contributions, respectively, to the overall reaction rate. 

Generally, the electrode potential is expressed in terms of overpotential 

*1 = *Ni " ^YSZ ~ (*Ni - ^YSz)EQ = 4>NiEQ " * N i " (^YSZ " ^ Y S Z E Q ) ( 4 - 1 3 ) 

where <|)Nj and <t>NiE0 for the electrode are defined with respect to the hydrogen half-cell potential 

and therefore have specific values. In contrast, (|>YSZ for the electrolyte is only defined with 

respect to <|>YSZEO" Since m e only potentials that can be measured are potential differences, 

<))YSZEOcan be defined relative any arbitrary value. For this work, <(>YSZ-EQ has been set equal 

to <(>NiE0 • Therefore r| becomes: 

* = K - 4>YSZ ( 4 - 1 4 ) 

which is a negative number. The local overpotential however, is expressed by n = <pysz — ^NJ 

in the literature (Kenney 2006). This is the potential in the electrolyte (ionic) minus the potential 

in the electrode (electronic). If the overpotential is unequal to zero, the forward and backward 

rates of each reaction step Equation (4 — 9) and Equation (4 — 10) are no longer the same and 
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when the overpotential becomes sufficiently different from zero, the reverse reaction becomes 

insignificant. 

4.2 Models 

Two models (the complete model and the simple model) describing the distribution of 

species near the TPB of a SOFC anode half cell are presented in this chapter. In both models 

molecular hydrogen is supplied by gaseous diffusion through the anode gas phase; the oxygen 

anions are supplied by a solid state vacancy transport mechanism through the electrolyte and the 

YSZ phase of the anode. For the case of the simple model, the system of equations was solved 

twice, for two different radii. 

In order to determine proper rate expressions and boundary conditions for the model, 

the mechanism (reaction pathway) for the species should be identified first. Different 

mechanistic models for the chemical and electrochemical reactions at the Ni/YSZ cermets have 

been proposed in the literature (Chapter 3, Section 3.3.5.3.2). Based on these models a detailed 

reaction mechanism was presented in Section 4.2. Intermediate species have been included in 

this mechanism, for exampleOH^j, Hjjjj, Ni^t, OHYSZ311^ H^J as well as basic species. 

Modeling SOFC is an inherently complex task. Any physically realistic model should 

account for coupled reaction and mass transport. Since solving the whole system with all of the 

species present in all subdomains is almost an impossible task, different combinations of one or 

two elementary charge-transfer reactions were investigated. A simpler mechanism was 

ultimately used for the simple model. The Simple model is described in Section 4.2.2. Even 

though the equations describing the detailed model were not used in the present study, they are 

documented here, in Section 4.2.1, for possible future use. 
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4.2.1 Complete Model 

The anode system was assumed to consist of three QG species (H2gas, Hgas and H20gas), 

eight species in the QNj (HNi, H + ,H 2 N 1 ,ON7, OHNi,H20Ni,NiNJ,Ni ), and six species in the Qysz 

(H2ysz> Oysz? H20YsZ' HYsz» OHysz> Hysz) in the complete model. Various reaction 

mechanisms were proposed in the complete model for the TPB of an anode. In this model 

chemical and electrochemical reactions take place on the surfaces of the Ni and in the QYSZ-

Bulk reactions were also considered, including the formation of interstitial hydrogen and 

hydroxyl radicals in the £2ysz- Bulk transport of (0YsZ) interstitial species takes place by a 

vacancy diffusion mechanism whereas (HySZ, HYSZ, H2YSZ) transport occurs by interstitial 

diffusion. 

The movements of reaction gases and ions are composed of several elemental steps. 

Some of the mechanisms that occur include: Diffusion of reaction species (H2 and H2O) in QQ, 

dissociative adsorption of reaction gases at the solid surfaces (formation of H, on metal surfaces), 

diffusion of H radicals, O2" and OH~ in the anode, diffusion of H in the anode metals to the 

reaction sites, charge transfer reactions, and the formation of H20 at reaction sites. In principle 

any one of these steps can be rate determining for the anodic reaction. 

The rate determining reaction step was assumed to be one of the following: the 

dissociative adsorption of hydrogen, the formation of hydroxyl, a charge transfer reaction, or the 

desorption of water. The complete model considers all of the possible mechanisms, which 

makes it very complex to solve. The reactions and rate expressions as well as boundary 

conditions for the complete model are presented in the following sections. 

4.2.1.1 Reactions 

The reactions in the three domains D.G, î Ni and £2YSZ are shown below in Equation(4 — 

15), Equations (4 — 16) to(4 - 22), and Equations (4 — 23) to (4 — 27). No interface reaction 
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between one species in the QNJ and one species in the Qysz has been considered for the complete 

model. It was assumed that 0 2 " and 0H~ in £2N; and H2, H+ and H in Qysz can diffuse far 

enough to be considered bulk species. 

• Reaction in D.c 

H2gas *"* 2Hg a s k c i / k Gib (4 - 15) 

• Reactions in fl Ni 

H2Ni *-* 2HNi 

HNi -» HjJi + e" 

H2Ni + 20N7 -» 20HN i + 2e" 

H N i + O H N i ^ H 2 0 N i + e -

HNi + 0 2 7 « OH^i 

HNi + O H N i ~ H 2 0 N i 

Ni -» NiN+ + 2e" 

kNil/kNilb 

kNi2 

kNi3 

kNi5/kNi5b 

kNi6/kNi6b 

kNi7 

(4 - 16) 

(4 - 17) 

(4 - 18) 

(4 - 19) 

(4 - 20) 

( 4 - 2 1 ) 

(4 - 22) 

• Reactions in flysz 

H2YSZ *""* 2 H Y s z 

H?v<:7 "I" Ov«7 *~* H T U V I ; ? T 2 6 L2YSZ 

Hysz + OYSZ <-» 0HYsz + e 

kYSZO^YSZOb 

kysZl/^yszib 

kysZ2/kysZ2b 

(4 - 23) 

(4 - 24) 

(4 - 25) 
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Hysz + 0H7SZ <-> H20Ysz + e _ kYSZ3/kYSZ3b ( 4 - 26) 

HYSZ + OH^sz ** H20YSZ kYSZ4/kYSZ4b ( 4 - 2 7 ) 

Hysz + OYSZ *"* OHYSZ kYSZ5/kYSZ5b (4 - 28) 

4.2.1.2 Reaction Rate Expression 

The kinetic rate equations for the above stoichiometric reactions are shown below: 

• Reaction rate expressions in QG 

5.3.1.3.1 Based on reaction (4 — 15) above: 

RH2gas = " k Gi PH2 + 0-5kGlb (PH)2 (4 - 29) 

RHgas = 2kG1 PH2 - kG l b (PH)2 (4 - 30) 

• Reaction rate expressions in ftNi 

Based on reactions (4 — 16) and (4 — 18): 

RH2NJ
 = — kNiiCH2Ni + 0-5kNilb(CHNi) — kNi3(C02-Ni) CHzNi (4 — 31) 

Based on reactions (4 — 17) and (4 — 19): 

RHNJ
 = 2kNilCH2N. — kNjlb(CHNi) —kNi2CHNi + kNi4CHNiC0H-Ni (4 — 32) 

Based on reactions(4 - 17), (4 - 20) and (4 - 21): 

^H+Ni = k^O^Ni — kNi3CH+NiCo2_Ni — kNi6CH+NiCoH-Ni + kNi6bCH20Ni (4 ~ 33) 

Based on reactions(4 - 18),(4 - 19), (4 - 20) and (4 - 21): 

79 



RoH~Ni — 2kNj3CHzN.(C02-Ni) + kN i 5CH+N iC02-N i — k N i 5 b C 0 H - N i — kN i 6CH+N jC0 H-N i — 

kNi^HNiCoH-Ni + kNi6bCH20Ni (4 ~ 34) 

Based on reactions (4 — 19) and(4 — 21): 

RH2ONJ
 = kNi4CoH~NiCHNi — kNi5bCH20Ni + kNi5CH+NiC0H-Nj (4 — 35) 

Based on reaction(4 — 22): 

RNi2+Ni = kNi7CNi ( 4 - 36) 

RNi = —kN i 7CN i (4 — 37) 

Based on reactions(4 - 18),(4 - 20): 

Ro2-Ni = — 2kni3 CH2Ni(C02-Ni) — kNi5CH+NiC02-Ni + k N i 5 b C 0 H - N i (4 — 38) 

• Reaction rate expressions in ftysz 

Based on reactions(4 — 23),(4 — 24): 

RH2YSZ
 = kyszi C H 2 Y S Z C 0 2 - Y S Z + k Y s z l b CH20ySZ (4 — 39) 

Based on reactions(4 - 23), (4 - 25),(4 - 26): 

RHYSZ
 = — kysZ2 CHYSZ CO2"YSZ

 — kysZ3 COH~YSZCHYSZ + kysZ2b CoH"YSZ + kysZ3b CH20YSZ 

(4 - 40) 

Based on reactions(4 — 26),(4 — 27): 

^H+YSZ
 = kYszs CH+YSZ CQ2-YSZ — kYSz4 ^H+YSZ C0H-ySZ + kYSZ5b C0H-YSZ (4 — 41) 

Based on reactions(4 - 25),(4 - 26),(4 - 27),(4 - 28): 
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RoH~YSZ = ^YSZ2 CHYSZCO2_YSZ
 — kysZ3 CHYSZC()H_YSZ

 — ky$Z4 CH+YSZ^OH_YSZ + 

kySZ5 CH+YSZCO2-YSZ
 — kysZ4b CoH'YSZ + kysZ5b CH20YSZ

 — kysZ2 C0H~YSZ + 

kysz3b CH20YSZ (4 - 42) 

Based on reactions(4 - 24), (4 - 26), (4 - 27): 

RH2OYSZ = 

kySZ4 CH+YSZC0H-ySZ — kyS Z 4 b CHzoySZ + kySZ3 CHYSZ C0H-ySZ — k y S z l b CH20ySZ — 

kysz3b CH20YSZ (4 — 43) 

Based on reactions(4 - 24), (4 - 25) and (4 - 26): 

Ro2_YSZ = kyszi C H 2 Y S 2 C 0 2 - Y S Z — kYSZ2 CHYSZCO2"YSZ
 — kysZ2 ĤYSZ — kysZ5 ^H+YSZ + 

kySZ5b CoH~YSZ + kyszib CH20YSZ + kysZ2b CoH_YSZ ^ ~~ ^^ 

4.2.1.3 Boundary Conditions 

Several boundary conditions must be specified. The boundary conditions could be of 

several types. As it is shown in Figure 4.4 there are 6 borders and interfaces that need to be 

specified. The Dirichlet boundary condition and the Neumann boundary condition are the two 

types of boundary conditions, applied here. 

4.2.1.3.1 Boundary Conditions at rBuik/G 

Two boundary conditions were specified at ther B u ] k / G . The flux of atomic hydrogen 

radicals is equal to zero. The partial pressure of the hydrogen molecules is constant: 

Neuman Boundary Condition n • (Nj) = 0 i = H gas 
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in which n is the normal to the surface and N is the flux 

Dirichlet Boundary Condition P; = constant i = H2gas 

4.2.1.3.2 Boundary Conditions at rBulk/Ysz 

Two boundary conditions were specified at the rBuik/YSZ. For all species the flux at 

FBUIIC/YSZ
 w a s equal to zero. For all species either the concentration or the pressure was constant 

at the rBulk/YSz : 

Neumann Boundary Condition n • (Nj) = 0 i = HYSZ, HYSZ, H20YSZ, H2YSZ 

Dirichlet Boundary Condition Q = constant j = oYsZ, OHYSZ, H20YSz. NiY£z, <P. H2gas 
P; = constant 

4.2.1.3.3 Boundary Conditions at rBulk/Ni 

Two boundary conditions were specified at the r B u i k N j . For all species the flux at 

rBulk(Nj was equal to zero. For all species the concentration was constant at r B u i k N i 

Neumann Boundary Condition n • (Nj) = 0 i = HNi, H^j, H20Ni, H2Ni, 0^", OH^, Ni^| 

Dirichlet Boundary Condition Q = constant i = H20Nj, Ni, tp 

4.2.1.3.4 Boundary Conditions at rG/YSZ 

Three different types of boundary conditions were used atrG /Y s z . For all charged 

species and for the potential the flux at rG/YSZ was equal to zero (Neumann boundary condition). 
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In case of a Dirichlet boundary condition the least complex model in the literature assumed 

minor deviations from equilibrium between the adsorbed species and gaseous species (Wang 

1981, Murygin 1991, Adler 2004). As a result Henry's law or Sievert's law was used for the 

concentration of dissociatively adsorbed H and H20 at therG/YSZ. Sievert's law states that the 

concentration of species in the solid phase is proportional to the square root of the pressure of 

that species in the QG- This assumption is only true if the concentrations of dissociated species 

in the solid phase were low. 

And finally for several neutral species (H2gas, Hgas, Hysz, H 20Ysz) t n e Aux is continuous 

from the QQ to the Oysz-

Neumann Boundary Condition n • (N,) = 0 i = H+, 0H~, O2 - , cp 

Dirichlet Boundary Condition Q = Pjn x kj i = H20, H 
n = 1 Henry's law 

n = 0.5 Sievert's law 

Continuity of the Flux n • (N igas - NiYsz ) = 0 i = H2, H, H20 

In the above tables, the concentrations or pressures have been specified as constants. At 

the rG/Ysz> the gaseous species can react to form dissociated species that are adsorbed on the 

solid YSZ surface, 

eg- H2gas <-» 2HYSZ 

Furthermore these dissociation reactions are assumed to be at equilibrium (not rate 

determining). The equilibrium concentrations of the dissociated adsorbed species (Dirichlet 

bondary conditions) are related to the concentrations of their corresponding molecules in the QG, 

by an equation. 
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4.2.1.3.5 Boundary Conditions at r G / N i 

At the TG/NI, the gaseous species can react to form dissociated species that are adsorbed 

on the solid Ni surface, 

eg. H2gas <-* 2H N i 

Furthermore these dissociation reactions are assumed to be at equilibrium (not rate 

determining). The equilibrium concentrations of the dissociated adsorbed species (Dirichlet 

boundary conditions) are related to the concentrations of their corresponding molecules in the 

D.G, by an equation. 

Neuman Boundary Condition n • (N ;) = 0 

Dirichlet Boundary Condition P; = (Q/k j ) 2 

Continuity of the Flux n • (N i g a s - NiYSz ) = ° 

4.2.1.3.6 Boundary Conditions at rN i /Ysz 

The boundary conditions at the TNI/YSZ are more complex than those at other interfaces, 

because this is the interface at which the rate-determining step occurs. Furthermore many 

different reaction intermediates are included at this interface because it is the interface at which 

the rate determining step occurs. 

Equations(4 — 17), (4 — 20) and (4 — 21) involve the consumption/production of H+ in 

QNJ, and Equations(4 — 27), (4 — 28) involve the consumption/production of H+ in the QYSZ-

The appropriate rate expressions are as follows: 

n ' (NH+YSZ)
 — n ' (NH+NO

 = L.TPB(kNi2 CHNi — kNi3CH+Ni^02~Ni — kNi6CH+NiCoH_Ni + 

kNi6bCH20Ni + kysZ5 CH+YSZCO2_YSZ + kYsZ4 CH+YSZCOH_YSZ — kysZ5b CoH-YSZ _ 

kysz4b CH20YSZ) 

i = HjSi.OH^OJfr.cp^Nijft 

1 = "2gas'n2*-'gas'"gas 

i = H2Ni<HNj, H 2 0 N i 
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Equations(4 — 18),(4 — 19), and (4 — 21) involve the consumption/production of 0H~ 

in the QNJ, and Equation (4 — 25)- Equation (4 — 28) involve the consumption/production of 

0H~ in the Qysz- The appropriate rate expressions are as follows: 

n " (NoH"YSz) — n ' (NoH~Ni) = L.TPB(kysZ2 CHYSZCO2~YSZ ~ ^YSZ3 CHYSZCOH~YSZ
 — 

kysz4 CH+YSZ^OH_YSZ + kysz5 CH+YSZ^O2_YSZ
 — ^Ysz5b COH~YSZ + kY S Z 4 b C H 2 O Y S Z — 

kysz2b COH_YSZ + kysz3b CH20YSZ
 — 2kNi3CH2NjC02-Ni — kNj5CH+NiC02-Ni + kN i 5 bC 0 H -N i + 

kNie^H+NiCoH'Ni + kNi^HNiCohrNi — k i ^ ^ ^ o N i ) 

Equations(4 — 18), (4 — 20) involve the consumption/production of O 2 - in the QNj, and 

Equations(4 — 24), (4 — 25), (4 — 28) involve the consumption/production of 0 2 _ in the Qysz-

The appropriate rate expressions are as follows: 

n • (N02-YSZ) — n • (N02-Ni) = LTPB(—kYszi CO2_YSZCH2YSZ
 — kysz2 CHYSZ

 — kyszs CH+YSZ + 

kySZ5b CoH_YSZ + kyszib CH20YSZ + kysZ2b CoH'YSZ — C0
2-Ni(—2kNi3 CH2NjC02-Ni

 — 

kNi5CH+Ni-kNi5bCOH-Ni) 

Equations(4 — 16), (4 — 18) involve the consumption/production of H2 in the Qui, and 

Equations(4 — 23), (4 — 24) involve the consumption/production of H2 in the Qysz- The 

appropriate rate expressions are as follows: 

n " (NH2 YSZ) ~~ n ' v^H2Ni)
 = I-TPB(kYSZi CH 2 Y S Z C 0

2 -YSZ + k Y s z l b CH20ySZ + kN i lCH 2 N . — 

0.5kN i l bCH N i + kNi3C02-NjCH2N.) 

Equations(4 — 17), (4 — 19) involve the consumption/production of H in QNJ, and 

Equations(4 — 23), (4 — 25), (4 — 26) involve the consumption/production of H in the Qysz-

The appropriate rate expressions are as follows: 
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n * (NHYSZ)
 — n " (^HNi) — LTPBC^HYSZ (—1<YSZ2 C02-Ysz "~ kNi3CoH"YSz) + ^YSZ2b CoH_YSZ + 

kYsz3b CH 2 0 YSZ
 — 2kN i lCH 2 N . + k N i l b C H N i + kN i 2CH N i + kN i 4CH N iC0 H-N i) 

Equations(4 — 19) and (4 — 21) involve the consumption/production of H 2 0 in QNI, 

and Equations(4 — 24), (4 — 26) and (4 — 27) involve the consumption/production of H 2 0 in 

the QYSZ- The appropriate rate expressions are as follows: 

n • (NH2OYSZ) - n • (NH2oNi) = 

LTPB(kYsZ4 CH+YSZ^OH~YSZ
 — kysZ4b ^H20YSZ + kYsZ3 CHYSZCOH~YSZ

 — ^YSZlb CH 2 0 YSZ
 — 

kYSZlb CH 2 0 YSZ
 — kNi4CoH_NiCHNi + kNi6bCH20Ni — kNi6CH+Ni^0H_Ni) 

Equation (4 — 22) involves the consumption/production of H + in the QNJ- The 

appropriate rate expression is as follows: 

n • (NNi2+YSZ) - n • (NNi2+Ni) = LT P B(-kN i 7CN i2+N i) 

4.2.2 Simple Model: Coupled Mass Transport and Reactions, at rG/Niand at rNi/Ysz 

The above detailed complete model was converted into the simplest model that might 

adequately represent the TPB, having only two reactions one at r G / N i and one at rNj/Ysz- There 

is one solid-gas chemical reaction at the rG/N;and one electrochemical reaction at therNj/Ysz-

The reaction that occurs at rNiYsz between hydrogen radicals and oxygen anions is the rate 

limiting step in the overall reaction. The reaction that occurs at Tc/Ni is assumed to be the faster 

of the two and was treated as an equilibrium reaction. It is assumed that the simple model of the 

anode system consists of two mobile species (H2gas ,H2Ogas) in the gas phase, one mobile specie 

in the ^Ni (HNO, and two mobile species in the QYSZ (OYSZ>H2OYSZ)- Reactions and boundary 

conditions are discussed in Section 4.2.2.1 and 4.2.2.2 respectively. 
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4.2.2.1 Reaction 

• Reaction at rNiiySZ 

In the vicinity of the rNi/Ysz> diffusing hydrogen atoms may hop to either a hydroxyl ion 

or an oxygen ion Equation (4 — 45) on the YSZ side of the TNi Ysz- m this study the second 

possible reaction was chosen. The pathway was proposed in several literature sources (Bieberle 

2001, Bieberle 2002, Zhu 2005, Bessler 2005, Bessler 2007). As a result the rate limiting 

electrochemical reaction occurring at the TN^YSZ is written as: 

2HNi + 0Ysz -» H20YSZ + 2e" (4 - 45) 

• Reaction at rG/Nj 

The reaction at the TG/NJ was considered fast enough to be at equilibrium: 

H2gas ~ 2HNi (4 - 46) 

• Reaction Rate Expressions 

Based on reaction(4 — 45): 

R* = k* Co2-YSZCHNi2 (4 - 47) 

Based on reaction(4 — 46): 

R* = kf * PH2gas - (CHNi
2) * kr (4 - 48) 
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4.2.2.2 Boundary Conditions 

Boundary conditions for the simple model are the same as for the complete model at 

the rBulk/G,rBulk/YSZ> rB u l k / N i and rG/YSZ. Boundary conditions at rG/YSz and rNi/YSz are as 

follows: 

4.2.2.2.1 Boundary Condition at rG/Ni 

At the rG/Nj the flux of hydrogen atoms entering the QNJ was set equal to the rate 

expression of reaction(4 — 46). So all the hydrogen molecules that reached the rG/NjWould 

react and be converted to H radicals that eventually diffused into the QNj. 

Flux Boundary Condition N, = —0.5R' i = HNi 

4.2.2.2.2 Boundary Condition at rNi/YSZ 

At rNj/YSZ the flux was set equal to the rate expression that was appropriate for each of the 

reacting species, based on reaction(4 — 45). 

Neuman Boundary Condition n • fN 2- 1 = 0 5R* * = ^YSZ 
V °YSZ/ 

Neuman Boundary Condition n- (NH .) = R* i = HNi 

Neuman Boundary Condition n- (NH OYSZ)
 = — 0-5R* i = H20YSZ 

4.3 Electrochemical, Physical and Chemical Properties 

Many different electrochemical and physical properties are required to apply the 

mathematical model. Experimental data for some parameters could be found in the literature. 
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Unfortunately there were no references available for others, and they have not been measured 

experimentally. In these cases an estimation technique was applied (Bieberle 2000). 

Obtaining accurate data was sometimes difficult and sometimes impossible. For 

example, the diffusivity of chemical species depends strongly on the structural characteristics of 

the electrolyte, catalyst layer and gas diffusion layer, which form the cermet. Because variations 

in these properties from one SOFC to another are expected, the values used would not be 

universally applicable. Furthermore the solubility constants and rate constants for several 

reaction intermediates are not known. Therefore, there is some uncertainty in the results from 

this numerical simulation. 

4.3.1 Diffusion Coefficient 

Some of the diffusion parameters needed for the model are: the diffusion coefficient of 

H2 in the QG, the diffusion coefficient of H atoms in nickel particles, the diffusion coefficients of 

H2O in both the Qysz and QG and the diffusion coefficient of O2" in the Qysz- Some of these 

constants were calculated using an accepted equation and some of them were experimental 

values, measured by researchers and presented in papers. A summary of the literature found for 

diffusion coefficient values is given in Table 4.1. 

The diffusion coefficient D in the table was calculated from the following equation: 

D = D ° e X P ( w ) ( 4 - 4 9 ) 

in which D° is the pre-exponential factor, E is the activation energy, R is the gas constant and T 

is the temperature in Kelvin. 
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Species 

H(Ni) 

02"( Ni) 

OH"(Ni) 

H20(Ni) 

02"(YSZ) 

OH"(YSZ) 

H20(YSZ) 

Exponential 
Factoi^m^s"1) 
3.70*10"' 
2.80*10"' 
6.00* 10"7 

6.00*10"' 

4.60* 10"7 

7.00* 10"7 

6.00*10"' 
6.00*10"' 

6.30*10"' 

6.00*10"' 
6.00* 10"' 
6.00*10"' 
6.00*10"' 
6.00*10"' 
6.00*10"'' 
5.50*10"" 

3.00*10"13 

5.50*10"n 

1.30*10"6 

Activation 
Energy (J.mol"1) 
1.13*10* 
1.89*10* 
1.44*104 

1.30*104 

1.44*104 

5.50*10* 

5.51*10* 
1.17*10* 

6.13*10* 

5.52*10* 
5.80*10" 
3.05*10* 
5.59*10* 
0 
2.80*10* 
9.00*10* 
2.70*10* 

2.90*10* 

9.00*10* 

5.50*10* 

5.50*10* 

Diffusion 
Coefficient (m2.s_1) 
1.27*10"' 
4.69E-08 
1.54*10"' 
1.76*10"' 

1.18*10"7 

3.87* 10"9 

3.29*10"y 

9.14* 10"" 

1.92*10"y 

3.26* 10"y 

3.47*10"' 
3.36*10"" 
3.05*10"y 

6.00*10"' 
4.26*10"" 
1.1210"14 

0 

1.94*10"14 

1.12*10"14 

7.20* 10"9 

References 

(Bhatia 2005) 
(Cao 1997) 
(Rossmeisl 2008) 
(Watson 2001) 
(Horita et al. 
2006) 
(Inderwildi 
2005) 

(Barczak 2004) 

(Barczak 2004) 
(Vogler 2009) 

(Barczak 2004) 
(Vogler 2009) 

(Martin 1996) 
(Galdikas 2004) 
(Wahlstrom 
2004) 
(Horita et al. 
2006) 

(Raz2001) 

(Raz2001) 

Table 4. 1 Kinetic Data for Calculating Diffusion Coefficient and Final Calculated Diffusion Coefficient for 
Different Species 
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4.3.1.1 Binary Gas Diffusion Coefficient of H2 and H2O 

Expressions, used for estimating the value of D in the absence of experimental data were 

the Wilke-Lee modification of the Hirschfelder-Bird-Spotz method that is recommended for 

mixtures of nonpolar gases and the Fuller correlation that can be used for a binary mixture of 

gases at different pressures and temperatures. 

The Wilke-Lee equation is: 

10-*(1.084- 0.249 ̂ • n f c J j j - . + j fcT" 
U A B — 

Pt(rAB)2f(£) 

in which 

DAB = Diffusivity(^) 

T = Temperature (K) 

kg 
MA, M B = Molecular weight of A and B ( —s-) 

p t = Pressure (—) 

rAB = (rA + rB)/2 Molecular separation at collision (nm) 

From Table 2.2 of Treybal (1968) rH2 = 0.2827 (nm), rH20 = 0.2641 (nm) 

(0.2827 + 0.2641) 
r A B = 2 = ° - 2 7 3 4 (nm) 

The value of TAB, the molecular separation at collision, is given in the literature Treybal 

(1968). It can also be calculated from other properties of gases such as viscosities. Here, 

the values given in Treybal (1968) are used. 
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£AB =Energy of molecular attraction 

£AB = V £ B £ A (4 - 50) 

£H2 = 59.7 k, £H2o = 809.1k 

EAB = W59.7 * 809.1 = 219.78k 

k = Boltzman's constant 

f ( ? " ) = C o l l i s i o n function ( 4 - 5 1 ) 

/ 1Z/3 \ 
= f hTTTT^ J = f(H-03) = 0.35 V219.78/ 

the value of f (—) was obtained from a specific figure in Treybal (1968) titled "collision 
VEAB' 

( kc \ kc 
function for diffusion". It shows f (— J versus — 

VSAB/ EAB 

0.0001(1.084 - 0.249 J f T ^ J ^ J (1273)1-5 

AB (101.3 * 103)(0.2734)20.35 l s ; 

The Fuller method, on the other hand is 

0.00143T175 

DAB = ~, IT— (4 - 52) 
I0.5/-V '3 j _ V '^2 

MAB = 2 ( — + — r 1 (4 - 53) 
AB KMA M/ v J 

in which 
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DA B=Diffusivi ty(^) 

T = Temperature (K) 

MA, M B = Molecular weight of A and B ( — ) 
A' ° ° v mol' 

P = Pressure (bar) 

X = Sum of atomic diffusion volumes, which is a tabulated parameter. The molecular diffusion 

volumes of H2O and H2 are reported as 13.1 and 6.12 by Poling et al. (2004) respectively. 

0.00143(1273)175 

DAB - 1 x 0.3605(13.10-33 + 6.120-33)2 

= 1.18 x 10"3 ( — ) (4 - 54) 

The above formula for molecular diffusion coefficients is for binary gas mixtures. 

4.3.1.2 Diffusion Coefficient for H2 in the QNJ 

Hydrogen molecules can either form a stable hybrid with a particular metal or they can 

dissolve in the metal. When a hydrogen molecule dissolves, it dissociates into two atoms 

(Sieverts' Law), which are incorporated into the bulk solid at interstitial sites in the metal crystal 

lattice. Diffusion of hydrogen in nickel has been studied from about room temperature up to the 

melting point of nickel which is 1728 K. Various values, measured through different techniques 

are remarkably consistent. (Hanneken 1999, Carter 2001, Zoltowski 2007). In most cases the 

temperature dependence of the diffusion coefficient is described by an Arrhenius type equation. 

The diffusion coefficient equation consists of a pre exponential term and an activation enthalpy 

that according to Vtilkl (1978) are: 
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D0 = 6.9 x K T ^ c m V 1 ) 

AH = 0.420 (eV) 

The diffusion coefficient of hydrogen in pure nickel was also calculated by (Ebisuzaki 1967) 

from the following equation: 

DH = (5.22 ± 0.18) * 1 0 - ' exp ( z ^ g 2 ^ ) ( 4 _ 55) 

4.3.1.3 Diffusion Coefficient of O " in the Qysz 

Oxygen ion transport in the £}ysz involves the diffusion of oxygen ions by a vacancy 

exchange mechanism. Therefore the concentration of these vacancies plays an important role in 

the diffusivity of oxygen. The oxygen vacancies are introduced to the zirconia lattice by doping 

with yttrium. The diffusivity of oxygen in the QYSZ has been investigated by many investigators 

using different techniques. Keneshea (1971), described the diffusion of pure oxygen at latm and 

between 600°C and 1000°C by the equation, 

45300 ±1200 
D02 = 2.34 * 10 - 2 exp (4 - 56) 

R 

4.3.1.4 Diffusion Coefficient of H2O in the Qysz 

No published data for the diffusion coefficient of water in the QYSZ have been found. 

Although Wagner (1968) first reported the solubility of water in polycrystalline Qysz, No 

distinct study has been performed yet in order to determine the diffusion process or the diffusion 

coefficient. As the partial pressure of water increases the solubility of H2O in the £2YSZ structure 

increases. The H2O molecules occupy the oxygen anion vacancies and therefore decrease the 

oxygen ions conductivity due to the competition for the same sites that also transport oxygen. 
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4.3.2 Initial Concentration of H2 and O " 

The initial pressure of H2 and the concentration of O " are used as boundary conditions in 

the model. For the initial pressure of H2, the pressure drop of the gas has been neglected. In 

reality the pressure of H2 reduces as it flows along the fuel channel from the inlet to the outlet, so 

the total pressure, the sum of the H2 andFkO partial pressures, is slightly different than 1 atm. 

The initial concentration of O " was calculated based on the fact that YSZ films have a 

lattice constant of 5.15 (A) (Hwang 1998, Millini 1994) and in each polymorph of ZrC>2, the unit 

cell contains four units of ZrC>2 (Yashara 1999). The final calculated value was 53.1 (kmol.m" ). 

4.3.3 Conductivity of YSZ and Ni 

For ideal operation of SOFCs, conduction in the electrolyte must be an ionic conduction 

with a very low electronic transference number over a wide range of oxygen partial a pressure 

(Gordon 2003-2007). The most commonly used anode material is the mixture of yttria stabilized 

zirconia (YSZ is an ionic conductor) and nickel (Ni is an electronic conductor). Their properties 

are approximately 15 (S.m"1), oxygen anion vacancy conductivity, for YSZ (aYsz) an<^L 2 X 106 

(S.m"1), electronic conductivity, for Ni (GNO at SOFC operating conditions of 1273K and 1 atm. 

4.3.4 Estimation of Kinetic Parameters 

The reaction rate constants for the chemical (kf and kr) and the electrochemical reactions 

(k*) in Equation (4 — 44) and Equation (4 — 45) are not directly published in the literature, 

but have to be estimated. Bieberle et al (2002) calculated several rate constant for different 

reactions in an SOFC anode. Bieberle's values have been used in this thesis. 

All the other parameters that are used in this simulation are presented in Table 4.2. 
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Parameter 

PH2 

Ptotal 

Co2-

0"Ni 

0~YSZ 

T 

R 

k H 2 0 Y S Z 

kH2Ni 

F 

Value 

0.99 x 105 (Pa) 

1.03 x l 0 5 ( P a ) 

5.31 x 104 (mol.m3) 

2x l0 6 (S .m- 1 ) b 

-1392 
0.00003 exp ( — — ) c 

10(S.m-')b 

10350 
0.00003 exp ( ) c 

1273 (K) 

S.Sl^mSPaK-imol-1) 

10"6 (mol.atm"1.m"3)a 

10~ 7 -10 - 5 

96485.3415 (C.mol"1) 

Description 

Hydrogen partial pressure at 

TBulk/G 

Total pressure at rBuik/G 

Oxygen anions concentration at 

TBulk/YSZ 

Electronic conductivity of pure Ni 

Ionic conductivity of pure YSZ 

Temperature 

Gas constant 

Sievert's law constant 

Sievert's law constant 

Faraday Constant 

Reference 

(Mitterdorfer 1999) 

Calculated 

b(BosselUG1992) 

c (Campanari 2004) 

(BosselUG1992) 

c (Campanari 2004) 

(Horitaetal. 2006) 

Table 4. 2 Model Parameters Used for the Simulations 

a1073°K 
b1000°K 
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Chapter 5 Methodology 

There are two primary tasks in modeling: understanding the physical phenomena that 

occur in the system, and describing those phenomena with a series of mathematical equations. 

For example the law of conservation of mass (reaction and transport of species) describes one of 

the phenomena that occur. Partial differential equations (PDEs) arise naturally from 

conservation laws. The solution of these PDEs provides the distribution in space of variables 

such as concentration and potential. Often these equations cannot be solved analytically. 

Because the laws are integral equations over the domain, the corresponding PDEs have a 

structure that is readily represented by a numerically procedure. 

5.1 Numerical Methods 

There are three general categories of numerical techniques. The first approach is based 

on the Taylor series, and is known as the finite difference method (FDM). A finite difference 

method uses difference equations for an array of grid points. The second approach is based on 

the use of conservation laws that are applied to each finite volume (elements) in space, and is 

known as the finite volume method (FVM). The third approach, the finite element method 

(FEM), was used in this work. 

The finite element method (FEM) is a numerical technique that has been used for 

obtaining approximate solutions to a wide variety of engineering problems. In the FEM, the 

domain is divided into several elements. Known physical laws are then applied to each small 

element. 

The first Finite Element Analysis (FEA) (Courant 1943) used the variational approach of 

numerical analysis to obtain approximate solutions to vibration systems. Later Turner (1956) 

established a broader definition of numerical analysis. In the years since 1960 the finite element 

method has received widespread acceptance in the field of engineering. Commercial FEM 

packages have been available since the 1980s. In FEM, problems are treated by identifying a 

finite number of unknowns, by dividing the domain into elements, and by expressing the 
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unknown variables in terms of assumed approximating functions (interpolation functions) within 

each element. These interpolation functions are developed from the values of the variables at 

specific points, referred to as nodes. A description of nodes and other terms used in FEM will be 

given later in this chapter. Nodes are usually located along the element boundaries, where they 

connect adjacent elements. 

Some features of the three numerical techniques mentioned above are compared below: 

• In general FEM and FVM use integral forms of the governing equations, while FDM uses 

differential forms of the equations. Integral equations provide a more natural treatment of 

Neumann boundary conditions and discontinuous source terms. They also produce a 

smoother solution. (Peir'o 2005) 

• The quality of FEM estimations is often superior to those from the corresponding FDM 

approach, but the validity of this statement depends on the nature of the problem and its 

particular specification. Therefore the use of integral formulations is an advantage that FEM 

and FVM may have over FDM. 

• FEM is better than other techniques for complex geometries in multi-dimensional problems 

as the integral formulations do not rely on any special mesh structure. 

• In terms of solving a diffusion equation, FEM is well suited to determining values for 

variable coefficients. An example is the transport properties that depend on a field variable. 

• The FEM is used for multidisciplinary problems, since it can describe a variety of physics 

and engineering phenomena including solid mechanics, dynamics, heat transfer, fluid 

mechanics, and electrostatics. Where there is a coupling between two or more of the 

phenomena, FEM can be very useful. 
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In next section FEM will be described in more detail. Specifically, a PDE will be represented by 

a finite number of unknown parameters. 

5.2 Finite Element Method 

The finite element method FEM is normally described using specialized terms, some of 

which are explained below. Geometry or the domain is a collection of bounded geometric 

subdomains. A geometrical domain is the space over which a physical problem is to be solved. 

A mathematical domain of a function is the set of all input values for which that function is 

valid. The geometrical domain used for this work was the circle shown in Figure 1.3 in Chapter 

1. 

5.2.1 Decomposition of the Domain into a Finite Number of Elements. 

Domains are connected manifolds, that is, volumes, surfaces, curves, or points. 

Depending on the geometry and the physical nature of the problem, the domain of interest can be 

discretized by employing line, area, or volume elements. The starting point for the FEM is the 

discretization of the original domain space into a finite number of elements. This concept 

introduces nodes and elements. 

• Elements 

Elements are the small spaces that are formed by discretizing the domain. A variety of 

element shapes may be used, and different element shapes may be employed in the same solution 

region. Some of the common element shapes in FEM are shown in Figure 5.1 

• Nodes 

Nodes are the end points of finite elements. Common nodes (eg X5, Y5 in Figure 5.2) 

connect elements to each other. A specific node may be common to more than one specific 

element. A node is a coordinate location in space where the degrees of freedom are defined. 
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Figure 5. 1 Common Line, Area (Triangular, Rectangular, Quadrilateral, and Volume (Tetrahedral) Elements 

Actions (eg. heat transfer) that occur in the geometric domain are expressed in 

mathematical terms at nodes. Nodes are classified as either exterior or interior, depending on 

their location relative to the geometry of an element. Exterior nodes lie on the boundary of an 

element, and they represent the points of connection between bordering elements. Nodes that 

exist at the corners of elements, along the edges, or on the surfaces are all exterior nodes. 

Interior nodes are those that do not connect with neighbouring elements. 

(XMYJ 
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Figure 5. 2 Schematic of Two Elements and Their Nods 

• Degrees of Freedom 

Degrees of freedom (DOFs) are the values of a primary variable, or its derivative. In the 

FEM those values are expressed at common node points. A degree of freedom is identified by a 
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name and a node point. For example, "temperature 123" represents the primary unknown 

variable "temperature" at node number 123. Degrees of freedom are defined at every mesh 

point. 

• Verticies 

A vertex, an end point of a subdomain shape, is analogous to a node that is an endpoint of 

a finite element. Specifically a vertex is either the end of a line (a straight line or an arc) or the 

intersection of lines in a 2D or 3D subdomain (edges or faces of a subdomain shape). 

• Actions that Occur in the Geometric Domain Where the Physical Phenomena Occur 

Actions that occur in the geometric domain are expressed in mathematical terms at nodes. 

Degrees of freedom (DOF) at a node are defined by the physical nature of the problem and the 

element type. For example in a heat conduction problem the degree of freedom is temperature 

and the action that occurs, ie, the physical phenomenon, is the heat flux. Therefore the heat flux 

will be expressed mathematically at each node. A schematic diagram of a discritized domain is 

shown in Figure 5.3. Once the domain of the problem is discretized by elements, a unique 

element number identifies each element and a unique node number identifies each node in the 

domain. 

5.2.2 Selection of Interpolation Functions 

The next step is to choose an appropriate interpolation function, to approximate the 

variation of each variable over each element. Often, polynomials are selected as interpolation 

functions for the variables because they are easy to integrate and differentiate. These polynomial 

functions should satisfy some specific criteria. For example they should be continuous within 
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the element, and compatibility should exist along the common nodes, boundaries or surfaces 

between adjacent elements. 

I « -J! 1 «-S « * « 9 -C 2 C B_ C-« Hi B£ 1 IJ IA 

Figure 5. 3 Schematic Diagram of A Grid Discretization (Meshed) Domain Used in 2D Computational Simulations 

Classical interpolation functions are Lagrange polynomials (Lagrange interpolation 

functions) or Hermitian polynomials. The Lagrange interpolation polynomial is a single 

polynomial that passes through a given set of nodes. A Lagrange polynomial is used when the 

interpolation function is only a function of the value of the variable it represents. A Hermitian 

polynomial on the other hand, is used when the interpolation function is a function of both the 

variable itself and derivatives of the variable it represents. 

5.2.3 Determining the Element Properties 

Once the elements and their interpolation functions have been selected, the matrix 

equations should be determined. These matrices should express the properties of the individual 

elements. In FEM there are three main approaches for performing this task: the direct approach, 
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the variational approach, and the weighted residuals approach. The first is the direct approach 

that applies the physical concept directly to the elements. The second requires the determination 

of variational functionals for which a stationary state is sought. A functional is defined as a 

function of several other functions. Theorems such as minimization of total potential energy to 

achieve equilibrium in mechanical systems, or minimizing Gibbs energy to achieve 

thermodynamic equilibrium are examples of stationary situations. In the variational method a 

global energy balance of the physical phenomena is used. The third is the method of weighted 

residuals, alternatively known as the Galerkin procedure. It involves the governing differential 

equations for the physical phenomena. 

5.2.3.1 Direct Approach 

The direct approach originates from the direct stiffness method used for structural 

analysis. It applies physical concepts (e.g. force equilibrium, energy conservation, mass 

conservation, etc.) directly to discretized elements and, it does not need elaborate sophisticated 

mathematical concepts. Its applicability is limited to certain problems for which equilibrium or a 

conservation law can be easily stated in terms of physical quantities. Unfortunately difficulties 

arise when dealing with complex elements like triangular elements. For complex problems the 

variational approach can be considered. 

5.2.3.2 Variational Approach (Rayleigh-Ritz Method) 

The variational approach relies on the calculus of variations and involves finding the 

extremum of an integral involving a function and its derivatives (a functional). In this technique 

a variational principal valid over the whole domain of the problem is postulated and an integral I 

is defined in terms of the unknown parameters and their derivatives. The basic problem in 

variational calculus is to find the function (p(x) that makes the integral stationary. 
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I = C2 F(x, <p, <px, (pxx). dx (5 - 1) 
J*l 

cp and cpxx are — and —- respectively. Although most physical and engineering problems can 

be formulated in variational format, it is not possible in all cases. 

5.2.3.3 Weighted Residual Approach (Galerkin Method) 

The weighted residual approach applies FEM to problems for which a functional cannot 

be constructed. The method of weighted residuals involves the approximation of the functional 

behavior of the dependent variable in the governing differential equation. When substituted into 

the governing differential equation, the approximate form of the dependent variable leads to an 

error called the residual. The goal is to eliminate or minimize this error over the whole domain. 

A weight function and a trial function are chosen. If both of these functions are the same, the 

method of weighted residuals is referred to as Galerkin's method. Otherwise, it gives the 

Rayleigh-Ritz formulation. The method of weighted residuals is widely used to derive element 

properties for nonstructural applications such as heat transfer and fluid mechanics. 

After applying any of these three methods the set of linear discretized equations is 

rewritten as a general matrix equation having the form 

Ku = F ( 5 - 2 ) 

in which K is the system stiffness matrix, u is the vector of unknowns, and F is the force vector. 

5.2.4 Assembling the Element Properties to Obtain the Global Properties for the Entire 
Domain. 
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In the next step of using FEM all the element properties are assembled to find the 

properties of the overall system. The matrix equations for the system have the same form as the 

equations for individual elements except that they include all nodes. The assembly procedure is 

based on the value of the field variable at a node being the same for each element that shares that 

node. 

5.2.5 Introducing the Boundary Conditions 

Before the system equations are ready for solution they must be modified to account for 

the boundary conditions of the problem. Known nodal values of the dependent variables are 

imposed at this stage. 

5.2.6 Solving the System Equations 

The assembly process produces a set of equations that are to be solved simultaneously. 

They are solved to obtain the unknown nodal values in the domain. If the problem describes 

steady state, then a set of linear or nonlinear algebraic equations must be solved. In the case of a 

time dependant problem a set of linear or nonlinear ordinary differential equations must be 

solved. 

5.3 COMSOL 

There are several open source and commercial software packages that use the FEM for 

solving PDE or help in the pre/postprocessing of finite element models. Choosing from these 

packages involves a set of criteria, usually including: analysis flexibility, ease of use, efficiency, 

cost, technical support, training, and availability. COMSOL was chosen for this thesis. 

Many new versions of COMSOL with improved capabilities and specific features have 

been released over the years, as it evolved from its origin as FEMLAB software. COMSOL 
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models and solves scientific (physics, mathematics) problems and performs engineering 

simulations that are based on partial differential equations. It uses finite element methods to 

solve linear/nonlinear problems involving several phenomena. It can handle systems of first and 

second order PDEs in one, two, or three dimensions. It is especially suited for modeling coupled 

phenomena. COMSOL in general has two methodologies: using built-in mathematical functions 

via a graphical user interface and writing code via COMSOL Script. 

5.3.1 COMSOL Graphical User Interface (GUI) 

All of COMSOL's built-in functions can be used through its graphical user interface 

(GUI). Complex geometries in one, two, or three dimensions can be modeled. The GUI 

facilitates all stages of the modeling process including the determination of the system geometry, 

specification of both the physics and boundary conditions of the model, creation of the mesh, 

solving the problem, and postprocessing of the results. 

In COMOSL, the modeling process and the control of the program settings start with the 

Model Navigator. Selection of the Application Mode for a new model, opening an existing 

model, or opening an entry into the Model Library can be done through the Model Navigator 

dialog box that is shown in Figure 5.4. The Application Modes, listed in Figure 5.4, supply 

models for performing studies in areas such as acoustics, diffusion, electromagnetic, fluid 

mechanics, heat transfer, structural mechanics, optimization and sensitivity analysis. 

The coordinate system and space dimension of the model can be selected in the Model 

Navigator dialog box. For example, the 2D space dimension was chosen in Figure 5.4. In 

COMSOL the spatial coordinate system can be either Cartesian or cylindrical. Normally the 

variable names are x, y, and z for Cartesian coordinates and r, cp, and z for cylindrical 

coordinates. In COMSOL when a ID, 2D, or 3D space dimension is selected for a model, the 

coordinates of the system are by default the Cartesian coordinates x, y, and z. In ID 

axisymmetric (cylindrical) geometries the default coordinate is r, the radial direction, and the x 

axis represents r. In 2D axisymmetric geometries the x axis represents r, the radial direction, and 

the y axis represents z, the height coordinate. 
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After the Application Mode is chosen, there are five steps in setting up a model: 

describing the geometry of the problem, specifying the mathematical equations, creating the 

mesh, solving the problem, and postprocessing of the results. 
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Figure 5. 4 Model Navigator Dialog Box 

In this model three types of equations were chosen. Diffusion was selected from the 

Convection and Diffusion Application Mode. The PDE Coefficient form and the Poisson's 

equation from PDE Modes were also used. All three of those terms can be seen in the window 

on the right-hand side of Figure 5.4. 

5.3.1.1 Drawing 

To create the geometry of the system in the GUI, the first step is to set up the axes. The 

Axes Settings dialog box for the particular model used in this work is shown in Figure 5.5. The 

appropriate Draw toolbar / Draw menu, ID, 2D, or 3D can be selected in order to draw the desire 
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geometry, fn this work the x and y axis are -1.9 x l0"7m < x axis <1.9 x 10'7 m and -1.2 x l0"7m 

< y axis <1.2 x 10"7m. The axis has equal steps of 0.5 x 10~7(m). The 2D Draw toolbar / Draw 

menu was used. 
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Figure 5. 5 The 2D Axes/Grid Settings Dialog Box 

The GUI in Figure 5.6 is a schematic diagram of the geometry of the system being 

modeled in this work. The circle containing the three regions (subdomains) is the domain of the 

problem. Each of the regions will be referred to as a subdomain. The circle consists of five 

points and seven curves. One point is at the origin or center of the domain. Another point 

defines the radius of the circle. The other three points define the three straight lines. Four of the 

curves are arcs in the circle that forms the external boundary of the domain. The other three 

curves are the straight lines that are seen in the interior of the domain. 

5.3.1.2 Specifying Mathematical Equations 

Defining the chemical and physical phenomena within the geometry and at the 

boundaries of the domain for the problem is done in this step. It consists of three procedures: 

Subdomain Setting, Boundary Setting, and Constant Setting. The three procedures will be 

discussed in the following sections. 
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Figure 5. 6 A Schematic Diagram of the COMSOL Workspace and the Geometry of the system in the GUI 

5.3.1.2.1 Subdomain Settings and Material Properties 

The mathematical equations that describe the phenomena in each subdomain are entered 

in separate dialog boxes. An appropriate dialog box for each specific type of equation exists. 

This dialog box is accessible by choosing Subdomain Settings from the Physics menu, or by 

double-clicking a subdomain in Subdomain Mode. A Subdomain Setting dialog box has been 

shown in Figure 5.7. In Subdomain Setting dialog boxes, constants, coefficients and 

expressions of every PDE assigned to the subdomain are entered. In this dialog box the diffusion 

coefficient was given the symbol DHNi, which is the diffusion coefficient of hydrogen atoms in 

the ONI- The rate of reaction for this particular case, conversion of hydrogen atoms inside the 

QNJ, was set equal to zero. 
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Figure 5. 7 Subdomain Settings Dialog Box in COMSOL 

The Diffusion equation, Figure 5.7, has a general form of V. (D V C) = R in COMSOL, in 

which C is the concentration, D is the diffusion coefficient, and R is a reaction rate. The PDE 

Coefficient form has the general formulation of V. (—DVC + aC - y) + p. VC + au = f m which 

—DVC is the diffusion term, aC is the convection term, and y is the source term for flux. p. VC 

represents convection, aC represents absorption, and f represents a source term. The Poisson's 

equation has the general form of —V. (cVu) = f in COMSOL. 

5.3.1.2.2 Boundary Settings 

Boundary conditions define the interface between the model domain and its surroundings. 

Interface conditions on interior and exterior boundaries in a model are to be specified. An 

exterior boundary is an outer boundary of the modeling domain, and a interior boundary is a 

dividing interface between two subdomains in the modeling domain. Neuman and Dirichlet are 

two basics boundary conditions. A Neuman boundary condition is used to specify the flux 

conditions (derivatives) on the boundaries while a Dirichlet boundary condition specifies the 

value of a variable on the boundaries. 
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Setting up boundary conditions is performed by inserting boundary values in the 

Boundary Settings dialog box, Figure 5.8. The Boundary Settings dialog box provides the 

appropriate boundary conditions for each application mode that is chosen. For the Diffusion 

Application Mode for instance, there are several possibilities: constant concentration c = c°, flux 

boundary condition —n-(—DVC) = N°+ kb(Ct, — C), insulation/symmetry condition —n • 

(-DVC) = 0, flux discontinouity - n • (N1 — N2) = N° and thin boundary layer —nx • 

(-DVO^IfcCi-C*). 
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Figure 5. 8 Boundary Settings Dialog Box COMSOL 

5.3.1.2.3 Defining Constants 

Defining constants and variables is required for model specification and postprocessing. 

This is done using the appropriate commands on the options menu of main toolbar in the GUI. 

In the Constant dialog box, the name of the constant, its expression, value and units are specified. 

The constant may contain any mathematical function or it may have a single value. The function 

defining the value of the constant is entered in the Expression edit field. 
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5.3.1.3 Meshing the Geometry 

Meshing the domain is performed by using either (a) the built-in COMSOL mesh 

generator algorithms, or (b) the customized mesh feature. Irregular and arbitrary meshes are 

generated. In general meshes can be specified by making selections in the mesh menu of the 

COMSOL user interface. 

For a 2D geometry either a Free Mesh generator or a Mapped Mesh generator can be 

used in order to create the mesh. A Free Mesh consists of triangular elements, while a Mapped 

Mesh consists of quadrilateral elements. A Mapped Mesh generator can be used for a geometry 

that is regular in shape and does not contain holes. A Free Mesh generator, on the other hand, 

can be used on all types of geometrical objects. It creates unstructured meshes that have no 

restrictions in terms of element distributions. 

Either a Free Mesh containing tetrahedral elements or a Swept Mesh containing prism 

elements can be used for a 3D geometry. A 3D mesh can also be created by extruding or 

revolving a 2D mesh. An extruded or revolved mesh is structured in the direction of the 

extrusion or revolution. 3D meshing is outside the scope of this thesis. 

5.3.1.3.1 Mesh Element Type 

There are three types of elements in COMSOL terminology. The elements, constructed 

on the boundaries are called boundary elements. The elements constructed on the points of every 

domain are called vertex elements and there is also a subdomain element that is constructed 

inside each subdomain. 

Based on a different categorization, an element could be either triangular or quadrilateral. 

Triangular and quadrilateral elements are two element types that are used in 2D meshing. A 

triangular element is a 2D mesh element with three corners and three edges. A quadrilateral 

element, on the other hand, is a 2D mesh element with four corners and four edges. 
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5.3.1.3.2 Refining Mesh 

When trying to solve a problem that does not converge, or having solved a problem 

where the solution does not seem properly resolved, there is often a need for re-solving the 

problem using a finer mesh. It is only possible to refine free meshes containing triangular 

elements in 2D, or tetrahedral elements, in 3D, respectively. In 2D and 3D, however, two 

refinement methods are available: regular and longest. The regular refinement method divides 

each element into four triangular elements of the same shape in 2D, or eight tetrahedral elements 

of the same shape in 3D. The longest refinement method bisects the longest edge of each 

element. Figure 5.9 shows a refined mesh of the initial meshed (Figure 5.3) model geometry. 

For the 2D model in this thesis a set of solutions was obtained from repeating the 

calculation on a series of meshes successively refined from 740 elements to 11840 elements that 

corresponds to an increase in degrees of freedom from 6225 to 95625. An Adaptive mesh 

refinement Solver was used in order to achieve the best result. The Adaptive mesh refinement 

Solver created 82957 elements and 637798 degrees of freedom. 

Figure 5. 9 Schematics of A Refined Meshed Domain 
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5.3.1.3.3 Model Mesh Properties 

The mesh parameters for the Free Mesh generator can be specified by using the Mesh 

menu and choosing Free Mesh Parameters, Figure 5.10. The Free Mesh parameters dialog box 

will open. The local mesh element sizes, elements distribution, etc. are specified in this dialog 

box. 

Free Mesh Parameter mm 
Qobal ISubdomam Boundary I Point J Advanced I 

2 Predefined mesh sizes: 

i Maxftnum etement size: 

! Maximum etement size seating factor: jl 

I Element graaith rate: .1.3 

j Mesh curvature factor: ^03 

i Mesh curvature cutoff: kffl 

I Resolution of narrow regains: [i 

] Qpttaize quality 

Refinement me&frad: Regular • 

Cancel 

flppf? 

Reset to Defaults Remesrt Mesh Setected 

Figure 5.10 Free Mesh Parameters Dialog Box 

There are several quantities to be specified in Figure 5.10. The value in the "maximum 

element size" edit field has a default value of 1/10 of the maximum distance in the domain. The 

"maximum element size scaling factor" is important when an explicit maximum element size is 

not specified. In that case the mesh generator multiplies the default maximum element size by 

this factor. Its default value is 1. The "element growth rate" determines the maximum rate at 

which the element size can grow from a region with small elements to a region with larger 

elements. The value must be greater or equal to one. The default value is 1.5, meaning that the 

element size can grow by approximately 50% from one element to another. 
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The value in the "mesh curvature factor" edit field determines the size of boundary 

elements compared to the curvature of the geometric boundary. The curvature radius of the 

boundary multiplied by the curvature factor, which must be a positive scalar, gives the maximum 

allowed element size along the boundary. A lower value gives a finer mesh along curved 

boundaries. The number of layers of elements that need to be created in narrow regions is set in 

"resolution of narrow regions". 

The parameter in the "mesh curvature cutoff edit field prevents the generation of many 

elements around small curved parts of the geometry. This parameter must be a positive value, 

and it has a default value of 0.03. The smallest radius of curvature that the mesh generator will 

use is the product of the mesh curvature cutoff value times the maximum distance in the domain, 

(eg. the diameter of the circle in our case). 

The "optimize quality" check box requires the mesh generator to carry out mesh quality 

optimization at the end of the meshing process. From the "refinement method" list the regular or 

longest refinement method is selected for the mesh generator to use when refining the mesh. The 

model mesh properties will be discussed in more detail in the section on mesh independent 

solutions. 

5.3.1.4 Solving the Model 

COMSOL includes a number of different solvers for PDE-based problems. Examples are 

the stationary and time dependent solvers, Figure 5.11. COMSOL automatically detects 

nonlinearity, so normally there is no need to decide whether to use a linear or a nonlinear solver. 

The automatic detection works through analysis of the variables contributing to the Jacobian 

matrix. If the algorithm finds that both these matrices are complete and do not depend on the 

solution, the stationary solver and the parametric solver use the linear solver. Otherwise, they 

use the nonlinear solver. 

COMSOL has a default solving selection. The settings in the Solver Parameters dialog 

box that is accessible through the Solver menu can be changed. As can be seen in Figure 5.11, 
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the Solver Parameters dialog box consists of general, stationary, adaptive, optimized and 

advanced sections. Whether working on a stationary or a time-dependent model, the major task 

for the solver is solving one or several systems of linear equations. The type of linear solver is 

specified in the general section of the model Solver Parameters dialog box. The Linear system 

solver consists of direct and iterative solvers. The direct solver uses Gaussian elimination to 

solve a system of linear equations. For example direct (UMFPACK) is a highly efficient direct 

solver for nonsymmetrical systems that require large amounts of memory. Iterative solvers, 

however, are suitable for systems with a large number of degrees of freedom. Their solutions are 

less stable than those obtained from direct solvers. 

On the left hand side of the Solver Parameters dialog box the analysis type (stationary, 

time dependent, etc) can be specified. For example, for stationary analysis, nonlinear solver 

settings (relative tolerance and maximum number of iterations) can be specified. Checking the 

adaptive mesh refinement box in Figure 5.11 will cause the Adaptive mesh refinement solver to 

be used. The Adaptive mesh refinement solver identifies the regions that require a high mesh 

density and automatically produces an appropriate mesh. It was mentioned in Section 5.3.1.3.2. 

For this work a direct (UMFPACK) linear solver and a damped Newton nonlinear solver 

were chosen. The relative tolerance and maximum number of iterations are 10 - 1 2 , and 25 

respectively. Relative tolerance is the error set by the user. The nonlinear-solver iterations stop 

when the relative error is less than the relative tolerance. The value of the maximum number of 

iterations limits the number of nonlinear iterations. 

COMSOL uses second-order Lagrange elements as the default element type for most 

application modes. These and other higher-order elements add additional degrees of freedom on 

the interior nodes in the mesh elements. These added degrees of freedom provide a more 

accurate solution but also require more memory due to the reduced sparsity of the discretized 

system. 
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Figure 5.11 Solver Parameter Dialog Box 

5.3.1.5 Postprocessing the Solution 

Postprocessing the solution refers to visualizing any variable or expression of variables. 

Selections made from the various plot parameters, that are available in the Cross-section Plot 

Parameters and Domain Plot Parameters dialog boxes (Figure 5-12) determine the outputs from 

post-processing. The surface plot is the default and standard plot in 2D. Standard plots in 2D 

visualize the colored solution as part of the domain. 2D Standard Plots contains Surface, 

Counter, Boundary, Arrow and Streamline plots. 

The window of 2D Domain Plot Parameters, Fig 15.12, shows a quantity on one or 

several subdomains, boundaries or geometric edges for a constant point in time. A quantity can 

have a specific value within its permitted parameter range. The 2D line/extrusion cross-section 

plot visualizes a quantity (eg. a field variable) as a function of location in a 2D subdomain, for a 

constant point in time. 
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Figure 5 12 Cross-Section Plot Parameters and Domain Plot Parameters 

5.3.2 COMSOL (Script) as a Programming Language 

In addition to a graphical user interface, COMSOL also offers an interface to MATLAB 

for a large variety of programming possibilities through COMSOL Script. COMSOL Script is a 

numerical computing and programming language using the same syntax as MATLAB. 

COMSOL Script allows the user to write user defined functions that may be needed for special 

simulation models. It is also possible to add a computer aided design package (CAD) to 

COMSOL. 
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5.4 Finite Element Method as Used in COMSOL 

The types of calculations used in the FEM are described below. Constraints on a variable 

can be stated in either strong form or weak form. The strong form is the partial differential 

equation system and the appropriate boundary conditions. The following equation with a proper 

boundary condition is an example of a strong form of the constraints on the variable "u". In 

solving Equation (5 — 3) in a domain called Q. for a single variable u 

V.N(u) = F(u) ( 5 - 3 ) 

A weak form could be used instead. The weak form places a weaker restriction on the 

functions that could satisfy the constraints. Instead of the partial differential equation, the weak 

form is stated in integral form. 

The first step for the weak formulation is to assume a trial function U and a test function 

v. The trial function, U, is a solution to the PDE Equation(5 — 3). v is any arbitrary function 

defined on the same domain, Q, where u and U are defined. So by substituting U into 

Equation(5 — 3), the residual R is obtained: 

R = |V.N(U)-F(U)| ( 5 - 4 ) 

The objective is the minimization of this residual. In the next step Equation (5 — 4) is multiplied 

by the test function v, and integrated over the domain: 

R(x) = Jfl (V. N(U)v - F(U)v)dx (5 - 5) 
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By applying the divergence theorem (Gauss's theorem) on the right hand side of Equation(5 — 

5), the equation is simplified: 

R = /aQvN.ndS - /nVv.N(U)dx - /flvF(U) dx (5 - 6) 

Forming the same surface integral on the boundary of two adjacent elements produces the 

same boundary integral (first term on the right hand side of Equation 5-6) at their interface, 

except that the direction of integration is opposite in the two finite elements. If the integrals are 

added together to form the total integral, the shared boundary integrals cancel. When the PDE is 

constrained by Neumann boundary conditions, the finite element boundary term on (5 — 6) 

vanishes. This is one of the reasons that FEM have Neumann natural boundary conditions. 

Now U and v are decomposed to a series of interpolation functions. The element 

interpolation function (p is expressed within the element through the use of its nodal values in the 

form of 

q» = ZiNi«Pi ( 5 - 7 ) 

where the sum is taken over all of the nodes, i. N, is the shape function of node i and cpj is the 

nodal value, and i is the element nodal numbering. Shape functions are a subset of element 

interpolation functions (p. The shape functions are associated with a node and must have a value 

of unity at one node and a zero value at all other nodes. 

L N , = 1 ( 5 - 8 ) 

In Galerkin's method: 
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U = v = <p ( 5 - 9 ) 

After substituting an appropriate interpolation function (p in equation(5 — 6), R will be 

minimized by taking its derivative respect to each of the Ni( and setting each derivative equal to 

zero. After this step, the N algebraic equations that have to be solved simultaneously have been 

produced. These equations can be rewritten in matrix form. The result consists of a Jacobian 

matrix (stiffness matrix). The linear Jacobian equation should find an improved approximate 

solution U, and this procedure can be iterated until a solution is found to acceptable accuracy. 

Usually in addition to the PDE constraint, there are some boundary conditions that need 

to be satisfied. Since not all the test and trial functions contribute to the boundary conditions, the 

number of boundary condition equations is less than the original equations. By writing the 

boundary integrals for each function, an equation for the boundary constraints can be achieved. 

The appropriate lines of the Jacobian matrix (the stiffness matrix) equation are replaced by direct 

constraints on the unknowns u so that the order of the stiffness matrix is preserved. COMSOL 

has a unique way in dealing with boundary condition problems. It usually uses Lagrange 

multipliers in order to solve the PDE equation and its boundary conditions. The Lagrange 

multipliers method is a well-known method for dealing with equality constraints in optimization 

problems. It provides a strategy for finding the maxima and minima of a function subject to 

constraints. 

For the 2D steady-state simulations a stationary nonlinear solver and a direct 

(UMFPACK) solver, using Gaussian elimination in COMSOL package were employed with a 

tolerance error of less thanlO -12. Relative tolerance is the error set by the user. At the end an 

adaptive mesh refinement solver was used to optimize the solution. The algorithm of these 

solvers will be discussed in the following section. 
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5.5 Solution Procedure 

As shown in Figure 5.3 the domain was divided into small triangular elements (mesh). 

The physics of one element was approximately described by degrees of freedom (DOF). Each 

element was assigned a set of characteristic equations describing physical properties, boundary 

conditions, with an imposed force function, which were then solved as a set of simultaneous 

equations to predict the object behavior at that node. In solving Equation (5 — 3) U° was the 

initial guess. The solver formed the initial solutions using these guessed values. It solves the 

discretized form of the linearized model with the following Newton method, using a Newton 

step 5U. 

J(Uo)8U + j'(Uo)TA = - R ( 5 - 1 0 ) 

A Newton step is the difference in the position variable from the previous trial function 

(guess),UN to the next trial function,UN+1. J(U°) is the Jacobian matrix, which is the matrix of 

all first-order partial derivatives of the residual function, and R (U°), represents discretized 

residual equation. J (U°)T is the transpose of boundary condition equation Jacobean matrix. A is 

the matrix of Lagrange multipliers. In the next step the software computed the updated iteration 

with a new set of solutions U-L = Uo + X.5U, where X is the damping factor and its value is 

between zero and one. The error, E, was estimated by solving J(U°)E = —R (Uj). If the relative 

error, corresponding to E, were larger than the relative error of the previous step, the solver 

would reduce the damping factor and recalculate U1. This procedure was repeated until the 

relative error reached a value less than the previous iteration. The solver then proceeded to the 

next Newton iteration. 

Newton iteration is iteration within the Newton method. A damped Newton method was 

used for solving the non-linear equation. In a damped Newton method the software kept 

recalculating the problem to reach a damping factor value of X = 1 for the assigned error. 
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Therefore even if the calculated error was less than the desired error, the damping factor should 

be equal to 1 in order to stop the calculation process. 

5.5.1 Mesh Density Independent Solution 

It is important to select a mesh that minimizes the errors. Adaptive mesh refinement (see 

Figure 5.11) was used for this model to obtain optimized mesh density and distribution. It 

identifies the regions requiring a high resolution and then produces an appropriate mesh for those 

regions 

The adaptive mesh refinement solver performs the following steps in an iterative algorithm: 

1. Solves the problem on the existing mesh using the stationary solver. 

2. Evaluates the residual of the PDE on all mesh elements. 

3. Estimates the error in the solution on all mesh elements. 

4. Terminates execution if it has made the requested number of refinements or if it has 

exceeded the maximum number of elements. 

5. Refines a subset of the elements based on the sizes of the local error. 

6. Repeats the procedure from Step 1 until the appropriate convergence is obtained. 

In order to use the Adaptive mesh refinement, an initial mesh distribution was specified. 

The error was minimized by refining a fraction of those elements with the largest error, in such a 

way that the total number of elements increased roughly by 70% or 1.7. The model was solved 

first for a refined mesh and then the adaptive mesh refinement solver was used to achieve the 

best mesh distribution and density. The result of using adaptive mesh refinement solver is shown 

in Figure 5.13. 

All mesh properties used in this model for both cases are shown in Table. 1. 
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Parameter 

Number of degrees of freedom 

Number of mesh points 

Number of mesh elements 

Number of Triangular elements 

Number of quadrilateral 

Number of boundary elements 

Number of vertex elements 

Minimum element quality 

Element area ratio 

(a)Value (Refined Mesh) 

95625 

6017 

11840 

11840 

0 

288 

5 

0.7104 

0.1649 

(b)Value (Adaptive Mesh) 

637798 

41720 

82957 

82957 

0 

1124 

5 

0.6091 

2.71e-6 

Table 5. 1 The Mesh Properties for a) Refined Mesh and b) Adaptive Mesh 

Figure 5. 13 Adaptive Mesh 

One property of the mesh is the minimum element quality. For triangular elements, COMSOL 

computes the mesh quality q as: 
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where A is the area, and h l9 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. 

So the minimum value of q is one of the mesh properties and it is shown in the Table 5.1. The 

other measure of quality, reported by COMSOL, is the element area ratio. The Element area 

ratio is defined as the minimal element area divided by the maximal element area. 

Refining the mesh density stopped when a further increase in the mesh density had a 

minor effect on the final results. For instance the calculated value for the integral of flux only 

changed by 0.01% when the mesh density increased from 11840 to 82957. Therefore the last 

calculation performed had a mesh density of 82957. 

5.6 Validation 

5.6.1 Computational Validation: Verifying Model Convergence and Accuracy 

It is important that the solution obtained by the finite element method accurately captures 

local variations in the phenomena. In some cases the results can be compared to values from 

handbooks, analytical solutions, literature values, or other similar modeling results. If a model 

has not been verified by other means, a convergence test is useful for determining if the mesh 

density is appropriate. The mesh can be refined and the analysis can be run again. If the 

solution is converging to a stable value, as the mesh is refined, the accuracy of the model is 

satisfied. Otherwise the solution is mesh dependent, and the model requires a finer mesh. In this 

case an adaptive mesh refinement can be used, as described in the previous section. 

One goal in numerical modeling is to eliminate or minimize the error over the whole 

domain. For this work a direct (UMFPACK) linear solver and a damped Newton nonlinear 
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solver were chosen. The relative tolerance and maximum number of iterations are 10~12, and 

25 respectively. The nonlinear-solver iterations stop when the relative error is less than the 

relative tolerance. The value of the maximum number of iterations limits the number of 

nonlinear iterations. In the nonlinear solver the nonlinear iterations stop when the relative 

tolerance exceeds the relative error computed as the weighted Euclidean norm: 

e r r = ( i i : i ( | E i | / W i )
2 ) 0 ' 5 ( 5 - 1 2 ) 

here N is the number of degrees of freedom and E; is the estimated error of the current 

approximation to the true solution vector. W; is the weight factor, and is defined as: 

W i=max(|U i | ,S i) ( 5 - 1 3 ) 

in which S, is the scale factor that the solver determines on the basis of the type of scaling option 

selected. For Automatic Scaling that was chosen for this study, Sj was the average of |Uj|for all 

DOFs j having the same name as DOF i times 0.1. 

When modeling, it is important to select a mesh that minimizes the errors in the quantities 

of interest. COMSOL provides several ways to set the mesh size manually. However, it is not 

easy to minimize the error in a desired quantity by manually specifying a mesh. In many 

applications, the algorithm must resolve the solution in great detail only on small portions of the 

domain (such as boundary layers, shocks, small geometrical details, or localized loads). For 

such situations, adaptive mesh generation could be used. It identifies the regions that require a 

high resolution and produces an appropriate mesh. Adaptive mesh adds mesh elements based on 

an error criterion to resolve those areas where the error is large. 

129 



5.6.2 Physical Validation: The Mass Transport-Only Case 

The main phenomenon that occurs in a fuel cell is the electrochemical reaction that is the 

combination of individual reaction mechanisms. If all reaction phenomena were eliminated from 

the model, diffusion and migration (mass transport) would be the only phenomena remaining. In 

this situation, the concentration of a species would be expected to be constant throughout a 

subdomain. This possibility was investigated by setting all the rate constants to a zero value. 

The values of concentrations obtained are discussed below. 

The results of the mass transport-only case are presented in six different figures and 

Table 5.2. The field variables are the partial pressure of H2 in the Q.Q, the concentration of 

hydrogen molecules in both the QNJ, and Qysz, the concentration of O2" ions in the QNj, and Qysz, 

and the electrical potential profile. 

Species 

H2(g) 

H2(Ni) 

H2 (YSZ) 

02"(Ni) 

O'XYSZ) 

cp(Ni) 

(p(YSZ) 

Value 

1.013* 105(Pa) 

3.183* 10"4(mol.m"J) 

0.101(mol.m"3) 

0.044(mol.m-3) 

5.311* 104(mol.m"J) 

0(V) 

0.4(V) 

Table 5. 2 Values of Different Species in Different Bulk Phases 

Some species that are formed when reactions occur do not exist when mass transfer is the 

only phenomena occurring. The partial pressure of hydrogen gas in the CIQ, is constant. Atomic 

hydrogen would be the dominant hydrogen species in the tl^ii, if molecular hydrogen dissociation 

reaction to form atomic hydrogen radicals could occur. When no reactions occur, hydrogen 
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molecules are the only hydrogen species in the system. Since no reaction is occurring, no 

protons (hydrogen ions) are formed. The dominant hydrogen containing species in the Qysz, is 

water. Since no reaction was allowed in the mass transfer-only case, no water was formed. 

Figure 5.14 Pressure Distribution of H2 Molecules in the QG for Diffusion Case 

Diffusion of H2 through the gas, Ni, and YSZ phases will occur in the mass transfer-only 

case. Therefore the hydrogen supplied from the gas channel will keep diffusing through the QG, 

until the H2 pressure is constant throughout the whole QG domain. The H2 partial pressure 

specified as a boundary condition on the external boundary of the OG is the process variable that 

sets the steady-state H2 pressure throughout the QG. The uniform pressure of H2 in the QG, as can 

be seen in Figure 5.14, is due to the diffusion process being the only phenomenon assumed to 

occur in this case. The initial pressure of H2 was set at 1.013x105 (Pa) at the outer arch of the 

QG and it remained constant from the external domain boundary of the QG to the origin, to the 

To/Ni, and to the TYSZ/G-
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Figure5. 15 Concentration Profile of H2 in QNl for Diffusion Case 

If the model is functioning correctly, the H2 concentration throughout the ^NI should 

also be uniform. At the TQ/UU the hydrogen molecules on the gas side of the interface will be in 

equilibrium with the hydrogen molecules on the Ni side of the interface. The solubility was 

assumed to be proportional to the square root of hydrogen pressure (Sievert's law): 

QH2 — ^H J^u2 
(5 - 14) 

The solubility of hydrogen in pure nickel and nickel-vanadium alloy was investigated by 

Ebisuzaki et al. in 1966. They obtained an empirical equation for calculating the solubility of 

hydrogen in pure nickel for a temperature range of 400°K -1000 °K: 

S = (3.26 ± 0.17) x 10~3 exp [-(3.60 ± 0.06) kcal/RT] (5 - 15) 
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in which S is a solubility of hydrogen in pure nickel in atoms/atom, fitted to an Arrhenius type 

expression. R and T are ideal gas constant and temperature respectively. Nickel -Vanadium 

alloy, however have a different solubility expression: 

S = (1.11 ± 0.05) x 10~3 exp [-(2.90 ± 0.05) kcal/RT] (5 - 16) 

Our results are in reasonably good agreement with these equations. The hydrogen 

molecules on the Ni side of the interface will diffuse throughout the QNJ until a uniform 

concentration of hydrogen molecules is achieved as shown in Figure 5.15. The value of the 

hydrogen concentration in the QNj was 3.1 * 10 - 5 (mol.m3). 

Figure5.16 Concentration Profile for H2 molecules in the QYsz for Diffusion Case 

It was reported in the literature that the hydrogen molecules are able to diffuse through 

^YSZ (Nigara 2004, Wagner 1968). The pressure of gaseous hydrogen molecules on the gas 

phase side of the rVsz/G will be in equilibrium with the concentration of hydrogen molecules on 

the YSZ side. In addition diffusion of molecular hydrogen from the TYSZ/G will continue until 

the molecular hydrogen concentration in the bulk Qysz is equivalent to that on the TYSZ/G-
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Therefore at a constant temperature of 1273 (K) the concentration of H2 gas dissolved in the 

QYSZ will be proportional to the pressure of the H2 in the Q.G- Its concentration will be constant 

through the whole domain, as shown in Figure 5.16. The maximum value of the H2 in the Qysz 

was 1.62(mol.m"3). 

There are very few experimentally determined hydrogen solubility data in oxide 

ceramics. Wagner et al. have reported the hydrogen solubility of YSZ (Wagner 1962). (Sakai et 

al. 1999) also evaluated the hydrogen solubility in oxide ceramic and particularly in Qysz- They 

obtained the following equation for determination of hydrogen solubility in the Qysz-

logCH (atm/cm-3) = log (ID/IH) + 20.66 ( 5 - 1 7 ) 

In which log(ID/IH) is a secondary intensity ratio and is -2.66 for YSZ. Our value 1.1 

(mol/irf3), is approximately within order of magnitude agreement with their results. The 

comparison between COMSOL obtained value and literature values are shown in Table 5.3. 

H2 Solubility (Literature) 

COMSOL Values 

Ni 

3.15 x 1(T5 (mol.m"3) 

3.1 x 1(T5 (mol.m3) 

YSZ 

1.66 (moLm-3) 

1.62 (moLrn"3) 

Table 5. 1 Comparison between the given data and COMSOL's Value 
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Figure 5. 18 O2" Anions Distribution through the QYSz for Diffusion Case 

The amount of O " anions presented in the QNI is highly dependent on the solubility 

constant value, for the O " inside the QNJ. Solubility of oxygen in the fi>ii has been determined 

(Park 2007, Jackson 2008) at 1073 (K) at atmospheric pressure. The model allows oxygen 

anions to diffuse through the TNi/ysz to establish equilibrium in the absence of any reaction that 

consumes the anions. The large O2" anions can diffuse through the Cha by converting Ni to NiO. 

In this case the distribution of O2" anions is shown in Figure 5.17. The O2" concentration in the 

nNi is 0.046 (mol.m"3). 
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The O2* concentration throughout the Qysz can be seen in Figure 5.18. The O2" 

concentration at the external boundary of the Qysz was assigned a constant value of 5.311 x 104 

(mol. m"). As with other species in other domains, the O " species will diffuse from the external 

boundary throughout the Qysz until equilibrium is attained. As can be seen in the figure the 

concentration is become constant throughout the Qysz- It is apparent that the concentration of 
•y 

O in the Qysz is orders of magnitude greater than that in the QNI-

Figure 5. 19 Potential in QNl 

The standard relationship between electrical potential and the reaction rate, that generates 

current, is used to find the potential distribution. Since there is no reaction in the QNI the current 

generation by reaction is zero and the Poisson type equation is reduced to: 

V. (<rNiVcp) = R R = 0 ( 5 - 1 8 ) 

The electrical potential value is equal to its boundary condition value which was 0 (V). 

This value is equal to the equilibrium electrical potential throughout the QNI 

Similarly the electrical potential in the Qysz has a constant value of 0.4(V) throughout 

the domain. In the Qysz the Poisson type equation is reduced to 
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V. (aYSzV<p) = 0 (5 - 19) 

The electrical potential in the QYsz has the same value as the boundary condition throughout, and 

it is equal to 0.4 (V). 
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Figure 5. 20 Potential in the QYSz 

5.7 Summary 

A direct (UMFPACK) linear solver and a damped Newton nonlinear solver were chosen 

for solving the PDE equations and related boundary conditions of different species present in the 

vicinity of the anode TPB in a SOFC. The relative tolerance and maximum number of 

iterations were chosen to be 10~12, and 25 respectively. The methodology and solution 

procedure used by the COMSOL package, as well as the applied FEM strategy behind COMSOL 

computation have been discussed. 
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The model was first solved by eliminating the impact of having any reaction between 

species. This provided a prediction from the mass transfer equations and their diffusion 

coefficients. The results show that, for the mass transfer-only case, with the system at steady 

state, the concentration of each species is uniform in each subdomain. The solution is stable 

throughout the whole domain. The concentration of different species remains constant 

throughout each of the subdomains. Since the effect of overpotential on the Ni and YSZ 

potential distribution was eliminated by setting the reaction term equal to zero, the electrical 

potential value is also constant in each subdomain. 

In the mass-transport only case, no reaction occurs so that the equations do not contain 

any source or sink terms. At steady-state mass transport would be expected to continue to occur 

until all of the concentration gradients had been eliminated, and each variable had attained a 

constant value in each of the subdomains. The above computations show constant 

concentrations in each subdomain, exactly as was expected. Therefore the results from the 

model are consistent with the expectations for the mass-transport only case. The conclusion is 

that the mass-transfer only results have validated the model. 
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Chapter 6 Results and Discussion 

In this thesis, it has been argued that accurate characterization of the TPB is important in 

understanding the various physical and electrochemical processes in fuel cells. In support of 

this argument and on the basis of the two dimensional, isothermal model of an anode TPB in a 

SOFC, using hydrogen as a fuel, a numerical solution based on both mass and charge transfer 

was developed in Chapter 4. As it is mentioned in Chapter 4 several elementary charge transfer 

reactions can be assumed to take place at the TNJ/YSZ- Only one charge transfer reaction, the rate 

limiting step, has been investigated in this study. The only other chemical reaction included was 

the dissociative chemisorption of hydrogen at the gas-nickel interface. In those computations 

that include mass transport plus reaction at the TPB the charge transfer reaction was assumed to 

take place at TNi/ysz-

The results of the computations are presented in this chapter. The simulation results for 

two different domain radii are illustrated in several figures in Section 6.1. The various processes 

causing the species distribution and the potential profile are explained in the discussion section 

of this chapter. A comparison between the model results and literature values is presented in 

Section 6.2. 

6.1 Computational Results 

6.1.1 Domain Radius = 0.1 (um) 

Results of mass transport plus surface reaction with a domain radius of 10" (m) are 

presented in this section. Initially H2 molecules are in the gaseous phase. They dissociate to 

form hydrogen radicals at the gas-nickel surface. Then the hydrogen radicals diffuse through 

the QNJ to arrive at the rN;/Ysz- There the hydrogen radicals react with O ions that had migrated 

through the £2YSZ to form water molecules and electrons. The water molecules diffuse through 

the Clysz- Electrons are conducted through the Q.^. Finally the water molecules exit the TPB 

domain through the gaseous phase. 
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Figure 6.1 shows that the movement of various hydrogen species through the entire 

domain would follow a circular path: H2 molecules in the D-G, H radicals in the QNl, and H20 

molecules in the Qysz- In this figure the direction of movement of hydrogen containing species 

for the mass transport plus reaction case is clearly seen. The hydrogen molecules diffuse though 

the binary water vapour- hydrogen mixture in the D.Q, and are dissociated to hydrogen radicals at 

the surface of the Ni catalyst. The hydrogen radicals then diffuse through the QNI- At the TNI/YSZ 

they react with O " anions coming from Qysz to form water molecules. These water molecules 

then diffuse through the Qysz to reach the TYSZ/G- At the TYSZ/G surface they enter the QG> 

diffuse, and eventually leave the TPB domain at the external boundary of the QG-

Figure6 1 Diffusive Flux Path of H2, H Radicals and H20 in the Entire Domain for a Domain Radius of 0 1 (urn) 

The pressure distribution of H2 in the gaseous phase for a domain radius of 0.1 (um) is 

shown in Fig 6.2. Hydrogen diffuses through the binary mixture of H2 and H2O molecules in the 

QG- It diffuses towards the Ni surface where it is consumed at the TG/NI- The vertical bar on the 

left hand side of Figure 6-2 represents the calculated pressure of H2 in the gas phase. The 

horizontal axis shows the radial distance from the origin of the domain. The radius of the gas 
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portion is 10"7 (m) in this case. The total pressure of the gas is 101.3 (kPa) at the Teuik/G. This 

includes hydrogen and water. Here the initial pressure of H2 at bulk gas boundary is 99 (kPa). 

The water vapour partial pressure accounts for the remainder of the pressure. There is a small H2 

pressure gradient in the QG because the reaction at the TG/Ni is consuming H2 molecules. The 

maximum value of H2 in the QG is 9.9 x 104 (Pa) at Tana and the minimum value, 98999.36 

(Pa) is located at the origin. On the basis of rapid kinetics at 1000°C nearly all H2 molecules that 

collide with the Tarn might be expected to dissociate into two chemisorbed H atoms. The 

pressure gradient of H2 in the QG shows that the vast majority of H atoms recombine to H2. 

Only a few net H atoms result from the dissociation process. 

Figure6.2 Calculated Distribution of the H2 Pressure in the Gaseous Domain for a Binary Gas Mixture H2-H20 for a 
0.1 um Domain Radius 

Figure 6.3 shows the calculated H radical concentration in the QNJ. The gradient of the 

dissociated H2 molecules is higher in the QNJ, compared to QG. The larger gradient might be 

partially explained by the difference in diffusivity of the H within the QNJ compared to H2 in QG. 

The minimum concentrations of H radicals,2.77 x 10~6, is on the TNi/Ysz line, since the 

electrochemical reaction consumes H radicals at this interface. The maximum concentration of 
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H radicals is on the rG/Niat the intersection of rG/Ni and rNi/Buik in Fig 6-3 is 1.15 x 10~4 

(mol.m*3). 
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Figure6. 3 Calculated Hydrogen Radical Concentration Distribution in the QNl for a 0.1 um Domain Radius 

0.4 

0.2 

0 

-0.2 

-0.4 

» 
-0.6 

-0.8 

-1 

-1.2 

-1.4 

xlO"7 

-1 •0.8 -0.6 -0.4 

CH20YS2 [mol/m3] 

^ B ^ ^ 

-0.2 0 0.2 
X 

0.4 0.6 0.8 1 

Max: 0. 0088 

^ ^ 0 . 0 0 8 

0.006 

^ • 0 . 0 0 4 

Ho.002 

Mil: 2.00e-4 

Figure6.4 Calculated Distribution of the H20 Concentration in the QYsz for a 0.1 (um) Domain Radius 
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Figure 6.4 shows the water distribution in the Qysz- H2O is produced at the FNJ/YSZ- It is 

the major product of the electrochemical reaction that takes place at the FNJ/YSZ- The maximum 

value of H2O, 0.0088 (mol.m*3), is at a location that is slightly displaced from the origin of the 

domain (the triple phase point) and along the FNJ/YSZ- Molecular desorption of water takes place 

at the surface of the TYSZ/G. The adsorption/desorption equilibrium of water at the surface was 

represented by a Henry's law type equation which relates the solute concentration of H2O in the 

QYSZ to the H2O pressure in the QG, SO the water concentration on the surface of YSZ on the 

YSZ side of the interface is proportional to the water pressure at the gas side of the interface. 

Figure6. 5 Calculated Distribution of the H20 Pressure in the Gaseous Domain for a Binary Gas Mixture H2-H20 for 
0.1 um Domain Radius 

Figure 6.5 shows the distribution of H2O gas molecules (H2O partial pressure), which 

were initially produced at the FNJ/YSZ and are diffusing through the binary H2/H2O mixture in the 

QG. The highest H2O partial pressure value, 1000.08 (Pa) shown in the figure is at the origin of 

the domain. The minimum value of H2O partial pressure is 1 (kPa) on the TBuik/G- These values 

indicate that the water partial pressure in the QG was almost uniform. 
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Figure6. 6 Potential Distribution through the Q>a for a 0.1 um Domain Radius 

In Figure 6.6 the electrical potential distribution inside the QNJ has been shown. It can be 

seen that the potential at the rBuik/Ni is zero. In addition the maximum value, 1.3 x 10 ~5 (V), at 

the origin is very close to zero. In this model the only charged species are the 02~ anions and the 

electrons. Ni metal conducts electrons with very little resistance. The 02~ anions are in the YSZ 

part of the domain. Therefore the charge transfer equation has almost no effect on the potential 

in the QM- AS a result the potential profile in Ni is essentially uniform. Having the Butler 

Volmer equation as a boundary condition at FNJ/YSZ causes only a small gradient in the value of 

potential at the FNJ/YSZ- The maximum value of potential at the TNi/Ysz, 1.3 x 10 "5 (V), is 

slightly different than zero. This difference is due to the charge transfer reaction at the FNJ/YSZ. 
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Figure6. 7 Potential Distribution through the QYsz for a 0.1 (um) Domain Radius 

The potential gradient in the electrical potential profile of the Qysz is shown in Figure 6-

7. The electrochemical reaction was assumed to take place at the boundary between the Ni and 

the YSZ phase. A potential gradient very close to the r>ji/Ysz was expected. The electrochemical 

reaction affects the potential profile via the Butler-Volmer equation and the Ohm's law equation. 

As the TNi/Ysz is approached from the Qysz the potential changes from the 0.4 (V) boundary 

condition at the QYSZ exterior to 0.33 (V) at the minimum potential position on the the FNJ/YSZ-
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Figure6. 8 Calculated Distribution of the O2" Anions Concentration in the QYsz for a 0.1 (um) Domain Radius 

The distribution of O ' anions inside the Qysz is shown in Figure 6.8. The oxygen anions 

migrate via a solid state vacancy transport mechanism through the electrolyte and the Qysz in the 

TPB domain of the anode. Since the concentration of oxygen anions at the rBuik/Ysz is large and 

the concentration of O vacancies and the diffusion coefficient of O in Qysz are small, a 

relatively sharp O " concentration gradient was expected through the whole Qysz- The Butler-

Volmer charge transfer equation describes the depletion of O2" by the reaction that takes place at 

the TNi/ysz- The blue part of the graph represents O " concentrations that are smaller than the 

value of O2" at the bulk rBuik/ysz- The maximum and minimum values in Fig 6-8 are 5.31 x 104 

and 460 (mol.m"3) respectively. 

6.1.2 Domain Radius = 0.01 (|im) 

Results for mass transport plus surface reaction for a domain radius of 10"8 (m), 0.01 

(|am), are shown in Figures 6.09 to 6.15. As mentioned earlier in this chapter the mass transport 

plus reaction case has been examined with different domain radii to see the extent to which the 

various phenomena occur as the distance from the TPB origin changes. All of the parameters, 
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equations, boundary conditions were essentially the same for the 0.1 (um) and 0.01 (um) 

computations. As for the model with a domain radius of 10"8 (m), 0.01 (um), here we also show 

the results of H2 and H2O pressure distributions in the QG, H radicals in QNJ and the distributions 

of O2" and H2O in Qysz- The smallest mesh size for which the model of the 0.1 (um) domain 

converged, with 6017 mesh points (corresponding to a relative tolerance [Eq. 5-12] of 10~12) was 

larger than the mesh size (corresponding to a relative tolerance of 10 ) at which the model for 

the 0.01 (|am) domain converged, with 23873 points (The maximum mesh element size used by 

default by the software is 1/15th (in 2D) of the maximum distance in the geometry). This means 

that computations for the 0.01 ((am) domain size had a smaller numerical error than those for the 

0.1 (um) domain size. The values of the variables calculated for the 0.01 (um) domain size are 

different from those for the 0.1 (um) domain size. 

Figure6. 9 Calculated Distribution of the H2 Pressure in the QG for a Binary Gas Mixture H2-H20 for 0.01 (um) 
Domain Radius 

The hydrogen partial pressure distribution through the QG, in Figure 6-9 for a domain 

radius of 0.01 (um), appears to be essentially the same as that in Figure 6-2 for a 0.1 (um) 
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domain radius. The maximum value for the H2 partial pressure at the external surface of the QG 

is 99 (kPa) in both cases. The minimum value of H2 pressure is 98 (kPa) for the 0.01 (jam) 

domain size, in Figure 6-9 versus 98.999 for the 0.1 jam domain size in Figure 6-2. For both 

cases the absolute value of the pressure difference between the external boundary of the QG and 

the origin of the TPB domain appear to be qualitatively somewhat similar. 

Figure6. 10 Calculated Hydrogen Radical Concentration Distribution in the QNl for a 0.01 (urn) Subdomain Radius 

The distribution of H through the Ni catalyst section is shown in Figure 6.10 for a Qm 

with the radius of 0.01 (um). The maximum value for H is 1.32 x 10~4 (mol.m*3) and the 

minimum value at TNi/ysz is 1.837 x 10-/(mol.m"). In contrast for a domain radius of 0.1 

(l̂ m), in Figure 6.3, the maximum and minimum values are 1.151 x 10 -4 (mol.m"3) and 

2.773 x 10~6 (mol.m"3). In the 0.1 (|om) QM the hydrogen radical concentration difference is 

similar to the 0.01 (^m) QNJ. However, the hydrogen radical concentration gradient in the 0.1 

(jam) QM is an order of magnitude smaller than in the 0.01 (^m) QNJ - because there is a greater 

radius over which the similar concentration drop occurs. 
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Figure6. 11 Calculated H20 Concentration Distribution in the QYsz for a 0.01 (um) Domain Radius 

Figure 6.11 shows the concentration profile of the water product of the fuel cell in the 

OYSZ- As has been discussed previously the concentration of H2O at the TNi/Ysz has its maximum 

value at the TNJ/YSZ due to the fact that the only reaction that produces H2O takes place at this 

boundary. Then it diffuses through the Oysz and reaches the TYSZ/G- The boundary condition 

that was used for H2O at the TBUIIC/YSZ is the water flux = 0. Therefore all of the water produced 

at the TNi/Ysz, must exit through the TYSZ/G- This explains the distribution profile of H2O in this 

domain. The maximum value, 0.0068 (mol.m") occurs close to the origin at the position 

(x,y):(1.349679 x 10 - 9 , -1.532786 x 10"16). In the case of 0.1(um) the maximum value 

occurs at the position (x,y):(8.432128 x 10"9, -3.266815 x 10"12). 
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Figure6. 12 Calculated Distribution of the H20 Pressure in the Gaseous Domain for Binary Gas Mixture H2-H20 for 
a 0.01 (um) Domain Radius 

The partial pressure of H2O in the 0.01 (|jm) domain, Figure 6-12, is almost uniform. 

The same was observed for the 0.1 (um) domain, Figure 6-5. The maximum - minimum 

pressure differences 0.065 (Pa) for the 0.01 (um) domain and 0.08 for the 0.1 (um) domain are 

similar. However, because the 0.01 (um) domain radius is an order of magnitude smaller, its 

pressure gradient is an order of magnitude larger. The pressure of water molecules is slightly 

higher at the origin; exist close to the origin in Fig 6.12. This profile was expected because the 

origin is the closest point to the reaction sites. And there are more spaces for large H2O 

molecule to diffuse from Qysz to QG along the To/Ni-
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Figure6. 13 Calculated Distribution of the 0 Anions Concentration in the Qysz for a 0.01 (urn) Domain Radius 

The minimum oxygen anion concentration in Fig 6.13, 768 (mol.m") is similar to the 

minimum value in Fig 6.8, 460 (mol.m"). As in the case of the 0.1 (um) domain radius, the 

oxygen anions move to the reaction sites at TNI/YSZ where they will be consumed by reaction with 

H radicals that are on the Ni side of the interface. There are two driving forces for oxygen 

anions: One driving force is the O anion concentration gradient (diffusion) and the other 

driving force is the local potential gradient (migration) that exists in the QYSZ- Migration and 

concentration gradient drives O2" in the opposite direction. The latter push the oxygen anions 

towards the TUVYSZ, while the migration pushes O2" away from the FNJ/YSZ- Since there is a large 

concentration gradient of O2' in the Qysz and a low diffusion coefficient, 1.4 x 10~14 (m2^"1), 

as will be explained below diffusion is only mechanism that drives 02~ anions in the direction 

towards the FNJ/YSZ-

Based on Nernst-Plank equation the diffusive flux of O2' is equal to - (D02_VC02-) • 

Since the concentration gradient is negative, the diffusive flux become positive and point toward 

FZ 

the TNi/Ysz- The migration part on the other hand is equal to- (D 0 2-C 0 2-)^ : v"<P, in which 
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z = — 2 for oxygen anions and Vcp is negative. So the migration flux is negative and pointing 

towards TYSZ/G-

The concentration gradient, for the 0.01 (urn) Qysz is higher than for the 0.1 (um) QYSZ, 

because the concentration difference in the 0.1 (um) Qysz is divided by a distance that is 10 

times greater than in the 0.01 (um) Clysz- Even though the lowest concentration for the 0.01 

(um) radius size Qysz, 768.218 (mol.m"), is greater than the minimum concentration for 0.1 

(um) QYSZ, 460 (mol.m" ), the concentration difference has less effect on the O concentration 

gradient than dimension of the subdomain. 

For the same reaction rate, the smaller area at the TNJA'SZ interface for the 0.01 (um) radius 

size £2ysz, compared to the 0.1 (um) radius size QYSZ, will require that the flux of oxygen anions 

to the reaction sites be larger than for the 0.1 (um) QYsz- The greater flux will require a larger 

concentration gradient. That is consistent with the concentration O gradient being larger for 

the 0.01 (um) QYsz-

An alternative computation can be performed for the 0.01 (um) domain size. It can be 

seen in Figure 6.8, for the 0.1 (um) domain size, that the oxygen anion concentration at a 

distance of 0.01 (um) from the origin of the triple phase boundary has the average value of 

approximately 0.1 x 104(mol.m"3). Then a computation can be performed for the 0.01 (um) 

domain size with an oxygen anion concentration boundary condition of 0.1 X 104(mol.m"3) at 

the external boundary of the gas domain. In this case the minimum value of the oxygen anion 

concentration, in the vicinity of the triple phase point, is 486.94 (mol.m"3). This value is almost 

the same as the 3.9 X 104 460 (mol.m3) value in Figure 6-8, in contrast to the 768.218 (mol.m" 
3) value in Figure 6.13. Therefore this alternative computation for the 0.01 (um) domain size is 

consistent with the computations shown in Fig. 6.8. 
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Figure6. 14 Potential Distribution through the QNi for a 0.01 (urn) Domain Radius 

The potentials in both Qysz and QM for the 0.01 (urn) Qysz radius are shown in Figure 

6.14 and 6.15 respectively. The values of the potentials in the 0.01 (um) Qysz (Figs 6.14 and 

6.15) are almost the same as in the 0.1 (urn) Qysz (Figures 6.6 and 6.7). However, because there 

is an order of magnitude difference in the radius, the potential gradient is very different in the 

two cases. The potential profile in Qysz for the case of 0.1 (urn) Fig 6.7 shows that the minimum 

potential occurs at the position (x,y): (4.275695 x 10"8,-9.671361 x 10"10) and is equal to 

0.33(V). The minimum value of the potential for the 0.01 (urn) is 0.35 (V). The results and 

profile of potential distribution in Qysz in case of 0.01 (um) are reasonable considering that the 

minimum value in the 0.1 (um) Qysz is at closer to the origin than the O.Ol(um) location in the 

0.1 (um) Qysz-

Negative charges flow from small potentials to large potentials. An example would be 

electrons that flow from a smaller potential at the anode to a larger potential at the cathode. In 

the Qysz, the O anions are negatively charged so the migration phenomena would cause them 

to flow from the smaller potential (0.33 or 0.35 (V)) at the TNi/ysz interface to the larger potential 
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of 0.4 (V) at the rysz/Buik- In other words the migration phenomena will push the O2 anions 

away from the reaction sites at the TN^SZ interface. The diffusion phenomena, mentioned 

above, will have to dominate the migration phenomena so that the O anions ultimately arrive at 

the reaction sites. 

Figure6.15 Potential Distribution through the QYsz for a 0.01 (urn) Domain Radius 

A comparison of the results of O.Ol(um) with 0.1 (um) shows that when the region around 

the classical TPB point is expanded from O.Ol(um) to 0.1 (um), phenomena occur in the 

expanded region. Other significant differences are the larger concentration gradients (and 

therefore larger fluxes) and the smaller length of the Ni/YSZ interface (and therefore smaller 

number of reaction sites) for the 0.01 (|im) domain radius. Therefore the model developed here 

indicates that there are differences in the reaction phenomena as a function of position away 

from the classical TPB and that not all reactions are located at the classical single line TPB. 
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In the next section the mass conservation equations are examined through the calculation 

of the flux of hydrogen containing species at four major interfaces: rBuik/G, TG/NI, TNI/YSZ, TYSZ/G-

The results are shown in Figures 6.16- 6.19. 

N 0.4 

I 
°I 02 
5 
! . 

8 -02 
i 

1 -04 

ndnux_pH20_pH20+ndflux_pH2_pH2 

0 6 0 8 1 

Arc-length 
14 16 

xlo"7 

Figure6.16 The Summation of Diffusive Flux of H20 and Diffusive Flux H2at the rBuik/G f° r a 0.1 (um) Domain 
Radius 
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Figure6. 17 The Summation of Diffusive Flux of two times H2and HNl the rG/Nl for a 0 1 (um) Domain Radius 

During the overall process at the anode one H2 molecule is oxidized causing the 

production of one H2O molecule. The overall molar flow at TBuik/G is therefore should be equal 

to zero: 

NH2ogas + NH2gas = 0 ( 6 - 1 ) 

As it can be seen in Figure 6.16 the flux of hydrogen molecules entering the QG (negative 

values) is equal in magnitude to the water diffusive flux exiting across the boundary (positive 

values), so the absolute value of the total summation of the two fluxes at the boundary is 

constant. 

The H2 molecules leaving the QG, convert to two H atoms at the TG/NI- The flux of H2 to 

the TG/NI should be equal to the flux of H atoms leaving the interface to the reaction site. At the 

TG/NI: 

NHN I " 2NH 2 gas 
= 0 (6 -2 ) 
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The summation of two times diffusive fluxes of H2gas and HNiat the Tc/Ni for a 0. 1 (urn) domain 

radius are shown in Figure 6.17 

At TNI/YSZ the incoming H radicals react with O " to produce H2O and electrons. The rate 

at which H radicals are consumed must be twice the rate of H2O production. Their fluxes should 

have the same sign: 

NHNi ~ 2NH2oYSZ = 0 ( 6 - 3 ) 

The summation of the diffusive flux of H20YSZ minus half of the diffusive flux of HNi at the 

TiMi/Ysz is shown in Figure 6. 18 for a 0.1 (um) domain radius 

The H2O molecules produced at the FNJ/YSZ will diffuse through the QYSZ and reach the 

TYSZ/G- The flux of water molecule leaving the TYSZ/G interface should be equal to the flux of 

water arriving at the TYSZ/G interface from Q.Q: 

NH2OYSZ - NH2ogas = 0 ( 6 - 4 ) 

The summation of the diffusive flux of H20gas and minus the diffusive flux of H20YSz at the rYsz/G 

is shown in Figure 6.19 for a 0. 1 (urn) domain radius. 
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Figure6.19 The Summation of Diffusive Flux of H20 and Minus Diffusive Flux of H2 0Ysz at the rYsz/G for a 0. 1 
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The values of subdomain integration of flux and boundary integration of normal diffusive 

fluxes at certain important boundaries of the geometry are shown in Table 6.1. 

Table 6.1 lists the normal diffusive fluxes integrated over the appropriate boundaries. 

Depending on whether the direction of the unit normal flux, perpendicular to the surface area of 

the circle, points outwards or inwards, the signs of the fluxes will be either positive or negative. 

Domain Radius 

TBulk/G 

H2in 

H20 out 

TG/NJ 

H2in 

Hout 

TlMi/YSZ 

Hin 

H20 out 

H2Oin 

H20 out 

0.1 um 0.01 um 

-3.0 

3.0 

-12 

12 

3.0 

5.9 

12 

24 

6 

3 

24 

12 

3.0 

3.0 

12.0 

12.0 

Table 6. 1 Summary of Fluxes integrated over sub-domain interfaces (mol.m-l.s-1) 
Arc Length integration for 0.1 um is 7.85 X 10_8m at rBuik/G> r^k/M, and =1.57 x 10 -7m at rBuik/ysz and 5 x 10 - 8 

m for the rest. 
Arc Length integration for 0.01 um = 7.85 X 10_9m at rBuik/G> r^/Mi, and =1.57 X 10~8m at rBuik/YSz and 5 x 10 - 9 

m for the rest. 
Table 6.1 Subdomain integration of Flux and Boundary Integration of Normal Flux of TPB Species 

6.2 Comparison between the Model Results and the Results in the Literature 

There are several theoretical and experimental methods that have been used to describe 

the TPB at the anode of a SOFC. The reports of experimental work describe both TPB length 

estimation and reaction mechanisms. These experiments have indicated that both structure and 
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composition of the anode material have a major effect on the TPB length (Sun 2007). They 

have also suggested that the classical concept of a TPB being a single line having the thickness 

of one reaction site was suspect. The experiments performed by Kleitz, Siebert and co-workers 

(Kleitz and Siebert 1989; Hammouche et al. 1991) were interpreted in terms of reaction 

occurring in the vicinity of the TPB with an extension to a surface where diffusion occurred. 

Later experimental work (Bieberle et al. 2001) led to a suggestion that at some conditions the 

TPB has a width that extends from the "TPB line" along one of the interfaces. 

The kinetics of the reaction process and the mechanism of the reaction at the TPB were 

also studied experimentally. The electrochemical information about the system is usually 

obtained from electrochemical impedance spectroscopy (EIS) measurements and by fitting this 

data to equivalent circuits (Kakac 2007). It is found that in addition to charge transfer, spillover 

of H, H2O, and O2" is also possible. For example, spillover occurs when a molecule adsorbs or 

reacts on one of the constituent's surface of a composite electrode (cermet) before diffusing onto 

a second constituent surface where it might react with a different adsorbed species and 

subsequently desorbs (Bieberle 2001). In general experimental results reported in different 

studies on the anode TPB have not been performed at the same experimental conditions. As a 

result it is extremely difficult to compare the results of different investigations. 

Mathematical models of SOFCs are also used in order to understand and examine the 

TPB. Although there are numerous studies on the mechanism of the oxygen reduction reaction 

(Steele 1997, Adler 2004) and the TPB at the cathode (Mitterdorf and Gauckler 1999, Flieg 

2002, Flieg 2004, Chan 2004, Karan 2007, Lynch et al. 2008, Fehribach 2009), the hydrogen 

oxidation reaction has attracted little attention in the literature. Because the most common 

catalyst at a SOFC cathode is lanthanum strontium manganite, LSM, a mixed ionic electronic 

conductor, the phenomena at the cathode is different than that at the anode which has a Ni/YSZ 

cermet. In contrast to the relatively simple oxygen reduction and oxygen evolution mechanism 

at the cathode, the reaction mechanism at the anode consists of several complex elementary steps 

that are not understood yet. 
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O'Hayra et al. proposed a simple analytical TPB mathematical model to describe the 

nature, property and scaling for a Pt/Nafion PEM fuel cell. It was claimed that it is also 

applicable to SOFC with only minor changes in the original model. The simplifying assumption 

of the model is that the reaction is limited to the electrolyte/electrode interface. The 

attractiveness of the model is its dimensionless parameter, the effective TPB width, which 

describes the ratio between the rates of reaction and diffusion in the system. Berg, Novruzi, 

Volkov (2008) applied numerical techniques, FEM, to solve the problem numerically. Their 

finite element implementation of this model produced numerical values of the electric potential 

and the concentrations of species in the vicinity of the TPB. When compared to the simple 

oxygen-only analytical solution, in O'Hayra's work, it shows the importance of taking into 

account the rate of migration of ions to the TPB. 

(Williford and Chick 2003) challenged the common assumption for SOFCs that the 

oxidation reaction is strictly localized at TPB by considering oxygen spillover onto the Ni 

surface. Their results indicate that the reactive area simply spreads over an increasing portion of 

the Ni surface as the current density increases. The spillover of oxygen is one of the mechanisms 

that have been well-studied in the literature (Mizusaki 1994). In contrast the approach we took 

in this thesis has received less study. Our mechanism describes the well known diffusion of H 

radicals (Oriani 1994) inside the metal phase 

(Williford 2006) proposed a reaction mechanism for the hydrogen oxidation in his paper. 

To the best of our knowledge, his paper is the only one on modeling the TPB at the anode. 

Although there are a few papers that addressed TPB cathode modeling explicitly, other the 

papers on TPB anode couldn't be found at the time of writing this thesis. In Williford's 

proposed mechanism H2 dissociatively chemisorbs on the Pt anode of a SOFC and diffuses on 

the Pt surface to the TPB. O2- from the YSZ spills over onto the Pt metal. He concludes 

reactions can occur at locations that are a finite distance away from the TPB. As the current 

density increases the electrochemical reaction occurs on a progressively larger Pt surface area 

near the TPB. 
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In our model, the dissociation of the H2 molecules into two separated adsorbed atoms on 

the surface of Ni is assumed to be fast when compared to the electrochemical charge transfer 

reaction at the TNi/YSz- This means that the dissociation of H2 molecules to H radicals is at 

equilibrium. That is equivalent to surface diffusion being infinitely fast. Another assumption in 

our model is that H atoms can diffuse through bulk Ni at 1000°C. It has been reported that there 

is a relatively high mobility of the H radicals in Qui (Oriani 1994). 

O " anions diffuse to the TNI/YSZ to participate in the electrochemical reaction. O " 

transport in electrolyte is usually described by considering the ion transport from Ohm's Law, 

migration, and the conservation of charge. That is an oversimplification. Here both migration 

and diffusion were considered. No spill over of O ~ into the TGm was considered. O " could 

diffuse into Ni and form NiO in the vicinity of the classical TPB. But it is a large species in 

contrast to H radicals and so it will not diffuse very far before encountering the H radicals that 

diffuse faster. As a result only a small fraction of the Tom would be covered with O " anions. 

In contrast all of the rNj/Ysz will have O2" anions on the YSZ side of the interface. Therefore the 

majority of the reaction sites will be at the rNj/ysz and comparatively few at the Tc/Ni- Therefore 

in our model an active role for YSZ in the kinetics of the oxidation process has been suggested. 

The H2O molecules produced at the TNIA'SZ diffuse through the Qysz to the TYSZ/G- Finally in our 

model the H2O molecules transfer to the QG from the Qysz at the TYSZ/G- In summary, our model 

is consistent with known experimental phenomena and is different from the only other model, 

(Williford 2006) that has been reported to date. 
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Chapter 7 Conclusion 

7.1 Summary 

An accepted convention has been that the basic reactions of SOFC anode occur at the 

intersection of the gas, Ni, and YSZ phases (TPB). In this thesis a 2D mathematical model of the 

TPB for the Ni/YSZ cermet anode of a SOFC was developed which provided concentration 

profiles for different reactant and product species: H2, H, O2", and H2O, in the vicinity of the 

TPB. Transport phenomena occurring over length scales ranging from 0.01 (um) to 0.1 (urn) 

were described by fundamental conservation principles of mass and charge. 

The global electrochemical anode reaction involves the oxidation of hydrogen with oxide 

ions to form water and two electrons. 

H2 + 02"Ysz <-• H20Ysz + 2e" (7 - 1) 

Various mechanisms of elementary steps are proposed in the literature for the reactions 

in the TPB region. In Chapter 3 and Chapter 4 a detailed listing of almost all possible 

elementary charge-transfer reactions, their rate expressions, and related transport processes were 

assembled. 

For the modeling part of this work, two reactions were considered: (a) the dissociative 

chemisorption of gas phase hydrogen to form hydrogen radicals on the surface of the nickel, 

Equation (7 — 2), and (b) the charge transfer reaction between hydrogen radicals from the nickel 

electrode and oxygen anions from the electrolyte that occurs at the TNi/YSZ, Equation (7 — 3). 

tbgas <-*2 HNj (7 — 2) 

2HNi + 0 2Ysz~H20Ysz + 2e- ( 7 - 3 ) 

In addition the model considered the water content of the QYSZ to be in phase equilibrium with 

the water content of the QG, Equation (7 — 4). 

H20Ysz ~ H2Ogas (7 - 4) 
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In the proposed reaction/transport sequence hydrogen molecules from the gas phase were 

first adsorbed on the Ni surface where they dissociated into two hydrogen radicals(7 — 2). The 

hydrogen radicals diffused through the Qui to reach the FNJ/YSZ- Similarly oxygen anions were 

transported through the Qysz to reach the TNi/ysz through a combination of diffusion 

(concentration gradient) and migration (electrical potential gradient). Water formed by the 

charge transfer reaction at TNi/YSZ diffuses through the QYSZ(7 ~ 3)- Water molecules are similar 

in size to oxygen anions, so presumably they could use the same vacancies in the QYSZ that are 

used for oxygen anion transport. At the Tysz/g water desorption from the QYSZ to the gas phase 

occurred(7 — 4). 

The computational results from the simple model, described in Chapter 4, were presented 

in chapter 6. They showed the relative effects of the diffusion and reaction processes on the 

distribution of different species at the anode TPB in a SOFC. This is the first model of an anode 

TPB for a SOFC that has reported concentration gradients of reactants and products. 

7.2 Contribution to Knowledge 

The principal goal of this research was to have a better understanding of the distribution 

of the different species that exist in the vicinity of an anode TPB in a SOFC. This thesis has 

presented the numerical results from that work. 

In general the results of simulation showed that conventional concept of a TPB that limits 

reaction sites to a line (triple phase boundary) or a single surface (Fc/Ni, TNJ/YSZ or TYSZ/G) is an 

oversimplification. The TPB is not only a line. The locations in which transport phenomena 

occur can extend inside the QNJ and QYSZ- Reaction phenomena can occur at two surfaces rG/Ni, 

and TNi/YSz-

There is general agreement that the performance of SOFCs is determined by the mass and 

charge transfer at the O2/YSZ and electrode/YSZ interfaces at the cathode of a SOFC. 

Nevertheless, these results showed that, phenomena at the anode side of the SOFC also has an 
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effect on the potential distribution, and therefore has at least a minor influence on the 

performance of the fuel cell. 

There are several papers in the literature describing cathode TPB models. Some of those 

papers show the distribution of oxygen anions in the vicinity of the TPB. In contrast the number 

of papers describing SOFC anode TPB models is small. This thesis is the only work to date that 

describes the distribution of different species in the vicinity of a SOFC anode TPB. 

7.3 Future work 

The calculations performed in this work could be extended. In general more reaction 

mechanisms could be considered. For example, oxygen spillover to the QNi, or hydroxyl 

spillover to the Qysz; or bulk reaction, as described in Chapter 4, could be examined. In future 

work, a more complete model (anode plus cathode) with all possible interface and bulk reactions 

could be developed. For the case of the Ni/YSZ system, further experimental validation of the 

model parameters (diffusion coefficients on surfaces, thermodynamic properties of surface 

species, and rate constant values of different elementary reactions) would be useful. 

Experiments could be designed in order to provide data that could be compared to the predictions 

and modeling results. Hydrocarbon fuels could also be considered instead of just pure hydrogen. 
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Appendix A List of Symbol 

Abbreviations: 

Abbreviation Abbreviation Full Term 

AFC Alkaline fuel cell 

CAD Computer aided design 

DGM Dusty-gas model 

DMFC Direct methanol fuel cell 

FDM Finite difference method 

FEM Finite element method 

FM Fick's model 

FVM Finite volume method 

HPD High power density 

MCFC Molten carbonate fuel cell 

MOLB Mono-block layer built 

PAFC Phosphoric acid fuel cell 

PDE Partial differential equation 

PEMFC Protons exchange membrane fuel cell 

SMM Stefan-Maxwell model 

SOFC Solid oxide fuel cell 

TPB Triple phase boundary 
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YSZ Yttrium stabilized zirconia 

EIS Electrochemical impedance spectroscopy 

Letter Symbols: 

Letter Unit Meaning 

AG" kJ.mol— 1 Changes in Gibbs free energy of a reaction in Standard 

conditions 

AG kJ.mol—1 Change in Gibbs free energy of a reaction 

AH kJ.mol-1 Change of enthalpy of a reaction 

AS JK-1 .mol—1 Change of entropy of a reaction 

Ct mol.m-3 Concentration of species i 

'dl F.m-2 Double-layer capacitance per unit total volume 

Dfm m2.s-l Effective molecular diffusion 

Dfk m2.s-l Knudsen diffusion coefficient 

Df; m2.s-l Effective binary diffusion 
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Djj m2.s-l Ordinary binary diffusion 

Df m2.s-l Effective diffusion 

D° m2.s-l Pre-exponential factor 

dm m Diameter of the molecule 

V Standard potential of the cell 

V Equilibrium (reversible) potential of the cell 

Ea J.mol-1 Activation energy 

C.gmole-1 electron-1 Faraday's constant 

H°t Interstitial hydrogen atom in the bulk 

H20Yszad Adsorbed H 2 0 on YSZ surface 

HN i a d Adsorbed H on Ni surface 

H^iad Adsorbed H+ on Ni surface 
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HoONind Adsorbed H2O on Ni surface 

iel A.m-3 Electronic current density 

iio A.m-3 Ionic current density 

Jfo 

JTPB 

A.m-2 Faradaic current 

kfWd Forward charge transfer reaction rate constant 

cbwd Backward charge transfer reaction rate constant 

ki mol. m-n .s-1 Thermal component of the rate expression 

le m Pore effective length 

m Distance between two pores 

m.m-2 TPB length 

Nt mol.m-2s-l Flux of species i 

NA mol-1 Avogadro number 
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Interstitial hydroxyl atom in the bulk 

Adsorbed OH" on YSZ surface 

Adsorbed O " on Ni surface 

Adsorbed OH" on Ni surface 

Lattice oxygen 

Pressure of species i 

Elementary charge 

Rate of reaction of species i 

Ideal gas constant 

Vacant sites on nickel electrode 

Vacant sites on YSZ surface 

Temperature 
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K Absolute temperature of the hot reservoir in the Carnot-process 

Tc K Absolute temperature of the cold reservoir in the Carnot-
process 

Vv m 3 Volume of void-space of material 

Vxotai m ^ Bulk vo lume of material 

VQ Oxygen vacancy 

Xi k J .mo l -1 Mole fraction of specie i 

Greek Letter 

Greek TT . w • 
Unit Meaning 

Letter 

cCfW([ Forward symmetry parameter 

ai,wli Backward symmetry parameters 

fio m2 Permeability of the porous electrode 
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!G/YSZ Gas/Y SZ interface 

' Bulk/G Bulk gas /G interface 

Bulk/YSZ Bulk YSZ/YSZ interface 

r'Buik.m Bulk Ni/Ni interface 

'G/Wi Gas/Nickel interface 

FNLYSZ Ni/YSZ interface 

Porosity of the porous medium 

V Overpotential 

Vth Theoretical efficiency of a fuel cell 

Vth.Carno Theoretical efficiency of a fuel cell 

m Mean-free path 
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fj.mix kg.m-ls-1 Mixture-average viscosity 

17 m.s Convection velocity 

'el 

<P 

Q-1 .m-1 Electronic conductivity 

uio Q-lm-1 Ionic conductivity 

Tortuosity of porous medium 

V Potential 

q)el V Electronic potential 

cpio V Ionic potential 

QG Gas subdomain 

Q,Ni Nickel subdomain 

Q,YSZ YSZ subdomain 
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