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Solid oxide fuel cells are expected to be widely applicable for both small and large-scale 

power generation systems. The reason is that the solid oxide fuel cell (SOFC) is simple, highly 

efficient, tolerant to impurities, and can at least partially internally reform hydrocarbon fuels 

compared to the conventional energy conversion systems. However, the SOFCs have not been 

commercialized widely due to some technical barriers. Most of limitations are primarily due to 

high operating temperatures (800- o1200 C ), expensive materials, difficulties in fabrication and 

large thermal stresses within the cells, etc. Considering the complexity of the actual energy 

transport process in SOFCs, a mathematical model is usually a desirable tool for analyzing the 

phenomena inside a SOFC and finding optimum operating conditions to achieve a sufficiently 

high power density.  

I propose a multi-physics, multi-scale model structure by integrating three submodels, i.e., 

a macro-continuum model, a micro-scale model (random walk model) and an atomistic-level 

model. This multi-scale model has the capability of handling transport mechanisms on different 

length scales at the same time. The coarsest macro-continuum model is first proposed to simulate 

all energy transport processes in an electrolyte-/anode-supported solid oxide fuel cell. It is based 

on continuum conservation laws. The main objectives are to examine the transport channel size 



 

18 

effects and to assess the potential of a thin-film-SOFC. Results demonstrate that decreasing the 

height of flow channels can lower the average solid temperature and improve cell efficiency. But 

this improvement is rather limited for the smallest channels. Compared with the conventional 

size SOFC, the miniaturized SOFC with a thin-film electrolyte has the advantages of a lower 

operating temperature and an excellent performance. 

The microscopic material behavior can’t be explained effectively, because in the macro-

continuum model random, microstructure of electrodes is partially simplified to be homogenous. 

In order to overcome this limitation, I develop a novel micro-level model (random walk model) 

to investigate the electrochemical performance in a composite electrode. My model takes into 

account the details of the specific electrode microstructure, such as random pore structure, active 

TPB (three phase boundary) site distribution, particle size and composition and their 

interrelationship to the charge transfer and mass transport processes. The pore structure and mass 

diffusion are also incorporated into this model.  

Finally I propose a multi-scale model by combining the developed macro-level model and 

micro-level model for a lower temperature SOFC. The outcome of numerical simulations 

provides a basic understanding of the infrastructure of transport mechanisms of momentum, heat 

and mass from micro- to macro-scale dimension, together with catalytic chemical reactions and 

electric charge and ion transport through membranes and electrodes. In this model, the macro- 

submodel is developed on the basis of Chapter 3. Solutions from the macro-submodel are 

supplied to the micro-scale submodel as the global parameters. The new micro-scale submodel is 

still at the microscopic scale, but based on the percolation theory and coordination theory.  Based 

on this multi-scale model, the dependence of electrochemical performance on the global 

parameters and microstructures is assessed for the entire fuel cell stack. 
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CHAPTER 1 
INTRODUCTION 

1.1 Energy Crisis and Hydrogen Economy 

Like most of the world, the United States is dependent on petroleum for transportation, 

heating, and manufacturing. Automobiles, trains, and planes are fueled almost exclusively by 

gasoline and diesel fuel. However, the United States can’t produce enough oil to meet the 

demand, over half of the oil we use is imported (58%). We produce just 9% of the global supply 

and account for only 3% of the world’s petroleum reserves; About 65% of those resources 

reserves are concentrated in the Middle East, and over two-thirds are controlled by the OPEC 

members. Figure 1-1 and Figure 1-2 show the dramatic increase in U.S. oil demand during the 

last three decades. The rocketing oil price shocks and price manipulation by the OPEC have cost 

American economy dearly—about $7 trillion from 1979 to 2000, and each major price shock 

was followed by a recession. DOE (Department of Energy) estimates that by 2015, the demand 

for energy will grow by 54% worldwide and by 129% in developing Asia. Unless the United 

States takes dramatic steps to reduce fuel consumption, this growing dependence on imported oil 

will put U.S.A at serious risk. A worldwide energy crisis due to the shortage of oil resources 

would disrupt this country’s economics. Therefore, we must find new solutions to reduce our 

dependence on oil. 

In addition, burning fossil fuels such as gasoline or diesel contributes to a number of 

environmental problems. Spills from refining and transporting oil and petroleum products 

damage ecosystems and pollute groundwater and streams. According to U.S. Environmental 

Protection Agency, the fossil fuels burned to run cars and trucks, heat homes and businesses, and 

power factories are responsible for about 98% of U.S. carbon dioxide emissions, 24% of 

methane emissions, and 18% of nitrous oxide emissions. It has been estimated that 60% of 
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Americans live in areas where levels of one or more air pollutants are high enough to affect 

public health and/or the environment. Therefore, these environmental and health problems 

require us to create new energy sources that can replace petroleum cleanly and inexpensively.  

 
Figure 1-1.  Dramatic increase in transportation related petroleum use over the last three decades 

for the United States. Projections show that this trend will continue. 
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Figure 1-2.  The increasing tendency for U.S. oil demand and shortage of domestic production. 

One promising alternative to fossil fuels is hydrogen. Through its reaction with oxygen, 

hydrogen releases energy explosively in heat engines or quietly in fuel cells to produce water as 

its only byproduct. Hydrogen is abundant and distributed throughout the world without regarding 

to national boundaries; using it to create a hydrogen economy − a future energy system based on 
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hydrogen and electricity.  Figure 1-3 depicts the hydrogen economy as a network composed of 

three functional steps: production, storage, and use. 

 
Figure 1-3.  Hydrogen economy. 
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like water or hydrocarbons that must be transformed to yield H2 chemically. Hydrogen is a 

carrier of energy, like electricity, which should be produced from natural resources (water, fossil, 

renewable solar or thermal energy). The produced hydrogen can be stored in pressurized gas 

containers or as liquid in cryogenic containers, but not in densities that would allow for practical 

applications. To the purpose of application, hydrogen can be converted into electricity by means 

of fuel cells or other devices. Unlike an internal combustion engine, fuel cells rely on 

electrochemical reactions rather than combustion of fuels to generate power. Compared with 

traditional power sources, fuel cells hold the following competitive advantages (Larminie and 

Dicks, 2003):  
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 High efficiency: fuel cells are generally more efficient than combustion engines whether 
piston or turbine based. The efficiency can reach from 30% to 90% depending on the fuel 
cell system and if the surplus heat is utilized. Combustion-based energy generation first 
converts the fuel into heat, limited by the Carnot efficiency, and then into mechanical 
energy, which provides motion or drives a turbine to produce energy. The additional steps 
involved in combustion generation allow energy to escape as heat, friction and conversion 
losses, resulting in lower overall efficiencies.  

 Low emissions: the by-product of the main fuel cell reaction, when hydrogen is the fuel, is 
pure water, which means a fuel cell can produce essentially “zero emission”. This is their 
main advantage when used in vehicles, as there is a requirement to reduce vehicle emission. 
If 10% of vehicles powered by fuel cells, carbon dioxide emissions would be reduced by 60 
million tons a year. 

 Silence: fuel cells can be made quiet. Because fuel cell systems have few moving parts, they 
could potentially be more reliable and require less maintenance than internal combustion 
engines, the most common engines in today’s market.  

 A fuel cell never “runs down,” it continues to produce electricity as long as fuel is present. 
When a battery “runs down,” it has to undergo a lengthy, inconvenient recharge time to 
replace the spent electricity. 

However, fuel cells at the present time are still used on a limited basis. Cost and durability 

are the two biggest hurdles to commercialize fuel cells. The most widely deployed fuel cells cost 

about $4500 per kilowatt. By contrast, a diesel generator costs rough $800 to $1500 per kilowatt, 

and a natural gas turbine can be even less. Although much progress has been made, the cost of 

today’s fuel cell technology must be reduced by a factor of ten to meet cost targets. For  example, 

the target of the Department of Energy's Fossil Energy fuel cell program is to develop $400 per 

kilowatt (or less) SOFC power-generation systems for stationary, mobile, and military markets 

by the end of this decade. It is expected that lower cost fuel cells will lead to widespread 

utilization.  To compete with other power generation systems, stationary fuel cells must operate 

reliably for more than 40,000 hours. Fuel cells for transportation use must operate more than 

5,000 hours. However, today’s fuel cell systems can not achieve those targets.  

According to the Fuel Cell Today’s worldwide survey, the fuel cell market has experienced 

an impressive 32% growth rate from 2004 to 2005 (Figure 1-4).  With the government or private 
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funding support, Japan, China, Korean and European countries are making much more efforts in 

fuel cells and hydrogen industry. In summary, fuel cells and hydrogen offer the best path towards 

meeting our goals in energy utilization, environment conservation and economy development. 

Many scientists and researcher are taking technologies from research lab to demonstration to 

commercialization and widespread use, realizing a cleaner, sustainable energy future.  
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Figure 1-4.  Comparison of total cumulative units from 1990-2005. 

1.2 History of Fuel Cell Development 

Actually, the fuel cell is not a new technology, but has been around for 150 years. As early 

as 1839, Sir William Robert Grove (often referred to as the "Father of the Fuel Cell") discovered 

that it may be possible to generate current flow by taking two platinum (Pt) electrodes and 

immersing one end of each in a container of sulfuric acid with the other ends placed separately in 

sealed containers of oxygen and hydrogen. It was not until 1889 that two researchers, Charles 

Langer and Ludwig Mond, coined the term "fuel cell" as they were trying to engineer the first 

practical fuel cell using air and coal gas. While further attempts were made in the early 1900s to 

develop fuel cells that could convert coal or carbon into electricity, the advent of the internal 
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combustion engine temporarily quashed any hopes of further development of the fledgling 

technology. 

Francis Bacon developed what was perhaps the first successful fuel cell device in 1932, 

with a hydrogen-oxygen cell using alkaline electrolytes and nickel electrodes- inexpensive 

alternatives to the catalysts used by Mond and Langer. Due to a substantial number of technical 

hurdles, it was not until 1959 that Bacon’s company first demonstrated a practical five-kilowatt 

fuel cell system. 

Also in the late 1950s, NASA began to build a compact electricity generator for use on 

space missions. NASA soon came to fund hundreds of research contracts involving fuel cell 

technology. Fuel cells now have a proven role in the space program, after supplying electricity to 

several space missions. In more recent decades, a number of manufacturers, including major 

automakers and various federal agencies, have supported ongoing research into the development 

of fuel cell technology for use in fuel cell vehicles (FCV) and other applications (fuel cell, 21st 

century power, 2005) . 

A fuel cell power system has many components, but its heart part is the stack. This stack is 

actually made of many thin, flat cells layered together like slices in a loaf of bread. Most 

individual fuel cells designed for use in vehicles produce less than 1.16 volts of electricity — far 

from enough to power a vehicle. Therefore, multiple cells must be assembled into a fuel cell 

stack. (The term “fuel cell” is often used to refer to the entire stack, but, strictly speaking, it 

refers only to the individual cells.) Each cell produces electricity and the output of all the cells is 

combined to power the vehicle or for other applications. The potential power generated by a fuel 

cell stack depends on the number and size of the individual fuel cells that comprise the stack. A 

single fuel cell consists of an anode, a cathode and an electrolyte as shown in Figure 1-5. The 
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fuel is introduced at the anode, the oxidant at the cathode, and the electrolyte electrically and 

physically separates the two electrodes. During a typical PEM fuel cell operation, the fuel is 

oxidized at the anode catalyst to produce ions and electrons. The ions diffuse through the 

electrolyte to the cathode, where they react with the oxidant and the electrons to produce a 

molecular product, often water. If a wire is attached between the anode and cathode, current will 

flow in that wire in proportion to the amount of fuel and oxidant reacting.  

 

 
 

Figure 1-5.  The components of a typical PEM fuel cell. 

The following reactions take place on the electrodes: 

Anode: 

+ -
2H 2H +2e↔                                                                                                                 (1.1) 

Cathode: 

+ -
2 21/2O +2H +2e H O↔                                                                                                   (1.2) 
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Overall cell reaction:  

2 2 21/2O +H H O↔                                                                                                             (1.3) 
If assuming there are no constraints on supplying fuel and oxidant to the anode and 

cathode, respectively, the electrical voltage of fuel cell reaction is determined by the equation 

below: 

0V V IRη= − −                                                                                                                   (1.4) 

where 0V  is defined as open circuit voltage (OCV), which is equal to the potential difference 

between the fuel and the oxidant (oxygen). For hydrogen and oxygen, the upper limit of OCV on 

individual fuel cell is 1.229V at 100oC. The cell overpotential, η , is due to the non-ideal 

behavior of the fuel and oxidant at a given current, which depends on the material properties, 

operation temperature, pressure, cell geometry and so on. This term determinately influences the 

electrochemical performance of fuel cell and will be specifically discussed later. The third term 

is the voltage loss due to resistances in all of the solid components of a fuel cell. For different 

types of fuel cell, the above basic working principle is similar, but has a little different. The 

energy conversion efficiency of a fuel cell can be defined as: 

0Efficiency /V V=                                                                                                              (1.5) 

where V is terminal output and 0V  is the OCV from equation (1.4). 

There are several types of fuel cells that have been made, the most common are:  

 Alkaline fuel cell (AFC) 

 Polymer electrolyte membrane fuel cell (PEMFC) 

  Phosphoric acid fuel cell (PAFC) 

 Molten carbonate fuel cell (MCFC) 

 Solid oxide fuel cell (SOFC) 
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Figure 1-6 (Larminie and Dicks, 2003) summaries these five types of fuel cells. The low 

temperature systems, AFC, PEMFC and PAFC, require relatively pure hydrogen to be supplied 

to anode. Correspondingly, an external fuel processor needs to be included into the system, 

which not only increases the complexity and cost, but also decreases the overall efficiency. In 

contrast, the higher temperature systems, MCFC and SOFC, can electrochemically oxidize both 

CO and H2.  Accordingly, the fuel-processing reaction can be integrated into the stack, which 

enables novel thermal management design features to provide improved efficiency. There are 

some detailed discussions about the advantages and disadvantages for all types of fuel cell in 

“Fuel Cell Systems Explained” (Larminie and Dicks, 2003). Summaries of the current 

technological and commercial status of fuel cells are provided by the Fuel Cell Handbook (2003) 

and Singhal et al. (2003). In this proposal, the focus will be on the SOFC and specific discuss is 

given below. 

 
 

Figure 1-6.  Summary of fuel cell types. 
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1.3 Solid Oxide Fuel Cell 

Fuel cells were first developed through the U.S. space programs. During the 1960s and 

1970s, Westinghouse Electric Corporation continued to develop the SOFC in the United States. 

In the 1980s, a satisfactory design appeared that yielded a commercially viable stack design in 

the 1990s (tubular SOFC design). The first demonstration of a SOFC-powered electrical plant 

was conducted in 1997 by Westinghouse in Europe with an electrical conversion efficiency of 

more than 45%. Today, SOFCs are reaching precommercialization with some hundred 

residential stationary power units (about 1KW) being tested in Europe and larger unit (250KW) 

being evaluated by various utility company worldwide. In general, solid oxide fuel cell can offer 

combined heat and power (CHP) at an electrical efficiency between 40-50%, and an overall LHV 

efficiency between 80 and 90%. Compared with other types of fuel cells, SOFC systems have 

much higher efficiency and few components. Actually, about 20-30% of the volume of a solid 

oxide fuel cell system is made up of the cell stack. The rest of the system is the balance of plant 

(BOP) which includes thermal insulation, heat exchangers, fuel processors, piping pumps, 

control system and so on. Thus, the BOP is the dominant part of the SOFC system and should be 

treated with some concerns (Singhal, 2003). However, in the present proposal, the fuel cell stack 

is only our interest. In the followings, the “solid oxide fuel cell” refers to the entire stack, or the 

individual cell. 

A SOFC is a solid-state fuel cell composed of ceramic materials and metals. Only four 

components are needed: electrolyte, anode, cathode and inter-connector. In general, the 

electrolyte is made from yttria-stabilised zirconia (YSZ) which acts as a conductor of oxide ions 

at temperature from o500 1000 C− . At porous cathode layer which is a typical perovskite material 

such as 0.8 0.2 3La Sr MnO  (LSM), oxygen atoms are reduced to oxide ions by accepting the 
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electrons, which then are passed through electrolyte to the porous anode (Ni) region where the 

oxide ions react with hydrogen, releasing electrons to an external circuit as shown in Figure 1-7. 

The inter-connector supports the structure and also serves as the current collector. SOFC systems 

are being improved by a number of companies with two major stack designs: planar and tubular 

(Figure 1-7). The tubular designs are closer to commercialization and pioneered by 

Westinghouse Electric Corporation. This design constitutes the stack as a bundle of tubular 

electrode-electrolyte assemblies (Figure 1-7B). One great advantage of tubular design is that 

high-temperature gas-tight seal is eliminated. Compared with tubular designs, planar SOFCs are 

simpler to manufacture, consisting of flat plates bonded together to form the electrode-electrolyte 

assemblies. This flat-plate design results in lower ohmic losses than that in the tubular 

arrangement. It leads to a superior stack performance and a much high power density. Also, low-

cost fabrication methods such as screen printing and tape casting can be used in this design. The 

major disadvantage for this design is the need for gas-tight sealing around the edge of the cell 

components. Although the planar design has attractions in terms of power density and efficiency 

compared with the tubular design, there are still much more improvements needs, or even some 

companies have abandoned such design because of inherent technical problems. Recently, 

several novel designs, such as flat tube HPD-SOFC and MOLB (mono-block-layer-built-type) 

are reported to improve the power density greatly and have higher fuel/oxidant utilization ratio. 

A 
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B 
Figure 1-7.  Solid oxide fuel cell.  A) Planar.  B) Tubular.  

Although in the past 20 years, there have been substantial progresses in materials, 

fabrication and system-technology of different SOFC systems, some limitations still bound the 

application of SOFC, especially on the large-scale production capacities (>300KW or MW). 

These limitations are primarily related to the high operation temperatures and expensive 

materials (Larminie et al., 2003; Weber et al., 2004). The high operating temperature has 

numerous advantages: there is no need for a metal catalyst, units enjoy fuel flexibility, and 

combined SOFC/gas-turbine power plant is possible for a higher efficiency. On the other hand, 

high temperature can lead to extremely stringent requirement for materials. The thermal 

expansion coefficients for components must be closely matched to reduce thermal stress due to 

larger temperature differences. For example, the thermal stresses within the cells during start up 

and across cells during operation lead to mechanical failure of components at their interfaces. 

Therefore, in recent years, development of intermediate temperature SOFC (IT-SOFC, 500-

800 o C ) has become a new tendency. An intermediate operating temperature results in a drastic 

increase in the internal cell resistance, so the ohmic loss, especially at the electrolyte and 

polarization loss at the cathode, is lowered greatly. The thin-film or double-layer electrolyte and 

alternative electrodes are being developed and tested (Chen and Wu et al., 2004; Gorman and 

Anderson, 2005; Tang et al., 2005). 
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These existing technical barriers are stimulating researchers to apply different methods to 

overcome them and make solid oxide fuel cells become commercially competitive. Mathematical 

modeling has been proven as a powerful tool to assist the design, test and optimization of fuel 

cells. Especially, it is extremely difficult to measure the physical parameters within a fuel cell 

stack due to compactness and complexity. Thus, a well-validate, stable mathematical model can 

be an alternative to expensive, labor-intensive experimental testing and provides detailed 

information on the flow field, pressure variation, heat transfer and chemical reactions, thus find 

best approaches to improve the electrochemical performance of a solid oxide fuel cell.  

1.4 Scope 

This proposed research is focused on investigating fluid dynamics and energy transport 

process in the SOFC stack and electrodes. Proper mathematical models will be developed to 

predict the flow field, thermal field, concentration, current and potential fields, and 

electrochemical behavior in the three phase boundary (TPB). Based on these models, parametric 

studies will be employed to optimize the performance of a solid oxide fuel cell. 

In Chapter 2, the background of solid oxide fuel cell modeling is briefly introduced. 

Previous works for different level models, from the system level, via the stack level, to the 

component-level, and finally to the molecular level, are reviewed and qualitatively assessed. 

Some unresolved problems in the existing models are summarized. Then a multi-physics, multi-

scale model for the current research is proposed. This complete model includes three submodels: 

macro-, micro- and atomistic modules.  

In Chapter 3, electrochemistry fundamentals for solid oxide fuel cell are reviewed first. 

Then, a macro-level 3D thermo-fluid/electro-chemical model is developed to simulate the heat 

and mass transfer phenomena in a thin-film co-flow solid oxide fuel cell. A network circuit 

model is applied to simulate the electrical potential, ohmic losses and activation polarization. 
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Finally, this model is applied to investigate and analyze the heat/mass transfer, chemical reaction 

and electrochemistry in an anode-supported fuel cell and the effect of transport scale on an 

electrolyte-supported fuel cell. 

In Chapter 4, a new 3D random walk model is first developed to simulate the performance 

in an porous composite cathode giving a complete description of the electrode structure as well 

as the processes occurring therein. The pore distribution, composition, mass diffusion and 

current density distribution etc will be totally included into this new micro-model. Results for a 

baseline case are demonstrated and analyzed. Then, detailed investigations are carried out to 

optimize the geometry parameters. A comparison between this model and experimental data is 

conducted.  

In Chapter 5, by integrating the macro-model developed in Chapter 3 with the micro-level 

model that statistically considers the electrode’ microstructure, a multi-scale approach is 

specially developed. It accounts for transport mechanisms arising from different processes and 

length scales for a SOFC. Simulated results for a lower temperature SOFC are discussed.  

Chapter 6 concludes the research with a summary of overall work and a discussion of 

future work. 
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CHAPTER 2 
LITERATURE REVIEW AND OBJECTIVES 

2.1 Literature Review for Fuel Cell Modeling 

Various mathematical models provided by previous investigators are concerned with the 

theoretical fundamentals and practical operations of a SOFC. The modeling may focus on 

individual flow, chemical and electrochemical subsystem or on coupled integrated systems. 

Because the subsystems have different characteristic lengths, so the modeling can be established 

on the different levels, from the system level, via the stack level, to the component-level, and 

finally to the molecular level.  

2.1.1 System and Thermodynamics Modeling  

Many research groups have conducted theoretical studies for the performance analysis of 

the SOFC. However, studies for the power generation system composed by the SOFC and other 

auxiliary components including reformer, compressor, turbines, and inverters, etc. were not 

active until concerns about the gas turbine-fuel cell hybrid power system were raised. In the early 

of 1980’s, Appleby and Foulkes (1989) considered the possibility of integrating fuel cells with 

gas turbines. But this kind of hybrid cycle had not been successfully applied into the power 

systems until Siemens-Westinghouse proposed the SureCell concept (Veyo and Forbes, 1998) 

and then built the first commercial SOFC-GT system for Southern Californian Edison in 2000. 

Almost at the same time, modeling for distributed power generation began to develop rapidly.  

The main objective of system modeling is to determine the energy efficiency and 

heat/power ratio of the whole system. Early work was reported by Harvey et al. (1993), 

Massardo and Lubelli (1998), Stephenson et al. (1997), and Veyo et al. (1999). The parametric 

study of Stephenson et al. (1997) focused specifically on the recuperated SOFC/GT cycle. It 

concluded that high cycle efficiencies are achieved by directly expanding the SOFC exhaust gas 



 

34 

at the gas turbine without firing supplemental fuel at the gas turbine combustor, emphasizing the 

synergy of SOFC and gas turbine integration. Massardo and Lubelli (1998) demonstrated that the 

SOFC-GT cycles are higher (65-70% atmospheric cell; 74-76% pressurized cells) than the 

efficiency that achieved by the most advanced combined cycle plant. Similarly, Mitsos et al. 

(2004, 2005) compared different technology alternatives for mico-power generation based on a 

superstructure process, including hundreds of different designs and identified conditions.  

However, these work oversimplified the energy transport in components and geometrical 

effect due to one-dimension consideration. In order to overcome these limitations, recent 

researchers have combined the 2-D SOFC stack model with system level models, such as Stiller 

et al. (2005), Palsson et al. (2000) and Calise et al. (2005). Palsson et al. (2000) integrated a 2D 

SOFC model into a process simulation tool, Aspen Plus, as a user-defined model, whereas other 

components constituting the system were modeled as standard operation unit models.  Parametric 

study was conducted to obtain the stack and overall system behavior such as the effect of fuel 

flow on the stack and the effects of voltage and compressor pressure on the system.  

These system modeling analysis shows how strongly system characteristics, such as 

efficiency, depend on accurate input data for the electrochemical model used in simulating stack 

performance. Also, such studies indicate that the ultimate design of the stack and the required 

accuracy of stack modeling are best determined after preliminary system design studies have 

been performed using preliminary stack, reformer, and turbine models.  

2.1.2 Coupled Electrochemical, Flow and Thermal Modeling for Stack   

As a matter of fact, the heat transfer, gas species’ diffusion, kinetics of chemical reactions 

and charge transfer within a solid oxide fuel cell are all interdependent and very complicated. 

Many studies have clarified that any change in flow, thermal field or potential field may result in 

substantial variation in electrochemical performance. Therefore, if only one or several physical 
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mechanisms are considered in the models, it will lead to inaccuracy or errors in predicting the 

performance of fuel cells. Early papers used basic planar or tubular geometry and solved the 

transport equations incorporating the electrochemical reactions. Flow field was only solved by an 

one-dimensional model or neglected and only the overall reaction was considered. One of the 

first significant publications on SOFC modeling is Lu and Maloney’s published in 1988. In their 

simulation, they used a constant current density across the cell, and calculated the cell voltage 

from an input linear curve of current density vs. voltage. The following work of Lu and Maloney 

(1988), Ahmed et al. (1991), Hirano et al.(1992) and Bessette et al. (1995) developed the coupled 

thermal and electrochemical models, in which they evaluated the performance of a SOFC under 

different operating conditions. However, laminar convection heat transfer coefficients based on 

fully-develop flows were assumed and mass diffusion in the radial direction was ignored. The 

mechanisms for different polarizations were not totally considered (Ahmed et al., 1991; Hirano 

et al., 1992) or oversimplified (Bessette et al., 1995).  

Although a one or two dimensional analysis can be useful for the general design, much 

more fuel cell modeling activities are related to 3D simulation in order to obtain more accurate 

information. The most recent and advanced models for a tubular SOFC have been presented by 

Li et al. (2003, 2004). Their models accounted for the actual geometry of the cell and all major 

phenomena, including momentum, heat and mass transport coupled with electrochemical and 

chemical reactions. However, these models neglected the diffusion of oxygen through the thick 

porous cathode. Since the O2 diffusivity is much less than the H2 diffusivity (2-3 times less), the 

concentration loss in the cathode is significant, especially for the high current density case. 

Furthermore, the mechanisms of reactions were simplified. For example, the rates of the 

reforming and shift reactions were assumed to be in equilibrium and electrochemical reactions 
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were expressed entirely in terms of constant exchange current densities as adopted from Chan 

and Khor et al. (2001). Lu et al. (2005, 2006) followed the approach by Li et al. (2003, 2004) to 

compare the performance of flat tube HPD-SOFC with traditional tubular SOFC.   

In more advanced studies, much of the physical phenomenon or reaction mechanisms have 

been accounted for including species diffusion in electrodes, variation of partial pressure in 

electrodes, radiation effects, mechanical stress, electrons/ions transport, and polarizations etc. 

For example, Yakabe et al. (2001) took account the effect of the radiant heat exchange inside 

fuel/air channels into their model and estimated the internal thermal stress in cell components. In 

their another work (2004), the detail current path was simulated. It is found that the diagonal 

electric current inside the electrolyte and the inter-connector exists and the geometry of the inter-

connector affects the cell performance markedly. Listed below are related research publications 

emphasizing different physical mechanisms:  

• Studies on intermediate temperature anode supported-SOFC and species diffusion in 
porous layer: Haberman et al. (2004, 2005), Aguiar et al. (2004, 2005). 

• Simulation for the effect of flow configuration and new channel design: Yuan et al. (2001), 
Ferguson et al.(1996), Iwata  et al.(2000), Rechnagle et al. (2003), Hwang  et al.(2005). 

• The influence of radiation heat transfer and thermal stress on fuel cell’s performance: 
Yakabe et al. (2001, 2004), Murthy et al. (2003). 

• Dynamic behavior during start-up and shut-down: Aguiar et al. (2005), Gemmen et al. 
(2005), Iora et al. (2005), Damm et al. (2006). 

2.1.3 Chemical Reaction Rate Modeling 

In order to obtain the temperature distribution within cells, the local heat generation rate, 

which is dependent on chemical reaction rate, must be determined exactly. However, a common 

weakness of the above coupled thermal-fluid models is that the chemical reactions are assumed 

to be in equilibrium and independent of the species’ concentration and pressure. In other words,  

the chemical reactions taking place in fuel cell are not always simple; methane fuel, for example, 
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in the presence of steam may undergo steam reforming (or water gas shifting) upstream of the 

electrode reactions sites, so the overall heat generation may be due to a multitude of anode 

reactions such as: 

Electrochemical reaction: 

2- -
2 2

2- -
2

H +O H O+2e
CO+O CO +2e
⎧ ↔
⎨

↔⎩
                                                                                                     (2.1) 

Methane reforming: 

4 2 2CH +H O CO+3H↔                                                                                                     (2.2)  

Water gas shifting: 

2 2 2CO+H O CO +H↔                                                                                                       (2.3) 

Moreover, actual shifting or reforming reactions are recognized to involve a series of 

intermediate steps (Bockris et al., 1993; Belyavev et al., 1995; Clarke et al., 1997; Ahmed et al., 

2000). Unfortunately, which step governs the chemical process depends on the detailed 

experimental condition and electrode’s microstructure, etc. Effective chemical rate equation and 

reaction kinetic parameters can be determined by fitting a simplified kinetic model to the 

experimental data.  

Although kinetics of the reforming and shifting reactions have been studied widely, the 

rate equations presented in literatures still vary greatly due to different catalyst amount and 

material structure. Achenbach et al. (1994) and Belyavev et al. (1995) found that the reforming 

reaction rate is first order in methane and zero order in water, for a 80wt.% ZrO2 & 20wt.% Ni 

cermet and for a mixed Ni-(5wt.%) ZrO2- (2wt.%) CeO2 anode. Ahmed et al. (2000) studied the 

two different Ni-YSZ anodes and found that the reaction order in methane increases from 0.85 to 

1.4 and the order in water changes from -0.35 to -0.8. Other kinetic expressions for reforming 
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reactions can be found in the following references: Dicks et al. (2000) and Meusinger et al. 

(1998). A discussion concerning the comparison of rate equations and reaction orders in methane 

reforming reaction has been presented by Aguiar et al. (2004). For the shift reaction which takes 

place at high temperatures, previous studies have demonstrated that it reacts very quickly and is 

almost in equilibrium. The most frequently cited date is Drescher and Lehnert et al.’s (1998, 

2000). They measured the forward velocity constants ( +
shk ) and backward velocity constants ( shk − ) 

for the shift reaction at different temperatures. Just as mentioned above, the reaction equations 

strongly depend on material properties and operation conditions, so for a specific mathematic 

model, one should be careful on choosing appropriate rate equations.  

2.1.4 Hydrogen/oxygen Reduction Mechanism and Electrode Modeling 

As model have been developed, it became clear that electrochemical behavior was not 

accurately accounted for. A number of very important models were developed that described the 

electrochemically active region of the catalyst layer in detail. Some researchers extended the 

modeling effort to include a description of porous electrode microstructure. These models were 

aimed to improve the understanding of the electrochemical reactions associated losses, and then 

assist in the design of optimized electrode structures. In general, there are five different 

approaches to model the electrochemical behaviors in porous electrodes. 

2.1.4.1 One-dimensional models based on mass transfer analysis   

At this level, the kinetics of electrode (related to activation polarization) is assumed to be 

rapid, and ohmic and mass transfer resistances are the dominant resistances in the electrodes.  

This major advantage of this approach is that analytical expressions can be obtained for the 

polarization behavior. A simple Bulter-Volmer equation is always used to describe the activation 

overpotential. Chan et al. (2001) presented a complete polarization model and analyzed the 
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effects of cell component thickness on the potential loss. They found that the sensitivity of cell 

voltage due to the change of electrolyte thickness is the highest, then sensitivity of cell voltage 

due to the change of cathode thickness and finally the sensitivity of cell voltage due to the 

change of anode thickness. Results showed that the activation polarization in the cathode is 

relatively larger for anode-supported SOFC, but this polarization is estimated based on empirical 

equation and constant exchange current density. Furthermore, due to the limitation of this model, 

some important effects, such as the porosity, tortousity and pore size, were not evaluated. Using 

similar method, Kim et al. (1999, 2001) evaluated the magnitude of concentration and activation 

overpotentials by introducing an important parameter called “limiting current” in an anode-

supported SOFC. Unfortunately, because the insufficient information on the chemical kinetics 

(i.e., activation overpotential), the theoretical results can not explain the experimental data very 

well. The simplicity of the mass-transfer approach makes it attractive and therefore it was used in 

some coupled models for stack, such as, Virkar et al. (2001), Li et al. (2003), and Haberman et al. 

(2004, 2005).  However, for the optimization of microstructure or analysis of kinetics of 

electrodes, this approach is inaccurate and causes too much uncertainty.  

2.1.4.2 Oxygen reduction reaction and chemical kinetics modeling in cathode 

With the growing interests in IT anode-supported SOFC, kinetic resistance in the cathode 

is believed to be one of the major bottlenecks in improving the electrochemical performance. 

Therefore, numerical modeling of oxygen reduction mechanism (or cathodic reaction) is 

receiving much attention. Experimental studies have indicated that three possible paths for 

oxygen reduction: surface path, bulk path and electrolyte surface path (Sasaki et al.,1996; 

Odgaard et al., 1996; Fleig 2003.). Based on these experimental findings, this kind of model 

approach describes reasonable localized kinetics of cathodic reaction and establishes the 

relations between performance and relevant parameters. Using rate equation, several relations 
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such as current and voltage characteristics or partial pressure dependencies of polarization can be 

calculated for different kinetic situations, i.e., different rate-determining steps. When different 

elemental reaction steps play rate-determining role, different relation between overpotential and 

current can be analytically or numerically obtained. This model is very helpful to analyze 

experimentally determined relations among polarization resistance, external materials and 

geometrical parameters. In the surface path, detailed simulations have been presented in Van 

Heuveln et al. (1997), Svensson et al. (1998), and Mizusaki et al. (1987). For example, Svensson 

et al. (1998) proposed a two-dimensional model to simulate transport of oxygen in the cathode 

with negligible oxygen ion conductivity in the bulk. Adsorption and surface diffusion of oxygen 

on the pore walls, interfacial diffusion of adsorbates, and electrochemical reaction kinetics at the 

electrode/electrolyte interface were considered. They found that the extension of the reaction 

zone into the two-phase boundary, by diffusion of adsorbed intermediate oxygen along the 

electrode/electrolyte interface, is beneficial for the cathode performance. In modeling bulk path, 

both electro/ion current and electrochemical reaction at interfaces and stroichiometry variations 

in the bulk have to be considered. Related studies are reported by Fleig (2003) and Jamnik et al. 

(1999). 

2.1.4.3 Monte-Carlo simulations based on random packing of spherical particles 

Composite electrodes are commonly used in the solid oxide fuel cell due to an increase in 

the three phase contact area (TPB) compared with pure electronic conduction electrode materials 

and as a result composite electrodes usually enhance the performance. Monte-Carlo simulation 

was developed in response to the need for modeling such composite electrodes. The basic 

assumptions behind this method (Sunde, 2000; Abel et al., 1997) are: (1) composite electrode 

can be represented by discrete particles of electrolyte (ionic conductor)  and electrode (electronic 

conductor) materials packed together completely at random; (2) current is conducted from 
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particle to particle through necks formed between them; (3) representative aggregates can be 

created on a computer with serial, random deposition of spheres, leading to highly amorphous 

structures, or by regular lattices of a chosen structure, e.g., cubic. A network of resistors is 

formed throughout the entire computational domain. The electrical and electrochemical 

properties of the particles are then described by such network. Two of the significant 

publications on Monte Carlo simulation are Sunde’s published in 1996 and 1998. He applied the 

Monte Carlo method to calculate the conductivity of composite electrodes. It is found that a 

sharp transition from low to high conductivity occurs at approximately 30% volume fraction for 

cubic lattices and for the random packing with uniform particle radius. Following Sunde’s work 

(1996a, b), Jeon et al. (2005) applied this method to simulate the performance of a composite 

cathode with penetrating electrolyte structure. To our  best knowledge, this method represents 

the type of approach that best predicts the most important experimental features of composite 

electrodes. However, it is too expensive and only limited to problem with small sample size due 

to high computational cost. Furthermore, this method has not been performed on other types of 

electrodes, like mixed ionic and electronic conducting cathode (MIEC).  

2.1.4.4 Continuum micro-scale models based on the statistical properties 

This method is also suitable for composite electrodes. The basic assumptions in continuum 

micro-scale models are identical to assumptions (1) & (2) in the Monte-Carlo simulation. 

However, instead of using computer-generated packing where all particle positions and types are 

known, this method disregards the actual geometric details of the composite electrode. The 

electrode is described in terms of continuous, average quantities, in analogy with corresponding 

theory for single–phase porous electrodes used in aqueous electrochemistry (Sunde, 2000; 

Singhal and Kendall 2003; Fleig, 2003). The most important parameters, effective ionic and 

electronic conductivities, can be modeled by the following most common statistical approaches:  
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(1) Percolation theory and coordination numbers theory in random packing of bimodal spheres. 

Percolation theory gives a phenomenological equation for the conductivity of a system near to a 

metal-insulator (or conductor-perfect conductor) transition (Kirkpatrick, 1973). Although in the 

binary particle system, only clusters of electrolyte particles (such as YSZ) and electrode particles 

(such as Ni/LSM) extending through the entire composite are taken into account in this method, 

previous studies have successfully proven its validity in predicting conductivity for composite 

electrode (Bouvard et al., 1991; Kuo et al., 1995; Jiang et al., 1995; Sunde 2000; Costamagna et 

al., 1998; Chan et al., 2001, 2004). However, almost all reported results so far have been for one-

dimensional formulation and the direction normal to the electrode plane was considered; (2) 

Effective medium theory: an effective media theory of a binary mixture is one where each 

ellipsoidal grain is, on average, surrounded by a mixture which has the effective conductivity of 

the composite medium. It originates from Clausisu-Mossotti approximation and Bruggeman 

symmetric/asymmetric effective media theories (Landauer,1978; Meredith and Tobias, 1962). 

Mclanchlan and Newnham (1986, 1990) derived a general effective media (GEM) equation, 

which combines most aspects of both percolation and effective media theories. Electrical 

conductivity obtained from GEM equation can quantitatively fit the experimental data. However, 

this model has sometimes been criticized because, by their nature, they can’t  be expected to 

accurately describe the behavior of the conductivity near critical points.  

The major advantage of continuous micro-model is the simplicity and its applicability in 

optimizing the design of electrodes’ microstructures. Percolation theory will be developed in a 

2D domain to calculate effective electrical conductivity in the proposed modeling work, and so 

will be specially described in Chapter 5. 
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2.1.5 Molecular-level Modeling  

The last type of modeling approach is the most elaborated one. Over decades, enormous 

progresses have been achieved in calculating the structures, the properties and the reactivity of 

solids starting from atomistic approaches. The molecular-level models have been advanced far 

into several categories (Singhal et al., 2003): (1) Empirical inter-atomic potential models. These 

methods originate from a given effective potential that describes the inter-atomic forces in a 

system of atoms using classical techniques. One of popular approach is the molecular dynamics 

method. (2) Quantum mechanical electronic structure calculations, or the ab initio methods. This 

method is based on the self-consistent solution of the Schrodinger equation for a cluster of atoms 

and a set of boundary conditions. This level modeling needs overwhelming computational 

resources, so it is still difficult to integrate with a macro-model or micro-model.  

2.1.6 Unresolved Issues in SOFC Modeling 

Many progresses have been made in SOFC modeling as summarized above. The most 

suitable modeling depends on the problem under consideration. However, much work is still 

needed. For continued progress in this field, models must be based on an accurate description of 

the fundamental principles underlying the various processes occurring at the micro-scale level or 

molecular level. Constant improvement in SOFC modeling will allow models to be developed 

for making design decisions and performance predictions and help commercialize SOFCs. Future 

models must properly address or solve some important issues or problems which still exist in the 

present models (Faghri and Guo, 2005; Bove and Ubertini, 2006):  

 The physical properties, such as exchange current density or charge transfer coefficient for 
the oxygen reduction process, are critically important to model accuracy. In the simulation 
to study the activation polarization, the exchange current density is a parameter that relates 
to the activity of electrochemical reaction. However, the values used in the literature are 
quite different, or even contradictory. Most models rely on estimated values for many 
required physical properties, mainly because property data are evaluated under a limited set 
of conditions that may be different from the conditions of a given model. Actually, it is 
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impossible to simulate the performance of an actual fuel cell accurately based on such 
uncertainty in properties. Therefore, obtaining these property dates will improve the 
accuracy of existing models greatly. 

 SOFC models can be improved by developing submodels and aiming at a specific transport 
process which is too complex to be explicitly included in a general comprehensive model. 
By modeling a specific transport process, it is possible to gain a greater and more 
fundamental understanding of fuel cell operation than would be possible through the use of 
macroscopic models alone.  

 At the nano-scle of atoms and molecules, prediction of material behavior and interfacial 
interaction are becoming possible. Many significant advances are now being obtained in the 
understanding of composite structures of electrodes and three phase boundaries (TPB). 
Therefore, in the further, it is expected that models which combine the macroscopic and 
atomistic approaches will be developed. 

2.2 Objectives 

The main objective of our research is to develop a direct numerical simulation capability 

that is based on first theoretical principles and will provide a fundamental understanding of the 

infrastructure of transport mechanisms of momentum, heat, and mass from nano/micro- to 

macro-scale dimension, together with catalytic chemical reactions and membrane transport at 

atomistic level. We will focus on identifying the key underlying transport physics and improving 

our knowledge of their inherent consequences to facilitate breakthroughs that are needed for the 

realization of hydrogen economy. Here, a macro, nano/micro and particle-scale modeling and 

simulation framework is proposed to achieve the above objective. This multiscale computational 

framework as shown in Figure 2-1 includes the following three numerical models that are 

intercoupled to cover the entire fuel cell stack.  

Macroscale Model. Certain transport phenomena that takes place within the SOFC stack, 

such as the air and fuel fluid flow, and heat transfer inside transport channels, can be simulated 

and analyzed by the continuum-scale computational fluid dynamics (CFD) technique. In this 

model, the electron and ion transport in the electrodes and membrane, respectively, are only 
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modeled based on a global (or lumped capacitance) method and therefore the specific 

microstructure and atomic/molecular effects have been neglected. 

 

Figure 2-1.  Multiscale computational framework. 

 Nano/Micro Scale Model (Random Network Model). The microstructures of electrodes 

are not regular and thus all the mass and energy transports within electrodes take place in a 

disordered medium. The morphology of porous electrodes, i.e., its connectedness (the way pores 

are connected to one another) and its geometry (the shapes and sizes of the pores), plays a 

fundamental role in the transport and reaction inside the system which is often more important 

than the role of other influencing factors. However, in most of previous modeling work for 

electrodes, the non-homogeneous microstructures are substantially simplified to become 

approximately homogeneous. Some critical properties, such as the electrical conductivity and 

diffusivity, are obtained by approximate or statistical approaches, such as the effective medium 

theory and classical percolation theory. Moreover, the individual pore effect and surface 
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diffusion within microspores are not considered. Due to inherent uncertainties, errors and 

limitations in these methods, the predicted results often can not explain the experimental 

phenomena satisfactorily.  

Therefore, a micro-scale model, which focuses on the electrodes and electrolyte, will allow 

us to investigate the effects of microstructure variations on the mixture gas diffusion from the 

bulk flow to the reaction site, the surface diffusion within micropores and the effective electrical 

conductivities. All of the three diffusion types, i.e., bulk diffusion, surface diffusion and 

Knudsen diffusion, will be taken into account. In this method, a SEM photograph of 

microstructure for an electrode can be mapped onto a random network of bonds connected to one 

another at nodes of the network. The network model incorporates pore-scale descriptions of the 

medium and the physics of pore-scale activities. For example, a 3-D random resistor network can 

be established to directly describe a composite cathode structure as shown in Figure 2-2 (only 2-

D view is given). By identifying the positions and shapes of grain particles and pores, the most 

accurate information about the microstructure can be described. Nodes denote the grain particle 

or pore, which include information about the spatial dimension distribution. Resistances connect 

each pair of nodes. Here, the different types of resistances represent different transport 

mechanisms. For example, it can be “mass resistance”, “electrical resistance” or “polarization 

resistance”. The local resistance is evaluated on the basis of shapes of the grain/pore and position. 

The electrochemical reaction, ohimc resistance, and polarization resistance, etc. can be 

calculated by this model. It will undoubtedly gain a greater and more fundamental understanding 

of fuel cell operation than would be possible through the use of macroscopic models alone. 
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A                  B 
Figure 2-2.  The random network model.  A) Irregular microstructure of a composite electrode. 

Black circle = electronic conductor, blue circle = ionic conductor, empty space = pore. 
In an actual electrode, the shape of particle may be spherical or cylindrical etc.  B) 
Network discretizaiton of microstructure. Red rectangle denotes the resistance. Black 
node = electronic conductor, blue node = ionic conductor, white node = pore. 

 Atomistic Model. The atomistic model is an integral part of the complete multi-scale 

model but it will not be a part of the current work. In view of keeping the completeness of the 

model framework (Figure 2-1), we give some basic explanation for this atomistic model. For 

oxygen reduction, not a single mechanism discovered so far can explain all the oxygen reduction 

processes in the cathode. Although the O or H atomic diffusion is not the rate limiting step at 

macroscopic scales, it is anticipated that it could become significant in components that have 

been miniaturized to the micrometer or nanometer scales and/or at lower operating temperatures. 

To model the above mentioned atomic diffusion in metals requires the calculation of bond 

energies, cohesive energies, and atomic-scale forces that can be accomplished with 

computational methods derived directly from first quantum mechanical principles (hence the 

name ab initio). For Ab initio quantum molecular methods, they are direct and most accurate, but 

the current issue is that they are computationally demanding and therefore restricted to relatively 

microscopic local regions. We propose to use the quantum molecular dynamics methods that will 

employ the density functional theory (DFT) by Hohenberg and Kohn (1964). DFT methods are 

readily applied to periodic systems such as lattices, surfaces and interfaces.  
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Specifically, the generalized gradient approximation (GGA) approach will be used to 

calculate the electron density, which has been shown to be the best for calculating bond lengths 

and energies. The DFT can be used to calculate atomic energies and subsequent forces to be used 

in molecular dynamics (MD) simulations, where Newton’s equations of motion are solved 

numerically for the transport of oxygen and hydrogen atoms. The goal of the atomistic effort is 

to study the diffusion of O and H atoms through the metal oxide lattices that make up the 

transport membranes. These lattice models can include various point defects (such as vacancies) 

and structural defects (such as grain boundaries) that could play a role in atomic and molecular 

diffusion.  

The multi-scale framework proposed here will be employed to integrate the atomistic, 

nano/micro, and macroscopc models. The macroscopic model will be computed based on the 

continuum conservation laws. The solution will be supplied to atomistic model as the global 

parameters. The micro-scale model establishes the complex relationships among the various 

transport phenomena, which includes the transport of electron, ion and gas molecules through the 

electrodes, electrolyte and particularly at the three-phase boundary region. The atomistic model, 

in turn, will be executed strategically at sampled microscopic local regions in the electrode and 

electrolyte to supply the flux profiles to the microscopic model as boundary conditions. Such a 

process can iterate among the three modeling levels until the atomic, micro and macroscopic 

simulations offer a consistent result based on the input from one another. 

Finally, by integrating the three models, the dependence of electrochemical performance 

on the geometrical parameters (channel height, thickness of electrodes, etc.), microstructures 

(porosity, volume fraction, composite ratio, etc.), and electrochemical reaction (surface diffusion, 

atomic diffusion) will be assessed for the entire system in a meaningful way. 
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CHAPTER 3 

DEVELOPMENT OF A MACROSCALE MODEL AND PERFORMANCE OPTIMIZATION 
FOR A SOFC UNIT CELL 

In this chapter, the electrochemistry fundamentals for solid oxide fuel cell are reviewed in 

the first section. These fundamentals are related to the ideal performance and thermodynamic 

operation of fuel cells, i.e., how operating conditions (such as pressure and temperature, etc) 

affect the performance of fuel cells. The electrical potential loss in the practical fuel cell process 

is discussed in detail in the second section, which includes the ohmic, activation and 

concentration overpotentials caused by mass transfer. In the third section, a 3-D thermo-fluid 

electrochemical model is developed to simulate the heat/mass transport and electrochemical 

process in a SOFC unit cell. Finally, this model is applied to investigate and analyze the 

heat/mass transfer, chemical reaction and electrochemistry in an anode-supported fuel cell and 

the effect of transport scale on an electrolyte-supported fuel cell. 

3.1 Electrochemistry Fundamentals 

Before starting to model the energy transport process, one should well understand the basic 

electrochemical phenomenon in fuel cells. In general, a fuel cell possesses two types of energy: 

(1) free energy, G and (2) unavailable energy. Free energy earns its name because it is available 

for conversion into usable work. The unavailable energy is lost due to the increased disorder, or 

entropy, of the system. The maximum electrical work obtainable in a fuel cell operating at 

constant temperature and pressure is given by the change in Gibbs free energy ( GΔ ) of the 

electrochemical reaction: 

G nFEΔ = −                                                                                                                        (3.1) 

where n  is the number of electrons participating in the reaction. F is Faraday’s constant and E  
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is the ideal potential of the cell. For reactants and products in their standard states, i.e., 298K and 

1atm: 

0 0G nFEΔ = −                                                                                                                      (3.2) 

For the general cell reaction:   

aA bB cC Dδ+ → +                                                                                                            (3.3) 

The Gibbs free energy which pertains to one mole of a chemical species is called chemical 

potential ( g ). For ideal gas with temperature T  and pressure p , the chemical potential can be 

expressed by: 

0
0lng

pg g R T
p

= +                                                                                                             (3.4) 

where gR  is the gas constant and 0p  is the standard pressure of 1atm. It is noted that the unit of 

pressure p  is atm. The overall Gibbs free energy change in equation (3.3) can be expressed in 

terms of the standard state Gibbs free energy and partial pressure of individual components: 

( ) ( )c D A BG cg g ag bgδΔ = + − +                                                                                         (3.5) 

Substituting equation (3.4) into (3.5), then we can get: 
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p p p p

δ

δ

δ ⋅
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⋅

⋅
= Δ +

⋅

                                       (3.6) 

When equation (3.1) is substituted into equation (3.6), the Nernst potential, which is also called 

theoretical electromotive force (EMF), is: 
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0 0
g0 A B

0 0
C D

( / ) ( / )ln
( / ) ( / )

a b

c

R T p p p pGE E
nF nF p p p p δ

⋅Δ
= − = +

⋅                                                                  (3.7) 

where the ideal standard potential 0E  is equal to
0G

nF
−Δ . If the oxidation of hydrogen is the only 

electrochemical reaction in the solid oxide fuel cell, and it can be expressed by the following 

chemical equation: 

2 2 2H +1/2O H O(gas)⇔                                                                                                     (3.8) 

The Nernst potential will be:  

2 2

2

0 0 0.5
H anode O cathodeg0

0
H O anode

( / ) ( / )
ln

2 ( / )
p p p pR T

E E
F p p

⋅
= +                                                               (3.9) 

the ideal standard potential 0E  depends on temperature, which decreases with the increasing of 

temperature. For example, for a solid oxide fuel cell (operating at o1100 C ) in which H2 and O2 

react, this value is about 0.91 volts with gaseous water product. In the anode side of a solid oxide 

fuel cell, the electrochemical equilibrium exists in the gas species: 

2 2

2

0 0 0.5
H anode anode0

g 0
H O anode

( / ) ( / )
0 ln

( / )
Op p p p

G G R T
p p

⋅
Δ = = −Δ +                                                  (3.10) 

then substituting Eq. (3.10) into Eq. (3.9), the Nernst potential can be obtained in another form: 

2 2

g 0 0
O cathode O anode[ln( / ) ln( / ) ]

2
R T

E p p p p
F

= −                                                                   (3.11) 

Compared with equation (3.11), equation (3.9) is more common to apply. Once the oxygen 

partial pressure on the cathode side, water and hydrogen partial pressure on the anode side are 

known, the EMF will be determined.  
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Some secondary parameters are very useful in assessing the overall performance of a fuel 

cell and will be used in the following model, are given here: 

(1)Fuel utilization factor: 2 2

2

(Mass of H in - Mass of H out) 100(%)
Mass of H in

= ×                    (3.12) 

(2) Air ratio: Total oxygen mass
Consumed oxygen mass

=                                                                         (3.13) 

(3) Power density: Total power
Cell volume

=                                                                                    (3.14) 

(4)Fuel efficiency:
2

Total power
Mass of H in ( ΔH)

=
× −

                                                                 (3.15) 

3.2 Electrical Potential Loss 

However, in reality, the irreversibility related to chemical kinetics becomes a significant 

factor and the actual potential is lower than ideal potential. Figure 3-1 shows the characteristic 

shape of the voltage/current density graph resulting from four major irreversibilities. These will 

be outlined briefly here and then considered in more detail in the modeling development (section 

3.3). 

Ohmic Polarization. The ohimic loss is caused by the electrical and contact resistances of 

the electrodes and the collecting components, as well as the ionic conduction resistance of the 

electrolyte. If the electrical resistance in current collector is negligible (Iwata, et al. 2000), which 

leads to the consideration that the current is almost perpendicularly collected, the voltage loss 

can be described by Ohm’s law: 

ohmic a a c c e e( ) /i Aη δ ρ δ ρ δ ρ= × + +                                                                                    (3.16) 

where aρ , cρ  and eρ  are resitivities for anode, cathode and electrolyte, respectively. aδ , cδ , and 

eδ  are respective thickness for three layers. But this is the simplest case. If the resistances in 
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current collectors, contact resistance and internal crossover current are considered, an equivalent 

circuit comprising many resistors can be applied to describe the ohmic behavior. However, in 

actual situation (especially in the start-up or shut-down period), the current response is not 

instantaneous. Therefore, capacitance effect should be considered. For classical materials used in 

SOFC, such as YSZ electrolyte, Ni anode, and LSM+YSZ cathode, the major ohmic contribution 

is from electrolyte, because the ionic resistivity of the electrolyte is much larger than the 

electronic resistivities of the anode and cathode. The relative contributions of various 

polarizations vary widely among different cell design, such as cathode-supported, and 

electrolyte-supported and anode-supported. Ohmic contribution is smaller in electrode-supported 

cells due to relatively thin electrolyte thickness. Thus the anode-supported fuel cell usually has 

better performances. 
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Figure 3-1.  The voltage of a fuel cell operating at about 800 degrees. (Larminie and Dicks, 2003) 

 Concentration Polarization. This type of polarization is due to the mass transport 

resistance between the channel flow region and the reaction site, which results in lower partial 

pressures for the reactants and higher partial pressures for the products at the electrode surfaces. 
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Concentration polarization is generally largest at the cathode due to low diffusivity of oxygen. 

Moreover, at a high cell current density, the increased requirements for the feed of the reactants 

and removal of the products can significantly raise the concentration polarization, and the cell 

output potential will drop accordingly.  

The concentration polarization at the cathode and anode are functions of the specie’s 

effective diffusivity, current density and microstructure, etc.. In particular, the microstructure of 

the electrode strongly influences the effective diffusivity and this polarization, because the 

Knudsen diffusion, surface diffusion or even effects of adsorption may occur in porous media. In 

terms of measurable parameters, the 1-D analytical expressions have been derived by Kim et al. 

(1999) and Chan et al. (2001). The two expressions based on the binary mass transfer principle 

are very explicit. However, in practice, the fuel is not pure hydrogen, but reformed hydrocarbon. 

This requires a numerical and two or three-dimensional solution including reforming and shifting 

reaction, as well as multi-component transport. This method will be addressed in the following 

model. 

Activation Polarization (or activation overpotential). Compared with concentration and 

ohmic polarization, this one is much more complicated. Activation polarization is caused by the 

slowness of the electrode reaction taking place in the electrodes. As mentioned in Chapter 2, the 

electrode reaction, which is either the oxygen reduction in the cathode or the hydrogen reduction 

in the anode, is a multi-step process. The parameters influencing the corresponding reaction can 

be pressure, temperature, material properties or geometry of electrodes, etc. Therefore, obtaining 

a unified reaction mechanism is unrealistic. For example, the oxygen reduction in the cathode 

may involve oxygen diffusion, adsorption of oxygen on the electrode surface, diffusion of 

oxygen species along the surface towards the three-phase boundary, followed by complete 
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ionization and ionic transfer into the electrolyte or other possible diffusion paths. A wide variety 

of reaction mechanisms have been reported in the literatures, like Sasaki et al.(1996), Odgaard et 

al.(1996) and Fleig (2003), etc. The lack of consistency is apparently due to the fact that 

electrode processes and morphology are closely interrelated and also the fundamental 

mechanisms are not fully understood at the present time. 

However, it is possible to describe the overall process in a phenomenological approach. 

The most common approach is known as the Bulter-Volmer equation that gives a quantitative 

relation between current density and activation loss: 

e act e act
0

g g

exp( ) exp[ (1 ) )]n F n Fi i
R T R T

β η ηβ
⎧ ⎫⎪ ⎪= − − −⎨ ⎬
⎪ ⎪⎩ ⎭

                                                               (3.17) 

where β  is the transfer coefficient; actη is activation overpotential and 0i  is the exchange current 

density. It should be noted that the relationship between actη  and current density i  is nonlinear 

and implicit. However, for limiting cases, i.e., current density is very high or small, actη  can be 

approximated as the Tafel equation or linear expression (Li et al., 2003; Singhal and Kendall, 

2003; Brad and Faulkner, 2001). Experimental work combined with modeling has been 

conducted in order to analyze and determine the exchange current density under different 

conditions. Electrochemical impedance spectroscopy (EIS) is the most commonly used method. 

It has been proved that exchange current density depends on the activity of the electrocatalyst 

(TPB), microstructure, shape of electrodes, partial pressure and so on.   

Electrode polarizations cause significant voltage losses in SOFCs and need to be reduced 

to improve efficiency. Previous studies have indicated that the largest polarization contribution 

comes from the oxygen reduction process in the cathode. So, much more composites or MIEC 

cathodes, which can extend the TPB length, are been using in fuel cells to reduce activation 
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losses. In addition, fine microstructure also increases the TPB length and activity of 

electrochemical reaction, so the activation losses can be reduced further. But, fine microstructure 

means smaller porosity and larger mass transfer resistance. This may lead to larger concentration 

polarization. Therefore, an ideal electrode structure should be optimized. In Chapter 4, a detailed 

discussion on composite electrode kinetics and also on calculating different overpotentials based 

on a micro-level model will be presented.  

3.3 Three-dimensional Thermo-fluid Electrochemical Model for a SOFC Unit Cell 

In this section, a 3-D thermo-fluid electrochemical model is developed to simulate the 

heat/mass transport and electrochemical process in a SOFC unit. In future work, it is applied into 

optimizing design of an anode-supported and an electrolyte-supported SOFCs.  

3.3.1 Development of Modeling  

3.3.1.1 Model features and assumptions 

The model is developed to simulate a planar SOFC by a finite-volume approach (Patanka, 

1980). Three-dimensional temperature, chemical concentration profiles, reactant utilization and 

power outputs are yielded. Fuel composition may include any combination of hydrogen, methane, 

carbon dioxide, carbon monoxide, water, nitrogen or others. Air is considered to be composed of 

oxygen and nitrogen. Although, the model is based on co-flow and a planar SOFC, it is also 

applicable for cross or counter-flow configurations and tubular SOFC by changing some 

geometrical parameters and boundary conditions.   

There are several assumptions and definitions that should be pointed out before describing 

the present model:  

 Transport and gradients in all three-directions are considered.  

 Energy transfer due to species diffusion in channel flows and porous layers are neglected.  
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 Because the single cell model represents a repeating cell unit in the center of a larger stack, 
cyclic boundary conditions for current are imposed at the boundaries of model domain. 
Walls at the periphery of the single cell are assumed to be adiabatic.  

 The kinetics of carbon monoxide oxidation at the reaction site is generally slow if compared 
with hydrogen oxidation .Therefore only hydrogen is assumed to take part in the 
electrochemical reaction, while carbon monoxide is oxidized through the shift reaction.  

 The heat exchange by thermal radiation is considered negligible with respect to the heat 
balance inside the cell channels due to the dominant effect of convective heat transfer and 
small cross-section of the channels with respect to the channel length.  

The stack of a SOFC is made up of many identical unit cells connected in series, most of 

which function under similar operation conditions. Therefore, to reduce computational work, 

only one unit cell is taken as the computational domain. This typical single cell is assumed to be 

an interior and non-boundary unit. As a result, the heat loss to the surroundings is not considered 

and the only heat removal mechanism from the cell is through the gas streams. The schematic of 

the computational model is shown in Figure 3-2. Furthermore, only one half of the gas channels 

are modeled by applying the symmetry condition. A single cell consists of a porous layer of 

anode, a porous layer of cathode, a dense layer of electrolyte, and interconnect (or rib). The 

interconnect supports the structure and also serves as the current collector. When air and fuel 

streams flow along the X-direction (co-flow arrangement), O2 gas from the air stream diffuses 

through the cathode and accepts electrons from the external circuit at the cathode/electrolyte 

interface. Also, at the anode/electrolyte interface the oxygen ions pass through the electrolyte 

and react with the H2, and the reaction product H2O diffuses back into the fuel stream. If the fuel 

is natural gas (CH4, CO2, CO, H2, and H2O), the reforming and shift reactions take place through 

the anode layer as follows:   

Reforming: 

4 2 2CH +H O 3H +CO +206kJ/mol↔                                                                                (3.18) 

Water-gas shift: 
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2 2 2CO+H O H +CO - 41kJ/mol↔                                                                                     (3.19) 

Figure 3-2.  A co-flow planar SOFC and the computational domain. 

3.3.1.2 Thermal-fluid model 

In this model, the entire computational domain consists of three sub-domains: porous 

(electrodes), solid (interconnects and electrolyte) and pure fluid regions (channel flows). It has 

been demonstrated by previous experiments that the fluid flow in the porous media is a low 

speed mixture gas flow with a Reynolds number much less than unity. Therefore, this flow is 

treated as laminar and incompressible. It is also assumed that the porous medium is 

homogeneous and in local thermodynamic equilibrium with the fluid. In the porous region, the 

flow is governed by the Brinkman-Forchheimer extended Darcy model, which takes into account 

the effects of flow inertia as well as friction induced by macroscopic shear stresses. While in the 

fluid region, the Navier-Stokes equations describe the flow behavior. The conservation equations 

of mass, momentum, energy and species for fluids in both the pure fluid region and porous 

domain are:  

f( ) 0Vρ∇ ⋅ =                                                                                                                     (3.20) 

2f f f 1( ) ( )f FpVV V V V V
K K

ρ μ μ ρ εη
ε ε ε

∇
∇⋅ = − + ∇ − + ⋅                                                  (3.21) 

f f eff re oh( ) ( )c VT k T Q Qερ∇ ⋅ = ∇ ⋅ ∇ + +                                                                             (3.22) 
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f( )i i iY V J Sερ∇ ⋅ = −∇ ⋅ +                                                                                                  (3.23) 
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                                                                                                           (3.25) 

where parameter η  is set to unity for the flow in a porous medium  ( 0 1ε< < ) and to zero in 

regions without porous materials ( 1ε = ). V and iY  represent the velocity vector and the local 

mass fraction of each component, respectively. ε  is the porosity and K  is the permeability of 

the porous medium. 1F  the Forchheimer coefficient is calculated by 5 0.5
1 1.8 /(180 )F ε= . The 

effective thermal conductivity effk  is equal to f s(1 )k kε ε+ − . The heat source ohQ  is due to ohmic 

loss and activation overpotentials. Another source term, reQ , denotes the heat produced by 

reforming and shift reactions which only take place in the anode layer. There is no heat 

generation term in pure fluid region. Thus, once the information of the electrical field and 

chemical reactions is obtained, the two heat source terms can be exactly determined. iS  is the net 

rate of production of component i  by chemical reaction and is left for specific discussion 

later. iJ  is the diffusion mass flux vector derived from the Stefan-Maxwell relations (Mills, 

2001): 

1k, ,eff ,eff g

( )
n

i j j ii
i

ii ij ij
j i

X J X JJ P X
D D D R T=

≠

+ − = ∇∑                                                                                 

(3.26) where iX  is the mole fraction of component i and ,effijD  is the effective binary diffusion 

coefficient of a mixture of components i and j and equal to ijDϕ . ϕ  is the ratio of porosity to 
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tortuosity. k,iD  is the effective Knudsen diffusion coefficient of component i and calculated 

according to the kinetic theory of gas: 

g
k,

82
3i

i

R T
D r

M
ϕ

π
=                                                                                                            (3.27) 

where r  is the average pore radius. The density, viscosity, specific heat, and thermal 

conductivity are functions of both temperature and mass fraction of gas mixture. In a SOFC, the 

shift reaction, which takes place at high temperature, can be assumed to react very quickly and 

almost in equilibrium (Lehmert et al., 2000). The reforming kinetics is assumed to be quasi-

homogeneous. Lehmert et al. reported experimental results for the forward velocity constants 

( +
rk , +

shk ) and backward velocity constants ( rk − , shk − ) for the two reactions at three different 

temperatures. Haberman et al. (2004, 2005) have developed empirical correlations for velocity 

constants with Arrhenius curve fitting technique using experimental data of Lehmert et al. in the 

temperature range,900K 1300KT< < . The volumetric reaction rates of hydrogen in the shift 

reaction and methane in the reforming reaction are calculated by:  

2 2 2 2

+ 2 2
sh,H s g CO H O s g CO H( ) ( )R k R T C C k R T C C−= −                                                                (3.28) 

4 4 2 2

2 - 4 3
r,CH r g CH H O r g CO H( ) ( )R k R T C C k R T C C+= −                                                                (3.29) 

where iC  ( 4 2 2 2CH ,CO,CO ,H ,H Oi = ) is the molar concentration of component i. The net rate of 

production for each component, iS , can be stated as the followings:  

4 4 4CH CH r,CHS M R= −                                                                                                           (3.30) 

4 2CO CO r,CH CO sh,HS M R M R= −                                                                                             (3.31) 

2 2 4 2 2H O H O r,CH H O sh,HS M R M R= − −                                                                                       (3.32) 

2 2 4 2 2H H r,CH H sh,H3 RS M R M= +                                                                                           (3.33) 
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2 2 2CO CO sh,HS M R= .                                                                                                            (3.34) 

When the molar numbers of methane and hydrogen involved in the reactions are determined, the 

volumetric heat generation rate due to chemical reaction in Eq. (3.22) is expressed by: 

4 2re reform r,CH shift sh,HQ H R H R= Δ ⋅ + Δ ⋅                                                                                  (3.35)  

It should be noted that Eq. (3.35) is only applicable to the anode layer. In Eq. (3.22), the second 

source term includes the heat generations from ohmic loss in all solid or porous regions and the  

activation overpotentials in electrodes: 

for solid: 

2
ohQ I R=                                                                                                                        (3.36a) 

for electrodes 

2
oh actQ I R Iη= ⋅ + ,                                                                                                         (3.36b) 

where I  is the local current and R  is the resistance. actη  is the activation overpotential.  It is 

assumed that the electrochemical reaction occurs in the vicinity of the anode/electrolyte interface, 

and so the thermodynamic heat generation from this reaction is: 

2elec elec H( )q H G m′′ ′′= Δ − Δ ⋅                                                                                                  (3.37) 

here GΔ  is the chemical potential and 
2Hm′′  is the molar consumption rate of hydrogen. In the 

actual calculation, Eq. (3.37) is treated as a heat flux condition at the anode/ electrolyte interface. 

3.3.1.3 Electrochemical model 

The electrochemical model predicts the local electrical potential and current density, which 

is subject to changes in geometry, local temperature and gas compositions. Numerical simulation 

for a three-dimensional electrical field is directly analogous to the calculation of heat transfer 

using a finite volume method. A separate anode/electrolyte/ cathode unit is modeled and the 



 

62 

discretization of equivalent electric circuit is shown in Figure 3-3. Current enters into electrical 

network from the bottom current collector (i.e., bottom interconnect), then flows through the 

anode, electrolyte and cathode, finally to the external circuit by top current collector. In this 

model, it is assumed that the cathode and the anode are purely electronic conductor and 

electrolyte is purely ionic conductor. However, this electrical network is inappropriate for micro-

model in Chapter 4, in which the composite electrodes will replace such one-phase electrode, 

because the electrochemical reaction is not limited at the interface between an anode and an 

electrolyte, but everywhere on the whole anode. Within the electrolyte layer, the current 

primarily flows from the anode to the cathode. In the anode layer, the ohmic resistance in normal 

direction (Y-direction) is neglected for thin anode. But if the anode is thick, such as anode-

supported SOFC, this directional resistance will be incorporated.  Electrostatic potential within 

all computational elements must satisfy the Laplace equation: 

( ) 0σ φ∇⋅ ∇ =                                                                                                                  (3.38) 

where σ  is the electrical or ionic conductivity and φ  is the potential. In Figure 3-3, ,Ei j  denotes 

the ideal potential in each element. ,  ,  ,  Rax Raz Rcx Rcz  and Re denote the ohmic resistances for 

anode, cathode and electrolyte, respectively. Rint and Rinb are resistances from current collectors. 

Calculation of this electric field potential combines the following contributions. The first is 

ohmic losses in all the conducting materials, including the electrolyte, the electrodes, and the 

current collectors. The second is contact resistance at interfaces and interconnect resistance, 

which have been included into Re. The third is activation overpotentials actη , which is described 

by the well-known Butler-Volmer expression, in the anode and cathode layers (Brad and 

Faulkner, 2001): 
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e act e act
0

g g

exp( ) exp[ (1 ) )]n F n Fi i
R T R T

β η ηβ
⎧ ⎫⎪ ⎪= − − −⎨ ⎬
⎪ ⎪⎩ ⎭

                                                               (3.39) 

where F  is the Faraday’s constant. en  is the number of electrons. β  is the transfer coefficient. 

0i  is the exchange current density. These parameters are given in Table 3-1. If β  is chosen as 

0.5, activation overpotential for the anode and the cathode can be written as follows: 

g 1
act,an

0a

sinh ( )
2

R T i
F i

η −=                                                                                                   (3.40) 

g 1
act,ca

0c

sinh ( )
2

R T i
F i

η −=                                                                                                   (3.41) 

The concentration overpotentials at electrodes are calculated as:  

2

2

Og
con r

O

ln( )
4

pR T
F p

η =                                                                                                            (3.42) 

where 
2Op and 

2

r
Op  are the partial pressures of oxygen at electrode/channel interface and on the 

reaction site, respectively. The distribution of local current density must be calculated repeatedly 

and the calculation must be converged to satisfy the same output voltage (Vout) between the upper 

and lower surfaces of the interconnects. Once the electrical potential at each node is known, the 

local current density can be calculated as: 

act ca an

area

( )( , )
Re

E ii x z
A

η φ φ− − −
=

⋅
                                                                                           (3.43) 

with Nernst potential: 

2 2

2

0.5
H Og

0
H O

ln( )
2

p pR T
E E

F p
= +                                                                                                 (3.44) 
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Figure 3-3.  Equivalent electric circuit. 

 
where Re is the electrolyte resistance and areaA  is the active area. caφ  and anφ are electrical 

potentials at cathode/air and anode/fuel interfaces, respectively.
2Hp  and 

2H Op  are partial 

pressures of hydrogen and water at interfaces between electrodes and electrolyte, respectively. 

4
0 1.2723 2.7645 10E T−= − ×  is a function of temperature at reaction location. 

3.3.2 Solution Procedure and Boundary Conditions 

For this model, there are two kinds of boundary conditions: boundary conditions for the 

overall computational domain and the interfacial condition at the interface between electrode and 

electrolyte. The first type of boundary conditions is summarized as the followings: 
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Air inlet:  

2in,air O in, 0, 0,u u v w Y Y= = = = , in,airT T= , 1atmp =                                                         (3.45a) 

Fuel inlet:  

in,fuel in, 2 4 2, 0, 0, (i=H ,CH ,CO,CO )i iu u v w Y Y= = = =  

in,fuelT T= , 1atmp =                                                                                                         (3.45b) 

Air outlet: 

20, 0OYu
x x

∂∂
= =

∂ ∂
                                                                                                             (3.45c) 

Fuel outlet: 

0, 0iYu
x x

∂∂
= =

∂ ∂
                                                                                                              (3.45d) 

In addition, the non-slip for velocity and impermeable condition for concentration field are 

applied on the walls. During calculating the electrical potential and temperature, the cyclic 

boundary conditions are imposed at the top and bottom of the model domains, while the lateral 

walls are assumed adiabatic and insulation. In actual application, the fuel utilization is required 

to in the range of 60-80%, so the inlet fuel velocity in Eq. (3.45b) is always determined as: 

4 2

in,fuel
in,CH in,H in,CO fuel(8 2 2 )

I LWu
FY FY FY Aξ ρ

⋅
=

+ + ⋅
                                                           (3.46) 

Here I  is the average current density which is a given initial condition. L and W are the length 

and width of electrode. fuelξ  is the fuel utilization and A  is the cross section of the fuel channel. 

The boundary conditions at the interfaces: 

2

2 2 2

O
O O ,air O int, air

C
m D C

y
ν

∂
′′− = − +

∂
                                                                                    (3.47a) 
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2

2 2 2H O H O,fuel H O int, fuel
H OC

m D C
y

ν
∂

′′ = − +
∂

                                                                              (3.47b) 

2 2H O Hm m′′ ′′= −                                                                                                                    (3.47c) 

where 
2Om′′  and 

2H Om′′  are the molar production or consumption rate of oxygen and water at the 

cathode/electrolyte and anode/electrolyte interfaces, respectively. int,airν  and  int, fuelν  are the 

interfacial velocities induced by local mass flux and defined as: 

2 2O ,N
int,air

air

i
i

m
v

ρ
=

′′

=
∑

                                                                                                           (3.47d) 

2 2H ,H O,etc
int,fuel

fuel

i
i

m
v

ρ
=

′′

=
∑

                                                                                                     (3.47e) 

For each finite volume, the governing equations (3.20)-(3.25), (3.38) and electrochemical 

equations with appropriate boundary conditions are progressively solved by employing the 

SIMPLEC algorithm (Patankar, 1980). To evaluate the performance of the numerical method and 

the computational code, we first test it for incompressible gas flow in a smooth microchannel 

with no slip boundary condition. The numerical results agree well with the analytical results with 

a maximum difference of 2.71%. Additional computations are performed with coarse grids and 

fine grids to check the grid size effect on the numerical solution. The grids are refined near the 

wall region to obtain highly accurate numerical solutions. For example, the grid numbers are set 

as 50 64 32× × , 100 96 48× × and 200 96 64× × . The maximal error in temperature between 

100 96 48× ×  and 200 96 64× ×  grid is 3.13%. By balancing between the computation time and 

accuracy, the grid size 100 96 48× ×  is applied sufficient to achieve a reasonable accuracy. The 

detailed solution procedure is shown in Figure 3-4 and can be summarized as follows: 
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 Mesh the computational domain and input the boundary condition, geometrical 
parameters and properties for materials. 

 Determine the ohmic resistances, activation overpotenital and interfacial boundary 
conditions by using the latest temperature, velocity, concentration and pressure values. 
Solve the discretized equations for electrical potential (Eq. (3.38)) to obtain local 
potential distribution. 

 
Figure 3-4.  Solution procedure. 

 The updated potential field is passed to the energy equation to get heat source terms 
and interfacial mass flux. 

 Solve the momentum and continuity equations to update the local distributions of 
pressure temperature and concentrations.  

                                      Set initial conditions 
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 The calculation is repeated until convergence is reached according to a user-defined 
residual error. Here we set the residual for velocity 410− , temperature 610− , 
concentration 610− , and potential 610− .  

 
3.4 Model Application for an Anode-supported SOFC 

In this section, the above model is applied to an anode-supported SOFC. Then a parametric 

study examines the temperature field, concentration field, distribution of local current density 

and power density. 

3.4.1 Choice of Parameters  

Air gas (79%N2 and 21%O2) is delivered to air channel at 1000K with 2.5ms-1. Fuel 

(15.9%H2O, 64.8%H2, 4.8%CO2, 14.9%CO) is delivered to fuel channel at 1000K with 0.6ms-1. 

It is assumed that the H2 consumption rate is about double of the CO consumption rate at the 

anode/electrolyte interface. Some physical parameters are extracted from literatures (Bessette et 

al., 1995; Iwata et al., 2000) and given in Table 3.1. The porosity, permeability and tortuosity for 

electrodes are 0.5, 101.7 10−×  m2 and 1.5, respectively. The cross sections of channels are 

3 2 2(1.2 10 ) m−×  and the length of unit cell is taken as 0.05m .The average current density is set as 

4000Am-2.  

Table 3-1.  Physical properties in porous materials and geometry parameters 
Description  Anode Cathode Electrolyte  Interconnect 

Thickness (m) 31.2 10−×  650 10−×  620 10−×  30.4 10−×  
Electric resistively (Ω m⋅ ) 52.98 10

exp( 1392 / )T

−× ×
−

58.114 10
exp(500 / )T

−× × 52.94 10
exp(10350 / )T

−× × 32.0 10−×  

3.4.2 Results and Analysis 

3.4.2.1 Velocity field  

Figure 3-5 shows the individual component of the gas velocity vector. From Figure 3-5A, 

it can be seen that the x-velocity in channel increases along the flow direction. This indicates that 

the development of the boundary layer near the interface. In addition, mass injection due to the 

electrochemical oxidation reaction increases the x-momentum flux in the fuel channel. In 
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contrast, the oxygen reduction in the cathode causes the x-momentum flux decrease in the air 

channel. The velocity magnitude in porous layer is still much smaller than channel flow, which 

means the diffusion is dominant in this region. In the most of anode region, the velocity is 

dominated by a stronger y-velocity, which is in the order of 0.001ms-1 as Figure 3-5B shown.  

A B 
Figure 3-5.  Cross-section velocity contours at selected planes.  A) x-velocity at z=0.001m.  B) y-
velocity at x=0.005m, x=0.025m and x=0.045m (arrow indicates the flow direction). 

Along the flow direction, the y-velocity at the fuel/anode interface reduces and less mass 

due to convection is brought into the fuel bulk flow. At the region near the lower corner, the y-

velocity reaches maximum value. This may be caused by the bigger pressure gradient along the 

wall. However, the velocity magnitude is almost close to zero at the region underneath the 

interconnect. This weak convection effect will further worsen the mass transport demonstrated 

as below.   

3.4.2.2 Temperature field 

The temperature contours for different planes are shown in Figure 3-6. Along the flow 

direction, the temperature increases monotonically from inlet to outlet due to the contribution of 

Joule heat and chemical reaction. The maximum temperature is around 1036K near gas outlet. 

The temperature increase is not as significant as expected, because the thick anode layer (1.2mm) 

and high mass rate in the air channel alleviate the temperature increase. Such uniform 
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temperature distribution will alleviate the risk of severe thermal stress and thus help to ensure the 

structural integrity of the cell components. But low temperature will increase the electrical 

resistance of electrolyte, which is a function of temperature. Thus, it is important to obtain an 

appropriate temperature distribution and thus improve the performance of SOFC and efficiency. 
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Figure 3-6.  Temperature contours at selected planes (at x=0.005m, x=0.025m and x=0.049m, 
arrow denotes flow direction). 

3.4.2.3 Concentration field and current density 

Figure3.7 gives the molar fraction distributions for different gas components. There is a 

non-uniform distribution for oxygen concentration distribution at cathode/electrolyte interface as 

shown in Figure 3-7A. The molar fraction of oxygen under the rib is lower than that in other 

areas. This is because oxygen can not diffuse well underneath the inter-connector. But if the 

width of rib is decreased, the contact resistance between rib and anode or cathode will increase 

and thus increase ohmic losses. Previous studies have demonstrated (Ferguson et al., 1996) the 

need of optimization of width of rib. At anode /electrolyte interface, there is a net decrease in 

molar fraction of CO from fuel inlet to outlet due to electrochemical reaction. The change in 

molar fraction of H2 is similar to that in CO. It should be noted that the rib does not cause the 
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remarkable concentration gradients for H2/CO/CO2 in the z-direction due to a thicker anode layer. 

However, in the y-direction, the concentration gradients at anode are relatively significant. For 

example, the molar fraction of CO from the bulk fuel stream to the reaction location decreases by 

7.9% at x = 0.0237m and z = 0.001m as shown in Figure 3-7E.  
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E F 
Figure 3-7.  Molar fraction and current density contours at interfaces.  A) O2 at 

cathode/electrolyte.  B) CO at anode/electrolyte.  C) H2 at anode/electrolyte.  D) H2 at 
z=0.001m.  E) CO at z=0.001m.  F) Current density (A/m2). 
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It should be pointed that there is a nonlinear relationship between the concentration 

distribution and the EMF, so when concentrations of CO and H2 experience small increases, the 

EMF will increase much more. In addition, for an anode-supported SOFC, the main 

concentration polarization is in the anode layer, not in the fuel channel, because the effective 

diffusivity in porous region is much less than that in the fluid region. The diffusion of H2 is about 

3 times faster than that of CO. Thus, lowering the concentration polarization of CO is very 

critical. The output voltage is 0.6335V in this case. The local current density profile given in 

Figure 3- 7F has a maximum value near the inlet, then becomes smaller and smaller along flow 

stream. The local current density near the symmetric line is relatively lower because of the 

longest current path. At the region under the rib, the current density is higher and very smooth. 

Further calculations demonstrate that only when the channel dimensions are reduced, the output 

voltage will be improved, but not significantly. This is because that the improvement in 

concentration at the reaction location is rather limited.  

3.2.4.4 Conclusion 

Above results indicate that there are trade-offs among factors influencing performance of 

SOFC. Concentration, temperature, velocity and electrochemical reactions are highly coupled. 

Therefore, our further work is to find better approaches or other critical parameters to optimize 

the design of micro-solid oxide fuel cells. 

3.5 Effect of Transport Scale for an Electrolyte-supported SOFC 

3.5.1 Problem of Statement 

In order to minimize the overall losses, alleviate the thermal stress and improve the 

electrolyte-supported SOFC efficiency, key parameters governing the polarizations and 

heat/mass transfer efficiency should be investigated. Basically, for a given operating condition, 

there are three kinds of mechanisms that cause the overall losses: (1) ohmic polarization, which 
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is from the ohmic resistances of all components and contact interfaces; (2) Activation 

polarizations at the anode and cathode, which are related to charge transfer processes and depend 

on the nature of electrode-electrolyte interfaces; (3) Concentration polarization, which is 

associated with the transport of gas species and thus depends on the channel dimensions, 

electrode geometry and the nature of electrode microstructure, i.e., porosity and tortuosity. For 

an electrolyte-supported SOFC, a larger ohmic polarization in the electrolyte is a serious problem, 

so developing a thin-film electrolyte to substantially reduce the ohmic loss is a worthwhile 

approach (Chen et al., 2004; Tang et al., 2005; Gorman et al., 2005). In general, with the 

dimension of flow channel decreasing from conventional to microscale dimensions, the 

temperature /concentration gradient decreases and the heat/mass transfer coefficient increases. 

Moreover, minimized sizes are important to develop low cost and portable SOFCs. One, 

therefore, expects that concentration loss and operating temperature in smaller fuel cells would 

be reduced effectively.  

However, only a few investigations address the issues of thermal stress, heat/mass transfer 

efficiency and cell performance for flow channels whose characteristic dimension is less than 1.0 

mm (Tang et al., 2005; Li, 2005; Cha et al., 2004;). On the other hand, small scales may lead to 

thermal management difficulties and poor thermal cyclability, etc. Recently, Ramakrishna et al. 

(2005) developed a new type of SOFC which has a thin-walled geometry. Because of a better 

longitudinal reactant distribution along the thin-walled geometry, they were able to improve the 

SOFC performance and achieve a maximum power density of 1.18Wcm−2. Li et al. (2005) 

proposed a new design for the fuel cell gas distributor by maximizing the access area of reactants 

and enhancing mass transfer, and were able to increase the maximum output power by 40% for a 

single cell compared to that of the old cell. These potential advantages motivate us to investigate 
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the scale effects, especially miniaturized flow channels, on the performance of a SOFC. Other 

geometrical parameters, such as the rib width and electrolyte thickness, also have strong effects 

on the performance of a fuel cell and should be optimized.  

In the present study, a 3-D thermo-fluid electrochemical model is developed to investigate 

the effect of transport scale on the fuel cell electrochemical performance. The geometry of the 

interconnect (or rib) and microstructures of electrodes are considered. Based on this model, the 

effects of channel height, thin-film electrolyte, and rib thickness on the performance 

characteristics of a SOFC are quantitatively investigated and the following issues are addressed:  

 As the height of a flow channel is decreased, whether or not the power density is improved 
and the solid temperature rise is suppressed?  

 To what extent does the channel dimension affect the heat/mass transfer? 

 Whether or not the thin-film electrolyte improves the performance of a SOFC?  

 What is the optimal thickness of the rib? How do the above variations in geometry affect the 
thermal stress?  

3.5.2 Parameters and Additional Equations 

Air (79% N2 and 21% O2) is delivered to the air channel. Fuel (15.22%CO, 4.52%CO2, 

36.8%H2, 27.3%H2O, and 16.16%CH4) is delivered to the fuel channel. The average current 

density is set to 4000Am-2. To study the geometry effects, in each computational case one 

geometric parameter, such as the height of channels, rib width or cell volume, is varied while 

keeping the other input parameters fixed.  

Some input parameters for the baseline case are extracted from literatures (Iwata et al. 

2000; Habeman et al., 2004; Chan et al., 2001) and listed in Table 3-2. The physical properties of 

common materials, which are used for electrodes and electrolyte, strongly depend on temperature. 

Consequently, the performance of a SOFC is significantly affected by the temperature field. For 

instance, the resistivity of electrolyte at 1200K could be one or two orders of magnitude smaller 
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than that at 900K. This temperature effect is included in the present model. Since electrolyte-

supported cells are always designed to operate at over 1100K to avoid a larger ohmic resistance 

in the electrolyte, the inlet fuel and air temperatures are chosen as 1100K in the present model. 

The local mass transfer coefficient m,ih  for component i, heat transfer coefficient h , and average 

temperature T  are defined as followings: 

"

m,
, int,

i
i

b i i

mh
C C

=
−

                                                                                                           (3.48a) 

"

b int

qh
T T

=
−

                                                                                                                  (3.48b) 

A
T TdA= ∫                                                                                                                     (3.48c) 

where "q  is the heat flux at the interface. int,iC  and ,b iC  are the molar concentration at the 

interface and for the bulk flow of component i, respectively.  A is the surface area. 

Table 3-2.  Model input parameters for the baseline case 
Parameters and conditions Value Parameters and conditions Value 
Fuel inlet temperature (K) 1100 Ionic resistivity for cathode (Ωm ) 58.114 10

exp(500 / )T

−× ×

Air inlet temperature (K) 1100 Interconnect resistivity (Ωm ) 31 10−×  
Inlet pressure  (Pa) 51.01 10×  Contact resistance  ( 2mΩ ) 61 10−×   

Fuel inlet velocity  ( -1ms ) 0.6 Density of electrodes/electrolyte  ( -3kgm ) 4400  

Air inlet velocity   ( -1ms ) 2.5   Density of interconnect ( -3kgm ) 5700  

Cell length (m) 0.05 Thermal conductivity for 
 anode/cathode ( -1 -1Wm K ) 

12 

Cell width (m) 33.2 10−×  Thermal conductivity for 
 interconnect ( -1 -1Wm K ) 

11 

Rib width (m) 30.4 10−×  Thermal conductivity for  
electrolyte ( -1 -1Wm K ) 

2.7 

Channel width (m) 32.4 10−×  Porosity (%) 50 

Anode thickness (m) 55 10−×  Tortuosity 3 
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Cathode thickness (m) 55 10−×  Anode exchange current density (Am-2) 
 

6300 

Electrolyte thickness (m) 6150 10−×  Cathode exchange current density  (Am-2) 
 

3000 

Electric resistivity of electrolyte  
(Ωm )   

52.94 10
exp(10350 / )T

−× × Permeability of the  
anode and cathode (m2) 

101.7 10−×  

Ionic resistivity for anode  
(Ωm ) 

52.98 10
exp( 1392 / )T

−× ×
−

Average pore radius  (m) 61 10−×  

 
3.5.3 Simulation Results and Discussion 

3.5.3.1 Baseline case 

Figure 3-8 provides the molar fraction profiles for different gas components at an average 

current density of -24000Am . As shown in Figure 3-8A, the oxygen concentration distribution in 

the z-direction is highly non-uniform. The molar fraction of oxygen under the rib is lower than 

those in other areas. This is because oxygen can not diffuse well underneath the interconnect. On 

the other hand, the rib does not cause significant concentration gradients for H2 in the z-direction 

since the diffusion of H2 is about two to three times faster than those of other components as 

Figure 3-8B indicates. Similarly, the molar fraction of CH4 decreases from the fuel inlet to outlet 

due to the reforming reaction (Figure 3-8C). The concentration gradients in the y-direction which 

is normal to the electrolyte/anode interface, produce some concentration loss, which will be 

discussed later.  

Figure 3-8D shows the temperature contour on the z=0.001m  plane. Along the flow 

direction, the temperatures increase monotonically from the inlet to the outlet due to the 

contribution of Joule heating and chemical reaction. For the region near the gas inlet, the 

temperature increases quickly and therefore causes a larger thermal stress than in other areas. On 

the air side, the temperature rise is not as large as that in the fuel side due to high mass fluxes. 

Figure 3-9A exhibits the current density contours. It is found that the local current density profile 
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has a peak value located roughly near the lower left corner. The local current density near the 

symmetric line is relatively lower because of the longest current path. In the region under the rib, 

the current density level is higher and their profiles are very smooth. 

 

 A B 

C D 
Figure 3-8.  Concentration contours.  A) Oxygen at cathode/electrolyte interface.  B) Hydrogen 

at anode/electrolyte interface.  C) Methane at anode/electrolyte interface.  D) 
Temperature contour at z=0.001m (arrow denotes flow direction).   

Figure 3-9B shows the calculated overpotential distributions. It is found that the ohmic loss 

across the electrolyte and electrodes (marked as Ele.Ohmic) represents the major source of 

voltage loss, followed by activation overpotentials, interconnect ohmic loss and concentration 

loss. The activation overpotential at the cathode and the concentration loss are relatively small. 

Especially, the concentration polarization is on the order of 10-4(mV) and almost negligible in 

this case. In addition, further calculation indicates that this polarization is much higher near the 

rib due to a weak diffusion process. Clearly, the ohmic heating in an electrolyte contributes most 

to the increase in temperature. Therefore, the key elements to be focused on for improvement 

should be the minimization of ohmic polarization and suppressing temperature rise without 
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significantly degrading the cell performance. In the following sections, for the purpose of 

improving power density, the effects of geometrical parameters on the SOFC performance will 

be analyzed. 
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Figure 3-9.  Performance of SOFC.  A) Current density distribution.  B) Average polarizations. 

3.5.3.2 Effects of gas flow channel dimension  
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Figure 3-10.  Effects of channel on mass transfer rate (at z=0.001m plane).  A) H2 mass transfer 
coefficient on fuel channel.  B) O2 mass transfer coefficient on air channel.  C) Heat 
transfer coefficient on air channel. 

Reducing the channel sizes results in a shorter current path and also facilitates higher 

heat/mass transport rates. This will lead to changes in temperature and concentration 

distributions, and the power efficiency of a SOFC. Figure 3.10A-3.10C give the calculated 

mass/heat transfer coefficients on z=0.001m plane for all cases. As shown in the figures, the 

channels with smaller heights experience greater enhancement in the mass and heat transfer 

coefficients. The values of coefficients decrease sharply due to the entrance effect in the region 

near the channel inlet. Then, the downstream values almost stay relatively constant along the 

flow direction. Mass accumulation in flow channels results in a small increase in mass transfer 

coefficients. 

Moreover, the increase in heat transfer rate on the air side will help remove more heat and 

improve the cooling effect. We may conclude that higher mass transfer rates in smaller channels 

will significantly reduce the concentration polarization in channel flows and improve cell 

performance. 
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Figure 3-11.  Effects of channel on cell performance.  A) Average temperatures.  B) Average 
current.  C) Output voltages comparisons. 

The average temperature profiles for interconnects of various heights are shown in Figure 

3-11A. When the channel dimension is decreased, the average solid temperature level steadily 

decreases. However, the temperature slopes of smaller channels are much steeper than those of 

larger channels. This means that although the larger channels have higher temperature levels, the 

more gradual temperature increases will alleviate the risk of severe thermal stress and thus help 

ensure the structural integrity of the cell components. However, higher temperature levels put a 
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more stringing requirement for materials and thus making fuel cells susceptible to thermo-

mechanical failure.  

The average current density distributions for different channel sizes are shown in Figure 3-

11B. It turns out that the location of the peak value for the local current density shifts towards the 

downstream direction of the flow as the channel dimension is decreased. Moreover, the current 

density profiles are flattened for larger channels. 

In some of previous research works (Li et al., 2003), the interconnect (or rib) was assumed 

to have very high electrical conductivities such that the solid resistances are neglected. However, 

the values of ohmic resistances in interconnects could vary up to one order of magnitude for 

different materials. To determine the effect of the rib resistance on the cell performance, two 

additional cases, in which rib resistances are modified to 0.2 cmR = Ω ⋅ , and 0.02 cmR = Ω ⋅ , are 

investigated. Calculations show that the distributions of current density and average solid 

temperature are not sensitive to the change of rib resistance. However, the terminal outputs 

strongly depend on the rib resistances as illustrated in Figure 3-11C. For the cell with the 

smallest rib resistance, 0.02 cmR = Ω ⋅ , the output increases slightly with decreasing channel 

dimension. As a contrast, outputs are improved remarkably with the reduction in channel 

dimensions for the case with higher rib resistances. It is interesting to note that the cell with the 

smallest channel dimension does not have the maximal terminal output. A plausible reason is 

that on one hand, a lower temperature increases the ohmic loss of solid part, which is a function 

of the operating temperature. While on the other hand, a shorter current path and a lower 

concentration loss may partially or totally counteract this ohmic polarization increase. In addition, 

an extremely small structure will lead to severe thermal stresses from a large temperature 
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gradient. Comprehensively, the cell with the height of 0.5mm shows the best performance in the 

present study. 

3.5.3.3 Evaluation of thin-film electrolyte 

Temperature effects of the baseline case. As mentioned before, the operation 

temperature of a SOFC needs to be maintained at a high level, which is essential to ion 

conductance in the electrolyte and high electrochemical reaction kinetics. However, on the other 

hand, higher temperatures may cause larger thermal stresses and electrode sintering. As a 

compromise, the temperature of a SOFC is usually controlled within a reasonable range. Figure 

3-12A compares the temperature profiles and ohimc polarizations for two different gas inlet  

temperature for the baseline case.  

Compared with a 96K rib temperature rise in the flow direction for the case of a higher 

inlet gas temperature (1100K), a larger temperature rise of 130K was found for the case of a 

lower inlet gas temperature (1000K). Therefore, it is noted that the temperature gradient in the 

ribs for the lower inlet gas temperature case is 30% higher, which induces more thermal stresses. 

The output for cell with lower inlet temperature (1000K) decreases to 0.495V from 0.5478V 

(1100K). In principle, lower flow temperatures retard reforming reaction speed. In addition, it is 

observed that the ohmic polarization is increased by over 50% due to reducing cell’s temperature. 

From the present simulation, it is concluded that higher inlet temperature improves the efficiency 

of SOFC, suppresses the temperature rise and thus avoids larger thermal stress, however, with 

the expenses such as stringent requirements for materials and making fuel cell susceptible to 

thermo-mechanical failure. 
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Figure 3-12. Effects of temperature. A) Temperature effect on conventional SOFC (baseline 

case).  B) Scaling effect on the miniaturized-thin-electrolyte SOFC under inlet 
temperature 850K.  C) Efficiency comparison. 

Temperature effects of a thin-film electrolyte. One way to regain a higher fuel cell 

performance at a lower operating temperature is to reduce the thickness of the electrolyte. Also, 

the above results indicate that a smaller fuel cell can reduce the concentration loss and improve 

the fuel cell performance greatly. Therefore, a miniaturized SOFC with a thin-film type 

electrolyte is expected to offer a better performance. In the following simulations, the thickness 

of electrolyte is set as10μm . Three different cell volumes were investigated, i.e., 30.169cm  with 
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a cross section of 2(1.0 3.2)mm× , 30.0448cm with a cross section of 2(0.5 1.6)mm×  , and 

30.00832cm  with a cross section of 2(0.2 0.64)mm× . Figure 3-12B displays the average solid 

temperatures and the ohmic polarizations with a reduced inlet temperature of 850K. The 

interconnect temperatures decrease with decreasing cell volumes. Compared with the results for 

the baseline case (Figure 3-12A), the total temperature rises for the three cases are still at similar 

levels, about 105-135K. It seems that the thermal stress levels due to temperature gradients 

would not be reduced for a miniaturized SOFC. For the smallest cell, the ohmic polarization is 

higher than those for larger cells due to a lower operating temperature. Figure 3-12C 

demonstrates that a miniaturized SOFC improves the output voltage and power density 

effectively. Similar results were reported in a recent work by Cha et al. (2004). They found that 

micochannels enhance fuel cell performance in terms of both power density and efficiency. 

Experimental results further revealed that the cell performance peaks for the100μm  channels and 

gradually decreases with further reductions in the cell size. 

3.5.3.4 Optimization of rib width  

When the width of the rib is decreased for a fixed cell width, i.e., 3.2mm, the resistances in 

the rib and the active reaction area will increase. At the same time, the concentration 

overpotential underneath the rib and the contact resistances will decrease. To achieve the 

maximum cell performance, the rib width should be optimized. Figure 3-13A displays the effect 

of rib width on the temperature field. Clearly, a wider rib reduces the rate of temperature increase. 

For example, total temperature rise is suppressed by about 30K for the widest rib (0.8mm) as 

compared with a thinnest rib (0.2mm). Thus it can be concluded that a wider rib can alleviate 

thermal stresses. Figure 3-13B compares the outlet molar fractions of various gas components 

and the terminal output for different rib widths. Having the highest average solid temperature, 



 

85 

the reforming and shift reactions are found to be most active in the cell with thinnest rib, 

consequently less H2 and more CH4 are consumed inside it.  
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Figure 3-13.  Effects of rib width on cell performance.  A) Average top innterconnector 
temperature.  B) Comparison of performances. C) Oxygen at cathode/ electrolyte 
interface with thinnest rib (ratio 1:7).  D) Oxygen at cathode/ electrolyte interface 
with thickest rib (ratio 1:1). 

Moreover, Figure 3-13C and Figure 3-13D indicate that for cells with thinner ribs, the 

concentrations of oxygen are more uniformly distributed across the whole porous layer (z-

direction), which eliminates inefficiencies that would normally be caused by obstructed ‘‘dead 

zones’’ under the ribs.  

Comparing with a thicker rib, the molar fraction of oxygen near the diffusion layer surface 

is significantly higher for the cell with a thinner rib. Similar tendencies are found for other 

reactants. However, the decrease in concentration loss for a thinner rib is not strong enough to 

counteract the increase in ohmic loss and thus the terminal output still decreases. So it is 
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expected that a smaller ratio of the channel width to the rib width would serve to reduce the 

ohmic losses at the interface and improve cell performance. 

3.5.4 Conclusions  

A 3D thermo-fluid/electrochemical model is developed to evaluate the heat/mass transfer 

and electrochemical performance for an electrolyte-supported SOFC. Based on this model, 

detailed investigations are carried out to study the effects of operating temperature and geometry 

on the distributions of temperature, local concentration, local current density and output voltage. 

The main conclusions reached are listed below: 

 When the height of flow channels is decreased, the average solid temperature is reduced 
accordingly and the cell efficiency is improved due to both higher heat/mass transfer 
coefficient between the channel wall and flow stream and a shorter current path. However, 
a larger fuel cell has a more gradual temperature rise, which alleviates the risk of severe 
thermal stress and helps ensure the structural integrity of the cell components. If the 
channel height is shorter than 0.5mm, then the cell efficiency will not be improved any 
further.  

 For a conventional SOFC, if the gas inlet temperature is higher, then higher cell 
efficiency will result, which causes an increased cell terminal output, a lower solid 
temperature rise across the channel and smaller thermal stress accordingly. However, 
highly elevated solid temperatures usually make stringing demands on materials. In 
comparison, the miniaturized SOFC with a thin-film electrolyte has advantages of a 
lower operation temperature and an excellent performance. Conservatively, we expect 
that the power density of a miniaturized SOFC with a thin-film electrolyte will have the 
potential to exceed 10Wcm-3. Of course, the average solid temperature may be relatively 
higher and therefore, thermal management will face some challenge. However, it is noted 
that if the radiation loss to environment is considered, the energy loss may be serious and 
performance will be lowered because of a larger surface to volume ratio. In addition, the 
thermal-mechanical reliability of thin films should be considered in actual applications.  

 The smaller ratio of the channel width to the rib width contributes to the reduction of the 
ohmic loss at the interface and thus improves the cell performance.  

 
Overall speaking, the present model has demonstrated that there is a trade-off among 

factors influencing the performance of a SOFC, which was not fully addressed by previous work. 

It should also be noted that reducing the cell volume and the electrolyte thickness and optimizing 

the rib width are only some of the factors influencing the performance of a SOFC. Therefore, 
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finding better approaches or other critical parameters to optimize the design of a SOFC will be a 

right track for future work. 
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CHAPTER 4 

MICRO-SCALE MODELING FOR ELECTRODES 

In this chapter, the previous micro-models for porous electrode are reviewed first and 

assessed. However, their models suffered from some common weaknesses. These models 

overemphasize the effect of selected parameters on the performance and do not comprehensively 

evaluate the overall performance. Further, the influence of pore distribution, thermal factor and 

current distribution are rarely considered. Therefore, reliable models capable of handling realistic 

microstructural features and mass/heat transport are essential for establishing a quantitative 

relationship between the microstructure and the electrical properties in composite electrodes. 

Accordingly, a micro-scale model considering more detailed mass and energy transport 

processes will be developed in this chapter. Some simulated results are presented and analyzed.  

4.1 Random Medium Models and Objectives 

Progress in solid oxide fuel cell essentially depends on the improvements of its four 

elements: the anode, the solid electrolyte membrane, the cathode and the interconnect materials. 

Many investigations on the loss mechanisms by impedance spectroscopy as well as theoretical 

analysis have revealed that the cathode governs the main part of the losses. In the case of pure 

electronic conducting electrode materials like metals or some perovskite type oxides (LSM), the 

electrochemical reactions are almost restricted to the triple phase boundaries (TPB, 

gas/electrolyte/electrode) (Fleig, 2003). The transport of oxide ions within the electrode 

materials is advantageous concerning the number of possible reaction pathways. Therefore, good 

electrodes should be composed of either a composite consisting of an electronic and an ionic 

conducting phase or a mixed conducting metal oxide to expand the active area into the electrode 

volume. Figure 4-1 shows an experimental observation for composite anode and composite 

cathode (Kim et al., 2000). 
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A  B 

C  D 
Figure 4-1.  Images for anode and cathode of solid oxide fuel cell.  A) Low-resolution SEM top-

down view of Ni-YSZ electrode on YSZ electrolyte disk.  B)High-resolution SEM 
image of cross section of Ni-YSZ electrode on YSZ.  C) SEM image of cathode 
(LSM:YSZ=5:5).  D) High-resolution SEM of (LSM:YSZ=9:1). 

The most critical parameter characterizing the performance of a composite electrode is its 

conductivity, which is determined by: (1) conductivities of pure ionic and electronic conductors, 

(2) the surface area available for electrochemical reaction (or the size of TPB), (3) the 

composition and microstructure of electrode, i.e., the compositional volume ratio, porosity and 

particle size distribution, and (4) path of gas diffusion.  For example, Kenjo et al. (1991) found 

that there is a strong relation between the conductivity of YSZ added and polarization losses and 

suggested that the internal LaMnO3-YSZ contacts are active for O2 reduction. Kim et al. (2000) 

indicated that polarization resistance of the LSM–YSZ composite electrodes is closely related to 

the connectivity of LSM–YSZ particles and depends on their size ratio. The composite electrode 

showed low electrochemical activity without YSZ connectivity. However, the polarization 

resistance decreased abruptly when YSZ connectivity was present. These papers emphasize the 

effect of volume fraction of electrode particles and good electrical contact between the electrode 
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particles on electrical conductivity. Therefore, optimization of conductivity and polarization 

resistance of composite electrodes for SOFC in terms of the microstructure (i.e., composition, 

particle size, etc) will undoubtedly gain substantial understanding and predictions. 

However, it is observed from Figure 4-1 that the microstructure of an electrode is not 

regular and thus all mass and energy transport within electrodes take place in a disordered, not an 

ordered medium. This random characteristic makes modeling work become extremely difficult, 

because the accuracy of a model is dependent on how to describe this random geometry. 

Obviously, the most natural modeling methodology is directly based on an actual microstructure 

of such electrodes. When the random microstructure is obtained from experiments, the 

information about the reaction current distribution, ohimc resistance, polarization resistance can 

be determined by a mathematical model. This method is called “random network model”, which 

denotes the most accuracy method. In principle, any disordered system can be mapped onto a 

random network of bonds connected to each other at sites or nodes of the network. The network 

models incorporate pore-scale descriptions of the medium and the physics of pore-scale events 

(Berkowitz and Ewing, 1998). The second method is “percolation theory”, which is a 

geometrical and statistical approach. This theory has shed some light on the larger scale 

behaviors, accounting for randomness in porous medium geometry, fluid properties, and their 

interplay. The behaviors are seen at the larger scales (e.g., assemblage of pores) that are not 

necessarily predictable at the scale of the individual pore like the random network model method. 

The essence of percolation theory is to determine how a given set of sites, regularly or randomly 

positioned in some space, is interconnected. Percolation theory is reviewed briefly by Lux (1993) 

and an introduction to this subject is given by Zallen (1983) and Stauffer (1985). The two 

methods are complementary and always combined to predict the percolation properties in porous 
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media. The third is “continuum medium approach”, which is the most simple and coarsest 

method. A continuum medium is made up of regularly or arbitrarily shaped parts filling up all 

the space. In this method, the electrical conductivity can be expressed by an analytical equation.  

Several different theories have been presented: Brick-layer Model (BLM,), Maxwell-Wagner 

Theory (MWT), Bruggerman’s Effective Medium Theory (BEMT), Mclachlan’s Generalized 

Effective Medium Theory (GEMT, Mclachlan et al.,1990). Han and Choi have reviewed this 

subject (1998) in their recent publication.  

Although the models of electrical conductivity of composite have been studied for almost 

one hundred years, the modeling study for SOFC composite electrodes is still a new topic and 

underdeveloped due to the complexity of species diffusion, electrochemical  reaction 

mechanisms and the microstructure from sample to sample. The predicted results sometimes 

can’t agree with experimental data very well under specific conditions. One of the representative 

publications is Costamagna’s analytical model (Costamagna et al., 1998) based on percolation 

theory. In his model, the composite electrodes are formed by a mixture of electronic conductor 

and ionic conductor particles of small sizes. The electronic and ionic transports together with the 

electrochemical reaction are taken into considerations. Their results indicated that the reciprocal 

electrode resistance (i.e., conductivity) reaches a maximum value in correspondence to a 

composition near to the percolation threshold of the electronic conducting phase for a thick 

electrode. This means that there exists an optimum value for electrodes’ composition and 

thickness. These results agree with the experimental data of Kenjo et al. (1991, 1992). However, 

there are some limitations or oversimplifications in their model: (1) the mass transfer in porous 

medium is completely neglected due to the assumptions of faster diffusion and smaller particle 

size. However when the thicknesses of electrode or current density are greater, the overpotential 
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due to mass resistance is not negligible. In particular, for IT-SOFC, the concentration loss is 

significant due to a thick anode layer. (2) Since only sample-spanning electrolyte and electrode 

cluster are included in this model, the theory can not be valid outside the composition regime in 

which isolated clusters are present, i.e., the volume fraction of electrolyte particles is below their 

percolation threshold fraction; (3) The model is only valid for high ratios of thickness to particle 

radius; (4) This model is only 1-D and the effects of temperature and fluid flow on resistance are 

not included. (5) In actual SOFC composite electrodes, one-third of the volume is occupied by 

pores. This pore network guides the fuel to the electrochemical reaction sites, i.e., the metal-

electrolyte grain pairs. However, the species concentration is considered to be uniform and the 

mass resistance due to toutorisity and pore distribution is neglected. (6) The mechanism of 

electrochemical reaction is not investigated. Therefore, it is difficult to make an exact prediction 

of percolation thresholds and consequently of the composition in correspondence to which a 

minimum electrode resistance is obtained. However, this model still gives a good starting point, 

i.e., percolation theory, for electrode simulation due to simplicity and explicit. In order to further 

apply it to actual SOFC electrodes, some modifications are proposed by Chan et al. (2001, 2004) 

and Jeon et al. (2006). The primary improvement is the electrochemical reaction in which the 

exchange current density is not constant like the model by Costamagna et al. (1998). The effect 

of grain boundary on conductivity is also taken into account. Jeon et al. (2006) extended the 

original model to an actual multilayer electrode structure. Recently, Deseure et al. (2005) used a 

one-dimension flooded homogeneous model to optimize the cathode performance. However, the 

results obtained from this model maybe only valid for some specific cases due to the introduction 

of many assumptions and empirical parameters.  
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In the aspects of random network modeling, Sunde et al. (1996a, 1996b, 2000) applied the 

Monte-Carlo method to calculate the conductivity of composite electrodes. To my best 

knowledge, this method represents the type of approach that best predicts most important 

experimental features of composite electrodes. However, in their work, the important pore effect 

is still negligible and only polarization and ohmic resistances are simulated. Similarly, Abel and 

Loselevich (1997) applied a resistor network model to optimize performance of anode. They 

found that key determining parameter for the electrical properties of the anode is the ratio of 

elementary reaction resistance of a metal-electrolyte grain junction to the ion transport resistance 

of the electrolyte grains. However, their model suffers from some common weaknesses as the 

follows. 

 These models overemphasize the effect of selected parameters on the electrodes’ 

performance, not comprehensively evaluate overall performance. For actual electrodes, many 

parameters may affect substantially the performance, such as pore distribution, composition, 

particle size, grain boundary and local current distribution etc. However, several important 

factors, such as the effects of pore distribution and current distribution are rarely considered in 

most of published papers. In addition, the electrochemical reaction is simplified to become linear.  

Although the performance of electrodes are closely linked to material properties and 

fabrication process, the mechanisms of heat transfer and fluid flow in porous medium still 

influence significantly the performance of porous electrodes. For example, on the cathode, the 

concentration loss due to lower oxygen diffusivity may be significant. In the anode, the heat 

generation from chemical/electrochemical reactions may change substantially the ohmic loss or 

activation loss. In particular, for an anode-supported SOFC, chemical reactions, such as 

reforming or shift reactions must be incorporated. However, these thermal factors and mass 
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diffusion have been always neglected. Therefore, reliable models capable of handling realistic 

microstructural features and mass/heat transport are essential for establishing a quantitative 

relationship between the microstructure and the electrical properties in electroceramics. 

These models have not been applied for the simulation for a SOFC unit consisting of 

electrode/electrolyte/interconnections. By combining a macro-model (such as the model in 

chapter 3) with a micro-level model incorporating the electrode microstructure, it is possible to 

gain a greater and more fundamental understanding of fuel cell operation than through the use of 

macroscopic models alone. 

In order to overcome the above mentioned limitations in the previous models, a novel 3D 

random walk model will be developed and also applied to optimize the performance in a porous 

composite cathode resulting in a complete description of the electrode structure as well as the 

processes occurring therein. The pore distribution, composition, mass diffusion and current 

density distribution, etc will be completely integrated into the new micro-model.  

4.2 Key Issues in Random Electrode Modeling 

The phenomenon that takes place in the electrodes, for example in an anode, can be 

summarized as follows: (i) diffusion of reactive gas from the boundary of  fuel channel to the 

reaction site through the pores and transport of the reaction products (water) back to the gas 

channel; (ii) Transport of electron from the interconnetors to the reaction site through an 

electronic conductor; (iii) Electrochemical reaction at the three phase boundary where the gas, 

the electronic conductor and ionic conductor are present at the same time; (4) Transport of ions 

from the reaction site to the electrolyte through the ionic conductor. The similar framework holds 

for the cathodes. Therefore, a good performance of cathode/anode should have well contact 

between ionic and electronic particles, faster diffusion rate and high levels of ionic and electronic 
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conductivities. Before developing a random electrode model, the following several key issues 

should be taken into account.   

4.2.1 Pore Structure  

Surface area and pore structure are the two important properties of composite electrodes. 

Gas reaction catalyzed by solid materials occurs on the exterior surface of the porous catalyst 

support. The specific rate of electrochemical or chemical reaction is a function of the accessible 

surface area. The greater the amount of accessible surface area, the larger the amount of reactant 

converted per unit time and per unit mass of electrode. For the second factor, the porous structure 

comprises properties like pore size distribution, connectivity and shape of pores. The porous 

structure can be obtained by experimental methods, like nitrogen sorption measurements or 

mercury porosimetry (Berkowitz et al., 1998). For SOFC porous electrodes, on the one hand, the 

larger pore can guide the fuel/air into the reaction site and reduce the diffusion resistance very 

well. On the other hand, the larger pore, i.e., greater porosity, occupies much more space and 

thus the contact area between electronic and ionic particles is reduced. Too lower porosity or 

smaller particle size may lead to strong transport limitations for the fuel/air supply. Therefore, 

the size of the grains is usually not much smaller than 1μm  and the porosity is as high as 30-

40% in actual electrodes. In addition, there are three different types of solid clusters formed in 

SOFC composite electrodes as shown in Figure 4-2: (i) the first one is that the same type 

particles (ionic or electronic particles) touch one another to extend through the entire electrode. 

This kind of cluster is called percolating cluster. Under such condition, a good conductivity is 

reached. (ii) The second is that a cluster is only connected to its corresponding bulk phase type 

(inter-connector or electrolyte). (iii) The third cluster is completely isolated from its 

corresponding bulk phase. The existence of this kind of cluster increases the polarization 
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resistance in the electrode. The distribution of such clusters in electrodes is strongly influenced 

by the particle ratio, the volume ratio and the sintering process etc. As mentioned above in 

section 4.1, these microstructures will affect the electrochemical behavior of electrodes 

substantially. Therefore, in the following micro-model, a 3-D random network will be used for 

simulate the pore structure and solid clusters.  

 
Figure 4-2.  A SOFC composite electrode. Three different clusters are formed. Black 

circle=electronic conductor, blue circle=ionic conductor. In actual electrode, the 
shape of particle may be spherical, cubic or arbitrary etc.  

4.2.2 Three Phase Boundary and Reaction in Porous Electro-ceramics 

The edge of electronic/ionic interface that makes contact with the gas phase (as shown in 

Figure 4-3) is often described as the triple-phase boundary (TPB). Much work has been devoted 

in recent years to develope the concept of triple phase boundary (TPB) as a means of 

understanding the complex interplay among the particle size, pore size distribution and 

electrochemical reactions. In the cathode, oxygen molecules are generally thought to be adsorbed 

somewhere onto one or more solid surfaces, where they undergo catalytic and/or electrocatalytic 

reduction steps to form partially reduced ionic/atomic species. Before, after, or between partial 



 

97 

reduction steps, these species must translate along surfaces, interfaces, or inside the bulk of the 

electrode material to the electrolyte, where they are fully incorporated as electrolytic O2-
. 

However, how and where any of these processes take place and what steps are rate determining 

for a particular electrode is only partially understood. Up to now, not any single mechanism has 

been discovered which can explain all oxygen reduction processes in the cathode. Many factors 

may influence the oxygen reduction: composition of sample, microstructure, and experimental 

conditions etc. Therefore, augments in the literature concerning which theory is correct for a 

given cathode system usually are based on limited data and some specific conditions. Two 

excellent reviews on the oxygen reduction mechanism have been presented by Adler (2004) and 

Fleig (2003). Similar level of understanding holds for hydrogen reduction at anodes. In view of 

the complexity and uncertainty in the electrochemical reactions, only the most reasonable or 

appropriate oxygen/hydrogen reduction is selected and simulated in the following micro-model 

for electrodes.  

 
Figure 4-3.  Three phase boundary region in cathodic reaction. 

4.2.3 Diffusion Mechanisms 

Diffusion of fluid mixtures inside a porous matrix also affects the performance of SOFC 

electrodes. Within the pores, there are three distinct diffusion mechanisms for mass transfer 
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(Mills, 2001; Krishna et al., 1997): (1) molecular diffusion: this type becomes significant for 

large pore sizes and high system pressures. Here molecule-molecule collisions dominate over 

molecular-wall collisions; (2) Knudsen diffusion becomes predominant when the mean-free path 

of the molecular species is much larger than the pore diameter and hence molecule-wall 

collisions become important; (3) Surface diffusion of adsorbed molecular species along the pore 

wall surface. This mechanism of transport becomes dominant for micropores and for strongly 

adsorbed species. In general, micropores have diameters smaller than 2nm; macropores have 

sizes greater than 50nm. The bulk and Knudsen diffusion mechanisms occur simultaneously. The 

surface diffusion occurs in parallel to the other two mechanisms and its contribution to the total 

species flux may be quite significant in many cases. The surface diffusion contribution can be 

important for components with high adsorption strength. Within the micropores, the dominant 

mechanism is surface diffusion. It is for this reason that surface diffusion is also referred to as 

micropore diffusion in the literature. The pressure gradient inside the particle is not always 

negligible and this pressure gradient gives rise to viscous or Darcy flow.  

 
Figure 4-4.  Electrical analogue circuit showing the flux of the diffusion species within a porous 

medium.  

Figure 4-4 shows the various contributions to the flux of the species inside the particle. 

The combination can be visualized by an electrical analogue circuit. For the diffusion process in 

a SOFC composite electrode, it can affect the electrodes at another level (Costamagna et al.,1998) 

Bulk+Knudsen diffusion 

Surface diffusion 

Viscous diffusion 

Total flux 
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through the micropores present in the particles that form the electrode, limiting the supply of 

reactants to the electron conductor/ionic conductor interface. Some of the studies assert that one 

of two limiting situations arises: either the active area for the electrochemical reaction is a small 

area around the three phase boundary (TPB) or it is coincident with the whole two phase contact 

region between electrode and electrolyte. Whether the former or the latter or an intermediate 

situation arises, it depends on the ratio between the rate of the electrochemical reaction and the 

rate of the process of diffusion of the gaseous reactants at the interface between electrode and 

electrolyte. Therefore, the different diffusion mechanisms should be incorporated in model.  

4.3 Random Network Modeling for Optimization of Composite Cathode 

In this section, a 3D random network model will be presented to simulate the transport 

process in a composite electrode (cathode). We then apply this model to optimize the 

performance of a cathode.  

4.3.1 Physical Description and Assumptions 

The networks of porous cathode are complex, and in practice it is necessary to adopt 

simplified models which reproduce the essential features, but ignore many of the details, of a real 

network. In the present model, an idealized 3-D microstructure is constructed as shown in Figure 

4-5 (Only 2-D view is given). The microstructure takes the form of face-centered cubic lattice 

(FCC). This kind of structure represents a dense packing of particles of the same size (electrolyte, 

electrode, pore). The practical cathode has a random topology, i.e., its local coordination number, 

which is the number of bonds connected to a site, is a chaotic and almost random variable. For 

example, Sunde (1996a, b), Zalc et al. (2003), Constantinides et al. (1989) and Ciobanu et al. 

(1999) employed the arbitrary resistor network with non-uniform grain size and shape to 

represent the porous structures. However, some studies (Winterfeld et al.1981; Sahimi et al., 

1985) have demonstrated that as long as the average coordination number of a topologically 
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disordered network is equal to the coordination number of a topologically regular network, 

transport and main other properties are identical for the two network systems. Therefore, a 3D 

regular lattice is used here. However, the spatial distributions for grain particles and pores are 

still random. In Figure 4-5, blue, black, and while sites represent the electrolyte, electrode and 

pore particles, respectively. The electrons from the interconnector through the electrolyte clusters 

and the oxygen through contiguous pore passage are supplied to the “active TPB” (explained 

later), where the oxygen ions are generated by electrochemical reaction. Then the oxygen ions 

are transferred to the electrolyte membrane by the electrode clusters.  

 
Figure 4-5.  Random network model. Red rectangle denotes the “active TPB”; Black 

circle=electronic conductor, blue circle=ionic conductor, white empty=pore (the 
circles have been removed for clarify). Three paths along the three phases for gas 
(black), O- (red) and e- (white) are represented by curves. 

In developing this model, several assumptions and definitions are made and summarized as 

follows:  

 Not all of pores are “open” for reaction. Some of pores may be inaccessible to one or 
more of the species so that the effective TPB length and effective diffusivity are reduced. 
When the porosity is small, the pore forms small and isolated clusters. As the porosity is 
increased enough, there would be some clusters spanning the network from one end to 
the other. This kind of pore clusters is termed as “transport pore” cluster, since it allows 
the gas to transport across the entire medium. A pore belonging to a “transport pore” 
cluster is called a “transport pore”. The second kind of pores, which is called “dead-end 

interconnector 

electrolyte 
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pore”, is interconnected only from one side (current collector). Although these pores can 
often be penetrated, their contributions to transport is negligible to transport. The third 
kind of pores is “isolated pore”, which is totally isolated from its neighbors of “transport 
pore” and can not contribute to transport of mass across the porous medium. Here, this 
common realistic situation is considered and pores are distributed randomly and 
identified as “transport”, “dead-end” or “isolated” pores.  

 Three types of clusters in a solid phase, i.e., “percolating cluster” (I), “singly connected 
cluster” (II) and “isolated cluster” (III) are identified. The first kind of clusters, i.e., a 
percolating cluster, is that the same type of particles (ionic or electronic particles) touches 
one another to extend through the entire electrode. Under such a condition, a good 
conductivity is reached. The second is that a cluster is only connected to its 
corresponding bulk phase type (i. e., inter-connector or electrolyte). The last kind of 
clusters, “isolated cluster”, is completely isolated from its corresponding bulk phase. The 
existence of this kind of clusters increases the polarization resistance in the electrode. The 
distribution of these clusters in electrodes is influenced strongly by the particle ratio, 
volume ratio and sintering process etc. 

 Gas is considered to be an ideal two-component mixture of O2 and a dilute gas (N2). 
Within the pores, there are three distinct diffusion mechanisms for the mass transfer 
(Mills, 2001): molecular diffusion, Knudsen diffusion and surface diffusion of adsorbed 
molecular species along the pore wall surface. The molecular and the Knudsen diffusion 
are dominant mechanisms at the cathode and will be taken into account in this model.  

 Only the DC part of the effective conductivity is considered. The AC part of the 
conductivity due to double layer effect (i.e., capacitance effect) is neglected.  

  The cathodic reaction site is limited to the vicinity of an “active bond”. This concept is 
first introduced by Alder et al. (1997). The bond between two neighboring sites, one of 
which is an electrolyte and the other an electrode site, is active if both of the sites belong 
to a “percolating cluster” or a “singly connected cluster” and also the bond has a 
neighboring empty site (pore), which belongs to the “transport pore” cluster or “dead-end 
pore” cluster. 

 Isothermal and steady state operation. 

4.3.2 Derivation of Numerical Model 

According to the conservation principle, the current flux entering a control volume should 

be equal to those leaving this volume plus the accumulative current within it. Therefore, the 

governing equations for charge transport in the solid phase (two phases) and gas species 

transport in the void space, respectively, are: 

eff( ) 0σ φ∇⋅ ∇ =                                                                                                                  (4.1) 
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tot 0J R∇⋅ + =                                                                                                                    (4.2) 

Here φ  and totJ  are the potential within solid particles and the  total mass flux vector, 

respectively. R
⋅

 is the rate of consumed mass due to the electrochemical reaction. effσ  is the 

effective conductance.  The conductance can be generally expressed, at each site (i, j, k), in the 

discretized sense, as: 

eff ( , , )f i j kσ σ= ⋅                                                                                                            (4.3) 

where ( , , )f i j k  is a phase function which is defined as unity in the solid phase and zero in the 

gas phase, respectively. Actually, equation (4.1) is applied to both of the two solid phases and 

(4.2) is valid for pore space. The two equations are coupled by the electrochemical reaction on 

the active three phase boundary. Hence, the idealized random microstructure (Figure 4-5) can be 

considered to split into two subnetworks: an electrical network for solid phase and a pore 

network on the void space. The species concentrations and chemical reaction rate (Eq. 4.2) will 

be calculated within the pore network, whereas the charge transfer, resistances and overpotentials 

(Eq. 4.1) will be analyzed within the electrical network.  

4.3.2.1 Electrical network  

Figure 4-6 illustrates a two-dimensional electrical network. Nodes (i, j ,k)  represent solid 

particle sites. Between each pair of solid particle, the current is conducted through resistance 

with the “effective conductance effσ ” . There are three kinds of conductances: the conductance 

between the electrolyte particles io-ioσ , the conductance between the electrode particles el-elσ  and  

the conductance between two different particles io-elσ . Here, the subscript “io” refers to 

electrolyte and “el” to electrode particles. These conductances depend on the neck formed by 
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contact of two particles. A neck of diameter 2δ  formed between two contacting spheres with the 

same radius r and thus the neck circumference,  , is equal to 2πδ  as shown in Figure 4-7.  

 
Figure 4-6.  Electrical network. 

 
Figure 4-7.  Contact neck formed by two different kinds of particles. 

The conductance between the same types of particles can be approximated as: 

io io-io
io-io 4

κσ = , el el-el
el-el 4

κσ =                                                                                           (4.4) 

ioκ  and elκ  are ionic conductivity and electronic conductivity, respectively, which are dependent 

on the temperature. The conductance io-elσ  between the different kind particles is given by: 

1
io-el

io-io el-el p

1 1 1[ ]
2 2

σ
σ σ σ

−= + +                                                                                         (4.5) 

where pσ  (unit: S) is the polarization conductance. For an “inactive TPB”, pσ  is set as infinite. 

While for an “active TPB”, pσ  depends on the geometry of TPB and the activity of cathodic 

2δ γ
electrode 

electrolyte 

, ,i j k

Y (j) 

X(i) 

1, ,i j k+  1, ,i j k−  

, 1,i j k+ 1, 1,i j k+ +

1, 1,i j k− − , 1,i j k−
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reaction. In the previous works (Sunde, 1996a, b; Jeon et al., 2005), pσ  is assumed to be a 

constant and proportional to the polarization conductivity pκ  and three phase boundary 

length TPB . However, Sunde has implied that his model has significant error due to neglecting 

the effect of gas diffusion on electro-chemical reaction and pκ  determined by a simplified 

geometry, not the electrolyte-electrode contacts in the composite electrode. Thereafter, a new 

approach is used to evaluate this value considering the effect of gas diffusion, temperature, 

chemical reaction and TPB geometry. actη  is the activation overpotential and defined as the 

potential difference between two sites: 

act el ioη φ φ= −                                                                                                                      (4.6) 

As a matter of fact, the activation overpotential in equation (4.6) includes the voltage loss due to 

mass diffusion, thus actη  should be corrected as:  

act el io concη φ φ φ= − −Δ                                                                                                          (4.7) 

So the polarization conductance corrected for ohmic drop can be expressed by:  

1 1

act el io conc
p

tr TPB tr TPBi i
η φ φ φσ

− −
⎛ ⎞ ⎛ ⎞− − Δ

= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

                                                                              (4.8) 

here TPB  is still equal to 2πδ  and also can be given by: 

TPB 2 2 sin
2

r γπδ π= =                                                                                                       (4.9) 

where r  is the radius of the particle; γ  is the contact angle between the ionic and electronic 

conductor. Chen et al. (2004) found that this angle can be estimated as o60 . The concentration 

overpotential is therefore calculated as:  
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2

2

int
Og

conc r
O

ln( )
4

pR T
F p

φΔ =                                                                                                          (4.10) 

where 
2

int
Op  and 

2

r
Op  are the partial pressures of oxygen at cathode/ channel interface and reaction 

site (TPB), respectively.  

In equation (4.8), there is still one parameter, the exchange transfer current, tri , left to be 

determined. As a matter of fact, oxygen reduction reaction has been recognized to involve a 

series of consecutive elemental steps including, i.e., dissociation, charge transfer, surface 

diffusion of oxygen intermediate species, and incorporation of oxygen ions into the YSZ 

electrolyte. The current density depends on the partial oxygen pressure, rate constants in 

elementary reaction steps, detailed experimental condition and microstructure of electrodes, etc. 

It is difficult to evaluate this value theoretically; instead, fitting from experimental data is 

generally used (Chen et al., 2004): 

{ }
4

1/ 4
tr O act O act act2 2

2.05 10( , , ) 7874 exp( ) exp( ) exp( )i f T p p f f
T

η η η×
= = × × − × − −                              (4.11)  

here pO2
is the partial oxygen pressure, and T is the absolute temperature. g/f F R T= , where 

gR  is the gas constant and F  is the Faraday’s constant. Finally, the current conservation 

equation (equation 4.1) can be replaced by the following discretized form: 

i j ij i j
j j

( ) 0I σ φ φ→ = − =∑ ∑
                                                                                                        (4.12) 

where  iφ  and  jφ are the potentials for particle i and its neighbors j, respectively. i jI → denotes the 

current flowing from site i to its neighboring site j. ijσ is the conductance between site i and j. By 

iteratively solve equations (4.4)-(4.12), the distribution of potential in the composite cathode will 
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be obtained. Once the potential distribution is determined, the total resistance for the cathode is 

estimated as: 

top bot
tot

total

R
I

φ φ−
=

                                                                                                               (4.13) 

It should be noted that the total resistance includes all three overpotentials, i.e., ohmic loss, 

activation loss and concentration loss. If the polarization conductivity is set to be infinite 

( pσ = ∞ ), the total ohmic resistance ohmR will be easily evaluated. Then, the total polarization 

resistance pR  is obtained by subtracting ohmR  from totR , i.e., p tot ohmR R R= − .  

4.3.2.2 Diffusion and reaction rate 

The multi-compnent diffusion in the pore network is described by the dusty-gas model. 

Just as discussed in section 4.2.3, the combination of the three diffusion mechanisms exists 

within the voids. The total flux of any species is obtained by combining the separate 

contributions as presented in Figure 4-4. Because the bulk and Knudsen diffusion are dominant 

mechanisms in the composite cathode which has larger particle sizes ( 0.1 5μm− ), the surface 

diffusion is neglected in this model.  The total mass transfer in the single pore is a sum of 

diffusive and viscous flux ( 2 1kg m s− − ) 

tot diff visJ J J= +                                                                                                                (4.14) 

The first term on the right hand side ( diffJ ) is the mass flux due to the bulk and the Knudsen 

diffusion, which can be expressed by an N-dimensional matrix notation: 

e 1
diff p[ ( , )] dCJ B r C

dξ
−= −

                                                                                                    (4.15) 
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where C  and ξ   are the mass concentration vector and coordinate of the pore, respectively. The 

N-1 dimensional square matrix e[ ]B  has the elements: 

e i
ij(i j) b

ij

,XB
D≠ = −

    

N 1
e k
ii K b

k 1,k iii ik

1 ,XB
D D

−

= ≠

= − + ∑
                                                                         (4.16) 

here iX  represents the mole fraction of component i ; N  is the total number of components. b
ijD  

is the binary diffusivity of components i  and j , and K
iiD  is the effective Knudsen diffusivity of 

component i . Both of the two diffusivities can be calculated based on the same method in the 

Chapter 3. The only difference is that the tortuosity is equal to unity here. The viscous flux is 

given by the following expression: 

2
p tot

vis 8
r dCJ C RT

dμ ξ
= − ⋅ ⋅

                                                                                                 (4.17) 

here μ  is the viscosity and T  is the temperature. totC  is the total molar concentration  and given 

by: 

i
tot

1 i

N

i

CC
M=

= ∑
                                                                                                                   (4.18) 

The volumetric source term  R -3 -1(kg m s ) due to electrochemical reaction is related to the 

transfer current density tri , TPB length and pore size, which can be expressed by: 

tr TPB

3
p

4 4
3

iR
r Fπ

=
⋅

                                                                                                                (4.19) 

It is apparent that only the gas phase site having “active TPB” has the source term  R . The pore 

structure can be treated as a three-dimensional pore network, and the single pores are connected 

at the nodes of the network. The flux of each species entering a node must be equal to the flux 
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leaving the node plus the accumulative mass. Therefore, at the inner nodes of the network, an 

equation similar to the Kirchhoff’s law holds: 

i I I
i M

J R→
∈

∇⋅ =∑
                                                                                                              (4.20) 

where M denotes all the pores that are connected at node I, and i IJ →  are fluxes leaving or 

entering that node I. Actually, Eq. (4.20) is the discritized form of Eq. (4.2). For a two binary 

component system (O2 and N2), equation (4.20) can be rewritten in the following expression by 

combining Eq. (4.15) and (4.17):  

2 2 2

2

2 2

2 2 2
O ,I O ,i O ,Ip tot,i tot,I C C

O ,I IK
3 3i M i Mi I O O2,N i I

p p

11
16 168
3 3

X C Cr C C D DC RT R
D Dr r

α
μ ξ ξ∈ ∈− −

⎡ ⎤⎧ ⎫ − −−⎪ ⎪⋅ ⋅ × + + ⋅ × =⎢ ⎥⎨ ⎬Δ Δ⎪ ⎪ ⎢ ⎥⎩ ⎭ ⎣ ⎦
∑ ∑

                        

(4.21a)  

      

1/ 2

2

2

1 O

N

M
M

α
⎛ ⎞

= − ⎜ ⎟⎜ ⎟
⎝ ⎠                                                                                                      (4.21b)                       

i Iξ −Δ  is the distance between any site I and any neighboring  pore i . 
2O ,IX  is the molar fraction 

of oxygen at site I . In this model, each pair of any two neighboring sites is assumed to be 

connected by a cylindrical channel with length i Iξ −Δ  and diameter cD . Finally, equations (4.12) 

and (4.20) have to be solved simultaneously by a finite difference scheme for the entire network.   

4.3.3 Reconstruction of Microstructure and Boundary Conditions 

Fig. 4-8 shows a typical constructed microstructure for the 24 24 18× ×  cubic FCC lattice. 

The size of the lattice is represented by x y,N N  and zN  layers in the x, y, and z directions, 

respectively. The z-direction is taken as the primary direction of current flow and the dimension 

in this direction is by definition equal to the thickness of electrode, zL .  
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Figure 4-8. Reconstruct of 3-D random microstructure. Model parameters: 0.4ε = , el io: 1:1φ φ = , 

24 24 18× × . Blue (0)=isolated particle, cyan (10)= transport pore, green 
(20)=transport electronic particle, yellow (30)= transport ionic particle. 

 The FCC lattice is generated by assigning each site an electrode, electrolyte or pore 

particle, depending on the value of a random number generated within the interval [0, 1] 

uniformly.  If the number is smaller than a given porosity, ε , the corresponding site is set to be 

occupied by pore phase; If this number is between ε  and 
el

x , the corresponding site is 

electrolyte. Otherwise, it is occupied by electrode. The radius of a particle is in the range from 

0.1 to 5μm . Once the microstructure is constructed, the connectivity and the different clusters 

need to be identified.  For this purpose, the Hoshen-Kopelman algorithm (1976) is used to 

identify the “percolating cluster”, “isolated cluster”, “dead-end cluster” and “active TPB”. The 

detailed process can be found in references (Hoshen et al.1976, Keil, 1999). All of the 
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quantitative results will be obtained as an average over six different random microstructures with 

different seed numbers. 
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Figure 4-9.  Statistics of random microstructure (model parameters: 0.4ε = , el io: 1:1φ φ = .  A) 
Local variation in three kind of sites along the thickness.  B) Effects of cross-
sectional mesh resolution on the transport pore volume fraction and transport solid 
volume fraction.  

Fig. 4-9A gives the local percentage variation for three different sites. These data suggest 

that the pore, electronic and ionic sites are distributed across the thickness randomly and the 

algorithm used to describe the microstructure is unbiased. All of the electrochemical variables in 
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the z-direction are of interest, so the edge effect of x- and y-dimension on the electrochemical 

behavior should be minimized. 

Fig. 4-9B shows the dependence of the effective porosity on the x and y dimensions. It 

shows that when the total number of cells in the x and y directions is increased from 24 to 36, the 

transport pore volume fraction varies only slightly. Therefore, the number of lattices is chosen at 

24 that is considered to be sufficient in the x and y directions, and it is employed for the 

following calculations. Also, it is noted that when the natural porosity is larger than 0.3, the 

effective porosity is almost identical to the natural porosity. However, when the natural porosity 

is larger than 0.5, the volume fraction of “transport” solid particles (electronic and ionic) 

dramatically decreases since the “isolated” and “dead-end” solid clusters dominate the whole 

electrodes. Therefore, it is concluded that 0.3 is the lower bound of the porosity. In practical 

applications, the porosity is always in the range of 0.35-0.45. 

The boundary before the first z layer represents the equipotential surface of the current 

collector (metal), which means that all bonds connected with it are linked to the metal and gas 

transport channels and the potential is set as 0φ  .The boundary after the last z layer contacts the 

solid bulk electrolyte membrane, which stands for another equipotenal surface and is set to be at 

zero voltage. In the x and y directions, symmetric boundary conditions are employed. The 

boundary conditions are summarized as below:  

At , ,0, 0, x yx y x L y L= = = = :   

2 0, 0OC
n n

φ∂ ∂
= =

∂ ∂
                                                                                                            (4.22) 

At the electrode/metal interface  0 :z =  

2 2O O ,0 el 0 tot, ,C C I Iφ φ= = =                                                                                              (4.23) 
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At the electrolyte/cathode interface :zz L=   

2O
io0, 0

C
n

φ
∂

= =
∂

                                                                                                             (4.24) 

Note that in equation (4.23), only the potentials for electrode particles are set as finite values, and 

the potentials for electrolyte particles should be considered as “inner nodes” and obtained by 

solving the governing equations. Similar cases hold for boundary condition (4.24). 

4.3.4 Model Input Parameters  

The input parameters, including the transport and kinetic parameters are extracted from 

literatures (Costamagna et al., 1998; Chen et al., 2004; Ji et al., 2006) and listed in Table 4-1. 

The conductivities for LSM and YSZ are considered to be dependent on the temperature. Air 

(79% N2 and 21% O2) is delivered to cathode. 

 

 
Table 4-1.  Model input parameters for the baseline case 

Parameters  Value Parameters  Value 
Air inlet temperature (K) 1100 Contact angle γ  o60  

LSM conductivity  ( -1S m )   78.855 10

exp( 1092.5 / )
T

T

×
×

−

 YSZ conductivity ( -1S m ) 53.34 10
exp( 10300 / )T

× ×
−

 

0φ (voltage at electrode/metal 
interface) (V) 

0.2 Bulk oxygen concentration ( -3kg m ) 0.0825 

x y zL L L× ×   24 24 18× ×  Particle diameter (μm ) 62 10−×  

Porosity  0.4   

 
4.3.5 Numerical Results and Discussions  

4.3.5.1 Contours of potential and oxygen concentration 

To study the potential distribution, the mass diffusion and the significance of 

overpotentials around the overall cathode region, we first select a microstructure with the seed 

number “2” and “3” as the baseline case. Although results obtained from this random 
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microstructure is different from that based on an average of several microstructures with 

different seed numbers, the errors are so small that will not change the values of potential and 

oxygen concentration significantly.  
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Figure  4-10.  Potential distribution (unit: V).  A) For ionic particles.  B) For electronic particles. 
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In this case, the external voltage difference is set as 0.2V, the porosity is 0.4 and the 

composition ratio of electrode phase is 0.5. The average current density is calculated as 

0.806Acm-2. The 3-D contours of potential are plotted in Fig. 4-10. It turns out that the potential 

in the ionic phase decreases gradually from about 0.11V to zero across the electrode thickness (z-

direction). For electronic phase (Fig. 4-10B), however, the variation in potential is almost 

negligible. These distributions attribute to the higher conductivity for LSM and very lower 

conductivity for YSZ. Such a larger potential difference between LSM and YSZ is just caused by 

the electrochemical reaction in the vicinity of TPB.  

Distributions of corresponding average cross-sectional exchange density and polarization 

conductance through the cathode, normalized to the current and the polarization conductance at 

the first layer, are displayed in Fig. 4-11. In the present study, the exchange current is modeled as 

a function of activation overpotential and other operation parameters, which is different from the 

assumption of constant values  the study by Sun (1996a,b). The exchange current density 

increases monotonically and reaches the peak value at the bottom of electrode.  
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Figure 4-11.  Profiles of local relative exchange current density and relative polarization 
conductance. 
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This tendency indicates that the strongest electrochemical reaction takes place in the region 

near the bottom end of the cathode, where the larger potential difference and maximal number of 

active TPB exist. For a pure phase cathode, the electrochemical reaction is only confined to a 

very narrow zone, i.e., the electrolyte /cathode interface; while for a composite cathode, the ionic 

phase extends to the bulk LSM phase and hence increases the reaction sites. Also, we found that 

the higher active TPB number, the larger the polarization conductance is. 

Fig. 4-12 compares the oxygen concentration under a lower and a higher potential 

differences. Under the lower potential difference, the oxygen concentration is fairly uniform, 

decreasing from 0.08259 -3kgm  to roughly 0.075 -3kgm  across the electrode thickness. While for 

the case of a higher potential difference, i.e., 0.4V, the oxygen gradually decreases to a lower 

level of oxygen concentration due to a larger oxygen consumption rate. The uniform oxygen 

distribution on a x-y plane validates that the percolating cluster dominates the whole region and 

makes the oxygen supplied to the active TPB very well. 
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Figure 4-12.  Oxygen concentration.  A) Lower potential difference.  B) Higher potential 
difference. 

4.3.5.2 Activation and concentration overpotentials 

Fig. 4-13A illustrates the profiles of average ohmic and activation overpotentials with 

respect to different external voltages. An increase of voltage difference (i.e., average current 

density), the sum of ohmic and activation loss also increases. Although both of the numbers of 

active TPB on the gas/cathode and electrolyte/cathode interfaces are close to the maximum 

values, the overpotenial next to the electrolyte/cathode surface, i. e., / 1ZZ L = , is still much 

higher because of higher polarization potential difference in this region. Actually, the activation 

loss contributes to the major portion of the overpotential. The corresponding average 

concentration loss is given in Fig. 4-13B. It indicates that this loss is negligible compared with 

the activation loss under the lower current density. However, when the current density is 

enhanced due to a larger potential difference, the concentration loss can not be neglected any 

more. For example, when the potential is 0.4V, the maximal concentration loss is about 0.0325V 

that is responsible for 9% of the total loss. 
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Figure 4-13.  Overpotential distribution.  A) Ohmic and activation loss.  B) Concentration loss. 

4.3.5.3 Optimization of cathode design 

I) Porosity effect  

Fig. 4-9 implies that the cathode should have the best performance with the porosity 

exceeding 0.3 in terms of the effective porosity. But how the porosity exactly influences the 

mass transfer and electrochemical behavior still needs to be further investigated. The average 
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oxygen concentration distribution and reaction rate as a function of porosity are shown in Fig 4-

14A and Fig. 4-14B, respectively.  
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Figure 4-14.  Effect of porosity on performance.  A) Average local oxygen concentration.  B) 
Average reaction rate. 

The porosity is varied from 0.1 to 0.6 while keeping other parameters the same as that 

listed in Table 4-1. Clearly, when the porosity is at a relatively lower level, i.e., 0.1 or 0.2, the 

oxygen penetration depth is considerably small, only 25% of the cathode thickness for 0.1ε = , 

which will lead to a larger concentration overpotenital. The peak value of reaction rate occurs 
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near the gas/electrode interface. This is due to the fact that an “isolated pore” dominates the 

whole electrode and blocks the gas supply to the TPB, and then substantially reduces the gas 

penetration depth. Therefore, the availability of oxygen supply and reaction sites is confined to a 

very narrow zone next to the gas/electrode interface. Nevertheless, when the porosity is equal to 

0.3, the reaction rate begins to have a continuous tendency to increase along the thickness and 

also possesses the highest reaction rate. When the porosity is enhanced to 0.4 or more, the 

cathode performance deteriorates due to insufficient reaction sites. 
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Figure 4-15.  Number of TPB and specific total resistance with respect to the porosity. A) Total 
number of active TPB.  B) Specific total resistance. 
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Fig. 4-15A shows the statistical characters of the active TPB with respect to the porosity. 

It is observed that when the porosity ranges from 0.25 to 0.45, the percentage of active TPB 

number lies between 77% and 91%, which means the most of transport ionic or electronic 

particles are available to the electrochemical reaction. Therefore, in light of the above results, it 

can be concluded that the concentration loss can be neglected and the cathode performance 

reaches the best when the porosity is in the range of 0.25-0.45. In the results reported by Sunde 

(1996a, b), it is assumed that all of solid particles are always available for reaction and the 

oxygen supply is not limited in the vicinity of a TPB. Therefore, their results are only valid for 

the porosity range in the middle level and also in general the resistance is underestimated in their 

study. The corresponding total resistance excluding the mass transfer resistance vs. porosity is 

plotted in Fig. 4-15B. The maximum performance is achieved when 0.3ε = . When the porosity 

is equal to zero, the total resistance drastically increases by almost ten times, since there are still 

some active TPB’s on the gas/cathode interface. On the other hand, the reaction sites completely 

disappear and the resistance goes to infinity when not any solid phase exists in the cathode. The 

above results have sufficiently demonstrated the porosity 0.5 is the upper limit and 0.3 is the 

lower limit of porosity in a composite cathode. 

II) Layer thickness effect 

       To discover the dependence of the reaction rate and overpotentials on the cathode 

thickness, several cases with different thicknesses are employed. Fig. 4-16 gives the comparison 

results. When the thickness is less than 30μm , the curve for the reaction rate is almost flat, i.e., 

almost all active bonds of the cathode are used; no matter how far they are from the gas/cathode 

interface. However, when the thickness is increased beyond30μm , only the zone which is close 

to the electrolyte/cathode is well utilized for reaction as shown in Fig. 4-16A.  
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Figure 4-16.  Effect of thickness on reaction rate and concentration overpotential.  A) Local 
average reaction rate.  B) Local average concentration overpotential. 

The same tendency is also demonstrated in Costamagna et al.’s study (1998). A parameter, 

i.e, “effectiveness factorλ ” is defined as a criterion to indicate what extent the electrode is 

utilized. When λ  is greater than 0.3 and one of two phases has much higher resistivity than the 

other phase, the major part of the electrode becomes useless and the activation overpotential (or 
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reaction) is concentrated on the electrolyte/cathode interface. Moreover, with increasing 

thickness, the concentration loss will become more and more significant as shown in Fig. 4-16B 

due to a longer diffusion path and poor gas supply. Comprehensively considering the above 

results, it is suggested that the cathode thickness should be less than 89μm here to achieve 

minimized concentration loss and uniform reaction rates. 

III) Combined effect of composition, particle size and thickness  

       One of the important criteria indicating the electrode performance is the total specific 

resistance. Some experimental results have demonstrated the possibility of optimized parameters 

to minimize the resistance. In this section, we will consider the combined effects of composition, 

particle size and thickness on this resistance. The validation of the model with the experimental 

data and other theoretical study is presented in Fig. 4-17. We have incorporated experimental 

parameters from the literature and some reasonable approximated values (Costamagna et al., 

1998; Kenjo et al., 1991, 1992)  for an EDB/Pt cathode into our model, e.g., 0.4ε = , 

o900 CT = , o60γ = , 0.4ε = , 
el 0.1μmr = , io 0.1μmr = , 

6 -1
0,el 2.5 10 Smσ = × , 

-1
0,io 20Smσ = . Kenjo 

et al. (1991, 1992) does not give a relationship between overpotential and exchange current 

density such as equation ((4-11), but an approximation for exchange current density, i.e., 

-2
0 400Ami =  was reported by the same authors and this value has been adopted in our model. 

The predicted results are in good agreement with the experimental data reported by Kenjo et al. 

(1991, 1992). When the thickness exceeds a certain value *L , the specific polarization levels off, 

keeping an almost constant trend. This can be explained by that the electronic conductor is close 

to a pure conductor el ioσ σ>> , the charge flows through an electronic conductor without any 

ohmic losses and the most of electrochemical reactions occurs in a narrow region next to the 

electrolyte/cathode with the thickness is increased as shown in Fig. 4-16A. Therefore, the 
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electrode resistance does not increase as the ohmic losses are negligible. Compared with the 

results from a continuum theory, there is a significant derivation as the electrode is very thin 

( 10μm< ). This derivation becomes more remarkable for the case of a lower electrode volume 

fraction 0.32ϕ = . The resistance calculated from our model is higher than that from Costamagna 

et al. (1998). The continuum theory implies an assumption that only “percolation cluster” 

dominates the performance and the “isolated” and “dead-end” clusters are negligible. Therefore, 

for a very thin electrode in which that the percolating cluster almost vanishes, this theory tends to 

underestimate the resistance. For a thicker electrode, the consistency between the two models is 

satisfactory. For the case with 0.32elϕ = , our model reveals a smaller value of *L , while 

Costamagna et. al indicates a larger *L  value and gradual decrease in resistance before 

75μmZ < . Simulated results sufficiently indicate that our model can well predict the 

experimental data. 
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Figure 4-17.  Comparison among the model prediction, experimental data and continuum model.  

       Fig. 4-18 presents the combined effects of electrode volume fraction, thickness and 

radius of particle on the total resistance. The continuum theory and the theory of coordination 
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number demonstrate that the percolation threshold varies from 0.294 to 0.709 as the radius ratio 

el ior r equals to unity. Within these thresholds, a reasonable performance of the cathode can be 

achieved.  
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Figure 4-18.  Effect of electrode fraction volume and particle radius on total resistance.  A) For 
different elϕ . B) el 0.4ϕ =  and different radius.  C) el 0.2ϕ =  and different radius.  

The resistance distribution within the cathode as a function of the electrode fraction is 

displayed in Fig. 4-18A. The porosity, radius and electrode volume fraction are fixed at 0.4ε = , 

el io 1μmr r= = and el 0.5ϕ = , respectively. When the electrode fraction is equal to 0.35, 0.4 and 
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0.5, respectively, the resistance maintains a constant value after a certain thickness value and  the 

cathode thickness corresponding to the optimum performance is in the range from 

17.5μm to 40μm .The maximal performance is achieved at el 0.4,ϕ = and 29.14μmZ = . However, 

for cases with el 0.3ϕ ≤ , the resistances become very  large due to insufficient reaction sites. If 

considering a cathode only composed of the LSM phase with parameters: 29.76μm, ZL =  

el io 1μm, =0.4,r r ε= =  the calculated total resistance is about 21695mΩ cm . 

Compared this value with the data shown in Fig. 4-18A, the advantage of a composite 

cathode is clear. From Fig. 4-18B and Fig. 4-18C, it can be observed that with the decreasing of 

the radius, the optimal thickness corresponding to minimal total resistance also decreases when 

the electrode fraction is within the thresholds. This implies that the larger particle size, the 

thicker the cathode is needed to reach an optimum performance. While beyond the suggested 

percolation, i.e., el 0.2ϕ = , the optimum thickness does not exist for all three cases. Therefore, the 

performance of a cathode can be improved by decreasing the particle size and thus resulting in 

the enhancement in the TPB length per unit volume. However, very small LSM or YSZ particles 

correspondingly increase the gas diffusion path and make the pore size become smaller, so the 

concentration overpotential will increase, especially for a much thicker cathode. 

4.3.6 Conclusions   

       A 3D random micro-scale model taking into account of the gas diffusion and pore 

structure has been developed to evaluate the mass transfer and electrochemical performance for a 

composite cathode in a solid oxide fuel cell. Then, detailed investigations are carried out to 

optimize the geometry parameters. A comparison with literature experimental data shows a good 

agreement.   
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       Model results demonstrate that the concentration loss is insignificant only when the 

porosity is in the middle range and the cathode is thin under a lower current density. The 

electrochemical reaction behavior is strongly influenced by the porosity value. Only when the 

porosity is in the range from 0.25 to 0.45, the gas penetration depth is larger, reaction rate is 

relatively uniform and almost all of the TPB sites become active. The larger thickness is 

favorable for the performance by increasing the number of the effective reaction sites and 

decreasing the specific resistance. Smaller particle sizes reduce activation overpotential by 

increasing the TPB length per unit volume of the cathode. The minimum value in total specific 

resistance decreases as the particle radius is decreased. But at the same time, too small particles 

will increase the gas diffusion resistance. In the present study, the best performance is achieved 

at el 0.4,ϕ = and 29.14μmZ = when 0.4ε = .          

       There is a good agreement between our predicted results with the continuum theory 

and experimental data. It shows that the predicted results on total specific resistance are 

reasonably larger than those obtained from the continuum theory for a very thin cathode. The 

presented model is still valid for the cathode with a lower ratio between the thickness and 

particle diameter compared with the continuum theory. Also, the current model removes some 

weaknesses in the model by Sunde (1996a,b), such as ignoring the diffusion resistance and 

specific pore structure. Therefore, this model can be applied to much more general situations. 
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CHAPTER 5 
MULTI-SCALE MODELING OF A LOW-TEMPERATURE SOLID OXIDE FUEL CELL 

WITH CONSIDERATION OF MICROSTRUCTURE AND INTERFACIAL EFFECTS 

We have proposed a multi-physics, multi-scale macro, nano/micro and particle-scale 

model structure in the Chapter 2. This model is a long term plan. In this chapter, our works focus 

on how to combine the macro-model in the Chapter 3 with the new micro-level model developed 

in this Chapter, and then use this model to optimize the SOFC performance at micro-scale level.  

5.1 Low Temperature SOFC and Modeling Objectives 

The superior efficiency of a solid oxide fuel cell in comparison with other energy-

conversion systems is due to its higher operation temperature, which may exceed o1000 C  in 

some designs (Larminie et al., 2003; Singhal et al., 2003). As the operation temperature of a 

SOFC is reduced, the activation resistance in the electrodes and the ohmic resistance in the 

electrolyte will contribute to the majority of the total cell resistances (Cai et al., 2002). For 

example, if reducing the operating temperature of a SOFC to o o550 C-800 C , the cathode 

resistance was 70-85% of the total cell resistance for anode-supported SOFCs with standard 

LSM-YSZ cathode on YSZ electrolyte (Tsai et al., 1997). However, lowering the operation 

temperature is an inevitable path for the commercialization of this technology, which allows for 

a broader choice of materials, reduces the fabrication cost, minimizes the interfacial diffusion 

between electrode and electrolyte, and improves the response time for start-up and shut-down 

period, etc.. For this purpose, research has been focused on developing thin film electrolyte 

(Hertz et al., 2004; Chen et al., 2004), adopting alternative electrolyte or electrodes with higher 

conductivity (Shao et al., 2005, Wang et al., 2004; Zhang et al., 2006) and finding new 

fabrication processes for electrodes (Gorman et al., 2005). 0.5 0.5 3-Sm Sr CoO δ (SSC) ,  

1- 0.8 1- 3-La Sr Co Fe Ox x y δ  (LSCF) and 0.5 0.5 0.8 0.2 3-Ba Sr Co Fe O δ  (BSCF) have been experimentally 
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proven to provide a superior performance as a cathode material for SOFC or its combination 

with Gd0.2Ce0.8O1.9 (GDC) and 0.85 0.15 2Ce Sm O  (SDC)  to form a composite cathode (Watanabe et 

al., 1997;  Liu et al., 2006; Huang et al., 1997). For example, the measured total electrode area 

specific resistance is only 0.102 2cmΩ  at o600 C  for a cell with a SDC electrolyte thickness of 

20μm  and a composite cathode (75wt.% SCC +25wt.%SDC, Zhang et al., 2006). Adding SDC 

particles to Ni is effective for improving the activity of Ni anode through increasing the TPB 

area and maintaining the appropriate porosity (Wang et al., 2004). 

      However, this kind of composite electrode exhibits a complex geometry/morphology, it 

is frequently a demanding task to predict how the interplay of materials properties and geometry 

(e.g., porosity, particle size, and electrode thickness) affects the polarization resistance. A micro-

model, which focuses on the electrode and electrolyte region, is therefore crucial to understand 

the relations between performance and relevant microstructure parameters in much more details 

(Costamagna et al., 1998; Sunde, 2000; Jeon et al., 2006). For a lower temperature SOFC, the 

temperature becomes a crucial factor and even an insignificant variation in non-homogenous 

temperature distribution or flow field within a SOFC might change the performance substantially. 

Unfortunately, previous micro-models can not account for this temperature or geometry effect at 

macro-level (e.g. stack dimension) because of inherent model weaknesses and assumptions. 

Especially, when considering the goals of our model, i.e., how to optimize the entire cell design 

including global macro- and microstructure parameters, only few influencing factors in a model 

will lead to significant inaccuracies or errors in predicting overall SOFC performance. Therefore, 

it is desirable to develop a multi-scale model which has the capability of handling the transport 

mechanisms on different length scales at the same time.  
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The current study aims at developing a new multi-scale model, which will be employed to 

integrate a micro-scale submodel with a macro-scale submodel and account for transport 

mechanisms arising from different processes and length scales for a lower temperature SOFC. 

Recently, the authors have developed a multi-physics macro-model to investigate the effect of 

transport scale on the performance of a SOFC unit (Ji et al., 2006, Chapter 3).The macro- 

submodel is developed on the basis of the previous work. Then solution will be supplied to the 

micro-scale submodel as the global parameters. The micro-scale submodel establishes the 

complex relationships among the various transport phenomena in the pore level, which includes 

the transport of electron, ion and gas molecules through the electrodes, electrolyte and 

particularly at the three-phase boundary region. Finally, by integrating the two submodels to 

form a mutiscale model, the dependence of electrochemical performance on the global 

parameters (temperature, thickness of electrodes) and microstructures (porosity, volume fraction, 

composite ratio, etc.) will be assessed for the entire fuel cell stack in a meaningful way. 

5.2 General Descriptions and Model Assumptions 

        A typical single anode-supported SOFC unit cell consists of a thin layer of anode, a 

thick anode substrate layer, a porous layer of cathode, a dense layer of electrolyte, and 

interconnects (or ribs) as illustrated in Fig. 5-1A. Previous simulation results from the macro-

model (Chapter 3, Ji. et al., 2006) have sufficiently demonstrated that the variations for 

temperature, velocity and concentration in the z-direction (normal to xy plane, refer to Fig. 5-1A) 

are insignificant if the rib thickness is small. So here, the rib thickness is assumed to be small and 

a two-dimensional model is considered for saving much computational time. The schematic of 

the 2-D computational model is shown in Fig. 5-1B. To study the different physical processes at 

various length scales, the current model consists of two length scales: a macro-scale submodel 

and a micro-scale submodel. The macro-scale submodel is associated with the entire 
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computation domain. While the micro-scale submodel is used only in the electrode and 

electrolyte regions. A Ni/SDC composite anode, a SDC electrolyte and a LSCF/SDC composite 

cathode are considered in the present simulation for simulating a lower temperature solid oxide 

fuel cell.  

 
 

 

 

 

                                                                                                                                             A 

                                                                                                                                                B 
 
Figure 5-1.  A planar solid oxide fuel cell.  A) A unit cell.  B) Computational domain, structural 

modeling of a solid oxide fuel cell, and close-up of cermet TPB. The composite 
cathode (LSCF/SDC) and anode (Ni/SDC) are modeled by a random packing of 
binary particles (not on scaled). 

TPB (reaction site) 

caγ  

anγ  

RLSCF 

RSDC 

rNi 

RSDC 

Interconnect 

Interconnect 

Electrolyte 

Electronic conductor 
(LSCF particle)  

Ionic conductor 
(SDC particle) 

Electronic conductor 
(Ni particle)  

e-

e- H2 H2O 

O2 

O2
-

Pore 

Pore 

X

Y

Air 

Fuel 

Air 

Fuel 

Top interconnect 

Cathode 
Electrolyte 

Anode 

Bottom interconnect 

Symmetric 
 Boundary 

X 
Z 

Y 



 

131 

In Fig. 5-1B, the composite electrodes are modeled as a random packing system made of 

electronic particles (LSCF or Ni), ionic particles (SDC) and interstitial pores. Current is 

conducted from particle to particle through the interface. Although a real porous microstructure 

is different from this random system, the previous studies have successfully proven its validity in 

predicting electrochemical performance for a composite electrode (Costamagna et al., 1998; 

Sunde 2000; Jeon et al., 2006; Bouvard et al., 1991).  

In the cathode region, oxygen which diffuses through the air channel and interconnected 

pores, is reduced somewhere in the vicinity of three phase boundary (TPB) region to oxygen ions 

via the overall half-cell reaction:  

- x
2 o oO (g)+4e +2V 2O⇔ii                                                                                                     (5.1) 

where oV i i and x

oO are vacancies and oxygen ions in the SDC phase. Likewise, the hydrogen 

reduction reaction in the TPB of the anode occurs as: 

2- -
2 2H (g)+O H O+2e⇔                                                                                                      (5.2) 

The system terminal output is critically dependent on the activation, concentration, and ohmic 

polarizations and can be expressed as: 

an+ca an+ca+ch an+ca+ele+inn
cell act con ohm contact( )V E η η η η= − − − −                                                                (5.3) 

with the Nernst potential E is given below: 

2 2

2

0.5
H Og

0
H O

ln( )
2

p pR T
E E

F p
= +                                                                                                   (5.4)  

where an+ca
actη is the activation overpotential due to electrochemical reaction at TPB. an+ca+ch

conη  is the 

concentration overpotential due to mass transport in the electrodes and channel flows. an+ca+ele+inn
ohmη  

is the ohmic overpotential across electrodes, electrolyte and inter-connectors. contactη  is the 
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contact resistance. 
2Hp  and 

2H Op  are the partial pressures of hydrogen and water in bulk channel 

flows, respectively. 4
0 1.2723 2.7645 10E T= − ×  depends on local temperature. However, it is 

rather difficult to clearly identify one kind of overpotential from others because they are highly 

inter-related in an actual energy transport process. Therefore, completely understanding and 

modeling those losses are critical to predict the cell’s electrochemical performance accurately, 

which is one of the main objectives in the present work. Modeling is performed with the 

following assumptions: 

 Steady state condition. 

 Mass/heat transport and gradients in two-directions (2D) are considered.  

 Energy transfer due to species diffusion in channel flows and porous layers are neglected. 
Because the single cell model represents a repeating cell structure in the center of a larger 
stack, cyclic boundary conditions for current are imposed at the boundaries of model 
domain. Walls at the periphery of the single cell are assumed to be adiabatic.  

 For electrodes, each of the two conducting phases is considered as continuous and 
homogenous having an effective conductivity dependent on the micro-parameters. 

 Identical and uniform catalyst activity throughout electrodes. Relevant electrode (anode 
SDC/Ni and cathode SDC/LSCF) parameters are extracted from the literatures.  

 In view of that molecular diffusion and Knudsen diffusion are comparable in the electrodes, 
both of them are considered together.  

5.3 Macro-submodel  

5.3.1 Governing Equations  

         In the Chapter 3, the macro-scale submodel has been developed to simulate the 

thermal, flow and species fields in the entire computational domain. In the pure fluid region 

(channel flows), the Navier-Stokes equations describe the flow behavior. In the porous region 

(electrodes), flow is treated as laminar, incompressible and governed by the Brinkman-



 

133 

Forchheimer extended Darcy model. The conservation equations of mass, momentum, energy 

and species for fluids in both pure fluid region and porous domain are:  

f( ) 0Vρ∇ ⋅ =                                                                                                                     (5.5a)                       

2f f f f 1( ) ( )FpVV V V V V
K K

ρ μ μ ρ εζ
ε ε ε

∇
∇⋅ = − + ∇ − + ⋅                                                    (5.5b) 

f f eff re oh( ) ( )c VT k T Q Qερ∇ ⋅ = ∇ ⋅ ∇ + +                                                                             (5.5c) 

f( )i i iY V J Sερ ζ∇ ⋅ = −∇ ⋅ +                                                                                               (5.5d) 

1
1

n

i
i

Y
=

=∑                                                                                                                             (5.5e) 

f

g ( )i
i

i

p
YR T
M

ρ =
∑

                                                                                                            (5.5f) 

Here the meanings of all symbols are the same as those in equations (3.20)-(3.25) of the Chapter 

3.  

5.3.2 Gas transport and Concentration Overpotential  

      The gas transport through porous media is mainly controlled by the molecular diffusion, 

Knudsen diffusion and viscous flow. For composite electrodes in fuel cells, the Knudsen 

diffusion is as important as bulk diffusion due to that the mean free path of molecular species is 

comparable to the pore size. Thus, the two different diffusion mechanisms should be considered 

in the present model. Assuming that the porous medium is in local thermodynamic equilibrium 

with the fluid, the extended Stefan-Maxwell relation is still used to determine the diffusion mass 

flux vector iJ as in Chapter 3:     
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1,k ,eff ,eff g

( )
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i j j ii
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ii ij ij
j i

X J X JJ P X
D D D R T=

≠

+ − = ∇∑                                                                                (5.6) 

The calculation on the effective binary coefficient ,effijD and the Knudsen diffusion 

coefficient ,kiD  has been presented in the Chapter 3.  The concentration overpotentials, which 

are induced by the gaseous transport at electrodes and channel flows, are calculated as:  

2

2

int
Ogca

con r
O

( , ) ln( )
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η = ⋅                                                (5.7)                       
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η = ⋅                                                               (5.8) 

where b
ip , int

ip  and r
ip  ( 2 2 2O ,H O,Hi =  ) are the partial pressures of component i at the air/fuel 

channel flow, the electrode/channel interface and the reaction site (TPB), respectively.  

5.4 Micro-submodel  

      There are three different groups of clusters formed in electrodes: (i) the first is 

composed of the same type particles (ionic or electronic particles) that in contact with one 

another to extend through the entire electrode. This kind of cluster is called “percolating cluster”. 

Under such condition, a good conductivity is reached.The second is that a cluster is only 

connected to its corresponding bulk phase type (interconnect or electrolyte).The third cluster is 

completely isolated from its corresponding bulk phase. The existence of this kind of cluster 

increases the polarization resistance in the electrode. 

 In the present micro-porous electrode model, the electronic phase (Ni/LSCF) or ionic 

phase (SDC) are considered as formed by the first kind of clusters, which means percolating 

clusters dominate the electrode performance. So this assumption requires the electrodes have a 

high ratio of electrode thickness to particle diameter that is always greater than 100. When the 
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ratio is roughly lower than 100, the model accuracy may be affected by some degree of 

uncertainty and Monto-Carlo simulation is suitable for thin electrodes (Sunde, 1996a, b; Ji et al., 

2007). The second type is neglected and the third type is assumed to be taken into account by 

parameter choices in the following derivation. The charge transfers along the electronic or ionic 

phase and the transfer current is intrinsically between the two phases. According to Ohm’s law, 

the current balance in electrodes can be established as: 

el,eff elVσ= − ∇eli                                                                                                                 (5.9a) 

io,eff ioVσ= − ∇ioi                                                                                                                (5.9b) 

ca/an
TPB tr act( , , )iL i Y Tη∇⋅ = −∇⋅ = ⋅io eli i                                                                               (5.9c) 

Where V is the potential and i (Am-2) is the current vector per unit area of the electrode. io,effσ  

and el,effσ are the effective conductivity of the ionic and electronic conductor phase, respectively. 

TPBL ( -3mm )  is the active TPB length per unit volume of the electrode. ca/an
tri  ( -1Am ) is the 

transfer current density per unit TPB length in the cathode or anode, which is a function of the 

local activation overpotential an/ca
actη , temperature and concentration. The local activation 

overpotential actη  is equal to: 

act io el con( )V Vη η= − −                                                                                                        (5.10) 

Local concentration loss conη is estimated by equation (5.7).  

5.5 Model Parameters 

       There are still some unknown parameters or terms to be determined in equation (5.5) 

and equation (5.9), such as the heat generation sources, the effective conductivities, the TPB 

length and the transfer current density, etc. The classical percolation theory, coordinate number 
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theory and experimental work on electrode kinetics will be applied to obtain these important 

parameters. 

5.5.1 Effective Conductivity and TPB Length 

According to the results of the percolation theory (Kirkpatrick, 1973), and effective 

medium theory (Mclachlan et al., 1990), the effective conductivity of electrode particle in a 

random packing of bimodal particles above the percolation threshold is: 

mel
el,eff el,0

el,c

1(1 )
1

φ
σ σ

φ
−

= −
−

                                                                                                 (5.11) 

Similarly, the ionic conductivity for the electrolyte phase is:  

mio
io,eff io,0

io,c

1(1 )
1

φσ σ
φ
−

= −
−

                                                                                                 (5.12) 

where elφ  is the volume fraction of the electrode particles with respect to all solid volume (void 

excluded). el,cφ  is the volume fraction for electrode particles corresponding to the percolation 

threshold. io,cφ  is the volume fraction for ionic particles corresponding to the percolation 

threshold. m is the adjustable parameter. ,0σ   is the conductivity for -phase material. However, 

the neck formed between same types of particles reduces this value. It is assumed that the bulk 

conductivity corresponds to the maximal TPB length, so it can be estimated as:  

min
TPB

,0 ,bulk ,bulk ,bulk
TPB,max min

2 sin
2 sin

2 2

rl
l r

γπ γσ σ σ σ
π

= = =                                                     (5.13)       

where γ  is the contact angle and is set as 60o, and minr  is the radius of the smaller particle. 

However, when the porosity is decreased or increased, how is the conductivity in SOFC affected? 

Here, an approximate approach is introduced to take into account the contribution of pore. 
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According to Archie’s law (Archile, 1942; Wong et al., 1984), the effective conductivity is 

strongly dependent on the porosity of the pure materials: 

,eff (1 )tσ ε∝ −                                                                                                                   (5.14) 

here t  is an empirical parameter. For a spherical pore, this value is set as 1.5. In actual case, 

equation (5. 11) is obtained with an inherent assumption, i.e., the porosity is estimated as 0.4, so 

the conductivity of an electrode particle can be modified as: 

el,0 mel
el,eff

el,c

(1 ) 1(1 )
(1 0.4) 1

t

t

σ ε φ
σ

φ
− −

= −
− −

                                                                                 (5. 15) 

According to effective medium theory (EMT) (Mclachlan et al., 1990), the adjustable parameter 

m  also can be chosen as 1.5. Thus the final forms for conductivities are: 

1.5

el
el,eff el,bulk

el,c

1(1 )sin 1
2 0.6 1

φγ εσ σ
φ

⎡ ⎤⎛ ⎞−−
= ⋅ −⎢ ⎥⎜ ⎟⎜ ⎟−⎢ ⎥⎝ ⎠⎣ ⎦

                                                                    (5.16)  

1.5

io
io,eff io,bulk

io,c

1(1 )sin 1
2 0.6 1

φγ εσ σ
φ

⎡ ⎤⎛ ⎞−−
= ⋅ −⎢ ⎥⎜ ⎟⎜ ⎟−⎢ ⎥⎝ ⎠⎣ ⎦

                                                                   (5.17) 

In the above equations, the percolation threshold el,cφ  and io,cφ  can be determined by the 

coordination number theory and has been given by Kuo et al. (1995) and Suzuki et al. (1983). 

        The approach to estimate TPB length per unit volume TPB,VL  ( -3mm  ) was developed 

by Sunde (1996a,b), Costamagna et al. (1998) and Bouvard et al. (1991) using the relationship 

between percolation and particle coordination number: 

io el
TPB,V min io el io el

0

2 sin
2

Z ZL r Nn n P P
Z

γπ= ⋅                                                                         (5.18) 

where ioP  and elP  are the probability of electronic- or ionic-type conductors in the percolating 
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cluster. Suzuki et al. (1983)  proposed a more accurate expression to P  in the range 

0.154 6.464λ< <  ( io el/d dλ =  is the diameter ratio between ionic and electronic particles): 

0.42.54.2361
2.472

ZP −
⎡ ⎤−⎛ ⎞= −⎢ ⎥⎜ ⎟

⎝ ⎠⎢ ⎥⎣ ⎦
                                                                                         (5.19)  

0
2(1 )

Z nZ
n n λ− =
+ −

                                                                                                       (5.20) 

where Z −  is the coordination number between same type particles, and 0Z  is the average total 

coordination number in a random packing of binomial spheres and equals 6. ion  and ion  are 

number fractions of electronic and ionic particles, which are related with volume fractions elφ  

and ioφ . N  is the total number of particles per unit volume. ioZ  and elZ  are the coordination 

numbers of electronic conduction and ionic conductor. They are given by: 

3 3
el el el

1
4 / 3 [ (1 ) ]

N
r n n

ε
π λ

−
=

+ −
                                                                                          (5.21) 
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( 3)3
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n n λ
−
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+ −

                                                                                                  (5.23) 

It should be pointed out that equations (5.18)-(5.20) only take into account the contribution of 

percolating cluster to conductivity and TPB length. As long as φ  is far away from threshold and 

P  is also really high, this kind of clusters dominates the response of the electrodes’ performance 

and thus the equations are reasonable.   
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5.5.2 Electrode Kinetics and Transfer Current Density  

       In principle, oxygen reduction and hydrogen oxidation reactions have been recognized 

to involve a series of consecutive elemental steps including, i.e., dissociation, charge transfer, 

surface diffusion of oxygen/hydrogen intermediate species, etc.. There is still no common 

consensus in the mechanisms and kinetics of the two reactions and sometimes contradictory 

because the elemental steps strongly depend on the specific experimental conditions and 

microstructure, ect.  (Bieberle et al., 2001; Fleig, 2003; Alder, 2004; Jiang et al., 1998).  

Especially, the experimental data on electrochemical kinetics of Ni/SDC anode and LSCF/SDC 

cathode at lower temperatures are very limited and incomplete at present. The relationship 

between the ionic current densities in the composite electrodes and the charge-transfer 

overpotentials can be described by Bulter-Volmer equation: 

e act e act
0

g g

exp( ) exp[ (1 ) )]n F n Fi i
R T R T

β η ηβ
⎧ ⎫⎪ ⎪= − − −⎨ ⎬
⎪ ⎪⎩ ⎭

                                                              (5. 24) 

where F  is the Faraday’s constant. en  is the number of electrons. β  is the transfer coefficient. 

0i  is the exchange current density, which generally depends on the local temperature and 

composition at the electrodes. For oxygen reduction in LSCF/SDC cathode, Liu et al. (2006) 

found the exchange current density ca
0i  is between -210Am  and -2650Am at the temperatures 

ranging from o500 C  to o700 C , but they did not further report the effect of the partial oxygen 

pressure on this value. Here we adopt this range. For SDC/Ni anode under lower operation 

temperature, the anodic exchange current density is set as -2100Am  on the basis of literature data 

reported by Watanabe et al. (1997) This paper focuses on presenting a theoretical framework 

instead of making quantitative comparison with experiments, so the constant exchange current 



 

140 

densities are still helpful in qualitatively studying the mechanistic issues that govern the 

performance of SOFCs.  

5.5.3 Mass and Heat Sources  

     In mass transport equation (5.5d), the net rate of production for each component, iS , can 

be stated as the following:  

2 2

ca
H O H O el

1
2

S M
F

= ∇⋅ i                                                                                                    (5.25a) 

2 2

ca
H H el

1
2

S M
F

= − ∇⋅ i                                                                                                     (5.25b)                      

2 2

an
O O el

1
4

S M
F

= − ∇⋅ i                                                                                                     (5.25c) 

The volumetric heat generated from electrochemical reactions is expressed by: 

an an
re elec el

1( )
2

Q H G
F

= Δ −Δ ⋅ ∇ ⋅ i                                                                                         (5.26) 

Here equation (5.26) is only for anode layer. GΔ  is the chemical potential. The heat generated 

from ohmic loss exists in all of solid parts (electrodes, interconnector and electrolyte), so it can 

be expressed by:    

2 an/ca
oh el io eff act 0[ ]Q R η= + ⋅ + ⋅i i i                                                                                        (5.27)                   

Here effR is ohmic resistance, which is related to effective conductivity and geometry.  

5.6 Solution Algorithm and Parameters  

        The SIMPLEC (Patankar, 1980) method is applied to solve the discretized equations 

of momentum, energy, concentration and electrical potential. Air (79%N2 and 21%O2) is 

delivered to the air channel. Fuel (85%H2 and 15%H2O) is delivered to the fuel channel.  

      Some input parameters for the baseline case are extracted from the literatures 

(Watanabe et al., 1997; Liu et al., 2006; Zhan et al., 2001; Huang et al., 1997; Anselmi-
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Tamburini et al., 1998) and listed in Table 5-1. The physical properties of common materials, 

which are used for electrodes and electrolyte, strongly depend on temperature. Consequently, the 

performance of a SOFC is affected by the temperature field significantly. This temperature effect 

is included in the present model. Since low-temperature anode-supported fuel cells are always 

designed to operate below 1000K, the inlet fuel and air temperatures are chosen as 773K in the 

baseline simulation. The single unit cell is used in the numerical evaluation and the unit is 

assumed to be placed in an electric furnace exchanging radiative heat transfer between the cell 

outer surface and the furnace inner surface. 

Table 5-1.  Model input parameters for the baseline case 
Parameters Value Parameters Value 

Fuel inlet temperature (K) 773 Particle/pore size  (μm ) 1 

Air inlet temperature (K) 773 Thermal conductivity for anode ( -1 -1Wm K ) 12 

Inlet pressure  (Pa) 51.01 10×  Thermal conductivity for interconnector 
( -1 -1Wm K )  

11 

Fuel inlet velocity  ( -1ms ) 0.5 Thermal conductivity for SDC ( -1 -1Wm K ) 2 

Air inlet velocity   ( -1ms ) 2.5   Thermal conductivity for  cathode ( -1 -1Wm K ) 2.7 

Cell length (m) 0.1 Porosity (%) 40 

Interconnector height (m) 30.5 10−×  Tortuosity 3.5 

Channel height (m) 31.0 10−×  Anode exchange current density (Am-2) 100  

Anode thickness (m) 6500 10−×  Cathode exchange current density (Am-2) 500 

Cathode thickness (m) 650 10−×  Electric conductivity for Ni   ( -1S m ) 63.27 10 1065T× −  

Electrolyte thickness (m) 620 10−×  Ionic conductivity  for SDC ( -1S m ) 7

5

6.4 10 /
0.86exp

8.61734 10

T

T−

×

⎛ ⎞× −⎜ ⎟×⎝ ⎠
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5.7 Simulation Results and Discussion  

5.7.1 Baseline Case  

        To provide a basis for comparison, the thermo-fluid transport and electrochemical 

performance of an anode-supported SOFC is first investigated using the parameters and 

operating conditions listed on Table 5-1. Fig. 5-2A shows the temperature contour along the 

channel. The temperature at the inlet is set at 773K and it increases monotonically to around 

940K due to the contribution of Joule heating and chemical reaction. The overall temperature 

level is considered to be in the low temperature range of a SOFC operation. On the air side, the 

temperature rise is not as large as that in the fuel side due to higher mass flow rates. Inside the 

interconnects, the temperature distribution in the y-direction is fairly uniform due to high thermal 

conductivity. The molar fraction contours for the major reactants and products at an average 

current density of 4000Am-2 are plotted in Fig. 5-2B--5-2D. It reflects a fact that the diffusion of 

oxygen from the air channel to the cathode creates a significant concentration gradient (Fig. 5-

2B). This concentration loss at the cathode is detrimental to the cell performance and it can be 

minimized by reducing the channel dimension as shown in the Chapter 3.  

       On the other hand, the hydrogen and water vapor in the fuel channel do not cause 

significant concentration gradients in the y-direction since the diffusion of H2 is about two to 

three times faster than that of oxygen as Fig. 5-2C and Fig. 5-2D indicate. The molar fraction of 

H2 decreases while that of H2O increases, respectively, from the fuel channel inlet to the outlet 

due to the electrochemical reaction (Fig. 5-2C). However, in the anode layer, the concentration 

gradients become significant because of combination effect of the Knudsen diffusion and the 

binary diffusion.  
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Figure 5-2.  Temperature and molar contours.  A) Temperature.  B) Oxygen at air channel and 
cathode layer.  C) Hydrogen at anode layer and fuel channel.  D) Water at anode layer 
and fuel channel (arrow denotes flow direction; TI/BI=top/bottom interconnect; 
An=anode; Ca=cathode; Air=air channel; Fuel=fuel channel). 

   The spatial distributions of electronic and ionic potentials are shown in Fig. 5-3A and Fig. 

5-3B. In this case, the porosity and the composition ratio of the electrode phase are 0.4 and 0.5, 

respectively. The terminal output is0.465V . It is found that the electronic potential is higher than 

the ionic potential in the anode and lower than the ionic potential in the cathode as shown in Fig. 

5-3A. Moreover, the electronic potential distribution across the cathode and anode is really 

uniform. While in the ionic phase, it turns out that the potential gradually decreases across the 

entire fuel cell thickness. These distributions are attributed to the higher conductivity for 

LSCF/Ni and much lower conductivity for SDC. In the electrolyte, the potential drop is 

significant, e.g. in the range of 0.07V-0.18V, due to the lower operation temperature compared 

with a higher-temperature SOFC. This result implies that the thickness of electrolyte must be 

minimized for the reduced-temperature fuel cell in order to lower the ohmic overpotential.  
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                                                              C                                                                      D 
Figure 5-3.  Performance of SOFC.  A) Ionic potential distribution.  B) Electronic potential 

distribution.  C) Activation overpotential.  D) Concentration overpotential (unit: V). 

 Distributions of corresponding activation and concentration polarizations through the 

cathode and anode are displayed in Fig. 5-3C and Fig. 5-3D, respectively. In the cathode, the 

activation overpotential keeps increasing and reaches the peak value at the interface between the 

electrolyte and the cathode. This tendency indicates that the strongest electrochemical reaction 

takes place in the region next to the electrolyte, where the largest potential difference and the 

maximal number of active TPB exist. This result agrees with those from the previous studies 
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(Jeon and Nam et al., 2006; Ji et al., 2006) using the Monte Carlo simulation. While in the anode, 

the activation overptential is almost negligible, i.e. on the order of 610− , in most of the region and 

jumps to a remarkable level in the zone next to the electrolyte/cathode interface. This result 

means a large part of the anode does not actively participate in the electrochemical reaction, i.e. 

it is useless. Nevertheless, the cathode seems to be much more efficient because the activation 

overpotential distribution is more even through the entire cathode layer.  

       The corresponding concentration loss is given in Fig. 5-3D. It indicates that this loss is 

unnoticeable compared with the activation loss in the cathode. But in the anode, the 

concentration loss becomes substantial and is about ten times larger than that in the cathode due 

to the larger thickness of anode. Clearly, the activation loss in the cathode contributes most to the 

overpotential for the current anode-supported low-temperature SOFC unlike in an electrolyte-

supported fuel cell, where the ohmic loss is dominant. Therefore, for the current case, the key 

elements for improving the performance should be focused on optimizing the electrode 

microstructure.  

5.7.2 Temperature Effects 

        In general, if the operating temperature for a fuel cell is reduced, the performance will 

deteriorate due to the increase in ohmic loss. In this section, investigation will be carried out to 

study the dependence of fuel cell performance on the gas inlet temperature. Two gas inlet 

temperatures of o500 C  and o600 C are investigated. The other input parameters and properties 

are still kept the same as those in the baseline case. The simulated performance is shown in Fig. 

5-4A and Fig. 5-4B. It indicates that the maximum power density is about 0.256 Wcm-2 for 

o500 C  and 0.34Wcm-2 for o600 C and the terminal output is about 0.749V for o500 C  and 

0.866V for o600 C . Compared with the higher temperature SOFC such as an electrolyte-
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supported fuel cell, this kind of reduced-temperature fuel cell has a considerably lower 

performance due to a higher ohmic loss and a weak electrochemical reaction activity. The 

corresponding current density distribution is displayed in Fig. 5-4B.   
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Figure 5-4.  Performance comparison with 500oC and 600oC.  A) I-V performance.  B) Exchange 

current density distribution over the cathode. 
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Clearly, the electrochemical reaction strongly depends on the temperature. As the 

temperature is increased to o600 C , the profiles of exchange current density in the cathode 

become flattened, which means more regions are involved in the reaction and the cathode 

becomes more efficient. Another point is that as the current density increases, the relative 

importance of TPB near the electrolyte becomes more prominent, and the region far away from 

the electrolyte is almost “useless” having the weakest reaction rate. Similar case holds for the 

anode, but the useless region in the anode is much larger. 

5.7.3 Thickness Optimization  

          In order to study the dependence of SOFC performance, overpotential and exchange 

current density (or reaction activity) on the electrode thickness, several cases with different 

cathode and anode thicknesses are carried out. Fig. 5-5 presents the comparison results with 

different cathode thicknesses. The I-V performance curves in Fig. 5-5A exhibit insignificant 

dependence on the cathode thickness. When current density is lower, i.e., 1000Am-2 or 2000Am-2, 

the performance is enhanced with a larger cathode thickness, but it is not remarkable. When the 

current density exceeds 8000Am-2, such differences are so unnoticeable that the curves are 

almost identical. A thicker cathode possesses increased TPB number that results in the 

improvement of the activity of chemical reaction; on the other hand, the concentration 

overpotential also is increased at the same time as shown in Fig. 5-5B. However even for a 

thicker cathode, the concentration loss in the cathode is still insignificant, e.g., in the order of 10-

3V~10-4V, so the decrease in activation loss overweighs the increase in concentration loss and 

the overall cathode performance is better when the current density is not very high. Although for 

a thicker cathode, the concentration overpotential starts to become significant due to a longer 

diffusion path as the current density is very high, such increase still is not so substantial that it 
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can be completely counteracted by the reduction in activation overpotential. Additionally, the 

temperature rise in a thicker cathode is slightly larger, which offers an extra improvement in the 

performance to some extents.  
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Figure 5-5.  Effect of thickness on cathode performance.  A) I-V performance cathode.  B) 
Concentration overpotential in the cathode.  C) Current density distribution across the 
cathode.  

Fig. 5-5C shows that a thinner cathode provides a much more uniform density distribution 

and thus results in higher cathode utilization. However, after we review the results from Fig. 5-

5A that an extremely thin cathode (e.g.,10μm ) has an overall lower performance due to 

insufficient reaction sites, it is suggested that the cathode thickness should be between 25 µm 

and 100 µm to achieve an optimal combination of a minimized concentration loss and a uniform 

reaction rate. These results are in good agreement with the previous theoretical studies 

(Costamagna et al., 1998; Jeon et al., 2006; Ji et al., 2006) and experimental observations by 

Kenjo et al. (1991). 

For the anode, similar results can also be obtained as illustrated in Fig. 5-6. But the 

difference is that the concentration overpotential becomes more significant than that in the 

cathode, especially for the case of a higher current density. For the thicker anodes, valley regions 

occur and the central part of anode layer can not be utilized very well due to the limitation of 
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mass diffusion. However, the electrochemical reaction seems to occur throughout the whole 

anode at thickness less than100 μm . 
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Figure 5-6.  Effect of thickness on anode performance.  A) Concentration overpotential in the 
anode.  B) Current density distribution across the anode. 
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5.7.4 Porosity   

     In this section, the effect of electrode porosity on the fuel cell performance is 

investigated. A more realistic electrode geometry is considered by setting the anode and the 

cathode thickness as 500 µm and 50 µm, respectively. The porosity is varied between 0.25 and 

0.6.  Fig. 5-7A gives the dependence of I-V performance on the porosity. It turns out that 

reducing the electrode porosity leads to a slight increase in terminal output for both the cathode 

and the anode. On the one hand, a smaller porosity leads to an increase in solid volume fraction 

and thus TPB length, so the activation overpotential is effectively decreased as shown in Fig. 5-

7B and Fig. 5-7C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7.  Effect of electrode porosity on performance and overpotentials.  A) Dependence of 
I-V performance on porosity. B) Overpotentials (cathode). C) Overpotentials (anode). 
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In particular, the reduction of activation overpotential in the cathode is much more 

remarkable, which leads to a higher performance improvement in the cathode than that in the 

anode. However, on the other hand, an extremely small porosity limits the mass transfer from the 

channels to the reaction sites and increases the concentration loss and pressure loss in the 

electrodes by reducing the binary diffusivity, Knudsen diffusivity and permeability. This 

negative effect becomes severer for the anode with a larger current density, 11000Am-2, so the 

anode with the smallest porosity 0.25 does not have too much improvement compared with that 

with porosity 0.3. Therefore, it is not desirable to improve the fuel cell efficiency by reducing 

porosity, because it causes a larger mass transport loss and pressure loss in the porous anode 

layer. This is the main reason why the porosity is always in the range of 0.3~0.4 in the practical 

application. In the previous study (Chapter 4) based on the Mona-Carlo simulation , gas is 

assumed to penetrate into the anode or cathode and also include the “dead effect” or “inactive 

TPB”. However, in the current study, it is assumed that all pores are open to gas reaction and not 

any dead effects, so the decreasing of output is just caused by the decreasing of TPB length and 

the concentration effect is not very significant.  

5.7.5 Electrode Composite     

First of all, it should be noted that the continuum theory and coordination number theory 

have demonstrated that the percolation threshold varies from 0.294 to 0.709 as the radius ratio 

equals to unity. Therefore, the current model based on the two theories is invalid beyond this 

percolation range. In the study of the composition effect, the volume fraction number of the 

electronic phase ranges between 0.299 and 0.7. Fig. 5-8 presents the effect of electronic phase 

volume fraction in the anode on the terminal output. The maximal performance is achieved 

at el 0.4 ~ 0.45ϕ = . For cases with el0.297 0.35ϕ< <  and el0.5 0.7ϕ< < , the output is relatively 
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lower; it means the charge resistance is greatly increased due to insufficient reaction sites and 

smaller TPB length.  For the cathode, further calculation also shows the similar optimal value. 

These results match well with the previous experimental and theoretical results (Costamagna et 

al., 1998; Ji et al., 2006).However, when the composition is beyond the percolation threshold, 

our previous study has indicated that the specific total resistance is very large and the overall 

performance deteriorates.  
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Figure  5-8.  Effect of anode composition on performance. 

5.7.6 Particle Diameter 

   Fig. 5-9 shows the influence of particle size on the terminal output and exchange current 

density for the ionic and electronic phases. The thicknesses of cathode and anode still are kept as 

50 μm  and 500 μm , respectively. From Fig. 5-9A, it is observed that a smaller particle 

diameter results in better performance, primarily due to the increase of the active three phase 

boundary length per unit volume. However, the improvement is less significant at the lower 
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average current density, e.g., -21000Am , which is due to the relatively smaller contribution of 

activiation overopotential to the overall potential loss.   
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Figure 5-9.  Effect of particle sizes on performance. A) I-V performance. B) Averaged exchange 
current density distribution across the anode. C) Averaged exchange current density 
distribution across the cathode. 
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Apparently, for the larger particle size and the smaller density of TPBs, the exchange 

current density per unit length is higher which is due to the conservation of charge. For the anode 

with the smallest particle size, i.e., 0.1μm , only the end regions of the anode play important roles 

in generating the current and so the electrode reaction mainly occurs in the reaction zone close to 

the anode/electrolyte and anode/fuel interfaces. In particular, the anode/electrolyte zone is much 

more remarkable. If comparing Fig. 5-9B with Fig. 5-6B, the valley region shrinks with 

increasing particle sizes. It indicates that a larger particle size improves the activity of the 

electrochemical reaction at the TPBs and the reaction is much more uniform across the whole 

anode. Similarly, if the particle size in the cathode is extremely small, the zone close to the 

electrolyte/cathode interface plays a significant role. With the increase of particle radius, the 

reaction zone extends into the bulk of the composite cathode due to the decrease of the active 

length of TPB. In addition, extremely small particle sizes will have very small pore sizes in 

electrodes and result in high concentration overpotentials. Therefore, Fig. 5-9B and Fig. 5-9C 

can be considered as useful criteria to determine the electrode thickness with different particle 

sizes.  

5.8 Conclusion  

       A multiscale model that consists of two sub-models, i.e., a micro-scale sub-model and 

a macro-scale sub-model, has been developed for the investigation of a low- temperature SOFC. 

The macro-scale sub-model is based on the continuum conservation laws. The micro-scale sub-

model addresses the complex relationships among the transport phenomena in the electrodes and 

electrolyte, which include the transport of electrons, ions and gas molecules through the 

composite electrodes, electrolyte and three-phase boundary region. The model is used to assess 

the dependence of electrochemical performance on the temperature, global geometrical 
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parameter and material microstructures (porosity, volume fraction, composite ratio, etc.). The 

important findings are listed below: 

 For the current low-temperature, anode-supported fuel cell, a major portion of the 
overpotential comes from the activation loss in the cathode. 

 In general, when the system operating temperature is lowered, the performance is reduced 
mainly due to the increased ohmic loss in the electrolyte layer and reduced electro-chemical 
reactivity which renders portions of the electrodes inactive. Either new material or reducing 
the layer thickness is needed.  

 In order to balance the competing effects, the cathode thickness is suggested to be in the 
range of 25 µm to 100 µm. For the anode, the thickness should be limited to some certain 
value in order to avoid excessive concentration loss and lower utilization. 

 When the porosity is reduced, the activation overpotential is lowered but the concentration 
loss and pressure drop are increased. The optimal range for the porosity is between 0.3 and 
0.4. 

 The optimal electronic phase volume fraction is determined in the range of 0.35 to 0.5. 

 In general, the fuel cell performance increases as the particle size is reduced. While larger 
particles produce wider reaction zones and more uniform reaction activities. 
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CHAPTER 6 
CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

In order to identify the key underlying transport mechanisms and improve our 

understanding of their inherent consequences to facilitate breakthroughs that are needed for the 

realization of high power density and highly efficiency solid oxide fuel cells, a macro, 

nano/micro and particle-scale modeling framework is proposed to achieve the above objective. 

The energy transport and electrochemical process in a SOFC are analyzed and modeled from the 

macro-scale stack level to the microstructure level. Major conclusions are reached as follows. 

In the stack level, a 3D thermo-fluid/electrochemical model is developed to evaluate the 

heat/mass transfer and electrochemical performance for an anode-supported and an electrolyte-

supported SOFC, respectively. Detailed numerical simulations are carried out to study the effects 

of operating temperature and geometry on the distributions of temperature, local concentration, 

local current density and output voltage. When the height of flow channels is decreased, the 

average solid temperature is reduced accordingly and the cell efficiency is improved due to both 

a higher heat/mass transfer coefficient between the channel wall and flow stream and a shorter 

current path. However, the thermal stress levels are still high. Compared with traditional SOFCs, 

the miniaturized SOFC with a thin-film electrolyte has advantages of a lower operation 

temperature and a much higher power density. 

In order to improve the scientific understanding of the electrochemical reactions 

associated losses, and then assist in the design of optimized electrode structures, A 3D random 

micro-scale model taking into account of the gas diffusion and pore structure is developed to 

evaluate the mass transfer and electrochemical performance for a composite cathode. A FCC 

random microstructure is numerically generated. The pore structure and “active TPB” concepts 
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are incorporated into this model. Preliminary results demonstrated that the concentration loss is 

insignificant only when the porosity is in the middle range and the cathode is thin under a lower 

current density. Also, the electrochemical reaction behavior is strongly influenced by the 

porosity value. Only when the porosity is in the range from 0.25 to 0.45, the gas penetration 

depth is larger, reaction rate is relatively uniform and almost all of the TPB sites become the 

active TPB sites.  

Larger thickness is favorable for the performance by increasing the number of the 

effective reaction sites and decreasing the specific resistance. Smaller particle sizes reduce 

activation overpotential by increasing the TPB length per unit volume of the cathode. But too 

small particles increase the gas diffusion resistance. There is a good agreement between our 

predicted results with the continuum theory and experimental data. 

A multi-scale model is employed to integrate the microscopic and macroscopic models 

and accounts for transport mechanism arising from different processes and length scales in a 

lower-temperature SOFC. This approach can predict the performance of the whole SOFC stack 

in the macro-scale while allowing preservation of important microstructural properties of porous 

electrodes. Similar results are also obtained from this model method. However, it has capability 

of predicting some important electrode characteristics which can’t be obtained from the macro-

continuum model and the micro-scale model separately. For example, for a thick anode in a 

reduced temperature SOFC, thickness should be limited to some certain value in order to avoid 

excessive concentration loss and lower utilization. Therefore, this multi-scale model is 

complementary and synergetic with the previous two models.  
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6.2 Suggested Further Study 

Further research efforts will focus on improving the accuracy and efficiency of the multi-

physics, multi-scale model. There are several important aspects needed to be addressed in order 

to improve the predictive capability of proposed models for solid oxide fuel cells: 

 Although the atomistic model has not been included in the proposed work, some basic 
approaches will be expected to be established in further work. The atomistic model is an 
integral part of the long-term multi-scale model (Fig. 2-1). For oxygen reduction or 
hydrogen reduction reaction, not a single mechanism discovered so far can explain all the 
reduction processes in the electrodes. To model the above mentioned atomic diffusion in 
metals, it is suggested that  ab initio molecular dynamics method that employs the density 
functional theory (DFT) by Hohenberg and Kohn (1964). Specifically, the generalized 
gradient approximation (GGA) approach should be used to calculate the electron density, 
which has been shown to be the best for calculating bond lengths and energies. This model 
can also be applied into other material behavior simulations. 

  Establish the connection between the micro-scale and the atomistic model. Like the multi-
scale model, efforts should focus on creating a similar matching condition to link the two 
models.  

 The future multi-scale model needs to be completed and validated by means of 
experimental results. Because the proposed multi-scale model is established on the 
percolation theory and statistical method, the fine microstructure is always neglected. 
Theoretical results must be compared with experimental work and then find the model 
limitation. 

 The future modeling efforts should also be put on the reaction mechanisms and materials 
optimization. To our best knowledge, there still lacks an effective modeling approach to 
simulate the reaction on three phase boundary (TPB). These modeling works will be 
extended to other types of fuel cell systems, such as polymer electrolyte membrane fuel cell 
(PEMFC) or direct methanol fuel cell (DMFC). Additionally, it would be worthwhile 
considering the current fuel cell modeling work for microgravity applications. Under 
microgravity condition, the flow and heat transfer characteristics will be changed 
significantly; so the current model will be partially invalid and we have to face new 
challenges and arising issues in models applied to future space shuttle.  
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