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ABSTRACT 

A numerical model of a single planar and stack of solid oxide fuel cell (SOFC) is developed 

by coupling dynamics of electrochemical reacting flows, heat transfer, and thermal impacts 

(thermal strains and stresses) of solid electrolyte and porous electrodes for analysing the cell 

performance. The model is tested and the simulation results of hydrogen fuel SOFC 

performance are verified with the bench mark data of International Energy Agency (IEA) for 

co-flow case. Modelling results from test cases show that the coupling is necessary as the 

electrochemical and thermal properties of the cell strongly depends on temperature. The 

thermal strains and stresses generated in the cell are then predicted by implementing the 

temperature profile obtained from the decoupling (the thermal properties of materials are 

independent of temperature) and coupling simulations. The distributions of thermal strains 

and stresses, from which the locations with higher values are identified, provide data for 

optimizing design of SOFC.  

The thermal impacts of the cell are investigated by employing alternative fuels such as 

methane. The methane steam reforming (MSR) and water gas shift (WGS) reactions are 

strongly temperature dependents and play the key role on both the cell performance and 

thermal impacts. It has been found that temperature decreases along the main flow direction 

because of MSR reactions dominancy. The thermal strains and stresses generated in methane 

based SOFC are less than those by hydrogen fed SOFC if both operate to produce identical 

power. 

The parametric study is performed to investigate the effect of operating conditions such as 

inlet temperature, flow rates, flow configurations (co-flow and counter flow), geometrical 

parameters (porosity, change in cell thickness), and operating voltage on the cell performance 

and thermal impact. It has been identified that the inlet temperature has significant effect on 

the cell performance and thermal impact. The co-flow configuration offers better thermo-

mechanical stability. The higher operating voltage results in lower thermal strain and stress 

generation. 

The methane fuel model is upgraded to the stack level and the performance of the 8 cells 

connected in parallel flow configuration has been investigated. The effect of Lanthanum 

Chromite interconnect between two cells on the cell performance has been analysed by 

investigations of the distributions of chemical species, reaction rates, temperature, and 

thermal strain and stress for each cell.  It has been recognized that the difference in the 

performance of the bottom and top cells as compared to the cells in between them is high 

because of the presence of the interconnect. The temperature distribution along the stack 
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height is non-uniform which leads to non-uniform thermal strain and stress generation. The 

non-uniform thermal strain and stress generation increases the possibilities of the cell failure 

which must be taken into account for cell design and operation monitoring. 
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Chapter 1 – Introduction  

1.1 Background 

Energy plays an important role in the sustainable development of the country [1].  There 

are several definitions of the sustainable development and in the most common form it 

is define as, development that meets the need of the present without compromising the 

ability of future generations to meet their own needs [1]. Overall energy consumption is 

closely linked to the population and economic growth. The latest projections imply that 

the total world energy consumption will increase at an average annual rate of 1.6 % 

from 2008 to 2035 [2] as shown in  Figure 1.1. In total the world energy consumption 

will increase from 591 to 770 quadrillion Btu in next 18 years [2] . 

 

Figure 1.1 Energy consumption by region, 1990 – 2035 (quadrillion Btu) [2] 

Conventional power generation systems based on principle of ‘heat engine’ by burning 

fossil fuels (oil, natural gas, and coal) have been used for 25 decades [3-7]. The efforts 

have been made continually to improve the energy conversion efficiencies [8, 9], 

meanwhile to reduce the emission pollutions such as SOx, NOx and CO2 which badly 

affect the environment [10, 11] . The thermal efficiency of the gas turbine power plants 

is 30 – 35 % [8], engines running on gaseous fuel is around 30 – 44 % [12], turbo-

charged diesel engine 45 – 54% [13] and the efficiency of combined cycle power plants 

can reach up to 60 % [8, 9].  
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 CO2 which is known as a greenhouse gas is the main contributor in climate change and 

related environmental issues [14, 15]. Increasing the concentration of carbon dioxide in 

the atmosphere will result in an increase in the earth surface temperature [14]. It is 

predicted that over the last century the earth surface temperature has increased about 0.6 

ºC [14, 16]. It has been estimated that maintaining the increase, as usual, in the 

consumption of the fossil fuels may result in an increase of earth surface temperature 

between 2 to 6 º C in next century [14, 15, 17]. According to 4
th

 assessment report of 

Intergovernmental Panel on Climate Change (IPCC) [18], the three options to keep the 

temperature increases to 2, 4 and 6 °C with keeping CO2 concentration of 450 ppm, 750 

ppm  and 1200 ppm, respectively. 

To meet the demands on energy, dwindling world fossil fuel resources and requests on 

mitigation of air pollution, there is an urgent need of more reliable, efficient and clean 

energy sources. Among various energy conversion technologies, such as photovoltaics 

and wind turbines, fuel cells are widely recognized as the next generation of power 

generator in both mobile and stationary uses because they can provide both heat and 

power, have high fuel to electricity conversion efficiency and low environmental 

impacts [19-28].   

Fuel cell running on pure hydrogen fuel is a near to zero CO2 emission device [27, 29]. 

The fuel cells utilizing hydrocarbon fuels instead of pure hydrogen has sensible CO2 

emission at the exhaust [27, 29]. The exhaust of the fuel cell consists of H2O and CO2 

and CO2 is separated before compression for transportation and storage [30, 31]. The 

energy consumes to capture CO2 during fuel cell operation is low enough as compared 

to other methods of CO2 capture from fossil fuels fuelled plants [32].  

Among various types of fuel cells, solid oxide fuel cell (SOFC) is most promising 

because of its high electrical efficiency, internal steam reforming, cogeneration, fuel 

flexibility and insignificant emissions [33-35]. The electrical efficiency of SOFC is 

about 63 percent, as reported by Ludger Blum [36] and can be further enhanced by 

integrating with other power generating systems such as gas turbine [30, 36-38]. The 

electrical efficiency of SOFC-GT technology is close to 70% with 90% CO2 removal 

[31, 39, 40], which means implicitly  lowering the environmental impacts, benefiting 

the mitigation of global warming, compared to other power generation systems [33]. 

The comparison between fuel cells and combustion based system efficiencies is shown 

in Figure 1.2.  
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Solid oxide fuel cell consists of a solid electrolyte which is sandwiched between two 

porous electrodes known as anode and cathode structure (often referred as PEN – 

Positive electrode – Electrolyte – Negative electrode). The operating temperature in 

SOFC ranges from 400 °C to 1000 °C, which leads to fast electrochemical reactions and 

larger ionic conductivity. SOFCs are suitable as a power device for stationary power 

generations, combined cycle power plants, transportation and military applications [34, 

37, 41-45]. However, the high operating temperatures pose significant challenges, such 

as long start-up time [46-48] , the requirement of high quality electrolyte material [45, 

46, 49], and thermal impacts [45, 46, 48], which diminishes the SOFCs practicality for 

applications as the portable power sources, such as the auxiliary power units for 

automobiles.   

 

Figure 1.2 Comparison of fuel cells and combustion based system efficiencies [40] 

 

1.2 Research Objectives 

To further improve the thermal stability and broaden the adoption, the mechanisms of 

thermal impact generations in SOFCs are investigated in this study by numerical 

simulations of coupling the dynamics of electrochemical reacting flows, heat transfer, 

and thermal impacts. Two coupling mechanisms are investigated on modeling the 

SOFC performance and thermal impacts: decoupling mechanism, on which the material 

properties are predicted at operating temperature, and the coupling mechanism, the 

material properties are predicted at local temperature.  
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The research work can be summarized as following four main aspects of SOFCs 

thermal impacts numerical modeling. First is the construction of a numerical model of a 

single planar solid oxide fuel cell (SOFC) by coupling dynamics of electrochemical 

reacting flows, heat transfer, and thermal impacts (thermal strains and stresses) of solid 

electrolyte and porous electrodes for analyzing the cell performance. The benchmark 

data [50] is used as a reference to compare the simulation results of the developed 

model. Then is the investigations of the thermal impacts and performance of SOFC 

running on methane by determining the contributions of the different reacting heat 

sources/sinks to the temperature distribution of fluids and on PEN of the cell.  The 

sensitivity analysis of the cell performance and design parameters on thermal impacts 

are conducted before final upgradation of the single cell SOFC modeling to the stack 

level. 

1.3 Thesis Outline 

The thesis is organized as follows; 

Chapter 1 outlines the background and the objectives of the study in terms of globally 

increasing demands of the energy and environmental impacts, alternative solution and 

provides overviews of the research objectives.  Chapter 2 is the introduction to the 

performance mechanism of different types of fuel cells and their applications especially 

focusing on SOFCs. Chapter 3 presents the comprehensive literature review on SOFC 

studies. Chapter 4 describes the coupling mechanism, methodology of modelling 

development, including the theories and the governing equations. Chapter 5 discusses 

the results of hydrogen based model, model validation, coupling of material properties 

with temperature, strains and stresses generated in the cell. The model is further 

developed and tested by employing fuels with complex structure, such as methane, to 

investigate the contributions of complex reacting flows with multiple exothermic and 

endothermic reactions to the generation of thermal impacts, which are explained in 

Chapter 6. Chapter 7 presents the effects of the different operational and geometrical 

parameters on the cell performance and thermal impacts. Chapter 8 demonstrates the 

cell up gradation to the stack level and the effect of the interconnect material on the cell 

performance. Finally, the conclusions and future work are presented in Chapter 9. 
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Chapter 2 – Fuel Cell 

This chapter provides the basic knowledge about the fuel cell, history of the fuel cells, 

working principle and characteristics summary of different types of fuel cells. Special 

attention is paid to SOFC development, configurations, materials use for different 

components and fuels employ in SOFC. 

2.1 Introduction 

A fuel cell is an open thermodynamic system. Fuel cell converts the chemical energy of 

the fuel directly into the electrical energy through electrochemical reactions. The 

electrical energy can be utilized to power the electronic devices, vehicles, buildings, or 

be supplied to the electric grids. The by-products during electrochemical reactions are 

heat and water. The operation of the fuel cell is much similar to a battery. The energy is 

stored in the battery and with the use it is depleted. On the other hand a fuel cell 

continuously converts the chemical energy into the electrical energy as long as it has the 

supply of the fuel and oxidant [35, 51-54]. 

Unlike combustion engines, the fuel is not burnt in the fuel cell. The energy conversion 

path of the fuel cell is simpler and shorter than conventional power plant, as shown in 

Figure 2.1. It converts the fuel energy into electricity more efficiently than the 

combustion based methods. The efficiency of the fuel cell does not depend on the 

Carnot limitations and the efficiency of the hydrogen fuel cell operated engine vehicles 

is up to 65%, compared to 25% petrol driven car engines [25, 55].  

The salient features of the fuel cells are low to zero emissions, variety of fuels 

utilization, low maintenance, quiet in operation, highly reliable and long lasting system 

[52, 56]. 
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Figure 2.1 Comparison of energy paths from fuel into electricity for fuel cell and 

conventional power plant [57] 

 

2.2 History 

The first fuel cell was developed by the William Robert Grove in 1839 [57]. The 

principle of the fuel cell was discovered accidently during an experiment. The Groove 

connected the two electrodes together and observed that the current is flowing in the 

opposite direction, consuming the hydrogen and oxygen. A platinum electrode was 

immersed in nitric acid and zinc electrode in zinc sulphate. He named the apparatus as 

gas battery. In 1842, Groove connected 4 gas batteries in series to make the gas chain 

and current of 12 A was generated at 1.8 V. The electrodes corrosion and material 

instability restricted the use of Grove’s fuel cell in real [57-62].  

In 1893, Friedrich Wilhelm Ostwald, known as the chemistry-physics founder, 

experimentally analysed the interconnection of the different fuel cell components: 

electrodes, electrolyte, oxidizing and reducing agents, anions and cations. Further 

development in the field of fuel cell chemistry was based on his research.  In 1896, 

William W. Jacques developed the first fuel cell (Direct Carbon Fuel Cell) with 

practical applications, and in 1900, Walther Nernst first employed zirconium as solid 

electrolyte [63]. 

In 1930, Francis Bacon, a chemical engineer at Cambridge University England, started 

his research on the fuel cell. Bacon in 1958 produced the first alkaline fuel cell [58, 60]. 
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In the 1950s – 1960s, the USA National Aeronautics and Space Administrator’s 

(NASA) used fuel cell to meet the need of electrical energy in extended missions to 

space. The NASA fuel cell is of alkaline type which uses hydrogen as fuel and oxygen 

as oxidant.  In space flight, the fuel cell provides three basic functions: (i) electricity to 

power the spacecraft, (ii) water for drinking and cooling the equipment, (iii) heat to 

keep the astronauts from freezing [54, 60, 61]. 

A direct methanol fuel cell was developed in 1990 by NASA in coordination with the 

University of Southern California. The traditional batteries are replaced with direct 

methanol fuel cell in some applications. It is expected to gain space in the market 

because they have a higher lifetime as compared to the lithium ion battery and can be 

recharged by simply changing the cartridge of fuel. These types of fuel cells are being 

developed by Samsung (Korea), Toshiba, Hitachi, NEC and Sanyo (Japan) [63].  

Now there are many companies manufacturing the fuel cells for different applications. 

The most common applications of the fuel cells are in buses, cars, trucks, motorcycles, 

ships, aircrafts, forklifts and train [64-66]. Fuel cells are also used in military 

applications, mobile phones, laptops and other portable electronic devices [64-67]. The 

electric power generated from the fuel cells utilizes in large scale applications such as 

shopping malls, warehouses, hospitals, schools and banks [65, 66]. The traffic signals, 

vending and vacuum cleaner machines are also operated on fuel cell. Fuel cells are 

involved in converting the methane gas, produced from water treatment and waste 

dumps, into electricity generation [68]. As we can see, in different areas fuel cells have 

extensive applications. 

2.3 Working Principle 

The elementary structure of the fuel cell is shown in Figure 2.2. A fuel cell consists, in 

principle, of three main components, two electrodes known as anode and cathode 

separated by an electrolyte. Electrodes are porous and have good electronic 

conductivity. An electrolyte plays an important role in the electrochemical reaction; it 

allows only ions to pass through. In other words an electrolyte has a good ionic 

conductivity [35]. 

The electrochemical reaction in hydrogen based fuel cell is divided into two half 

reactions, the oxidation half reaction and the reduction half reaction. For example when 

a proton conducting electrolyte is used in a fuel cell, the reaction at anode is half 
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oxidation reaction in which hydrogen decomposes into positively charged ions (protons) 

and negatively charged electrons. The protons pass thorough the electrolyte membrane 

while the electrons flow through an external circuit to generate electricity. After passing 

through the circuit the electrons move towards cathode [54, 69].The reaction at anode 

is; 

 H2  
                
→      2H+  + 2e−  

              (2.1) 

 

Oxygen enters at the cathode and reacts with the electrons and the positively charged 

ions (protons) those pass thorough electrolytes. Sometimes depending upon the 

configuration of the fuel cell, oxygen picks up the electrons and pass thorough the 

electrolyte towards anode, there it reacts with protons.  Oxygen reaction is a reduction 

half reaction and as a result water is produced [52, 58].The reaction at cathode is; 

 
1

2
 O2 + 2H

+ + 2e−
                
→    H2O   

              (2.2) 

 

The overall chemical reaction is 

 H2+
1

2
O2

                     
→      H2O   

              (2.3) 

 

 

Figure 2.2 Elementary structure of the fuel cell [70] 
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The voltage produce by a single fuel cell is low and approximately about 0.7 volt. In 

order to get the desired output of the voltage, the fuel cells are connected in series. This 

connection of fuel cells is known as fuel cell stack [71-73]. 

2.4 Types of Fuel Cells 

The working principle of all types of the fuel cell is the same. They differentiate from 

each other according to the materials use for the electrolyte membrane, operating 

temperature and reactant type. The six major types of the fuel cell are as following [21, 

51, 74, 75]; 

1. Direct Methanol Fuel Cell (DMFC) 

2. Polymer Electrolyte Membrane Fuel Cell (PEMFC) 

3. Alkaline Fuel Cell (AFC) 

4. Phosphoric Acid Fuel Cell (PAFC) 

5. Molten Carbonate Fuel Cell (MCFC) 

6. Solid Oxide Fuel Cell (SOFC) 

Table 2.1 briefly explains the properties of different types of fuel cells. 
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Table 2.1 Characteristics of different types of fuel cells [51, 56, 63, 69, 70, 75-79] 
 
Parameters Name of the Fuel Cell 

DMFC PEMFC AFC PAFC MCFC SOFC 

Operating 

Temperature 

(°C) 

50 – 120  50 – 100 50 – 200 150 – 200 600 – 700 400 – 1000 

Reaction    

at Anode 

CH3OH+H2O⟶ CO2 + 6H
+ + 6H−  H2⟶ 2H+ + 2e− H2 + 2(OH

−) ⟶ 2H2O+ 2e
− H2⟶ 2H+ + 2e− H2 + CO3

2−

⟶H2O+ CO2 + 2e
− 

H2 + O2
−⟶H2O+ 2e

− 

Reaction 

at Cathode 
3O2 + 12H

+ + 12H−⟶ 6H2O 1 2O2⁄ + 2H+ + 2e−⟶H2O 1 2O2⁄ + H2O+ 2e
−⟶ 2(OH)− 1 2O2⁄ + 2H+ + 2e−

⟶H2O 

1 2O2⁄ + CO2 + 2e
−

⟶ CO3
2− 

1 2O2⁄ + 2e−⟶O2
− 

Fuel CH3OH Pure H2 Pure H2 Pure H2 H2, CO, CH4, other 

hydrocarbons 

H2, CO, CH4, other 

hydrocarbons 

Electrical 

Efficiency 

40% 

 

40 – 50 % 45 – 60 % 40 – 45% 45 – 55% 40 – 65% 

 *CHP 

Efficiency 

80% 70 – 90 % >80% >85% >80% ~90% 

Cogeneration No No No    Yes Yes Yes 

Internal 

Reforming 

Not applicable No No No Only with Steam Only with Steam 

Common 

Electrolyte 

Solid Polymer Membrane Solid Organic Polymer Liquid solution of KOH Phosphoric acid (H3PO4) Lithium and Potassium 

carbonate supported by 

(LiAlO2) 

Stabilized solid oxide 

electrolyte (Y2O3, ZrO2) 

Reactant Ion H+ H+ OH− H+ CO3
2− O2

−
 

Cell Voltage 0.2 – 0.4  1.1 1.0 1.1 0.7 – 1.0  0.8 – 1.0  

Power density 

(kW/m3) 

~0.6 3.8 – 6.5  ~1 0.8 – 1.9  1.5 – 2.6  0.1 – 1.5  

System 

Output 

Up to 1.5 kW <1kW – 250 kW 10kW – 100kW 50kW – 1MW <1kW – 1MW 1kW – 2MW  

Start-up time Sec-min Sec-min Sec-min Hours Hours Hours 

Applications Replace batteries in mobile phones, 

laptops and other portable applications 

Residential, Un-

interruptible/backup, different types 

of transport applications, remote 
area power supplies, emergency 

services such as hospitals and 

banking 

Military and Space applications, 

Transports 

Provide heat and power 

to schools, office 

buildings, hospitals, 
hotels, water treatment 

plants 

Large stationary power 

and CHP applications, 

transportations 

Auxiliary power units, 

Military applications, 

remote area, CHP 

Advantages Reduced cost due to absence of fuel 

reformer 

High power density, rapid start-up, 

solid electrolyte reduces corrosion 

Cost effective because of less amount 

of catalyst  use, no corrosion 

problems,  high efficiency, rapid start-
up, 

Increased tolerance to 

CO2, Water management 

is not very much 
difficult, Higher 

efficiency with CHP 

Fuel flexible, High 

efficiency, inexpensive 

catalysts  

High efficiency, fuel 

flexible, Solid electrolyte 

reduces electrolyte 
management issues,  

Drawbacks Low efficiency and power density, 

methanol cross-over and poisonous by-
product  

Sensitive to fuel impurities (CO, 

H2S), Expensive platinum catalyst, 
Water management issues 

Intolerant to CO2, CO and S, handling 

problems due to liquid electrolyte 
 

Long start-up time, 

corrosion and sulphur 
poisoning,  

Electrolyte instability, 

intolerance to sulphur, 
long  star -up time 

Thermal management 

issues, Long start-up 
time, intolerance to 

sulphur ,  
 

*CHP = Combined Heat and Power
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2.5 Solid Oxide Fuel Cell 

2.5.1 Development History 

The development on SOFC has been started since 1899 by Walther Nernest. Nernst 

developed a solid component, known as Nernst mass, which consists of 85% ZrO2 and 

15 % Y2O3. In 1937, Emil Baur and H. Preis developed a first SOFC prototype which 

was operated at 1000 °C [59, 80-82]. It was found that most effective electrolyte could 

be produced by 30% lithium zirconate, 10% clay and 60% Nernst mass. But the cost of 

the required materials was too high [83]. The more focused studies on SOFC began in 

1943 after the work of Carl Wagner who attributed the electrical conductivity in mixed 

oxides such as dopes ZrO2 to the presence of oxygen vacancies [82]. The research on 

SOFC technology began to accelerate in late 1950s [80].  

In 1962, Weissbart and Ruka, researcher at Westinghouse, developed a fuel cell system 

by using 85% ZrO2 and 15% CaO, a variation on the Nernst mass material, as 

electrolyte and material used for electrodes was porous platinum. Westinghouse joined 

with Siemens in 1998 and found Siemens-Westinghouse which became the key 

developer of Tubular SOFC technology [57, 80, 83]. From the mid-1990s to date, many 

different types of the materials and designs of SOFC have been invented. Among 

various designs anode-supported planar SOFCs became more popular because of its 

performance and cost considerations [82]. Around the year 2000, interest in distributed 

generation of SOFC peaked but SOFC was not ready for commercialization. The major 

challenges which hinder the commercialization of SOFC are its competitive cost and 

reliable performance with desired operating characteristics [82, 83].  Since 2000 

research and development activities of SOFC have continued to be active in both 

academic community and industry. Academic researchers mainly focus on the 

fundamental theory such as modeling, simulation, and investigation of catalysis and 

electrolyte property, etc., while the industry developers mainly focus on developing the 

prototypes [83]. 

2.5.2 General Operating Principle 

Solid oxide fuel cell consists of a solid electrolyte which is sandwiched between two 

porous electrodes named as anode and cathode. The operating temperature of SOFC is 

high, ranges between 500 – 1000 °C, and at these temperatures the ionic conduction of 

oxygen ions or protons takes place. The material use for the SOFC electrolyte should be 
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highly chemically and mechanically stable, have good ionic conductivity and dense 

enough to avoid mixing of gases. At the anode electrochemical oxidation of the fuel 

takes place and at the cathode electrochemical reduction reaction occurs. Normally 

hydrogen is used as a fuel because of its highly electrochemical activity but carbon 

monoxide can also be used along with hydrogen. Due to high operating temperature the 

internal reforming of the fuel is feasible and hydrocarbons such as methane can also be 

employed as a fuel. Oxygen or air is used as an oxidant. The oxygen ions are used as a 

charge carrier in an SOFC and results in water generation at anode. The driving force 

between fuel and oxidant is the chemical potential gradient of ions across the 

electrolyte.  The basic working principle of an SOFC based on O
2-

 conducting 

electrolyte is illustrated in Figure 2.3  [38, 59, 82, 84].  

 

 

Figure 2.3 Basic working principle of an SOFC [82] 

 

2.5.3  Materials for SOFC Components 

Yttria-Stabilized Zirconia (YSZ) is the most common electrolyte material used for 

SOFC system because of its high ion conductivity, good mechanical properties, 

chemical stability and negligible electronic conductivity. The ionic conductivity 

limitations for YSZ are below 750 °C [82, 84-88] which refers that it is not suitable for 

electrolyte supported SOFCs operating blow 750 °C. The other common materials use 

for the electrolyte are Scandia stabilized zirconia Sc2O3-ZrO2 (SSZ), Gd or Sm-doped 

CeO2 (CGO or SDC), and Sr- and Mg-substituted LaGaO3 (LSGM). The minimum 

operating temperature of these systems depends on both the ionic conductivity and a 

realistic assessment of a minimum film thickness that can be reliably manufactured. 
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SSZ has higher conductivity, good stability in oxidizing and reducing environment as 

compared to YSZ. The implementation problems related with SSZ are price, availability 

and degradation [89-92]. The conductivity of LSGM is also higher than YSZ and it is 

suitable to use at temperature about 600 – 700 °C. At this temperature range the YSZ 

based SOFCs do not have adequate power density. The LSGM has stability problem 

and further research into this material is required [93].   

To enhance the electrochemical reactions, it is desired that the materials for the anode 

and cathode have high catalytic activity and electronic conductivity under the operating 

temperature (400 – 1000
o
C normally). Meanwhile, from the structure point of view, it 

requests that the thermal deformations of materials must be associated with each other 

for both electrodes and electrolyte to maintain the designed sandwich structure [90, 91].  

The most common material used for anode is Nickel/YSZ cermet (ceramic metal 

composite). This mixture of YSZ serve as an ion conduction component, and Ni metal 

having good electronic conduction and catalytic activity perform the functionality of 

anode. The major drawback of Ni is its reaction with oxygen which forms NiO (Nickel 

Oxide).  The NiO covers more space than Ni, producing stresses in the electrode, due to 

which the electrode can crack and as a result the structure of the electrode even the 

whole cell will be affected. When hydrocarbons are used as a fuel, the sulphur contents 

and carbon formation create problems at anode. In addition to the electrochemical 

characteristics, other issues such as thermal expansion coefficients, which limits the 

choice of the materials [90, 91, 94].  Efforts have been made to remove the issue of 

thermal expansion mismatching between YSZ electrolyte and Ni/YSZ anode by 

developing new materials such as Ni-Al2O3 and Ni-TiO2 [90]. One of the approaches to 

limit the carbon formation is to lower the operating temperature. Yttria-doped ceria 

(YDC) layer can be added to Ni/YSZ anodes in order to enhance the cell performance 

and resistance to carbon deposition [95]. One of the candidates for anode material is 

Cu/YSZ as Cu does not catalyse carbon formation and have more tolerance to sulphur 

contents than Ni/YSZ [96]. Chromites and Titanates are most widely studied 

perovskites due to their stability in reducing environment. Strontium Titanate (SrTiO3) 

is chemically stable and shows good electronic conduction on reduction because of the 

presence of Ti
3+

. Like other perovskites its electrical conductivity could be enhanced by 

donor doping with tri or pentavalent oxides such as La
3+

, Y
3+

 or Nb
5+

 [90, 97-99]. 
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The structure of the cathode is porous like anode and must allow fast mass transport of 

the reactant and product gases such as water (in case of proton conducting 

electrolyte).The most widely used and studied cathode material is perovskite based 

strontium-doped lanthanum manganite (La0.84Sr0.16) MnO3, (LSM), which is a p-type 

conductor. LSM is a good catalyst for dissociation of oxygen molecules at higher 

temperatures, and its thermal expansion coefficient matches well with YSZ electrolyte 

but its ionic conductivity is relatively low [59, 69, 90, 95, 100]. The activation losses on 

cathode side are due to low ionic conductivity and any material which can efficiently 

catalyse the formation of oxygen ions can help to reduce these losses. For example a 

composite cathode, LSM/YSZ, gives better oxygen ion conductivity and greater active 

area, improves the overall catalytic activity even at lower temperature [43]. Another 

problem of LSM is its chemical compatibility with YSZ electrolyte. It reacts with YSZ 

electrolyte and forms La2Zr2O7 and also SrZrO3 depending upon the strontium level. 

La2Zr2O7 and SrZrO3 are insulating and highly resistive, which refers to the interface 

delamination and loss in the cell performance [101]. In order to incorporate this issue, 

increase the conductivity of LSM to match its thermal expansion coefficient close to 

YSZ, alternative cathode materials has been used. One of the most extensively studied 

perovskite cathode material for SOFC is Sr doped lanthanum cobaltite (La1-xSrx)CoO3 

(LSC) and addition of iron on cobalt site which forms (La1-xSrx)(Co1-yFeyO3) (LSCF)  

which further improves the cell performance [93, 100, 102].  

 

2.5.4 SOFC Configurations 

The most common SOFC configurations are tubular and planar. An overview of the 

tubular SOFC is shown in Figure 2.4. Tubular configuration consists of two tubes, an 

external tube known as cell tube, and an inner tube called as air injection and guidance 

tube which is made of alumina (Al2O3). The outer and inner surface of the cell tube 

consists of anode side and cathode side respectively, and in between anode and cathode 

solid electrolyte lies. The preheated air passes though the injection tube and enters into 

the bottom of the cell tube and flows over cathode surface through space between the 

injection and cell tubes. The cell tube is closed at one end. The fuel gas flows over the 

anode surface around the exterior of the cell tube and in a direction parallel to the air 

flow. Oxygen ions pass through cathode and electrolyte and reacts with fuel and 

generates electric current [21]. A major advantage of this type of cell is the elimination 

of gas tight seal between cells as one end of each cell support tube is closed [103]. 
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However, tubular approach has disadvantages such as high manufacturing costs, low 

power density and higher ohmic losses because of longer current paths and large voids 

within the stack structure [21, 53, 59, 82]. 

 

 

Figure 2.4 Tubular SOFC configuration [21] 

 

Generally, planar configuration is constructed of a positive-electrolyte-negative 

electrode (PEN), interconnect top and bottom of the cell stack, air and fuel channels, as 

shown in Figure 2.5. The fuel gas channel is between the anode and the separator plate 

and on the other side the air channel is located between the cathode and separator plate 

[21]. Planar SOFC has low costs and basic manufacturing processes, simplicity in 

fabrication, high power density, and lower ohmic losses than tubular SOFC. According 

to the flow direction of the oxidant and fuel inside the cell, the planar SOFCs offer three 

configurations namely co-flow, counter flow and cross flow. The drawbacks of planar 

SOFC are the need of high temperature gas sealing between the cell components, 

brittleness in tension and thermal stresses at the interfaces between different cells which 

can cause the mechanical degradation [21, 53, 59, 82, 104]. 
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Figure 2.5 Planar SOFC configuration [21] 

 

Integrated planar SOFC (IP-SOFC), as shown in Figure 2.6) is an innovative fuel cell 

concept developed by Rolls-Royce. IP-SOFC is a cross between tubular and planar 

configurations, seeks to borrow thermal compliance properties from tubular geometry 

and low cost component fabrication and shorter current paths from planar geometry 

[105-107].  

 

Figure 2.6 Integrated planar SOFC configuration [107] 

 

 

Further depending on the thickness of electrode and electrolyte layer, the SOFCs are 

classified into three categories named as electrolyte supported, anode-supported and 

cathode supported. The configurations are displayed in Figure 2.7. The electrolyte 

supported cells have strong mechanical strength due to thick dense electrolyte. Since the 

ohmic losses are higher because of low electrolyte conductivity and to reduce these 

losses, the SOFC is operated at higher temperature, around 1000 °C. In anode-supported 

SOFC, a thin electrolyte is placed on top of the thick anode. As the electrical 

conductivity of anode is high and thin electrolyte is employed, the ohmic losses and 

operating temperature of anode-supported SOFCs is lower than electrolyte supported 
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SOFCs. However, a thicker anode leads to increase the concentration losses due to mass 

transport limitation. SOFCs with cathode supported structure are similar to anode-

supported structure and can be operate at lower temperature because of thin electrolyte 

used. A thicker cathode may limit the supply of reactants to the reaction sites which 

results in higher concentration polarisation losses. The electrical conductivity of cathode 

is lower than anode, resulting in higher ohmic losses than those generated in anode-

supported structure [21, 41, 74, 107, 108].  

 

                                           (a)                                  (b)                             (c) 

Figure 2.7  (a) Electrolyte-supported  (b) Anode-supported  (c) Cathode-supported 

[107] 

 

2.5.5  Fuel for SOFC 

One of the biggest benefits of SOFCs is its fuel flexibility and a wide range of fuels can 

be employed in SOFCs. It is not poisoned by CO, which is the case in low temperature 

fuel cells, and CO can be used as a fuel in SOFCs. The other potential fuels are 

hydrogen, methane, long chain hydrocarbons, ethanol, methanol, biogas, ammonia, 

hydrogen sulphide, etc. [98, 109-112].  

When using hydrogen as a fuel in SOFC, the electrochemical reactions are as following: 

At the anode 

 H2 + O
2−

                
→      H2O + 2e

−  
              (2.4) 

 

At the cathode 

 

 
1

2
O2 + 2e

−  
                
→      O2

−   
              (2.5) 

 

The overall reaction is 
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 H2 +
1

2
O2  

                
→      H2O  

              (2.6) 

 

 

Methane being readily available, abundant in quantity, cheap and having existing 

delivery infrastructure is considered as one of the most suitable fuels for SOFCs. The 

direct electrochemical oxidation of hydrocarbons such as methane is possible but not 

recommended in SOFC due to the risk of carbon formation and instead methane steam 

reforming reaction is used. Even, in case of methane direct electrochemical oxidation, 

the carbon decomposition is less than the higher hydrocarbon fuels. The methane reacts 

with steam and produce hydrogen and carbon monoxide. The reaction is known as 

methane steam reforming. The carbon monoxide further reacts with steam and produces 

hydrogen and this reaction is called as water gas shift reaction (WGS) [59, 93, 113-

115]. 

Further details about the fuels use in SOFCs can be found in the literature [109, 116-

126]. 

 

2.6 Summary 

This Chapter dealt with the description of the fuel cell, working principle and 

performance mechanism of different types of fuel cells. Special attention was paid to the 

SOFC development history, materials for different components, configurations and 

utilization of different fuels. The YSZ electrolyte, YSZ/Ni anode and LSM cathode are 

most widely used materials. The planar SOFC is simple to fabricate, easy to make into 

various shapes, and has higher power density. The hydrogen is used as a fuel. Due to 

high operating temperature steam reforming of hydrocarbon fuels such as methane is 

feasible in SOFCs.  
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Chapter 3 – Literature Review   

The present chapter gives a review of the current stage of the art of SOFC model 

development by focusing on the problems related with SOFC performance. The Chapter 

is divided into two main sections first the section 3.1 experimental work and the second 

section 3.2 numerical studies. 

3.1 Experimental Work 

The processes related to the SOFC performance are complex and to investigate these 

processes by experiments are lengthy and costly. However, some data and key 

parameters such as electrochemical performance of the cell should be determined 

experimentally and used to compare the simulation results, as they are necessary for a 

better understanding and accuracy of CFD models. The following sections present a 

review on the experimental studies performed to find the electrochemical and thermal 

performance of SOFCs. The experimental work performed to develop and investigate 

the effect of new materials on SOFC performance is not included in this study.  

3.1.1  Electrochemical Performance   

The experiments were performed to investigate the effect of operating temperature on 

the cell electrochemical performance [106, 127-129]. It was found that current density 

and power generation is higher at high operating temperature, as shown in Figure 3.1. It 

was Seidler et al. [130] who studied the influence of temperature and pressure on the 

cell performance.  Their results indicated that temperature has more effect on the cell 

performance than pressure; however, at high pressure the increase in temperature is 

more beneficial, as can be seen from Figure 3.2.   
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Figure 3.1 Voltage and power density vs. current density at different operating 

temperatures from  600 to 800 °C [127, 129]. 

 

 

Figure 3.2 VI characteristic curves for 1.4 and 3 bar pressure at operating temperature 

from 750 to 800 °C [130]. 

 

The effect of the contact resistance on the cell performance were analyzed by Jung et al. 

[131] and Luo et al. [132]. The increase in the resistance hinders the electron flow 

which results in the decrease of current density of the cell. It was suggested that contact 

resistance can be reduced by applying appropriate compressive load. Andreassi et al. 
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[133] obtained V-I characteristic curve from experiment and used to compare his 

numerical model. It can be seen from Figure 3.3 that both curves show a good 

agreement.   

 

 

 

Figure 3.3 Voltage versus current for numerical and experimental studies [133]. 

 

Bedogni et al. [134] noticed that the effect of diffusion losses is more prominent at 

lower hydrogen concentration/ higher current density. The effect of different fuel 

compositions and mass flow rates were investigated and it was found that the operating 

conditions influence the fuel cell performance. Lawlor et al. [135] carried out 

experimental and numerical studies for microtubular (MT) SOFCs by considering the 

influence of co-flow, counter flow and cross flow configurations. The results showed 

that for all three configurations the flow regime has no observable impact on the 

electrical performance and the temperature distribution. It was not clear that why the 

temperature was always higher, just above the center of the MT-SOFC, further 

investigations need to be carried out. 

  

3.1.2 Thermal Performance 

Yakabe et al. [136] and Fischer et al. [137] estimated the residual stresses in the 

electrolyte of anode supported SOFCs by X-ray diffraction method. Shao et al. [124] 
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observed that the temperature of solid electrolyte can be as high as 850 °C in a single 

chamber SOFC due to the exothermic reaction occurring in the anode. Hao et al. [138] 

demonstrated that the cell temperature is higher than the furnace temperature because of 

the exothermic reaction which occurs at the anode/electrolyte interface. Figure 3.4 

illustrates the relation between the fuel cell and furnace temperatures.  

 

 

Figure 3.4 Fuel cell temperature versus furnace temperature [138]. 

Razbani et al. [139] explored the effect of current density on the temperature 

distribution and cell performance. The maximum temperature was identified at the top 

right corner of the cell (air inlet and fuel outlet corner). Temperature gradient became 

higher with increase in current density and this was due to higher polarization at higher 

current density. It was concluded that the fuel cell performs more efficient at higher 

oven temperature and referred to a more uniform temperature distribution and lower 

polarization.  Morel et al. [140] predicted that the temperature gradient occurred in 

SOFC because of the temperature rise at the inlet of the anode which is related to the 

partial and complete oxidation of methane at the anode. Akhtar et al. [141] investigated 

the effect of active surface area on temperature distribution and their results prevailed 

that the active surface area affects the temperature distribution. Fleischhauer et al. [142] 

performed fracture analysis on electrolyte supported SOFC within the environment of 

actual operating system. The cracks are more likely to be produced at anode side 

because of the large thermal expansion coefficient mismatch with electrolyte. It has 

been observed for the stacks operating more than 4,000 hours that the leakage around 
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some cracks can cause structural changes in the anode which may initiate the local 

burning of the fuel. The burnt fuel results in an increase of temperature, concentration of 

water and oxygen which can oxidize the Nickel. The cracks lead to uneven mechanical 

pre-load and the stacks own weight. The stresses generated during even distribution of 

the pre-load are very small but the amount of the stresses could be increased in case of 

unevenly distribution over the cell area. It remains unclear that how the microstructural 

changes within the anode during the cell operation will affect the residual stresses. 

3.2 Numerical Studies 

The processes related with SOFC performance are complex, which coupled the 

exothermic electrochemical reactions, mass and heat transfer, and the investigations on 

mechanisms of these coupling processes by experiments are lengthy and costly. 

Numerical modeling is a suitable approach for understanding the mechanisms involved 

and for optimizing the SOFC design and performance. The following sections provide a 

review on the development of computational models for predicting SOFC 

performances.  

3.2.1 Structural Properties of PEN  

The effect of porous electrodes properties (porosity and pore size) and operating 

conditions (inlet mass flow rate and fuel compositions were investigated by Bove and 

Ubertini [143]  and Shi and Xue [144]. The medium porosity should be included to find 

the effective mass transport through porous electrodes. With the increase of inlet mass 

flow rates, the cell performances are improved consistently for both homogenous and 

heterogeneous electrode design. The heterogeneous electrodes showed better cell 

performance than homogenous electrodes because of slightly more uniform 

distributions of hydrogen and oxygen. Hosseini et al. [145] compared the predicted V-I 

curve with the experimental data of similar geometry that was reported by Ceramic Fuel 

Cell Ltd (CFCL). They had suggested that anode diffusion layer with porosity of 0.2 

and 0.4 is beneficial for SOFC operation because of less temperature drop and uniform 

temperature distribution. A constant permeability was used in the model and 

investigations of their dependence on the porosity need further research. 
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3.2.2 Flow Configurations 

The effect of the co-flow, counter flow and cross flow configurations on the distribution 

of cell temperature, current density and species were investigated by Recknagle et al. 

[146] and Hoa et al. [147]. It was recognized that co-flow has more uniform temperature 

distribution than other configurations which offers better thermal structural stability, 

meanwhile, high power density is generated in counter flow case. The results of Larrain 

et al. [148] indicated that the flow pattern in central feed configuration is similar to that 

of co-flow configuration. The electrochemical performance of the cell is quite similar 

for counter flow and central feed configurations, whereas, the temperature is higher in 

counter flow.     

3.2.3 Heat and Mass Transport 

Most of mass transfer models early developed [149, 150] for modeling the 

transportation of gases through porous materials (anode and cathode) are those on the 

basis of molecular diffusions  and neglected the contribution from convections. Tseronis 

et al. [151] developed a model to couple the mass transfer of hydrogen gas through 

porous electrode with that in the gas flow channel by a multidimensional model. They 

found that the concentration gradient of hydrogen in porous electrode is higher than that 

in the channel because of its lower effective diffusivity. The model is an isothermal 

model and did not include the effects from heat transfer. It is Camprubi and Fueyo who 

discussed the effects of ‘Multimodal’ or convection flux [152] and showed that 

convective flux may account for 18 percent of the global molar flux. Camprubi et al. 

[153] then, in continuation to their previous work, developed a model for 

multicomponent mass transfer  using OpenFOAM (Open Field and Manipulation), an 

open source finite volume method based software. It was evidenced from the 

multicomponent mass transfer model that the mass transfer of gases through porous 

electrodes depends on the structural properties of materials, such as pore size. The pore 

size of materials of anode and cathode for SOFC is, in fact, comparable to mean free 

path of the gas molecules, under which conditions the convection plays the same role 

with those of molecular diffusion and Knudsen diffusion and should be taking into 

account in both of mass and heat transfer models. 
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3.2.4 Multi-component Modeling 

Smirnov et al. [154] performed a multi-physics simulations of fuel cell based on multi-

component modeling and found that heat transfer and species transport are the important 

factors for fuel cell modeling. The effect of co-flow and cross flow configurations on 

temperature distribution showed that temperature distribution is uniform in co-flow as 

compared to cross flow configuration. Qi et al. [155] results indicated that air inlet 

temperature on cathode side has more effects on temperature distribution and cell 

performance in comparison of other flow parameters. It was observed in Hussain et al. 

[156] model that ohmic Overpotential from anode side is the largest contributor to the 

cell potential loss. The ionic conductivity of the material is mainly responsible for the 

ohmic overpotential and should be enhanced to improve the cell performance. The 

modeling work of  Severson and Assadi [157] and Navasa et al. [158] provided an 

evidence that increase in the operating temperature results in the decrease of ohmic and 

activation overpotentials which refers to larger current and power density generation. 

They have also recorded that the effect of fuel utilization on the cell performance is 

higher at cell voltage below 0.4 V.  Chinda et al. [159] examined the effect of electrodes 

ionic and electronic conducting particles size ratio and porosity on the cell performance. 

The performance of the SOFC was found enhanced by equating the volume fraction of 

ion and electron conducting particles of solid part of electrodes. Xie and Xue [160] 

observed that the consumption of hydrogen and air and production of water depends on 

the operating temperature and larger fraction of the hydrogen in the fuel mixture 

enhances the fuel cell performance. From the review study of Janardhanan and 

Deutschmann [161] and numerical model of Yang [162] it is concluded that the 

processes in SOFCs are complex and interdependent and any modeling effort regarding 

coupling of mass and heat transport and properties of materials should account for 

improvement in SOFC performance and design. The Yang model included heat transfer 

through convection only. 

3.2.5 Thermal and Mechanical Stress Models 

The thermal stress generation depends on temperature distribution and it is important to 

use the cell temperature to calculate the thermal strain and stress generations. Fischer 

and Seume [163] evaluated the different mechanism of heat generation and absorption 

on the thermal stresses developed in the solid structure of the fuel cell. Atkinson and 

Seluck [164] measured the residual stresses in the ceramic membrane by curvature 
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measurement technique. Selimovic et al. [165] performed steady state and transient 

thermal stresses analysis by coupling electrochemical, thermal and structural modeling. 

They had calculated the stresses generated during the heat up, the startup and the 

shutdown process.  Arata et al. [166] coupled thermo-electro-chemical model to predict 

the temperature distribution  and then the thermal stresses in tubular SOFCs. Their 

results showed that thermal expansion mismatch between the cell layers have significant 

effect on the probability of the cell survival.  In another study, Arata et al. [167] 

investigated the effect of electrochemical and mechanical degradation on the structural 

reliability of the anode-supported planar SOFC stack during long term operation and 

thermal cycling. It was noticed that a subtle change in the mechanical properties of the 

materials and interactions between the components may govern their failure.  Lin et al. 

[168] developed a model by using a finite element analysis (FEA) to investigate the 

effect of sealing design on thermal stresses of planar  SOFCs. Zhang et al. [169] 

performed an analytical study to investigate the effect of cell dimensions on the stresses 

distribution and estimate the failure probability of the anode by a Weibull theory. 

Sushrut and Jeong [170] also used the Weibull theory to predict the failure probability 

of the SOFC cathode. Ihringer el at [171] performed Raman spectroscopy to analysed 

the mechanical stress at electrode/electrolyte interfaces. Pianko et al. [172] developed a 

model to investigate the effect of flow channels and fuel cell arrangements on thermal 

stress generated in anode-supported micro-tubular solid oxide fuel cell (MT-SOFC).  

The effects of the temperature obtained and the maximum axial tensile stresses 

generated for both circular and hexagonal stack design were compared. It was difficult 

to identify which of the considered MT-SOFC stack design was suitable for the 

optimum solution. The comparison between different channel configurations indicates 

that external air cooling was the best solution from thermal stress point of view. Peksen 

et al. [173] analysed the thermomechanical behaviour of SOFC stack during heating up, 

start up and shut down stages. The results indicated that the stress within the initial 

stages of the heating-up phase is the most crucial during fuel cell stack operation.  It 

was also identified that the thermal strain greatly influenced by the local temperature 

and the thermomechanical stress generation depending on the thermal strain. Recently 

Piyanko et al. [174] investigated the principal stresses by implementing the temperature 

distribution obtained from thermos-fluid model into thermo-mechanical model. Both 

models were solved separately. It is predicted that the larger stress generates at lower 

cell voltage.    
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3.2.6 MSR and WGS Model 

Due to uncertain details and complex reaction processes of hydrocarbon fuels, most 

modeling approaches within literature have focused on using H2 as fuel [157, 175-178]. 

The endothermic internal steam reforming reaction and exothermic electrochemical 

reaction are separated and consequently may lead to big temperature gradients in porous 

layers. The close coupling of internal steam reforming and electrochemical reactions 

gives a  good heat transfer [179]. Yuan et al. [180] investigated the effect of geometrical 

parameters on the cell performance. Their results indicated that the species and 

temperature distribution were affected by both internal reforming reactions and 

electrochemical reaction. Hosseini et al. [145] showed that the change in geometrical 

and microstructural parameters have influences on species and the temperature 

distribution as well as on the cell overpotentials. Zhu and Kee [181] found that an 

increase in fuel utilization results in higher concentration overpotential. Hussain et al. 

[156] predicted that the ohmic overpotential was the main contributor to the cell 

potential loss. Fan et al. [182] determined the effect of anode material on reaction 

kinetics. The cell behaves differently at various anode materials as each material has 

different reaction kinetics and thermal properties. Ni [183] analyzed the SOFC 

performance at different operating conditions. The increase in temperature results in a 

higher current density as higher temperature facilitates the direct internal reforming 

reaction. He also mentioned that the decrease in cell potential caused by higher current 

density generation.  Kee et al. [184] employed different syngas mixtures derived from 

pre-processing of hydrocarbons, coal and biomass gasification. They have concluded 

that power density strongly depends on composition, especially H2 level in fuel mixture. 

They also emphasized that fuel must be free from impurities (sulfur and carbon 

contents) as they can disturb the cell structure and ultimately effect the cell 

performance. Pramuanjaroenkij et al. [185] tested the cell at different operating 

temperatures by considering different electrolyte materials. The results showed that cell 

with YSZ electrolyte have higher power density at higher operating temperature. The 

models were developed by Ho et al. [186] and Andersson et al. [187] to observe the 

effect of change in temperature and air inlet velocity on temperature, current density and 

species distributions. Fischer and Seume [163] emphasized on predicting the accurate 

temperature distribution as the species, current density distributions and reaction rates 

depend on it.  
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3.3 Summary 

The literature review on the experimental and numerical studies on SOFC development 

draws following conclusions. Most of the experimental studies focused on the 

mechanisms of electrochemical performance of the SOFC. The species concentrations 

and temperature distributions, however, are rarely measured experimentally due to the 

technical difficulties. There is no data available for reference.  

Computational models are a suitable approach in investigations of the mechanisms of 

reacting flows related, such as transportations of mass, heat and momentum and 

chemical reactions of cell performance.  The cell performances of numerical models 

were tested by comparing the simulation results (implementing the electrochemical 

mechanisms) with experimental data. The models were developed to investigate the 

effect of the geometrical parameters and flow configurations on the cell performance. 

The cell geometrical and material properties influence the cell performance and 

optimized parameters should be chosen for cell designs.  It has been observed that co-

flow configuration shows a uniform temperature distribution and has advantage of 

thermo- mechanical structural stability over counter and cross flow configurations. 

Modelling simulations indicated that the operating temperature has a significant effect 

on the cell performance. Regarding to the transportation mechanisms, it has been 

concluded that the convection, in addition to molecular and Knudsen diffusion or heat 

conduction, of mass and heat transport must be considered in the modellings. The 

thermal and mechanical stress models were developed to account for the stresses 

generated during manufacturing and different methods (x ray diffraction method, 

Raman spectroscopy and Weibull theory) were used to predict the cell failure. The 

SOFCs are high temperature fuel cells (400 – 1000 °C) and due to temperature 

difference between cell temperature and ambient temperature thermal stresses are 

generated in the cell. The thermal stress generation is compulsory in order to locate the 

high stress areas which may cause the cell failure. The methane fuel SOFC models base 

on anode supported configurations were developed to investigate the effect of the cell 

geometrical parameters, different anode materials, operating temperatures and fuel 

compositions on the cell performance. The SOFCs operate at high temperature and 

favour the internal steam reforming of the hydrocarbon fuels. The MSR is an 

endothermic and WGS is slightly exothermic reaction. The temperature and species 

distribution depends on the reaction rate of the chemical and electrochemical reactions. 
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It is necessary to predict the heats generated and consumed during the chemical and 

electrochemical reactions and their contribution to thermal impacts.  

From the literature review, it has been realized that the models developed so far 

consider the thermal properties of the fluids and materials as the constants predicted by 

the operating temperature. However, for SOFCs, the reacting flows in the cell generate a 

temperature distribution, which leads the local temperature is different to the operational 

temperature, which is fixed constant once cell operation conditions identified, due to 

exothermic electrochemical reactions. The differences are significant at a range of 200 – 

300 
o
C [146, 165, 188]. Such a difference, obviously, must be carefully considered 

when calculate the thermal properties of the fluids and materials for modeling cell 

performance, especially, the thermal impacts. This is one of the knowledge gaps 

identified from literature reviews. 

The second one is that no comprehensive investigations have been taken on the effects 

of the porosities of anode and cathode (due to the variants of materials or the different 

structures of materials) on their transportation characteristics and further on the cell 

performance and thermal impacts.  

Meanwhile, it must be clarified that the knowledge gap of coupling the reacting flows 

with thermal impacts for SOFCs had been identified by literature reviews conducted 

about 4 years ago, when there was no publications founded from the literature for such a 

fully developed model [154-160] . Based on the first literature review, the PhD study 

was considered to develop a SOFC model to coupling the reacting flows with the cell 

thermal impacts, with focusing on the modelling of thermal impacts. The developments 

of reacting and thermal impacts models in this study are the independent works from 

those published recently [174, 189] 

The details of the studies can be found and are descripted in the following chapters.   
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Chapter 4 – Mathematical Modelling 

The model description of a single planar SOFC and assumptions made to develop a 

numerical model are discussed firstly in this chapter. The principles of construction of a 

coupling mechanism model and the governing equations for the mass transfer, fluid 

flow, heat and charge transport are detailed, which include the electrochemical and 

chemical reactions mechanisms, the predictions of the mechanical and thermal stresses 

and the calculations of active surface area for the porous electrodes. 

4.1 Model Descriptions 

As shown in Figure 4.1 a 2D and b 3D schematic diagram of a single planar solid oxide 

fuel cell, the planar SOFC in general is structured with the PEN attached top and bottom 

the air and fuel channels. In physics, it can be viewed as the multicomponent flows with 

heat and mass transfers in both channels and electrochemical reacting flows in 

sandwiched porous materials (PEN).   

The cell geometrical parameters are given in Table 5.2 of Chapter 5. The mechanical, 

thermal and electronic properties of YSZ electrolyte, Ni/YSZ anode and LSM cathode 

taken from literature [50, 181, 190] can be found from Table 5.2 and  Table 5.3.  

 

(a)                                                                       (b) 
 

Figure 4.1 The geometrical outline of a single planar SOFC on cross section (a) and 3D 

sketch (b). 
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4.2 Model Assumptions 

To develop the numerical simulation model, the following assumptions are made 

according to the performance analysis: the reaction flow is steady flow with reactant gas 

mixtures follow the ideal gas law; the electrochemical reactions are considered to only 

take place at the electrode/electrolyte interfaces; the continuity is considered at the  

interface of the different components; the ohmic heating due to movement of the 

electrons is neglected as electrical conductivity is higher than ionic conductivity; the 

electrolyte is solid and impermeable; all ceramic components exhibit linear elastic 

behavior; the outer surfaces of anode and cathode are acted as current collectors; the 

temperature difference is used to calculate the thermal strain and stresses; whereas 

temperature gradients are employed to determine the thermal strain gradients. 

4.3 Coupling Mechanism  

As having been discussed in chapter 3, the numerical models developed and applied to 

SOFC performance and thermal strain and stress predictions are the models that all 

thermal properties of materials (fluids and PENs) and electrochemical and chemical 

reactions were estimated by the operating temperature of the cell, which means that they 

are all the constants once the operating temperature taken.  However, those thermal 

properties, in fact from the principles of SOFC performance, should be predicted by the 

cell local temperature because the processes involved in SOFCs are interdependent and 

strongly thermal coupled with each other. For examples, the current density generation 

depends on the ionic conductivity of the material which is a strong function of the 

temperature, as shown in Figure 4.2.  

Assumptions on thermal decoupling the processes make the model simple, while, lead 

to uncertainties, especially for the prediction of electrochemical performance and 

thermal impacts.  

The thermal properties of the materials change with temperature which is the case in 

SOFCs and can be seen in Figure 4.2 and Figure 4.3. In this study, we construct a model 

by employing the cell local temperature to predict the thermal properties, which is 

referred as the ‘coupling model’, while, those models developed and used in the existed 

studies as reviewed in last chapter as ‘decoupling model’.  
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Figure 4.2 Thermal conductivity of the fluids and ionic conductivity of the electrolyte 

material at different temperatures.  

 
Figure 4.3 Dynamic Viscosity of the fluid, species consumption rate at different 

temperatures 
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4.4 Governing Equations 

At the steady state performance of SOFCs, Navier-Stokes equations based numerical 

model, coupling equations of fluid flow, energy and kinetic chemical reactions 

within/without porous media, are applied for simulation of multicomponent fluid flows 

through a fuel cell by means of Finite Element Method (FEM). The flow of the gases in 

the air and the fuel channels is considered as the laminar flow because the Re is in the 

range of 0.5 – 13. The direct numerical simulations are applied and the following 

equations are solved for the air and the fuel channels, porous electrodes and solid 

electrolyte respectively.  

4.4.1  Mass Conservation 

The mass transfer of ith species is driven by convection, diffusion and chemical 

reactions. The Mixture Average method is used to calculate the diffusive flux in the 

channels. In porous electrode the diffusion is described by molecular and Knudsen 

diffusion, for which Dusty Gas Model is applied [191] . 

 ∇. (𝜌𝒖𝑌𝑖) =  ∇. (𝜌𝐷𝑖
𝑚𝑘∇𝑌𝑖 + 𝜌𝑌𝑖𝐷𝑖

𝑚𝑘  
∇𝑀𝑛

𝑀𝑛
) + 𝑅𝑖     

         

         (4.1) 

 

where 𝑅𝑖 is a source/sink term for production/consumption of species due to chemical 

reactions. For a SOFC based on O
2-

 ions conducting electrolyte, at anode, the hydrogen 

is consumed and water is produced, therefore:  

  𝑅𝐻2 = −
𝑀𝐻2

2𝐹
 𝑖𝑎   

              (4.2) 

 

 𝑅𝐻2𝑂 =
𝑀𝐻2𝑂

2𝐹
 𝑖𝑎  

              (4.3) 

 

The oxygen is consumed at cathode side, so that: 

 𝑅𝑂2 = −
𝑀𝑂2 

4𝐹
 𝑖𝑐    

              (4.4) 

 

 

where F is Farady’s Constant(𝐶𝑚𝑜𝑙−1). The diffusion coefficient 𝐷𝑖
𝑚𝑘 (𝑚2 𝑠⁄ )  is 

calculated as; 

 𝐷𝑖
𝑚𝑘 = (휀 𝜏⁄ ) (

𝐷𝑖
𝑚𝐷𝑖

𝑘

𝐷𝑖
𝑚+𝐷𝑖

𝑘)   
              (4.5) 
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The molecular diffusion (𝐷𝑖
𝑚 ) and Knudsen diffusion coefficients (𝐷𝑖

𝑘) are given by; 

 𝐷𝑖
𝑚 = 

1−𝑌𝑖

∑
𝑋𝑗

𝐷𝑖𝑗  

𝑁
𝑗≠𝑖       

   ,    𝐷𝑖
𝑘 =

𝑅𝑝

3
√
8𝑅𝑇

𝜋𝑀𝑖
                    (4.6) 

 

where  𝐷𝑖𝑗  (𝑚
2𝑠−1) is multicomponent Maxwell Stefan Diffusion coefficient, which is 

function of pressure and temperature. It is estimated  by using FSG ( Fueller, Schettler 

and Giddings) model [192]: 

 𝐷𝑖𝑗 =
10−7𝑇1.75(

1

𝑀𝑖
+
1

𝑀𝑗
)

0.5

𝑃[𝑉
𝑖

1
3+𝑉

𝑗

1
3]

2                     (4.7) 

 

𝑀𝑖 (𝑔𝑚𝑜𝑙
−1) and 𝑉𝑖 (𝑐𝑚

3𝑚𝑜𝑙−1) are the molecular weight and the molecular diffusion 

volume of the component 𝑖, respectively. The values of the molecular diffusion volume 

for different components can be found from Appendix A.  

 

4.4.2 Momentum Conservation 

The Navier-Stokes based equations are solved for gas flow channels and in porous 

media Brinkman resistance force is used to model the momentum transport.  

 𝜌(𝑢 ∙ ∇)𝑢 +
𝜇

𝐵
 𝒖  =  −∇𝑝 + 𝜇∇2𝑢 +

1

3
𝜇∇(∇ ∙ 𝑢) + 𝐹𝑚   

          

          (4.8) 

 

where 𝜇 is the dynamic viscosity (Pa.s), Fm is body force (N/m
3
) and B is the 

permeability (m
2
). The temperature dependent relations are used to calculate the 

viscosity of the each species and are taken from the literature  [155]. The equations 

attain to Brinkman equation in the porous media, where the convection terms are small 

and dominate by the Darcy law. 

4.4.3 Energy Conservation 

The heat transfer in the cell consists of convection due to gas flows, molecular 

conduction of fluids and solid (including porous particles), and heat generated due to 

the electrochemical reactions. The electrodes are porous in thermal equilibrium with gas 

under the steady flow conditions. The electrolyte is dense and non-porous and only heat 
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conduction energy equation is applicable. The general equation for the heat transfer is as 

follows;  

 ∇ ∙ (𝜌𝑖𝐶𝑝𝑖𝒖𝒊𝑇𝑖) =  ∇ ∙ (ki
eff ∇T) + 𝑄    

              (4.9) 

 

The effective thermal conductivity  𝑘eff in the porous electrodes is given by [185]: 

 ki
eff =  휀𝑘𝑖𝑓 + (1 − 휀)𝑘𝑠  

              (4.10) 

 

where 𝑘𝑖𝑓 and 𝑘𝑠 are the thermal conductivities of the fluid and solid respectively. The 

heat source 𝑄 (𝑊𝑚−2) in equation (4.9) is calculated by: 

 𝑄 = −∆𝐻.
𝑖

2𝐹
     

              (4.11) 

 

where ∆𝐻(𝑘𝐽𝑚𝑜𝑙−1) is enthalpy of the reaction and 𝑖 average current density (𝐴𝑚−2). 

4.5 Electrochemical Model 

The electrochemical reactions of the energy conversion in a solid oxide fuel cell are the 

reactions of oxidation of hydrogen. The oxygen anions at cathode transfer through 

electrolyte and react with hydrogen at the anode/electrolyte interface: 

The electrochemical reaction at cathode is 

 
1

2
 𝑂2 + 2𝑒

−
             
→   𝑂2

−
  

             (4.12) 

 

The electrochemical reaction at anode is 

 

 
𝐻2 + 𝑂

2−
             
→   𝐻2𝑂 + 2𝑒

−    
              (4.13) 

 

Thus the overall chemical reaction is  

 𝐻2 +
1

2
𝑂2

             
→   𝐻2𝑂 (∆𝐻1173 = −250[𝑘𝐽𝑚𝑜𝑙

−1])   
            (4.14) 

 

 

The local current distribution is expressed by using Butler- Volmer kinetic expression. 

The concentration dependent kinetics equation is used to set up the local current 

distribution. 
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 𝑖𝑎 = 𝑖𝑎,0  {
𝑐ℎ2

𝑐ℎ2,𝑟𝑒𝑓
exp (

𝛼𝑎
𝑎𝐹

𝑅𝑇
 𝜂𝑎𝑐𝑡) −

𝑐ℎ2𝑜

𝑐ℎ2𝑜,𝑟𝑒𝑓
𝑒𝑥𝑝 (

−𝛼𝑐
𝑎𝐹

𝑅𝑇
 𝜂𝑎𝑐𝑡)}   

     (4.15) 

 

 
                       𝑖𝑐 = 𝑖𝑐,0  {exp (

𝛼𝑎
𝑐𝐹

𝑅𝑇
 𝜂𝑎𝑐𝑡) −

𝑐𝑂2

𝑐𝑂2,𝑟𝑒𝑓
𝑒𝑥𝑝 (

−𝛼𝑐
𝑐𝐹

𝑅𝑇
 𝜂𝑎𝑐𝑡)}    (4.16) 

 

  

       

where 𝑖𝑎,0 and 𝑖𝑐,0 are the anode and cathode exchange current densities [A/m
2
], 

respectively. 𝑐ℎ2 , 𝑐ℎ2𝑜  and 𝑐𝑂2 are the molar concentrations of hydrogen, water and 

oxygen (mol/m
3
). 𝑐ℎ2,𝑟𝑒𝑓 , 𝑐ℎ2𝑜,𝑟𝑒𝑓 and 𝑐𝑂2,𝑟𝑒𝑓 are the reference concentrations of 

hydrogen, water and oxygen, respectively.  The charge transfer coefficients 𝛼𝑎
𝑎, 𝛼𝑐

𝑎 , 𝛼𝑎
𝑐   

and 𝛼𝑐
𝑐   are those of anodic and cathodic on anode side with values are 2 and 1 and 

those on cathode side with values of 1.4 and 0.6 respectively. 

The charge conservation equations are used to describe the electric current transport 

through porous electrodes 

 ∇ ∙ (−𝜎𝑖∇𝜑𝑖) =  𝑄𝑖 
              (4.17) 

 

where i=1,2 for electric and ionic, 𝑄𝑖 the current source terms, 𝜎𝑖 the conductivities of 

the electrodes. The values of 𝜎𝑖  can be found from Table 5.2 and Table 5.3 of Chapter 

5. The electrolyte is solid and impermeable to gases and only ionic transport allows. 

The activation overpotential/losses at anode and cathode are evaluated by using the 

following expressions: 

 𝜂𝑎𝑐𝑡,𝑖 = 𝜙𝑠,𝑖 − 𝜙𝑙,𝑖 − Δ𝜙𝑒𝑞,𝑖                (4.18) 

Where i=1,2 for anode and cathode, 𝜙𝑠 and 𝜙𝑙 are electronic and ionic potentials of the 

electrodes.  Δ𝜙𝑒𝑞 is the equilibrium potential and  in this case the value  is zero for 

anode and 1 for cathode. The cell voltage Vcell is set at the outer surface of cathode and 

zero voltage is set at the outer surface of the anode. The Vcell is given by: 

 

 𝑉𝑐𝑒𝑙𝑙 =  Δ𝜙𝑒𝑞,𝑐 −  𝛥𝜙𝑒𝑞,𝑎 − 𝑉𝑝𝑜𝑙    
             (4.19) 

 

Where 𝑉𝑝𝑜𝑙  is the polarization. In this model 𝑉𝑝𝑜𝑙  is set in the range 0.05 to 0.3 volts. 
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Since FEM is used to solve the governing equations and the current is calculated at each 

node by embedding the ohmic losses. The mass transport model is used to solve the 

pressure distribution and the current is calculated at each node corresponding to the 

concentration. Therefore, it is not necessary to include separate expressions for ohmic 

and concentration overpotentials in FEM, as they are integral part of the numerical 

solution [193].  

4.6 Chemical Reaction Model of Methane with Water 

Due to high operating temperature of SOFCs the internal reforming of the methane is 

possible and it affects the cell thermal condition. Methane steam reforming (MSR) is an 

endothermic reaction and expressed as; 

 

 𝐶𝐻4 + 𝐻2𝑂
             
→   𝐶𝑂 + 3𝐻2 (∆𝐻MSR =  226[𝑘𝐽𝑚𝑜𝑙

−1])               (4.20) 

            

 

Water gas shift (WGS) reaction is slightly exothermic and is described as; 

 

 𝐶𝑂 + 𝐻2𝑂
             
→   𝐶𝑂2 + 𝐻2 (∆𝐻𝑊𝐺𝑆 = −35[𝑘𝐽𝑚𝑜𝑙

−1])             (4.21) 

            

 

The reaction rates in the literatures vary greatly due to use of different methods, 

different material structures and different amounts of catalyst [194-199]. The 

expressions for the reaction kinetics involved in methane steam reforming and water gas 

shift reaction determined by Haberman and Young [197] and employed in [180, 183, 

200] are adopted in this study. 

 𝑅𝑀𝑆𝑅 = 𝑘𝑟𝑓  {𝑝𝑐ℎ4 ∙ 𝑝𝐻2𝑂 − (
𝑝𝐻2
3 ∙𝑝𝑐𝑜

𝐾𝑒𝑞𝑟
 )}        (𝑚𝑜𝑙 ∙ 𝑚−3 ∙ 𝑠−1)            (4.22) 

            

   

 

 
𝑅𝑊𝐺𝑆𝑅 = 𝑘𝑠𝑓  {𝑝𝐻2𝑂 ∙ 𝑝𝑐𝑜 − (

𝑝𝐻2 ∙ 𝑝𝑐𝑜2
𝐾𝑒𝑞𝑠

 )}   (𝑚𝑜𝑙 ∙ 𝑚−3 ∙ 𝑠−1)          (4.23) 
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where 𝑘𝑟𝑓, 𝑘𝑠𝑓 and 𝐾𝑒𝑞𝑟 𝐾𝑒𝑞𝑠 are forward reaction rate constants (𝑚𝑜𝑙 ∙ 𝑚−3 ∙ 𝑃𝑎−2 ∙

𝑠−1)  and equilibrium constants (𝑃𝑎2)for reforming and shifting reactions, respectively. 

The forward rate constants for methane and water gas shift reactions can be estimated 

by [197], 

 

 𝑘𝑟𝑓 =   2395 ∙ 𝑒𝑥𝑝(−231266 (𝑅 ∙ 𝑇)⁄ )         (4.24)   

   

 𝑘𝑠𝑓 =   0.0171 ∙ 𝑒𝑥𝑝(−103191 (𝑅 ∙ 𝑇)⁄ )      (4.25)   

 

The equilibrium constants for both reactions are defined as functions of temperature by 

the following empirical relations, 

 

 
𝐾𝑒𝑞𝑟 =   1.0267 ∙ 10

10 ∙ exp (−(0.2513 ∙ 𝑍4) + (0.3665 ∙ 𝑍3)               

                     + (0.5810 ∙ 𝑍2 ) −  (27.134 ∙ 𝑍) +  3.2770)       

(4.26) 

            

 𝐾𝑒𝑞𝑠 =  exp (−(0.2935 ∙ 𝑍
3) + (0.6351 ∙ 𝑍2) + (4.1788 ∙ 𝑍 ) +  0.3169)         

 

(4.27) 

 
   
 where 𝑍 =

1000

𝑇(𝐾)
− 1  and T is in Kelvin  

4.7 Thermal Strain and Strain Gradients 

The change in temperature plus the thermal expansion mismatch between different 

layers produce thermal strain in the cell. The thermal strains generated in the cell can 

result in the separation of the layers or micro cracks in the weaker layer. The 

temperature difference distribution for coupled and decoupled models is used to 

calculate the thermal strain generation in the cell. Thermal strain is a scalar quantity and 

relation used to calculate the thermal strain is as follows;   

 휀𝑡ℎ =  𝛼∆𝑇  

             

                (4.28) 
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where 𝛼 is thermal expansion coefficient (1/K) and  ∆𝑇 is temperature difference (K) 

between the cell temperature and strain free reference temperature. The thermal 

expansion coefficients for anode, electrolyte and cathode are listed in Appendix – B.   

Thermal strain gradients are determined by implementing the spatial (xi) gradient of 

temperature by, 

 
𝜕 𝑡ℎ 

𝜕𝑥𝑖
=  𝛼 

𝜕𝑇

𝜕𝑥𝑖
  

             

                (4.29) 

 

4.8 Thermal and Mechanical Stresses 

The thermal strains together with the mechanical properties (Young’s Modulus of 

Elasticity) of the materials, varied for each layer of the cell, are applied to calculate the 

thermal stresses. The thermal stresses are calculated by: 

 

 𝜎𝑡ℎ =  휀𝑡ℎ 𝐸  

           

               (4.30) 

 

where E is the Young’s Modulus of Elasticity (GPa). The value of the Modulus of 

Elasticity for anode, electrolyte and cathode is given in Appendix – B. 

The mechanical stresses generated in the cell structure are investigated by the 

application of Von Mises stress criterion. The Von Mises stresses are related with 

elastic strain of the material. The elastic strain is the difference of total strain and the 

thermal strain while the total strain is calculated by change in displacement. There is no 

external load whereas the fluid pressures and temperatures are considered as the load on 

the cell.  The Von Mises stress criterion suggests that the yielding of the material begins 

when the second deviatoric stresses invariant J2 reaches at the critical value. The 

criterion can be written in terms of the elements of Cauchy’s stresses tensor: 

 
𝐽2 = 1 6⁄ ((𝜎11 − 𝜎22)

2 + (𝜎22 − 𝜎33)
2 + (𝜎33 − 𝜎11)

2)  +

(𝜎12)
2 + (𝜎23)

2 + (𝜎13)
2  

             (4.31) 

 

The Von Mises criterion is implemented as: 
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 𝐹 = √3 𝐽2 − 𝜎𝑦𝑠  
             (4.32) 

 

where 𝜎𝑦𝑠 is yield stresses level and √3 𝐽2  is Von Mises stresses denoted as 𝜎𝑚𝑖𝑠𝑒𝑠 . 

The total stresses are calculated as: 

 𝜎𝑡𝑜𝑡𝑎𝑙 = 𝜎𝑡ℎ + 𝜎𝑀𝑖𝑠𝑒𝑠  
             (4.33) 

 

 

4.9 Active Surface Area 

The electrochemically active surface area per unit volume of the porous electrode 

(m
2
/m

3
) developed by Costamagna et al. [201] based on the particle coordination 

number in binary random packing of spheres, given as [145, 156, 159]: 

 𝐴𝑣 =  𝜋 sin
2 𝜃 . 𝑟𝑒𝑙

2𝑛𝑡𝑛𝑒𝑙𝑛𝑖𝑜
𝑍𝑒𝑙𝑍𝑖𝑜 

𝑍
 𝑃𝑒𝑙𝑃𝑖𝑜 

              (4.34) 

 

where 𝜃 is the contact angle between ion and electron conducting particles; 𝑛𝑡 is total 

number of particle per unit volume; 𝑛𝑒𝑙 and 𝑛𝑖𝑜 are the number fractions of the 

electrode and ion conducting  particles respectively; 𝑍𝑒𝑙 and 𝑍𝑖𝑜 are the coordination 

number of the electron and ion conducting particles; Z is the total average number of 

contacts of each particle which is equal to 6 [201] and 𝑃𝑒𝑙  𝑎𝑛𝑑 𝑃𝑖𝑜 are the probabilities 

for the electron and ion conducting particles to belong to connecting ends of the 

composite.  

All the parameters required to calculate the Av can be calculated from [201, 202]: 

 𝑛𝑡 =
1 −  휀

(
4
3)𝜋𝑟𝑒𝑙

3 [𝑛𝑒𝑙 + (1 − 𝑛𝑒𝑙) (
𝑟𝑖𝑜
𝑟𝑒𝑙
)
3

]
               (4.35) 

 

Where 휀 is the electrode porosity, and: 

 
𝑛𝑒𝑙  =

𝜑𝑒𝑙

[𝜑𝑒𝑙 + ((1 − 𝜑𝑒𝑙)/ (
𝑟𝑖𝑜
𝑟𝑒𝑙
)
3

)]
               (4.36) 

 

 𝑛𝑖𝑜 = 1 − 𝑛𝑒𝑙 
              (4.37) 
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𝑍𝑒𝑙 = 3 +

𝑍 − 3

[𝑛𝑒𝑙 + (1 − 𝑛𝑒𝑙) (
𝑟𝑖𝑜
𝑟𝑒𝑙
)
2

]
               (4.38) 

 

 𝑍𝑖𝑜 = 3 +
(𝑍 − 3) (

𝑟𝑖𝑜
𝑟𝑒𝑙
)
2

[𝑛𝑒𝑙 + (1 − 𝑛𝑒𝑙) (
𝑟𝑖𝑜
𝑟𝑒𝑙
)
2

]
 

              (4.39) 

 

 𝑃𝑖 = [1 − (2 −
𝑍𝑖−𝑖
2
)
2.5

]

0.4

 
              (4.40) 

 

 

where i = 1, 2 for ionic and electronic particles and Z represents the average 

coordination number and is calculated between the particles as [156, 159], 

 𝑍𝑖−𝑖 =
𝑛𝑖𝑍𝑖

2

𝑍
 

              (4.41) 

 

 

The values of the parameters used to calculate the above equations and finally active 

surface area is listed in Table 4.1.  

Table 4.1 Parameters used to Calculate Active Surface Area 

Parameter Value 

Volume fraction of electron conducting particles 𝜑𝑒𝑙 0.5 [201] 

Radius of electron conducting particles 𝑟𝑒𝑙 (𝜇𝑚) 0.1[202] 

Radius of ion conducting particles 𝑟𝑖𝑜 (𝜇𝑚) 0.1 [202] 

Porosity of the electrodes 휀 0.4 

 

The value of the reactive surface area per unit volume of porous electrode calculated 

from equation (4.34)  is 386236 [m
-1

]. 

4.10 Boundary Conditions 

The channel inlet BCs of species, fluid flows and energy are set by given mass fractions 

of each species, mass flow rates, and temperature, while, the zero pressure and flux 

gradients for outlet BCs. The channel wall is considered as a rigid adiabatic wall with a 
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no slip interface with fluids. For solid mechanics zero displacement and load boundary 

conditions are applied for the external walls of the PEN structure. 

4.11  Summary 

This chapter presented the details about the coupling mechanism and geometries of the 

single planar SOFC. The assumptions made for modelling the cell are described. The 

governing equations are explained. The mechanisms involved in the electrochemical 

and chemical reactions are listed. The relations involved in the calculation of the 

mechanical and thermal stresses are explained. The method to calculate the active 

surface area is demonstrated. Finally, the boundary conditions are highlighted.  
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Chapter 5 – Reacting Flow Coupling with Thermal Impacts in a single 

Solid Oxide Fuel Cell with Hydrogen Fuel 

The developed model described in Chapter 4 is applied to the simulations of a single 

planar SOFC running on Hydrogen and thermal impact on the cell performance. The 

numerical results are verified by comparing with the date of International Energy 

Agency (IEA). The effects of the different parameters on the cell electrochemical and 

thermal performance are analyzed and discussed.  

5.1 Introduction 

The material properties of PEN, as discussed in the previous chapters depend on the 

porosity and temperature. In literature independent porosity and operating temperature 

base relations are used to calculate the material properties [139, 188, 190, 193, 200, 

203-206]. The model is developed in Chapter 4 by incorporating all the parameters 

which affect the cell performance. Simulations are carried out by Comsol multiphysics 

computer software. The dependency of the numerical solutions on the mesh quality is 

explained. The electrochemical and thermal performance results of the coupling and 

decoupling simulations, for a co-flow configuration, are compared with the results of 

bench mark data of International Energy Agency (IEA) [50] . The effect of the 

operating temperatures and material properties such as porosity and conductivity on the 

cell performance has been investigated. The thermal strain and their gradients are 

predicted by using the temperature difference and gradient distribution. The thermal and 

Von Mises stresses are calculated for both cases by implementing the temperature 

profile and areas for maximum stress generation are highlighted. The effect of the 

boundary restrictions on the stresses generated in the cell is also studied. Finally it is 

evident that coupling is necessary as temperature plays an important role in the 

electrochemical and thermal performance of SOFC. 

5.2 Mesh Quality  

The mesh quality plays an important role in the accuracy and stability of numerical 

solutions. The model is tested for 8 different numbers of elements from 7400 to 148000 

to check the stability of the solution. The finer the resolutions, the much CPU time 

needed and more cost. User define option available in Comsol is used to set the mesh 

size. The current density produced during the cell operation, the heat generated and the 

thermal stresses in the cell are examined for all the 8 meshes. It has been found that 
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from 7400 to 29600 the value of the current density change significantly (from 3004 to 

3413.9 A/m
2
) and then the variations are only 0.017% as shown in Table 5.1. As such, 

the mesh with 29600 elements is adopted for rest of simulation cases. Similarly, the 

changes in maximum temperature of the cell for mesh sets between 7400 and 29600 are 

from 1175 °C to 1150 °C and then approaching to negligibly small. Thermal stresses are 

also change only 0.041% at 29600 mesh elements. As such, the mesh with 29600 

elements is adopted for the rest of simulation cases. 

Table 5.1 Mesh Quality 

 

Total Number 

of Elements (in 

the Anode 

/Cathode)  

Current Density 

(A/m
2
) 

Temperature 

(°C) 

Thermal Stresses (MPa) 

Value % 

variation 

between 

two 

mesh 

elements 

Value % variation 

between two 

mesh elements 

Value % variation 

between two 

mesh elements 

7400 (840/840)    3004 ~ 1143 ~ 2190.3 ~ 

14800 

(1680/1680) 
3421.4 -12.199 1154 -0.953 2197 -0.304 

29600 

(3360/3360) 
3413.9 0.219 1149 0.435 2190.9 0.278 

44400 

(5040/5040) 
3433.5 -0.570 1148 0.087 2190 0.041 

59200 

(6720/6720) 
3434.1 -0.017 1148 0 2189.8 0.009 

74000 

(8400/8400) 
3434.6 -0.014 1147 0.087 2189.7 0.004 

101750 

(11550/11550) 
3435 -0.011 1147 0 2189.6 0.004 

148000 

(16800/16800) 
3435.9 -0.026 1147 0 2189.7 -0.004 

 

5.3 Model Verification 

The data of bench mark case of International Energy Agency (IEA) [50] is used as a 

reference to compare the simulation results of the model. In the verification simulations, 

the conductivities of porous electrodes and electrolyte are considered as independent of 

porosity and operating temperature. The density, specific heat capacity and thermal 
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conductivity of the solid electrolyte and porous electrodes are listed in Table 5.2 and 

Table 5.3. The geometrical and operational parameters, material properties and 

electrochemical parameters used in the test and verified cases can be found from Table 

5.2 and Table 5.3, respectively. The electrochemical performance for the co-flow cell 

configuration is shown in Figure 5.1. The average current density is measured by 

implementing the electrochemical parameters available in the literature. The value of 

the average current density for test case is 3711.6 A/m
2
 at 0.7 V. It is found that the 

exchange current densities on anode and cathode sides of 175 and 140 A/m
2
 made the 

results good match to those of Bench Mark results of IEA [50]. The average current 

density for verified case is 2664 A/m
2
 at 0.7 V, as shown in Figure 5.1. The value of the 

cell voltage, maximum current density, maximum solid temperature and air and fuel 

outlet temperature is compared with the Bench Mark results of International Energy 

Agency (IEA) and are given in Table 5.4.  

The current density distribution for the verified case at anode/electrolyte interface along 

the cell length and width is shown in Figure 5.2. The maximum current density 3954 

A/m
2
 is at the cell inlet and decreases along the flow direction because of the species 

consumption. The temperature distribution is plotted at anode/electrolyte interface along 

the cell length for the verified case and results are displayed in Figure 5.3. The heat 

generation at anode/electrolyte interface because of the electrochemical reaction results 

in higher cell temperature of 1098 °C. The generated heat is transferred to incoming 

cool air and the maximum temperature lies at the cell outlet.    

The results of the present study and those from Bench mark case are detailed in Table 

5.4. The results of the present study showed a good agreement with the Bench Mark 

results. The 14.50 % of air and 81.50% of fuel is utilized.  The overall discrepancy in 

both results is smaller than 2.9%. Because of the limited availability of data in the bench 

mark case, such as detail data of the exchange current densities, material properties for 

the porous electrodes and the flow rates, no further the comparisons are made.   
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Table 5.2 Geometrical, Operational, Mechanical and Electrochemical Parameters 

available in IEA report [50]. 

Description Value Description Value 

Channel Width (Wch) (mm) 3 Operating Voltage (V) 0.7 

Rib Width (Wrib) (mm) 2.56 Hydrogen inlet mass fraction 0.5 

Single Cell Width (Wcell )(mm) 5.56 Oxygen inlet mass fraction 0.23 

Single Cell Length (L) (mm) 100 Water inlet mass fraction 0.5 

Channel height (Hch) (mm) 1 Electrolyte Heat Conductivity 

(ke) (W/m*K) 

2 

Anode thickness (ta) (mm) 0.05 Electrolyte Heat Capacity 

(cp) (J/kg*K) 

400 

Cathode thickness (tc) (mm) 0.05 Electrolyte Density (ρe) 

(kg/m
3
) 

6600 

Electrolyte thickness (te) (mm) 0.150 Anode electronic 

conductivity, (δa_e) (S/m) 

[((9.5 x 

10
7
)/Toper) exp(-

1150/Toper)] 

Pressure (p) (bar) 1 Cathode electronic 

conductivity, (δc_e) (S/m) 

[((4.2 x 

10
7
)/Toper) exp(-

1200/Toper)] 

Temperature (T) (K) 1173 Electrolyte ionic 

conductivity, (δe_i) (S/m) 

3.34 x 10
4
 

exp(-1200/Toper) 
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Table 5.3  Geometrical, operational, Mechanical and Electrochemical Parameters taken 

from the literature. 

Description Value Description Value 

Anode and Cathode 

porosity (ε) 

0.4 [160, 183] Cathode Density (ρc) 

(kg/m3) 

5300 [190] 

Anode and cathode 

(k) permeability (m
2
) 

6.2E-13[181] Anode reference 

exchange current 

density  𝑖𝑜_𝑎 (A/m
2
)
 

1320 [156] 

Tortuosity (τ) ε
-0.5

 [144] Anode anodic charge 

transfer coefficient, 

𝛼𝑎
𝑎  

2 [114, 133, 207] 

Average Pore 

Diameter (Dp) (μm) 

1 [183, 203] Anode cathodic 

charge transfer 

coefficient, 𝛼𝑎
𝑐   

1 [114, 133, 207] 

 Fuel mass flow  

(kg/s) 

4.255E-8 [208] Cathode reference 

exchange current 

density  𝑖𝑜_𝑐 (A/m
2
) 

400 [156, 201] 

Air mass flow (kg/s) 3.404E-6[208] Cathode anodic 

charge transfer 

coefficient, 𝛼𝑐
𝑎  

1.4 [114, 133] 

Anode Heat 

Conductivity (ka) 

(W/m*K) 

6 [190] Cathode cathodic 

charge transfer 

coefficient, 𝛼𝑐
𝑐  

0.6 [114, 133] 

Anode Heat Capacity 

(cp) (J/kg*K) 

600 [190] Anode effective 

electronic 

conductivity, (δa_e) 

(S/m) 

(1-ε)*[((9.5 x 

10
7
)/Toper) exp(-

1150/Toper)] [209] 

Anode Density (ρa) 

(kg/m3) 

7740 [190] Cathode effective 

electronic 

conductivity, (δc_e) 

(S/m) 

(1-ε)* [((4.2 x 

10
7
)/Toper) exp(-

1200/Toper)] [209] 

Cathode Heat 

Conductivity (kc) 

(W/m*K)  

10 [45] Anode effective ionic 

conductivity, (δa_i) 

(1-ε)*3.34 x 10
4
 

exp(-1200/Toper) [209] 
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Figure 5.1 Voltage and power density against current density for reference and 

improved exchange current density cases (decoupled models). The Bench mark current 

density range is 2430 – 2661 A/m
2
 and power density range is 1754 – 1868 W/m

2
 [50]. 

 

 

 

 

 

 

 

 

 

 

 

 

Cathode Heat 

Capacity (cp) 

(J/kg*K) 

607 [190] Cathode effective 

ionic conductivity, 

(δa_i) 

(1-ε)*3.34 x 10
4
 

exp(-1200/Toper) [209] 
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Figure 5.2 Current Density distribution from without porosity based conductivity 

relation case at section F (refer to section 5.4). 

 

 

 

Figure 5.3 Temperature distribution from without porosity based conductivity relation 

case at section F. 
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Table 5.4  Comparisons of present results with IEA 

Parameter Present Study 

Results 

IEA Errors between 

the  present 

study and IEA 

results 

Cell Voltage (V) 0.7 0.702 – 0.722  0.3 % 

Average Current Density  

A/m
2
 

2664  2430 – 2661  0.11 % 

Average Power Density 

W/m
2
 

1864.8 1754 – 1868  0.18 % 

Maximum Current Density 

A/m
2
 

3954 3,725 – 3,957    2.86 % 

Maximum Solid 

Temperature (°C) 

1098 1,048 – 1,098 0 % 

Air outlet Temperature (°C) 1089.6 1,048 – 10,68  2.02 % 

Fuel Outlet Temperature 

(°C) 

1095.8 1,048 – 10,68 2.60 % 

 

5.4 Results and Discussion 

The orientation of the figure is as given in Figure 4.1 and the geometrical parameters are 

listed in Table 5.2. The cell is constructed by setting the electrolyte, anode and fuel 

channel below while cathode and air channel above the 0 of the axes.  

In order to understand the mechanism inside the fuel cell, the results are plotted at 

different locations. The positions along cell length (X) are considered on the horizontal 

sections (X-Y) at y= 2.71E-6 m and the centre of anode (z = -175E-6 m), electrolyte (z 

= -75 E-6 m), cathode (z = 25 E-6 m), and fuel channel (z = -7.0 E-6), which are 

referred as section A, B, C and D, respectively. 
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The vertical sections (Y-Z) considered are the sections at three different locations of 

close to the inlet (x = 1.0 E-3 m), at the centre (x = 50 E-3m) and close to the outlet (x = 

99 E-3 m), which are named as section Es.  

Two horizontal sections are at the interface of anode/electrolyte (z = -150E-6m) and the 

interface of cathode/electrolyte (z =0), which are referred as section F and section G, 

respectively.  

The comparison results from coupled and decoupled models are referred as “c-d models 

comparison” in order to avoid the repetition in the thesis.  

5.4.1 The Effects of the Material Porosity on the Cell Performance and Thermal 

Impacts 

The anode and cathode are porous electrodes and their electronic and ionic 

conductivities depend on porosity and temperature. The porosity dependent relations for 

anode and cathode conductivities are used in the case studies. The anode, cathode and 

electrolyte materials are different and the properties used in the cases studies are listed 

in Table 5.2 and Table 5.3.  The current density generation depends on the 

conductivities and addition of porosity term in the relations results in less current 

density. The current densities at different cell voltages with and without porosity based 

conductivity relation are presented in Figure 5.4. The current density at 0.7V for 

without porosity based conductivity is 2664 A/m
2
 and 2519.8 A/m

2
 for porosity based 

conductivity case. The difference in current density for both cases is 5.4%.  

The amount of the heat generation depends on the current density. The maximum cell 

temperature is 1085 °C as shown in Figure 5.6.  
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Figure 5.4 V-I characteristics with and without porosity based conductivity relation 

cases. 

5.4.2 Current Density and Temperature Distribution 

The current density distribution along the cell length is predicted and the results are 

shown in Figure 5.5.  The maximum current density is 3697 A/m
2
 and matches with 

Bench mark results. The current density distribution is not uniform. The maximum 

current density is located at inlet because of higher concentration of fuel and air. Along 

the cell length the species consume and concentrations drops as a result the current 

density decreases along the cell length. The difference in maximum current density 

generation for the cases with and without porosity based conductivity is 6.5 %.   

The temperature distribution is essential as the transportation properties, such as 

electrochemical reaction, thermal strain and stress generation and the material properties 

(ionic and electronic conductivity), are strongly linked with temperature. Therefore 

temperature profile is obtained by coupling fluid flow, species transport, 

electrochemical reactions, heat transfer and thermal impact. The temperature 

distribution at anode/electrolyte interface along the cell length and width is depicted in 

Figure 5.6.  At inlet the temperatures is 900 °C and because of the heat generated by 

electrochemical reactions  the temperature increases and reaches to a maximum value 

1085 °C which is in the range of Bench mark data. The maximum cell temperature is 
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1.2 % less than the verified case (porosity independent constant conductivity). The 

increase in the temperature is along the direction of the flow. The maximum 

temperature is at the air/fuel outlet.  

 

Figure 5.5 Current density distribution from porosity based conductivity relation case at 

section F. 

 

 

Figure 5.6 Temperature distribution from porosity based conductivity relation case at 

section F.  

5.4.3 Species Distribution 

The performance of the SOFC depends upon the species distribution. To demonstrate 

the details, they are investigated in terms of species mass fractions, as shown in Fig. 5.7, 

the oxygen mass fraction in the centre of cathode along the cell length. The Oxygen 

consumptions by the electrochemical reaction lead to a drop from maximum 0.233 at 

inlet to minimum 0.20 at outlet.    
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The hydrogen mass fraction decreases nonlinearly from 0.5 at inlet to 0.097 at outlet 

due to nonlinear chemical reactions, as shown in Figure 5.7. The distribution profile of 

water shows an opposite trend as it produces during the electrochemical reaction. The 

mass fraction of water increases from minimum 0.5 at inlet to maximum 0.903 at outlet.  

 

Figure 5.7 Species mass fraction distribution at sections A and C. 

 

5.4.4 Effect of Inlet Temperature on Cell Performance 

The model is tested at different inlet temperatures. The current density increases by 

varying the temperature between 800 °C to 1000 °C which are 1727.8 A/m
2
 and 2976.4 

A/m
2
,
 
respectively. The increase in current density is 72.3%. This is due to the increases 

in ionic conductivity as increase in temperature, and can be seen in Figure 5.8. The 

temperature dependent relations for the ionic conductivity of porous electrodes and the 

solid electrolyte are used to investigate the effect on the cell performance. The relations 

are listed in Table 5.2. The minimum conductivity at 800 °C is 2.67 (S/m) and reaches 

to value of 10.238 (S/m) at 1000°C. 
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The effect of different inlet temperatures on the temperature distribution in the centre of 

the electrolyte along the cell length is taken to demonstrate the results, which is 

indicated in Figure 5.9. Obviously, the increase in inlet temperature results in more heat 

generation and as a consequence the cell temperature increases. The maximum 

temperature difference at 800 °C is 908.97 °C and reaches to 1191.95 °C at 1000 °C 

inlet temperature. The increase in cell temperature difference is 31.13%. The increase in 

cell temperature difference results in higher thermal strain and stress generation.    

 

Figure 5.8 Current density and electrolyte ionic conductivity vs inlet temperature. 
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Figure 5.9 Temperature difference distribution at section B. 

5.4.5 Effect of Material Properties (Ionic Conductivity) on Cell Performance 

As mentioned in chapter 3, most of existed models (decoupled) are built by using 

operating temperature (fluid temperature at inlet) which means a constant value of the 

ionic conductivity is used for simulations. The cell is tested for different inlet 

temperatures and it has been observed that the performance of the cell significantly 

changed with change in temperature [106, 127-129]. Therefore, it is necessary to predict 

the temperature distribution more carefully by coupling the thermal related parameters 

of the model with cell local temperature. This effect is checked by the coupling model 

(refer to section 4.3) developed by this study. The effect of the cell local temperature on 

the ionic conductivity of the electrolyte is shown in Figure 5.10. The conductivity in 

decoupled model is constant 5.137 S/m but in coupled model the ionic conductivity 

varies from 5.137 to 21.43 S/m. The temperature distribution from c-d models is 

improved, as show in Figure 5.10 in the centre of electrolyte along the cell length. Both 

the temperature and the temperature difference are changed, the temperature increases 

from 1083 °C to 1128 °C by replacing the operating temperature with cell local 

temperature in ionic conductivity relation. The temperature difference between 

maximum and minimum cell temperature changes from 183 °C to 228 °C. The relative 
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change in maximum temperature between coupled and decoupled models is 4%; 

meanwhile the relative change in ionic conductivity is 76.03 %.  

The predicted temperature distributions by c-d models in the centre of the electrolyte at 

three different positions are shown in Figure 5.11. It is obvious that the temperature is 

higher at anode/electrolyte interface as where the exothermic-electrochemical reactions 

take place. The sudden drops in the temperature crossing the anode/electrolyte and 

cathode/electrolyte interfaces are due to the difference in thermal conductivities of 

anode and electrolyte. The thermal conductivity at the interfaces is predicted as; 

 𝑘 =
2𝑘1𝑘2

𝑘1+𝑘2
  

             

                (5.1) 

 

According to the heat flux identification crossing the anode/electrolyte and 

cathode/electrolyte interfaces.  

 

Figure 5.10 Electrolyte ionic conductivity and temperature distributions at section B for 

c-d models. 
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Figure 5.11 Temperature distributions at section Es for c-d models 
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The c-d models predict different electrochemical performance, which is checked by V-I 

and P-I curves as displayed in Figure 5.12. The average current densities at 0.7 V for c-

d models are 3134.84 A/m
2
 and 2519.75 A/m

2
, respectively. The relative change (δ) in 

currrent density generation for both models is calculated by, 

 Relative Change (δ) =
(𝛿𝑐− 𝛿𝑑 )

𝛿𝑐
× 100   

              (5.2) 

 

where the subscritp ‘c’ and ‘d’ stand for coupled and deoupled models. It is evidenced 

that the effects of coupling and decoupling are significant, as shown in  Figure 5.13. 

The lower the cell operating voltage, the more sensitive to the coupling/decoupling 

model options, relative change at cell voltage 0.95 V is 6.46 % and increases with the 

decrease in cell voltage because of larger current density generation. The relative 

change at 0.7 V reaches to 19.6 % which refers to greater current density generation by 

coupled model.   

 

Figure 5.12 Voltage and power versus current density for d-model (constant ionic 

conductivity) and c-model (variable ionic conductivity). 
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Figure 5.13 Relative change in current density generation between c-d models. 

 

5.4.6 Thermal Strain 

The thermal expansion mismatch among anode, electrolyte and cathode can cause the 

insufficient operations of the cell and even break down. The thermal strain (defined by 

Eq 4.32) is predicted by predictions of temperature differences from temperature 

distribution and thermal expansion coefficients of electrolyte and porous electrodes. The 

thermal strain distribution from c-d models in the centre of anode, electrolyte and 

cathode are given in Figure 5.14. The higher cell temperature results in larger 

temperature difference and towards greater thermal strain generation in the cell. It 

should be noticed from the results that the thermal deformations of anode, cathode, and 

electrolyte in this sandwiched PEN are different, mismatched with each other, which are 

predicted from both the coupling and decoupling models. The thermal strains in all 

three components are higher from coupled model than those from decoupled model. The 

thermal strain generation for both models is largest in the anode because of the higher 

thermal expansion coefficient. The thermal strain in anode increases from 0.0138 

(decoupled model) to 0.0144 (coupled model). The maximum thermal strain in 

electrolyte for decoupled and coupled models is 0.0106 and 0.0111, respectively. The 
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thermal strain in cathode is larger than electrolyte. The maximum thermal strain in 

cathode for decoupled and coupled models is 0.0117 and 0.0122, respectively. 

 

Figure 5.14 Thermal strain distribution from decoupled (top) and coupled (bottom) 

models at sections A, B and C. 

 

To identify the difference in thermal impacts predicted by c-d models, the relative 

change in thermal strains generation along the cell length in the centre of anode, 

electrolyte and cathode is calculated. The δ in equation 5.2 represents the relative 

change in thermal strain generation. The results are shown in Figure 5.15 . The 

maximum relative change for anode, electrolyte and cathode is 4% and located near the 

cell outlet.  

(a) (b) (c) 
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Figure 5.15 Relative change in thermal strain generation between c-d models at 

sections A, B and C. 

 

The thermal expansion coefficients mismatch between various cell components creates 

the difference in thermal strain generation. The difference in thermal expansion 

coefficient between anode/electrolyte is higher than cathode/electrolyte. The larger 

differences in thermal expansion coefficient between anode/electrolyte result in greater 

thermal strain generation.  The relative change in thermal strain generation between c-d 

models at anode/electrolyte and cathode/electrolyte interfaces along the cell length is 

displayed in Figure 5.16.  The maximum relative change, near the cell outlet, at 

cathode/electrolyte interface 4.5 % is higher than maximum relative change at 

anode/electrolyte interface 3.9 %.  
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Figure 5.16 Relative change in thermal strain generation between c-d models at 

sections F and G.  

 

The thermal strain distribution predicted by c-d models in the centre of anode, 

electrolyte and cathode along the cell thickness is predicted at three different locations 

(close to the inlet, in the centre and close to the outlet of the cell). It is evident from the 

Figure 5.17 that the thermal strain generation in anode for both models and at all 

positions is larger than those of electrolyte and cathode. The maximum thermal strain 

for all the components located near the cell outlet due to larger temperature difference at 

this location. The maximum thermal strain generated, for coupled model, in anode, 

electrolyte and cathode is 0.01398, 0.01075 and 0.01183, respectively. The results for 

relative change between coupled and decoupled models thermal strain generation along 

the cell thickness at different locations are displayed in Figure 5.18.  The relative 

change near the cell inlet is 0.1 % and reaches to 1.14 % near the cell outlet. The 

relative change along the cell thickness is lower as compared to the relative change 

along the cell length which refers larger temperature variation along the main flow 

direction. 
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Figure 5.17 Thermal strain distribution from c-d models at section Es.  

 

 

Figure 5.18 Relative change in thermal strain generation between c-d models at section 

Es.  
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5.4.7 Thermal Strain Gradient 

The thermal strain gradients [m
-1

] are calculated from temperature gradients and thermal 

expansion coefficient of anode, electrolyte and cathode. The gradients in x, y and z 

directions predicted by c-d models in the centre of anode, electrolyte and cathode are 

shown in Figure 5.19. The positive and negative signs indicate the increase (or tension) 

and decrease (or release) in thermal strain, in the cell. From decoupled and coupled 

models, the maximum thermal strain gradients in x direction are 0.0885 [m
-1

] and 

0.0938 [m
-1

] in anode; 0.0747 [m
-1

] and 0.0792 [m
-1

] in cathode, respectively and 

0.0655 [m
-1

] and 0.0695 [m
-1

] in electrolyte, which is lower than those in anode and 

cathode. The results indicate that all three components are under tension in x direction. 

The thermal strain gradients in y direction are higher predicted by coupled model as 

compared to those by decouple models for all three components of PEN. It can be 

observed from Figure 5.19 that all the components undergo tension and release 

associatively in y direction, however, the magnitudes of thermal strain gradient are 

different from each other. Unlike what happed in x and y directions, the anode is tensed, 

while, electrolyte and cathode are both released with the order of magnetite of -0.015 

[m
-1

] and -0.042 [m
-1

] respectively. 

The impact of the c-d models on thermal strain gradients is estimated by calculating the 

relative change in x, y and z directions. The results in the centre of anode, electrolyte 

and cathode are shown in Figure 5.20. The maximum relative changes, for all three 

components, along x and y direction are 23 % and 21%, respectively. And those along z 

direction, for electrolyte and cathode, are almost identical, which are 24.5 % and 24 %. 

The maximum relative change 15 % in anode is lower than those of cathode and 

electrolyte, which indicates that the effect of coupling along z direction is higher in 

electrolyte and cathode. The reasons are the lower temperature gradient on anode side as 

electrochemical reactions take place at anode/electrolyte interface whereas it is higher 

on cathode side as the heat is taken away by the incoming cool air.  
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Figure 5.19 Thermal strain gradients [m
-1

] (x, y, and z components) distribution from c-

d models at sections A, B and C.  
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Figure 5.20 Relative change in thermal strain gradients (x, y and z components) 

between c-d models at sections A, B and C, respectively.  
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5.4.8 Thermal and Mechanical Stresses 

The thermal stresses should have the same behaviours, in general, with those of thermal 

strain of each component of PEN, as the Young’s modules of each component are 

constant, which can be found from the Appendix – B, according to Eq 4.30. However, 

due to the difference in order of magnitude of Young’s modules, the values of thermal 

stresses of one component are different with others even experienced the same strains. 

Taking the same spatial positions as those in section 5.4.6, in the centre of anode, 

electrolyte and cathode along the cell length, the predicted thermal stress and 

mechanical stresses are discussed as follows.  The results from c-d models for thermal 

stress distribution in studied special locations can be found from Figure 5.21. The 

maximum thermal stresses generated in centre of anode from c-d models are 792.33 

MPa and 760.2 MPa, while, those generated in the centre of electrolyte are 2382.1 MPa 

and 2285.79 MPa. The cathode has less thermal stress generation, which are 426.53 

MPa and 409.29 MPa, respectively. The high thermal stress generated in the electrolyte 

is because of the properties of the material (YSZ) used for SOFC electrolyte, of which 

the Young’s Module is 215 GPa, much larger than that of anode and cathode. 
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Figure 5.21 Thermal stress distribution from c-d models at sections A, B and C. 

 

 

As demonstrated in Figure 5.22, the electrolyte thermal stress profiles are as same as 

those of thermal strain shown in Figure 5.17. The maximum thermal stress of 3095.88 

MPa from coupled and 2970.86 MPa from decoupled model are at the interface with 

anode and close to the cell outlet because of the higher temperature at this position. 

Because the difference in Young’s modules and thermal expansion coefficient among 

materials, the thermal stress close to the cell outlet at anode/electrolyte interface is 

3095.88 MPa and drops to 2619.26 MPa at cathode/electrolyte interface, the thermal 

stresses predicted by decoupled model are relative lower, which are 2970.86 MPa to 

2513.55 MPa respectively. 

The relative changes in thermal stress generation by c-d models are similar with those of 

thermal strain, shown in Figure 5.18, at the same locations along the cell thickness, 

which are 0.036 %, 2.25 % and 4.01 % at close to inlet, the centre, and close to the 

outlet, respectively. 
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Figure 5.22 Thermal stress distribution from c-d models at Es.  

 

The Von Mises stress distribution at the same location, along the cell length from c-d 

models are checked, as displayed in Figure 5.23. The Von Mises stresses depend on the 

elastic strain of the material. The Von Mises stress is calculated by fixing the both ends 

(right and left) of the cell. The Von Mises stress is higher for coupled scenario. Unlike 

thermal stress the maximum Von Mises stress generated in the electrolyte. The 

maximum Von Mises stress generated in the centre of electrolyte for coupled and 

decoupled models is 2327.94 MPa and 2383.52 MPa, respectively. The maximum Von 

Mises stress generated in the centre of anode for decoupled and coupled models is 

736.32 MPa and 756.1 MPa respectively. The maximum Von Mises stress generated in 

the centre of cathode for both scenarios is 409.53 MPa and 419.73 MPa.  The maximum 

Von Mises for all three components is located close to the air/fuel outlet. The variations 

near inlet and outlet boundaries are larger because of the fixed position at these 

locations. The distribution along the cell length is uniform and variation in stress values 

is not significant.  
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Figure 5.23 Von Mises Stresses distribution from c-d models at sections A, B and C.  

  

5.4.9 Effect of Operating Voltage on Thermal Strain Generation 

The effect of the operating voltage on the cell electrochemical performance and thermal 

impact is investigated by varying the voltage from 0.7 V to 0.5 V. The lower cell 

voltage results in larger current density and more heat which leads to higher cell local 

temperature. The differences in average current density and maximum cell temperature 

between 0.7 V and 0.5 V are 1700.9 A/m
2
 and 221 °C. The higher cell local temperature 

results in larger temperature difference which refers to greater thermal strain generation. 

The thermal strain distribution in anode, electrolyte and cathode at 0.5 V along the cell 

length is shown in Figure 5.24. The anode has larger thermal strain generation 0.0173. 

The maximum thermal strain generated in electrolyte and cathode is 0.0133 and 0.0146, 

respectively.  
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Figure 5.24 Thermal strain distribution from c-d models at sections A, B and C.   

 

The effect of the operating voltage on the cell thermal impact is predicted by calculating 

the relative change in thermal strain generation by using the following relation, 

 Relative Change (ε_th ) =
( 𝑡ℎ,0.5 𝑉− 𝑡ℎ,0.7 𝑉 )

𝑡ℎ,0.7 𝑉
 × 100      

              

(5.3) 

 

The results are shown in Figure 5.25. The maximum relative change 20% observe for 

anode, electrolyte and cathode which shows that the thermal strain generations at 0.7 V 

is lower as compared to 0.5 V.  

 

Figure 5.25 Relative change in thermal strain generations between 0.7 V and 0.5 V at 

sections A, B and C.  
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5.4.10 Effect of Boundary Restriction on the Stress Generation 

The coupled model is tested for stress generation by restricting the different boundaries. 

The thermal boundary conditions are same and there is no change in thermal stresses. 

The boundary restrictions have effects on elastic strain which results in change of Von 

Mises stresses. The Von Mises stress distribution in the centre of the electrolyte along 

the cell length for various boundary restrictions is illustrated in Figure 5.26. The 

maximum Von Mises stress in both sides fix (left and right) condition is 2191.7 MPa 

which is located at air/fuel inlet. The one side (left) fix case is like a cantilever beam 

and has maximum Von Mises stress 1870.7 MPa at fix end and reduce to 188.52 MPa at 

free end. The maximum Von Mises stress in front and back sides restricted condition is 

4096 MPa and located at the same position. The maximum Von Mises stress for top and 

bottom sides fix is 3738.1 MPa and close to fuel/air outlet.  The highest stress is 

generated in front and back side restricted condition because of larger elastic strain 

generation.  The maximum Von Mises stress for one side restricted condition is less as 

compared to other cases. The average Von Mises stress in one side restricted condition 

is 311.80 MPa. Therefore, the boundary restrictions effect the stress generation and can 

be reduced by properly fix the cell sides.   

 



 

74 

 

Figure 5.26 Von Mises Stress distribution at section B for different boundary 

restrictions. One side fixed (left side), both sides fixed (right and left), front and back, 

and top and bottom. 

 

5.5 Summary 

Numerical model of a single planar SOFC has been developed by coupling fluid flow, 

mass transport, reacting flows and heat transfer equations. The model is validated with 

IEA bench mark data. The current density, temperature and species distribution along 

the cell length are shown. The effect of different temperatures on the cell performance 

has been investigated. The electrochemical performance of the cell depends on the 

material properties such as ionic conductivity which is a function of temperature. It is 

necessary to determine the temperature distribution as electrochemical and thermal 

performance of the cell depends on temperature. The effect of different temperatures, 

material properties, operating voltage and boundary restrictions on the cell performance 

has been investigated. The increase in temperature has more effect on electrochemical 

performance than thermal performance. The thermal strain and thermal strain gradients 

are calculated for decoupled and coupled models. The maximum thermal strain 

generated in the anode because of the larger thermal expansion coefficient than 

electrolyte and cathode. The larger thermal strain results in thermal expansion which 
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can disturb the cell structure and sometimes leads to the cell fracture. The thermal strain 

gradient results indicated that anode and cathode are under tension and electrolyte is 

under compression. The PEN structure material is brittle and it is important to 

investigate the stresses in these sections. The maximum thermal and Von Mises stresses 

are generated in the electrolyte at air/fuel outlet along the cell length. The maximum 

thermal stress along the cell height is located at anode/electrolyte interface. The efforts 

should be made to reduce these stresses as they can cause separation of layers or micro-

cracks in the weaker layers. Hence thermal strains and stresses play an important role in 

the performance of the SOFC and should be reduced.  

 

 

 

 

 



 

76 

Chapter 6 – Thermal Impact and Performance analysis of Methane 

Fueled SOFC  

This chapter reports the numerical results of single planar methane SOFC. The 

temperature and species distributions are predicted at different cell locations. The 

mechanisms of heat generation and consumption during electrochemical and chemical 

reactions are studied in depth.   

6.1 Introduction 

As explained in Chapter 2, Solid oxide fuel cell is most promising because of its high 

electrical efficiency, environmental friendliness, fuel flexibility and internal steam 

reforming [33-35]. Fuel flexibility is mainly due to high operating temperature of SOFC 

(500 – 1000 °C) [35, 185, 210]. The CO which poisons the low temperature fuel cells 

can be used as a fuel in SOFC.  

In case of pure Hydrogen being used as a fuel, the hydrogen is consumed and water is 

produced due to electrochemical reaction. The byproduct during electrochemical 

reaction is heat which is utilized to meet the heat requirement of internal steam 

reforming reaction. Natural gas is available in abundance and considered as the most 

suitable fuel for SOFC stationary applications [123]. The internal methane steam 

reforming reaction enables the conversion of methane into CO and H2. The water gas 

shift reaction follows the methane steam reforming which further converts the CO into 

CO2 and H2. The models studied so far considered methane steam reforming reaction in 

anode-supported SOFC. The decrease in electrolyte thickness helps to lower the 

required operating temperature range for SOFC operation. The decrease in temperature 

results in high electrolyte resistance which consequently reduces the thermal stability 

and overall performance of the cell. The purpose of this chapter is to analyze the 

performance and thermal impact of electrolyte supported methane fueled SOFC. Also 

most of the models described in Chapter 3 deal with electrochemical performance, 

species and temperature distributions and rare models have considered the thermal 

strains and stresses generated in the cell. First time a comprehensive model is developed 

to unravel the relation between distributions of chemical and electrochemical reactions, 

species, temperature, thermal strains and stresses. 
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6.2 Methane Model Description 

A schematic diagram of a single planar solid oxide fuel cell running on methane is 

shown in Figure 6.1. A fuel composition of 17.10%CH4, 26.26%H2, 49.34%H2O, 

2.94%CO and 4.36% CO2 by mole is used on the anode side. Air (21% Oxygen and 

79% Nitrogen) is used as an oxidant on cathode side. The H2 from fuel channel reacts, 

at anode/electrolyte interface, with O2 ions from air channel and generates water and 

electricity. The remaining gas mixture leaves the cell from fuel and air channel outlets. 

 

 

 

Figure 6.1 Cross section view of a single planar SOFC running on methane. 

 

6.3 Methane Model Verification 

Numerical results of a SOFC model are only approximations of real conditions and 

verification is a necessary step to make the model reliable and accurate. To verify the 

model a voltage of 0.7 V is employed and the mass flow of the fuel and air is set as 

1.64E-6 kg/s and 8.788E-6 kg/s respectively, with an operating temperature of 900 °C 

and pressure of 1 bar. The values of anode and cathode exchange current densities are 

same as those of hydrogen model. The electrochemical performance curve which is 

obtained from the present study is presented in Figure 6.2. The average current density 

predicted by the model at 0.7 V is 3152.18 A/m
2
 and well matches with the results of 

IEA report [50]. The average current density in the IEA report is in the range of 2535 – 
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3058.5 A/m
2
 [50]. The power density is calculated by multiplying the cell voltage with 

current density. The average power density at 0.7 V is 2206.53 A/m
2
. 

The difference between both results is within 3%. The reasons for discrepancy are same 

as those explained in Chapter 5. The verified model is then used for further simulation 

studies. 

 

Figure 6.2 Voltage and power density against current density. 

 

6.4 Results and Discussion 

6.4.1 Electrochemical Performance 

The verified model is based on coupling mechanism. The electrochemical performance 

which is predicted by c-d models at different cell voltage is shown in Figure 6.3. The 

average current densities at 0.7 V from c-d models are 3152.18 A/m
2
 and 3757.81 A/m

2
, 

respectively. The current density generation in decoupled model is higher because of 

greater cell operating temperature which results in constant and larger value of ionic 

conductivity. The ionic conductivity in coupled model decreases because of the cell 

local temperature drops. 
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The impact of the coupling on the electrochemical performance of the cell is identified 

by determining the relative change for current density generation between c-d models. It 

is found that the effects of c-d are significant, as shown in Figure 6.4. The negative sign 

represents the overestimation of the current density generation in decoupled model.  The 

results are opposite to those of hydrogen model such as at high operating voltage 0.95 V 

the relative change is -28.3 % and decreases with decrease in the cell voltage. The 

relative change at 0.7 V reaches to -19.21% which refers to lower current density 

generation by coupled model. 

 

Figure 6.3 Voltage versus current density for c-d models. 
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Figure 6.4 Relative change in current density generations at different cell voltage 

between c-d models.  

 

6.4.2 Species Distribution 

The species molar fraction distributions are investigated in the centre of the fuel channel 

along the cell length and the results are displayed in Figure 6.5. The CH4 consumption 

by MSR reaction leads to drop from maximum 0.171 at inlet to minimum 0.04 at outlet. 

Same for H2O, as shown in Figure 6.5, decreases nonlinearly from 0.4934 at inlet to 

0.366 at outlet.  The distribution profile of H2 shows opposite trend as it generates 

during both chemical reactions. The mole fraction of H2 increases from minimum 

0.2626 at inlet to maximum 0.435 at outlet. The CO generates by MSR reaction and 

consumes to produce CO2 during WGS reaction. The reaction rate of WGS reaction is 

lower than MSR and that is why the effect of WGS reaction rate on CO consumption is 

not visible. The mole fraction of CO is higher at outlet 0.11 than 0.0294 at inlet. The 

variation in CO2 mole fraction is small and it varies between 0.0436 at inlet to 0.0445 at 

outlet. 
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Figure 6.5 Species mole fraction distributions at section D.  

 

To further analyze the distribution of the species inside the cell the mole fractions of 

CH4 and CO are plotted along the cell thickness at three different positions, as shown in 

Figure 6.6. The CH4 distribution profile is same at all three positions. The CH4 mole 

fraction is highest in the fuel channel and decreases towards anode/electrolyte interface 

because of the higher reaction rate which results in larger consumption. The distribution 

profile of CO is opposite to CH4. The negative sign of WGS reaction rate supports the 

fact that WGS reaction is reversed and results in higher CO mole fraction. The change 

in mole fraction of CO from fuel channel towards anode/electrolyte interface is not 

significant. The mole fraction of CO near the inlet slightly increases in anode and 

decreases close to outlet.  
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Figure 6.6 CH4 and CO mole fraction distributions at sections Es and F.  

The mole fraction distributions of H2 and H2O at the same positions are illustrated in 

Figure 6.7. The H2 mole fraction is higher in the fuel channel and decreases towards 
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anode/electrolyte interface because of its consumption during the electrochemical 

reaction. The trend of H2O mole fraction is opposite as it produces during 

electrochemical reaction and consumes during MSR and WGS reactions.  

 

 

 

Figure 6.7 H2 and H2O mole fraction distributions at sections Es and F. 
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6.4.3 Temperature Distribution 

The heat is generated during WGS and electrochemical reactions while consumed by 

MSR reaction which results in the drop of cell local temperature, as can be seen in 

Figure 6.8. The differences in maximum and minimum cell local temperature predicted 

by c-d models are 51.61 °C and 48.88 °C, respectively.  The relative change in 

maximum and minimum temperature between c-d models is 5.3% and is calculated by 

the relation as follows, 

 relative change (∆T ) =
(𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛)𝑐− (𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛)𝑑

(𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛)𝑐
× 100    

               

(6.1) 

 

The predicted temperature distributions from c-d models along the cell thickness at the 

same locations as those of species distributions are shown in Figure 6.9. The 

temperature at anode/electrolyte interface is 8 °C higher than those of in the channel 

because of the heat generation during electrochemical reaction at this location. The 

temperature distribution from fuel channel towards cathode/electrolyte interface has 

similar trend, as can be seen from Figure 6.10. However the difference in temperature is 

higher which is due to the heat taken away by the incoming air.  

 

Figure 6.8 Temperature distribution from c-d models at section B.  
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Figure 6.9 Temperature distribution at sections Es and F. 

 

Figure 6.10  Temperature distribution at sections F and G.  
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6.4.4 Reaction Rates Distribution 

The MSR and WGS reaction rates depend on temperature and their distributions in the 

centre of the fuel channel along the cell length are shown in Figure 6.11. The MSR 

reaction rate decreases nonlinearly from 105 mol/m
3
s at inlet to 31.2 mol/m

3
s at outlet. 

The distribution profile of WGS reaction rates shows an opposite trend as it is in 

equilibrium. The WGS reaction rate increases from minimum -3.2 mol/m
3
s at inlet to 

maximum 4.5 mol/m
3
s at outlet.  The negative sign means the reaction is reverse which 

refers to the fact that generation of CO and H2 occurred instead of consumption. 

However because of MSR reaction dominancy this is not visible in Figure 6.5.  

The MSR reaction rate increases from fuel channel towards anode/electrolyte interface 

because of high temperature at interface, as shown in Figure 6.12. The WGS reaction 

rate distribution trend is opposite as it decreases along the same position.   

 

Figure 6.11  MSR and WGS reaction rates distribution at section D.  
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Figure 6.12 MSR and WGS reaction rates distributions at sections Es and F. 
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6.4.5 Heat source/sink related with MSR and WGS 

The heat is consumed because of endothermic MSR reaction and generated due to 

exothermic electrochemical and WGS reactions, which contribute to the overall cell 

energy balance. The heat consumption during MSR reaction is high as compared to 

WGS reaction, as can be seen from Figure 6.13. The maximum MSR heat sink and 

WGS heat source are -23.66 MW/m
3
 and 0.16 MW/m

3
 at cell inlet and outlet, 

respectively. The heat source/sink terms are predicted at different locations along the 

cell thickness and the results are displayed in Figure 6.14. The consumption of energy 

decreases slightly from channel to anode/electrolyte interface because of the 

electrochemical reaction at this location.  

 

Figure 6.13 MSR and WGS heat sink/source distributions at section D. 
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Figure 6.14 MSR and WGS heat sink/source distributions at sections Es and F. 

 

6.4.6 Heat Source and reaction rate for electrochemical reaction 

The heat is generated during electrochemical reaction and acts as a heat source. The 

distribution profile is same as that of temperature, as shown in Figure 6.15. The heat 

source is maximum 9.25E-4 MW/m
2
 at inlet and drops to 7.13E-4 MW/m

2
 at outlet. The 

heat generation is very low as compared to the heat absorbed during MSR reaction 

(refer to Figure 6.13). The consumption of H2 depends on electrochemical reaction rate 

meanwhile the generation during MSR is higher than consumption. The electrochemical 

reaction rate is predicted at anode/electrolyte interface and the distribution along the cell 

length is shown in Figure 6.15. The rate is minimum -8.05E-3 mol/m
2
s at cell inlet and 

increases to -0.0062E-3 mol/m
2
s at cell outlet.    
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Figure 6.15 Electrochemical reaction rate and heat source distributions at sections F.  

 

6.4.7 Thermal Strain and Stress Distribution 

The thermal strain distribution is predicted by the same method as explained in section 

5.4.6 and the results are displayed in Figure 6.16. The distribution profile is similar as 

that of temperature (refer to Figure 6.8). It is noticed from the results that thermal 

deformation for anode, electrolyte and cathode is higher at cell inlet because of greater 

cell local temperature at this location. The maximum thermal strain in anode, electrolyte 

and cathode is 0.0114, 0.0088 and 0.0097, respectively.  
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Figure 6.16 Thermal strain distribution at sections A (a), B (b) and C (c). 

 

The thermal stresses show the same behavior as those of thermal strains. Taking the 

same spatial distribution the thermal stresses are predicted in the centre of anode, 

electrolyte and cathode and the results are shown in Figure 6.17. The maximum thermal 

stress generated in the centre of anode, electrolyte and cathode is 629.18 MPa, 1891.81 

MPa and 338.79 MPa, respectively. The reason for high thermal stress generation in the 

electrolyte is same as that of explained in section 5.4.8.    

The thermal stress along the cell height is larger at anode/electrolyte interface in 

comparison of cathode/electrolyte interface because of the heat generated at this 

position and also due to the larger thermal expansion coefficient, as shown in Figure 

6.18 . The electrolyte thermal stress at anode/electrolyte interface is maximum 2441.86 

MPa at cell inlet. The differences in maximum and minimum thermal stresses close to 

inlet, in the centre and close to the outlet are 374.792 MPa, 358.3 MPa and 355.29 MPa, 

respectively.    
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Figure 6.17 Thermal stress distribution from coupled models at sections A, B and C. 

 

Figure 6.18 Electrolyte thermal stress distribution from coupled models at section Es.  
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6.5 Summary 

A numerical model of a single planar SOFC running on methane has been developed. 

The MSR, WGS and electrochemical reactions have been modeled. The electrochemical 

performance of the developed model compared with IEA bench mark report and showed 

good agreement. The mechanisms of heat generating and absorption by electrochemical 

and chemical reactions have been investigated and their contributions to cell energy 

balance are presented. The temperature, species, electrochemical and chemical reactions 

and thermal strains and stresses distributions over the cell are discussed. The mole 

fraction of CH4 decreases along the main flow direction because of its consumption 

during MSR. The H2 and H2O have opposite behavior. The electrochemical and 

chemical reactions are dependent on temperature. The maximum cell temperature is 

located at channel inlet and decreases along the main flow direction because of MSR 

reaction dominancy. A small temperature difference between fuel channel and 

anode/electrolyte interface is due to electrochemical reaction at this position. Even 

without CTE mismatch the temperature differences which are caused by the 

electrochemical and chemical reactions at different locations in the cell can induce 

significant thermal stresses. The maximum thermal strain is generated in anode, 

meanwhile the maximum thermal stress has been observed in the electrolyte because of 

its high mechanical properties.  
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Chapter 7- Parametric Study to Investigate the Effect of Operating 

Conditions on the Cell Performance and Thermal Impact  

In this chapter, parametric study of methane SOFC model has been performed. The 

mass flow rates and air and fuel compositions are same as that of described in chapter 6 

(refer to section 6.1 and 6.2). Effects of the cell operating temperature, material 

properties (porosity), flow configurations, air fuel ratio, cell geometrical parameters 

(thickness) and cell operating voltage are investigated. The operating conditions with 

significant effects on the cell performance and thermal impact are recognized. 

 

7.1 Introduction 

As explained in Chapter 3, the parameters such as cell operating temperature, material 

properties (porosity, conductivity), flow configurations, air fuel ratio, cell geometrical 

parameters (thickness) and cell operating voltage affect the cell performance [106, 127, 

129, 134, 135, 143, 144, 146, 157, 169]. However, to the best of the author’s 

knowledge, most of the researchers studied the effect on the performance of the anode -

supported SOFC and also no one has investigated the effect on thermal impact [156, 

159, 205, 211-216]. In this study the electrochemical performance and thermal impact 

of an electrolyte supported SOFC has been analyzed and by understanding the effects of 

different parameters on the electrochemical performance and thermal impact will help 

to choose the optimize design parameters for SOFC applications. The simulation results 

from parametric study performed on methane fueled SOFC are discussed as follows;   

7.2 Results and Discussion 

7.2.1 Effects of the Inlet Temperature on the Cell Performance and Thermal Impact  

The model is tested for different inlet temperatures (referred as operating temperatures) 

range between 800 to 1000 °C. The electrochemical performance which is checked by 

V-I curves at different operating temperatures are shown in Figure 7.1. The average 

current densities at 0.7 V for 800 °C and 1000 °C operational temperatures are 2142.74 

A/m
2 

and 3953.29 A/m
2
 respectively. The reason for high current generation at higher 

temperature is due to reduction in electron flows (high ionic conductivity) which results 

in lower ohmic losses. The 25% increases in operating temperature results in 84.5 % 

increase in current density while the cell operating at 0.7 V. 
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Figure 7.1 V-I characteristics at different operating temperatures. 

 

The temperature distribution is predicted in the centre of the electrolyte for each 

operational temperature and the results are displayed in Figure 7.2. The difference in 

maximum and minimum cell local temperature at 800 °C and 1000 °C operational 

temperature cases is 2 °C and 122 °C respectively. The difference at higher temperature 

is larger which supports the fact that increase in temperature results in higher reaction 

rates and more heat is generated during electrochemical and chemical reactions. 
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Figure 7.2 Temperature distribution from different operating temperatures at section B. 

 

The thermal strain distribution in the centre of anode, electrolyte and cathode at 

different operating temperatures is shown in Figure 7.3. The increase in operating 

temperature results in larger temperature difference which referred to greater thermal 

strain generation. The distribution profile is same as that of temperature. The maximum 

thermal strain generated in anode close to inlet at 850 °C, 900 °C and 1000 °C is 

0.0108, 0.0114 and 0.01274, respectively. The electrolyte has maximum thermal strain 

generation 0.0083, 0.0088 and 0.0098 at 850 °C, 900 °C and 1000 °C, respectively. The 

maximum thermal strain generated in cathode is 0.0091, 0.0097 and 0.0108 at 850 °C, 

900 °C and 1000 °C, respectively.  

The effect of the operating temperature on the thermal strain generation in the cell is 

predicted by the relative change which is calculated as; 

 

 
Relative Change (δ ) =

(𝛿𝑟𝑒𝑓− 𝛿𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 )

𝛿𝑟𝑒𝑓
× 100     

              (7.1) 
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Where 𝛿𝑟𝑒𝑓 indicates the thermal strain generation at reference temperature (900 °C) 

and 𝛿𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 the thermal strain generation at various operating temperature.  

The results for relative change in thermal strain generation at different operating 

temperatures at the same spatial positions are shown in Figure 7.4. The relative change 

at a specific operating temperature is identical for all three components. The maximum 

relative change in thermal strain is 11.36 %, which is located near the cell inlet and 

decreases along the cell length. 

 

(a)                               (b)                             (c)  

Figure 7.3  Thermal strain distribution at sections A (a), B (b) and C (c). Rows from top 

1
st
, 2

nd
, 3

rd
, 4

th
 and 5

th
 at 800 °C, 850 °C, 900 °C, 950 °C and 1000 °C, respectively.  
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Figure 7.4 Relative change in thermal strain generations between different operating 

temperatures at sections A, B and C. 

 

The maximum thermal stress is generated in the electrolyte and the distribution profile 

is same as that of thermal strain. The maximum thermal stress generated in the cell 

operated at 800 °C is 1677 MPa and at 1000 °C is 2106 MPa, as shown in Figure 7.5. 

The difference in maximum thermal stress is 429 MPa which refers that a 25% increase 

in operating temperature results an increase of same percentage in thermal stress 

generation. The minimum thermal stress 1845.67 MPa which is generate at 1000 °C is 

still higher than the maximum thermal stress at 800 °C. 
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Figure 7.5 Thermal stress distribution from different operating temperatures at section 

B.  

7.2.2 Effect of the Porosity on the Cell Performance and Thermal Impact 

The model is simulated for different porosities range from 30 to 60%. The equations 

explained in section 4.9 are used to calculate the active surface area. The space between 

the particles is less at low porosity, meanwhile the active surface area for 

electrochemical reactions is large, as shown in Figure 7.6. The active surface area is 

maximum 451059.2 m 
– 1

 at 30% porosity and decreases to minimum 256590.55 2 m 
– 1

 

at 60%. It is evidenced from Figure 7.7 that higher active surface area results in larger 

current density generation. The average current density at 0.7 V from 30% porosity case 

is 3357.86 A/m
2
 and decreases to 2514.77 A/m

2
 at 60%. The 50% increase in porosity 

results in 25% decrease of current density.  

The relative change in current density generation is formulated by implementing 

equation 7.1, where 𝛿𝑟𝑒𝑓 replaces with the current density generation at 40% porosity 

and 𝛿𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 the current density generation at other porosity cases. 
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The decrease in average current density at 0.7 V by varying the porosity from 30 to 40% 

is only -6.5% as can be seen from Figure 7.8. The relative change is maximum 20.22 % 

at 0.7 V between 40 and 60 % porosity cases which refers to decrease in current density 

generation.  

 

 

Figure 7.6 Active surface area versus porosity. 
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Figure 7.7 V-I Characteristics at different porosities.  

 

Figure 7.8 Relative change in average current density generations at different cell 

voltage between different porosity cases. 
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The increase in the porosity results in higher permeability which ultimately enhance the 

fluid flow. The decrease in porosities hinders the multicomponent flow and the 

difference between the mole fraction at reaction sites and flow channels is high. The 

distribution of the Hydrogen mole fractions in the centre of the fuel channel and anode 

along the cell thickness for different porosities is shown in Figure 7.9. The difference in 

the mole fractions between the channel and the anode/electrolyte interface for 60 % 

porosity is 0.05% and for 30% porosity is 0.1%.  

 

Figure 7.9 H2 mole fraction distribution from different porosity cases at sections D and 

F.  

Under the effect of different porosities the differences between temperature distributions 

are less significant, as can be seen from Figure 7.10. The minimum temperature at cell 

outlet from 30 and 60% porosity cases is 849 °C and 845.7 °C, respectively. The 

relative change in temperature between different porosity cases is estimated by using 

equation 7.1 and the results are illustrated in Figure 7.11. The maximum relative change 

in temperature distribution between 40 and 60 % porosity cases is 0.34 %. 
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Figure 7.10 Temperature distribution from different porosity cases at section B. 

 

 

Figure 7.11 Relative change in temperature distribution between different porosity 

cases at section B.  
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The thermal strain distribution follows the same pattern as that of temperature which 

supports to the fact that the thermal strain generation is same at all porosity cases. The 

reason for same amount of thermal strain generation is the order of thermal expansion 

coefficient 10
-6

.  The thermal stress distribution profile in the centre of electrolyte along 

the cell length is shown in Figure 7.12. The difference in thermal stress generation 

between 30 and 60 % porosity cases is 0.4 %.  

 

Figure 7.12 Thermal stress distribution from different porosity cases at section B.  

 

7.2.3 Effect of the Flow Configurations on the Cell Performance and Thermal 

Impact   

The difference in current density between co-flow and counter flow configurations is 

not significant, as can be seen from Figure 7.13. The average current density at 0.7 V 

for co-flow case is 40 A/m
2
 higher than counter flow case. The current density 

distribution at anode/electrolyte interface along the cell length is plotted and the results 

are displayed in Figure 7.14. The current density distribution for co-flow case is more 

uniform than counter flow case. The current density for co-flow configuration decreases 
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along the flow direction because of the oxygen and hydrogen consumption. In counter 

flow the air and fuel enter in the opposite direction.  The difference in current density 

distribution is because of different H2 partial pressures.  

 

Figure 7.13 V-I Characteristics for co and counter flow configurations. 
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Figure 7.14 Current density distribution for co and counter flow configurations at 

section F.  

 

The temperature near inlet is same but near the outlet the temperature for counter flow 

case is higher, as can be seen in Figure 7.15. The low temperature in co-flow case 

indicates that the heat absorbed by MSR reaction is high. The low temperature leads to 

decreases in thermal strain and stress generation. The thermal strain distribution for both 

flow configurations along the cell length is shown in Figure 7.16. The maximum 

thermal strain generation in all components located near the cell inlet and outlet because 

of the higher temperature at these positions. The thermal stress distribution profile is 

same as that of temperature and is displayed in Figure 7.17. In case of co-flow the 

thermal stress is highest at the inlet and decreases towards the outlet. The thermal stress 

in counter flow case is higher at inlet and outlet. The temperature, thermal strain and 

stress distributions in co-flow is more uniform as compared to counter flow and offers 

better thermo-mechanical stability of the cell.  
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Figure 7.15 Temperature distribution for co and counter flow configurations at section 

B. 

 

 

Figure 7.16  Thermal strain distribution from co-flow (top) and counter flow (bottom) 

configurations at sections A (a), B (b) and C (c). 
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Figure 7.17 Thermal stress distribution from co and counter flow configurations at 

section B.  

 

7.2.4 Effects of the Air Fuel Ratio on the Cell Performance and Thermal Impact 

The model is tested for different air fuel ratios (AFR) and effect on the electrochemical 

performance of the cell is shown in Figure 7.18. The mass of the fuel remains 

unchanged and air mass flow rate is varied to alter the air fuel ratio. The increase in 

AFR results in higher current density because of the increase in oxygen ion flows and 

vice versa. The average current densities at 0.7 V for AFR 15.769, 31.537 (base case) 

and 63.074 are 3031.36 A/m
2
, 3152.18 A/m

2
 and 3268 A/m

2
, respectively.

 
The relative 

change is estimated by implementing equation 7.1, where 𝛿𝑟𝑒𝑓  replaces with current 

density generation at AFR 31.537 and 𝛿𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 with current density generation at 

various AFRs. The results are illustrated in Figure 7.20. The maximum relative change 

between AFR 31.537 and 63.074 in current density is -7.8 % at 0.95V and decreases to -

3.7 % at 0.7 V. Meanwhile the relative change between AFR 31.537 and 15.769 is same 

in magnitude with opposite sign.   
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Figure 7.18 V-I Characteristics at different A/F ratios. 

 

 

Figure 7.19 Relative change in average current density generations at different voltages 

between various air/fuel ratio cases. 
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The heat generated during the electrochemical reaction is taken away by the incoming 

air and the increase in the mass flow rate results in the decrease of cell local temperature 

as shown in Figure 7.20. The difference between maximum and minimum cell 

temperature for AFR 15.769, 31.537, 63.074 is 61 °C, 51.5 °C and 45 °C, respectively. 

The increase in AFR from 15.769 to 63.074 results in 26.3 % decrease in the cell 

temperature difference between the inlet and outlet which leads to more uniform 

temperature distribution. The effect of the AFR on temperature distribution is estimated 

by calculating the relative change with reference to base case. The results are presented 

in Figure 7.21. The maximum relative change 1.15 % in temperature distribution is near 

the cell outlet when the AFR decreases from the reference case and -0.8 % when AFR 

increases. 

 

Figure 7.20 Temperature distribution for different A/F ratios at section B. 
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Figure 7.21 Relative change in temperature distribution between different air/fuel ratio 

cases at section B.  

 

The thermal strain distribution for different AFRs in anode, electrolyte and cathode is 

shown in Figure 7.22. The thermal strain generation depends on the temperature 

difference between the cell temperature and strain free temperature which is taken as 20 

°C. The maximum thermal strain generation for anode, electrolyte and cathode is 

identical for all AFRs as the temperature at the inlet is same for all three cases. The 

thermal strain generation of each component is different because of different thermal 

expansion coefficient. The thermal strain generation at AFR 15.769, 31.537 and 63.074 

in anode close to the cell inlet is 0.0106, 0.0108 and 0.0109, respectively. The thermal 

strain for electrolyte is 0.0082, 0.0083 and 0.0084 and for cathode is 0.0090, 0.0091 and 

0.0092. 

 The thermal stress distribution profile is opposite to temperature profile because of the 

high temperature at the cell outlet for AFR 63.074 with reference to 15.769 and 31.537 

as shown in Figure 7.23 . The thermal stresses generated at the cell outlet for AFR 
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15.764, 31.537 and 63.074 are 1760.07 MPa, 1781.03 MPa and 1795.49 MPa, 

respectively. 

 

Figure 7.22 Thermal strain distribution at different AFRs at sections A (a) 15.769 (d) 

31.537 (g) 63.074, B (b) 15.769 (e) 31.537 (h) 63.074 and C (c) 15.769 (f) 31.537 (i) 

63.074. 
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Figure 7.23 Thermal stress distribution from different A/F ratio cases at section B. 

 

The AFR can also be changed by varying the fuel mass flow rate. The increase in the 

mass flow rate decreases the air fuel ratio and also tends to decrease the fuel utilization. 

The decrease in the mass flow rate results in higher AFR and also increases the fuel 

utilization. The increase in fuel utilization may cause the fuel starvation and cold spots 

that exacerbate the temperature non-uniformities.  

7.2.5 Effect of the Cell Thickness on the Cell Performance and Thermal Impact 

The ionic conductivity of SOFC strongly depends on temperature and at lower 

operating temperatures the ionic conductivity decreases and cathode or anode-supported 

configuration is preferable. In other words the lower ionic conductivity results in higher 

resistance to the flow of electrons and to recover this thin electrolyte is employed for the 

cell operation between 500 to 800 °C. The electrolyte is thin with thickness around 10 – 

20 µm and the thickness of the electrodes varies between 350 to 1500 µm. The decrease 

in cell operating temperature also increases the opportunities to employ number of 

alternative materials for the cell components [49, 217-224].   
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The base case model is simulated with anode and cathode thickness as 50 µm and 

electrolyte thickness of 150 µm. The impact of the cell thickness on electrolyte 

supported SOFC performance is investigated. The analysis is carried out by keeping the 

anode and cathode thickness unchanged and the electrolyte thickness varies. The V-I 

curves are shown in Figure 7.24. It has been found that current density increases by 

varying the electrolyte thickness from 150 to 100 µm and decreases with increase in 

thickness from 150 to 200 µm. 

The relative change is estimated by replacing  𝛿𝑟𝑒𝑓  with current density generation for 

base case and 𝛿𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 with change in electrolyte thickness cases. The results are 

presented in Figure 7.20. The current density for the base case is 3152.18 A/m
2
 at 0.7 V 

which decreases 13.1% by the decrease in thickness, meanwhile the decrease in 

thickness results 17.5% high current density generation. It is consistent with the fact that 

less dense electrolyte offers low resistance and allows the more number of electrons to 

flow. However, the decrease in the thickness of the electrolyte reduces the strength of 

the cell which increases the possibilities of low life cycle.  

 

 

Figure 7.24 V-I Characteristics for different electrolyte thickness cases. 
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Figure 7.25 Relative change in current density generations at different voltages between 

different cell thickness cases.  

 

The simulation results from the influence of electrolyte thickness on the temperature 

distribution, in the centre of the electrolyte, are presented in Figure 7.26. The 

temperature difference between maximum and minimum temperature of the cell 

increases while electrolyte thickness varies from 100 to 200 µm. The effect of the 

electrolyte thickness on the temperature distribution is not significant.  The minimum 

temperatures for 100, 150 and 200 µm cases are 850.56 °C, 848.5 °C and 846.74 °C, 

respectively. The reason is that the thickness of the electrolyte does not have significant 

effect on the heat consumption and generation during chemical and electrochemical 

reactions. The results of the relative change in temperature distribution, which is 

calculated by using equation 7.1, are illustrated in Figure 7.27. The maximum relative 

change near cell outlet due to increase in thickness is 0.196 % and because of decrease 

in thickness is -0.26 %.  
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Figure 7.26 Temperature distribution from different electrolyte thickness cases at 

section B. 

 

 

 

Figure 7.27 Relative change in temperature distribution between different cell thickness 

cases at section B.  
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The thermal strain distribution is same for all components and has same values for 

different electrolyte thicknesses, as can be seen from Figure 7.28. The thermal stress 

generation depends on thermal strain distribution and Mechanical properties of the 

different cell components. The thermal stress of the electrolyte is higher and distribution 

along the cell length is shown in Figure 7.29. The thermal stress at 100 µm electrolyte 

thickness is slightly higher than 200 µm electrolyte thickness. The minimum 

temperature at 100 µm electrolyte thickness is higher than 150 and 200 µm which 

results in greater thermal stress generation.  The thermal stresses close to the cell outlet 

are 1785.70 MPa, 1781.03 MPa and 1777.49 MPa for 100, 150 and 200 μm cases, 

respectively. 
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Figure 7.28 Thermal strain distribution at different electrolyte thickness cases (from top 

first, second and third row at 100E-6m, 150E-6 m and 200E-6 m, respectively) at 

sections A (a), B (b) and C (c).  

 

 

 

Figure 7.29 Thermal stress distribution from different electrolyte thickness cases at 

section B. 
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7.2.6 Effects of the Operating Voltage on the Cell Performance 

One of the advantages of the developed model is load flexibility. The cell can operate at 

different voltage depending on the power needed. The current density generation at 

different cell voltage is shown in Figure 7.30. The current density and voltage are 

inversely proportional. The current density at 0.7 V is 3152.18 A/m
2
 and reaches to 

6422 A/m
2
 at 0.4 V. The increase in current density is 103.73%. The fuel utilization 

depends on the cell operating voltage and further decrease in the voltage leads towards 

the fuel starvation, as shown in Figure 7.31. The methane mole fractions at cell outlet 

for 0.7 and 0.4 V are 0.04276 and 5.81E-5, respectively. The 75% of methane is utilized 

at 0.7 V and 99.97% at 0.4 V.  

 

Figure 7.30 V-I Characteristics at different operating voltages. 
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Figure 7.31 Methane mole fraction distribution from different operating voltages at 

section D.  

 

The temperature at different cell operating voltage is predicted and the distribution in 

the centre of the electrolyte is shown in Figure 7.32 . The minimum cell temperature at 

0.7 V is 848.4 °C and 871.5°C is observed at 0.4 V. The temperature difference between 

maximum and minimum cell temperature at 0.7 and 0.4 V is 51.6 and 28.5 °C, 

respectively.  The decrease in temperature difference supports the fact that at lower 

voltage the current density is higher which results in more heat generation during the 

electrochemical reaction. 

The thermal strain distribution in the centre of anode, electrolyte and cathode along the 

cell length and width is presented in Figure 7.33. The thermal strain generation at 0.4 V 

is slightly higher, near the cell inlet for all three components, in comparison of 0.7 V 

case. The maximum thermal strain 0.0115 is observed in anode follow by 0.00971 in 

cathode and 0.0082 in electrolyte. The effect of the cell operational voltage on thermal 

strain distribution is estimated by calculating the relative change. The equation 7.1 is 

used where 𝛿𝑟𝑒𝑓 changes with the thermal strain generation for voltages range from 0.95 

to 0.7 V and 𝛿𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙   with the thermal strain generation from 0.95 to 0.4 V. The 
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relative change is same for all the components, as can be seen in Figure 7.33. The 

relative change is maximum -2.79 % near the cell outlet.   

The electrolyte thermal stresses from both voltage cases are predicted at the same 

spatial location and the distributions are shown in Figure 7.35. The thermal stresses at 

0.7 and 0.4 V are 1781.04 MPa and 1830.67, respectively. The 2.8% increase in thermal 

stress generation is observed by varying the cell voltage. The reason for increase in 

thermal stress is high temperature at 0.4 V.  

 

Figure 7.32 Temperature distribution from different operating voltages at section B.  
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(a)                                          (b)                                  (c) 

Figure 7.33 Thermal strain distribution for 0.7 V (top) and at 0.4 V (bottom) at sections 

A (a), B (b) and C (c). 

 

 

Figure 7.34 Relative change in thermal strain generations between 0.7 V and 0.4 V 

cases at sections A, B and C. 
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Figure 7.35 Thermal stress distribution from different operating voltages at section B.  

 

7.3 Summary 

The impact of the parameters such as cell operating temperature, material properties 

(porosity), flow configurations, AFR, cell geometrical parameters (electrolyte thickness) 

and operating voltage on the SOFC performance and thermal impact have been 

investigated. It has been identified that the cell electrochemical performance is most 

affected by the operating voltage follow by the temperature, material properties 

(porosity), cell thickness, and AFR. Regarding thermal impact the temperature has more 

effect on thermal strain and stress generations follow by the operating voltage, AFR, 

cell thickness and porosity. The flow configurations does not have much effect on the 

performance and thermal impact, however co-flow configuration offers more uniform 

current density, temperature and thermal stress distributions. The higher AFR generates 

more current, the difference between maximum and minimum cell temperature is low, 

whereas generates larger thermal stresses. It has been recognized that thin electrolyte 

results in higher current density and the effect on the temperature and thermal strain and 

stress distribution is not significant. The current density is directly linked with the cell 

operating voltage and lower voltage generates more current, greater fuel utilization, less 
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temperature difference between cell inlet and outlet and higher thermal strain and stress 

generation.  
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Chapter 8 – SOFC Stack Modeling 

In practical applications a single cell is rarely used, instead, a fuel cell stack is 

constructed by connecting the cells either in electrical series or parallel or both. This 

chapter gives description about the SOFC stack model and provides the simulation 

results for the electrochemical performance, the species, reaction rates, temperature and 

thermal strain and stress distributions of the various cells.  

8.1 Introduction 

As explained in Chapter 3, the thermal strains and stresses are generated in SOFC due 

to high temperature operation. The thermal strains and stresses generated in methane 

fuel SOFC are less than hydrogen because of the heat consumption during MSR 

reaction. A single planar SOFC model running on methane fuel is upgraded to stack 

level. In order to draw useful amount of current the cells are connected in series [59, 

112, 217, 225-227]. The connection of the cells in series or parallel is known as fuel cell 

stack.  The 8 cells are connected in parallel flow configuration in such a way that air 

flow channel of one cell is linked to the fuel flow channel of the next cell and so on, as 

shown in Figure 8.1.The two cells are connected with each other by interconnect. The 

interconnect separates the two cells and also acts as a physical barrier and avoid the 

harmful mixing of the gases (e.g. hydrogen and oxygen). It is also worth mentioning 

here that interconnect also has a structural role to keep the solid and transportable stack. 

The Lanthanum Chromite (La1-xSrCrO3) is used as a material for interconnect. The 

thickness of interconnect is selected as 300 E-6 m. 

The mechanical and electrochemical properties of Lanthanum Chromite are taken from 

the literature [225, 228-230] and listed in Table 8.1  
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Figure 8.1 Stack of Planar SOFC consists of 8 cells. The cell length, width and height is 

in m.  

 

Table 8.1 Properties of Lanthanum Chromite  

Parameter Value 

Density ρ (kg/m3) 4640 

Heat Capacity Cp (J kg-1K-1) 300 

Thermal Conductivity k (W m-1 K-1) 2.2 

Modulus of Elasticity E (GPa) 209 

Poisson’s ratio υ 0.30 

Thermal expansion coefficient α (K-1) 9.4E-6 

Conductivity (S/m) 100 

 

8.2 Results and Discussion 

8.2.1 Electrochemical Performance 

The electrochemical performance of each cell in terms of V-I curves are shown in 

Figure 8.2. The current density generation at various voltages is identical for the middle 
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cells (from 2
nd

 to 7
th

) such as 3290 A/m
2
 at 0.7 V. The current densities for bottom (1

st
) 

and top (8
th

) cells are 3120.69 and 3326.86 A/m
2
, respectively. The difference in the 

current density between different cells depends on the thickness and the materials use 

for interconnects.   

 

 

Figure 8.2 V-I Characteristics of different cells. 

 

8.2.2 Species Distribution 

The methane and hydrogen mole fractions distributions are estimated in the center of 

the fuel channels along the cell length and the profiles are shown in Figure 8.3. The 

methane mole fraction decreases along the flow direction because of the consumption 

during MSR reaction, meanwhile the hydrogen mole fractions increase due to formation 

during MSR and WGS reactions. The consumption of the methane varies from 72.5 % 

for bottom cell to 92.6 % for top cell. The higher consumption of methane results in 

higher production of the Hydrogen. The hydrogen production varies from 65.87 % to 

88.5 % for bottom and top cells, respectively.  
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Figure 8.3 Methane and hydrogen mole fraction distributions for different cells at 

section D.  

 

8.2.3 Reaction Rate 

The consumption of Methane depends on MSR reaction rate. The reaction rates are 

strong function of the cell temperature. The distribution of the MSR reaction at the same 

spatial position as that for species is shown in Figure 8.4. Like current density the 

reaction rate for bottom and top cells is different from middle cells.  The reaction rate is 

higher at the cell inlet because of the higher temperature at this location. The maximum 

MSR reaction rate for all the cells is identical because of the same temperature at the 

inlet. The minimum MSR reaction rates at outlet for bottom and top cells are 

28.7mol/m
3
s and 41.32mol/m

3
s, respectively. 
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Figure 8.4 MSR reaction rate distribution for different cells at section D. 

 

8.2.4 Temperature distribution 

The temperature is predicted in the centre of the electrolyte along the cell length and 

distribution for various cells is shown in Figure 8.5. The temperature is highest at the 

inlet and decrease along the cell length due to the heat absorbed by MSR reaction. The 

temperature at the inlet is same for all the cells but the temperature at the outlet is 

different. The difference in the temperature at outlet between different cells depend on 

the conductivity of the material use for interconnect. The minimum temperature at 

outlet for bottom and top cells are 844.09 and 860.32 C, respectively. The temperature 

for rest of the cells is almost identical and in the range of 854 °C to 855 °C. The 

maximum temperature difference 55.91 °C between inlet and outlet temperature is for 

the bottom cell.  

The temperature distribution is predicted in the centre of the cells along the stack height 

at three different locations. The distribution is not uniform along the cell height, as can 

be seen from Figure 8.6. The temperature is lower in the fuel channels of the cells, at all 

locations, because of the heat consumption during MSR reaction while the temperature 

in the air channels is higher. The minimum temperature 837.84 °C is located, close to 
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the cell outlet, in the fuel channel of the bottom cell. The difference between maximum 

and minimum stack temperature along the height, close to the cell inlet, in the centre 

and close to the outlet is 11.71 °C, 50.75 °C and 49.9 °C, respectively.  

 

 

Figure 8.5 Temperature distribution for different cells at section B.  
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Figure 8.6 Temperature distribution in the centre of the 8 cells at section Es.  

 

8.2.5 Thermal strain and stress distribution 

The thermal strain generation depends on the cell temperature and thermal expansion 

coefficients. The largest thermal expansion coefficient results in high thermal strain 

such as in anode which increases the probability of the cell failure. The thermal strain 

distribution in the centre of the anode for all cells is displayed in Figure 8.7. The 

thermal strain distribution profile is same as that of temperature. The maximum thermal 

strain 0.0114 is same for all the cells because of same inlet temperature 900 °C. The 

minimum thermal strains for bottom and top cells are 0.0107 and 0.0109, respectively. 

The minimum thermal strain for the middle cells is 0.0108.  

The thermal strain distribution along the stack thickness is predicted at section E. The 

profile is similar as that of temperature (refer to Figure 8.6). It is evident from the 

Figure 8.8 that the thermal strain generation in anode for all the cells at all positions is 

higher than those of electrolyte, cathode and interconnect. The maximum thermal strain 

for all the components located near the cell inlet due to larger temperature difference at 

this location. The difference in thermal strain generation between different cells is not 
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significant. The maximum thermal strains generated, for all cells, in anode, electrolyte, 

cathode and interconnect are 0.0114, 0.0088, 0.0096 and 0.0082, respectively. 

The thermal stress generation in the electrolyte is higher because of the greater Modulus 

of Elasticity (215 GPa) as compared to anode and cathode. The electrolyte thermal 

stress distribution for all cells at same spatial position as that for temperature is shown 

in Figure 8.9. The minimum thermal stress is generated for the bottom cell because of 

the less temperature difference between the cell local temperature and strain free 

reference temperature at this position. The minimum thermal stresses those are 

generated at the cell outlet for the bottom and top cells are 1689.38 and 1722.67 MPa, 

respectively. The difference in thermal stresses between different cells is because of the 

different temperatures at the cell outlet. The modulus of elasticity for the LaCrO3 

interconnect is less than YSZ but higher than anode and cathode. Therefore thermal 

stresses generated in interconnect are higher than anode and cathode.  

 

Figure 8.7 Thermal strain distribution at section A. 
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Figure 8.8 Thermal strain distribution at section Es. 
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Figure 8.9 Thermal stress distribution for various cells at section B.  

 

8.3 Summary 

In this chapter the performance and thermal impact of methane fuel planar SOFC stack 

has been analyzed. The electrochemical performance, species, reaction rates, 

temperature, thermal strain and stress distributions for each cell are discussed. It has 

been identified that the performance of the top and bottom cells are different from the 

middle cells because of interconnect. The temperature and thermal strain distributions 

are non-uniform along the stack height. The difference in the temperature and thermal 

stress generation depends on the properties of the material use for interconnect. 

Therefore materials for interconnect plays an important role in the structural and 

thermal stability of the cell. 
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Chapter 9 – Conclusions and Future Work Suggestions 

The overall aim of this thesis is to develop a numerical model by coupling dynamics of 

electrochemical reacting flows, heat transfer, and thermal impacts (thermal strains and 

stresses) of solid electrolyte and porous electrodes for analysing the SOFC performance. 

Due to high operating temperature, thermal strains and stresses are generated in SOFC 

which can cause cell failure. In this context, the areas with larger thermal strains and 

stresses are identified to improve the cell performance.  

The main conclusions of this research are outlined below, followed by suggestions for 

future work. 

9.1 Conclusions  

A 3D numerical model of a single Planar SOFC running on Hydrogen has been 

developed to investigate the electrochemical performance and thermal impact. Heat 

generated during exothermic electrochemical reactions made the cell temperature higher 

than operating temperature. The material properties, thermal strain and stress generation 

depend on the temperature. In this regard, temperature distribution is essential for better 

understanding of cell performance and design optimization.  This model is based on 

thermal properties of materials (fluids and PENs) and electrochemical and chemical 

reactions those were estimated by the cell local temperature. The results from the 

numerical modeling well matched with the standard data of IEA [50].  Effects of cell 

operating temperature and material properties on cell electrochemical performance and 

thermal impact have been investigated. The high thermal expansion coefficient of anode 

materials causes the largest thermal strain in the cell. The modulus of elasticity of the 

electrolyte is greater than anode and cathode and thermal stress for the electrolyte is the 

largest.  

The thermal strains, thermal and mechanical stresses generated in the cell are calculated 

at different operating temperatures, boundary restrictions and various operating 

voltages. The higher operating temperature resulted in higher cell temperature that could 

lead to larger thermal strain and stress generation. It has been found that the mechanical 

stress generations depend on the way the cell is fixed.  

The SOFCs are high temperature fuel cells which enable the internal steam reforming of 

the hydrocarbon fuels. The model developed is tested for different fuels such as 

methane. The MSR and WGS reactions have been modelled. The heat source / sink 
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terms related to electrochemical, MSR and WGS reactions are calculated and their 

contribution towards overall cell energy balance is analyzed. It has been observed that 

heat absorbed during MSR reaction is more than the heat generated during 

electrochemical and WGS reactions that ultimately lowers the cell temperature. This 

drop in the cell temperature reduces the thermal strain and stress generation. Therefore, 

the methane fueled SOFC has smaller thermal strains and stresses than Hydrogen fueled 

SOFC. 

Furthermore, the performance and thermal impact of methane fueled SOFC is analyzed 

by considering the effects of cell operating temperature, material properties (porosity), 

flow configurations, AFR, cell thickness and cell operating voltage. It has been found 

that cell performance is very sensitive to the operating voltage follow by the 

temperature, material properties (porosity), cell thickness and AFR. Regarding thermal 

impact temperature has more effect on thermal strain and stress generations follow by 

the operating voltage, AFR, cell thickness and porosity. The smaller porosity is found to 

be favorable for higher current density as more area would be available for 

electrochemical reaction. The lower porosity also restricted the flow which results in 

larger mole fraction gradient between the channels and the reaction sites. A porosity of 

0.4 is suitable for SOFC operation. The temperature differences are created by the heat 

produced and consumed during chemical and electrochemical reactions at different 

locations.  The flow configurations affect the temperature gradients. To minimize the 

generated thermal stresses, and size of the temperature gradient/differences, the flow 

should be made smoother (uniform temperature distribution).  

The co-flow configuration offers better thermo-mechanical stability because of uniform 

distribution of the temperature and thermal stresses. The higher AFR results in higher 

current density and lower temperature difference between the cell inlet and outlet 

temperature. The temperature at cell outlet for higher AFR is larger than smaller AFR 

and causes the greater thermal strain and stress generation. The AFR 31.537 is safe for 

methane fueled SOFCs. The thinner electrolyte offers less resistance to the ions flow 

and generates more current density but reduces the mechanical stability of the cell. The 

fuel utilization depends on the cell voltage as lower cell voltage results in higher fuel 

utilization which may cause the fuel starvation during the cell operation.  

 Finally, the model is upgraded to stack level and the performance of the individual cell 

is predicted. It has been found that the current density, species mole fractions, 
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temperature, rates of reactions, thermal strains and stresses distributions are different for 

the top and bottom cells, meanwhile identical for the middle cells.  The temperature 

distribution along the stack height is non-uniform resulting in uneven thermal strain and 

stress distribution. It has been recognized that interconnect plays an important role in 

the cell thermal and structural stability.   

 

9.2 Future Work Suggestions 

The developed 3D numerical model of SOFC is fuel flexible and greatest advancement. 

The model helps in predicting the location where failure may occur during the cell 

operation. It also helps in selecting suitable materials for various cell components which 

are required for better cell performance and structural stability. The future work should 

be aimed at extending the investigations carried out during this research in the following 

directions; 

 The model could be tested by employing different fuels such as methanol and 

ammonia. The hydrogen from renewable sources such as wind and solar can be 

used in SOFC. The use of hydrogen in SOFC produced from renewable 

resources ultimately reduces the environmental impact. 

 The anode-supported SOFCs are suitable for intermediate temperature cell 

operation. The different materials for various cell components could be tested 

for improved performance. The Stainless Steel could be an alternative material 

for interconnect of intermediate temperature SOFCs. 

 The experimental and mathematical relations could be developed to find the 

effective material properties at the interface of the different cell components. 

 The CO produced from the gasification of the biofuels could be used in SOFCs. 

Normally hydrogen participates in the electrochemical reaction and CO reacts 

with steam which generates the hydrogen. The electrochemical parameters for 

CO reduction reaction should be found experimentally so that it can participate 

in the electrochemical reaction and generates more current.  
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 In Stack model the exhaust fuel of one cell could be recycled to the inlet of the 

neighbouring cell and so on. The exhaust from the stack could be used in gas 

turbine for cogeneration.  
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Appendix A – Fuller Diffusion Volume Coefficients [231] 

Component H2 H2O O2 N2 CH4 CO CO2 

Volume Coefficients 7.07 12.7 16.6 17.9 25.14 18.9 26.9 

 

Appendix B – Thermal and Mechanical Properties [165] 

Description Anode Electrolyte Cathode 

Thermal expansion coefficient α (K
 – 1 

) α 11e-6 13 E-6  10 E-6 11 E-6 

Modulus of Elasticity E (GPa) 55 215 35 

Poisson’s ratio υ 0.17 0.32 0.25 
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Appendix C – Nomenclatures and Abbreviations 

A Ampere  

a Anode  

act Activation  

AFC Alkaline Fuel Cell  

Al2O3 Aluminium Oxide  

Av Active Surface Area  

C Coulomb   

c Cathode  

c Molar Concentration  

CaO Calcium Oxide  

CC Combined Cycle  

CCS Carbon Capture and Storage  

CFCL Ceramic Fuel Cell Limited  

CFD Computational Fluid Dynamics  

CH4 Methane  

CHP Combined Heat and Power  

CH3OH Methanol  

CO Carbon Monoxide  

CO2 Carbon Dioxide  

CO3 Carbon Trioxide  
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ch Channel  

cm Centimetre  10 
– 2

 m 

CTE Coefficient of Thermal Expansion  

DMFC Direct Methanol Fuel Cell  

Dij Multicomponent Maxwell Stefan Diffusion Coefficient  

D
m

 Molecular Diffusion Coefficient  

D
mk

 Mixture Averaged Diffusivity   

D
k
 Knudsen Diffusion Coefficient  

dp Pore Diameter  

e Electrolyte  

E Modulus of Elasticity  

F Body Force  

F Faraday Constant  

FEA Finite Element Analysis  

FEM Finite Element Method  

g Gram 10
–3

 kg 

GPa Giga Pascal  

GT Gas Turbine  

H Height  

H2 Hydrogen  
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H2O Water  

H3PO4 Phosphoric Acid  

H2S Hydrogen Sulphide  

Δ H Reaction Enthalpy  

i Current Density  

io Exchange Current Density  

ICE Internal Combustion Engine  

IEA International Energy Agency  

IG Integrated Gasification  

IP Integrated Planar  

J Joule  

J2 Second Deviatoric Stresses Invariant  

K Kelvin  

k Thermal Conductivity  

k
eff

 Effective Thermal Conductivity  

Keqr Equilibrium Constant of Steam Reforming  

Keqs Equilibrium Constant of Shift Reaction  

kf Fluid Thermal Conductivity  

kg Kilogram  

KOH Potassium Hydroxide  
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krf Forward Rate Constant of Steam Reforming  

ks Solid Thermal Conductivity  

ksf Forward Rate Constant of Shift Reaction  

kW Kilo Watt   

L Length  

LiAlO2 Lithium Aluminate  

LSC Lanthanum Strontium Cobaltite  

LSCF Lanthanum Strontium Cobaltite Ferrite  

LSGM Lanthanum Strontium Gallate Magnesite  

M Molecular Weight  

m Metre  

MCFC Molten Carbonate Fuel Cell  

mm Millimetre 10
–3

 m 

MPa Mega Pascal  

MSR Methane Steam Reforming  

MT Micro Tubular  

MW Mega Watt  

N Newton  

NASA National Aeronautics and Space Administrator’s  

NEC Nippon Electric Company  
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nel Number fractions of the electron conducting particles  

Ni Nickel  

NiO Nickel Oxide  

nio Number fractions of the ion conducting particles  

NOx Nitrogen Oxides  

nt Total Number of Particles per Unit Volume  

O2 Oxygen  

OECD Organisation for Economic Co-operation and Development  

OpenFoam Open Field and Manipulation  

p Partial Pressure  

Pa Pascal  

PAFC Phosphoric Acid Fuel Cell  

PEMFC Polymer Electrolyte Membrane Fuel Cell  

PEN Positive Electrode Electrolyte Negative Electrode Structure  

Q Heat Source  

Ql Ionic Current Source Term  

Qs Electric Current Source Term  

R Gas Constant  

ref Reference  

rel Radius of Electron Conducting Particles  
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rio Radius of Ion Conducting Particles  

Ri Species Production/Consumption Rate  

S Sulphur  

s second  

SOx Sulphur Oxides  

SOFC Solid Oxide Fuel Cell  

SSZ Scandia Stabilized Zirconia  

T Temperature  

t Thickness  

TPB Three Phase Boundary  

ΔT Temperature Difference  

u Velocity  

V Molecular Diffusion Volume  

V-I Voltage Current  

Vpol Polarization  

W Watt  

W Width  

WGS Water Gas Shift  

Yi Species Mass Fraction  

YSZ Yttria Stabilized Zirconia  
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Y2O3 Yttrium Oxide  

Z Total Average Number of Contacts of Each Particle  

Zel Coordination Number of the Electron Conducting Particles  

Zio Coordination Number of the Ion Conducting Particles  

ZrO2 Zirconium Oxide  

α Thermal Expansion Coefficient  

αa Anodic Transfer Coefficient  

αc Cathodic Transfer Coefficient  

°C Degree Celsius  

0D Zero Dimensional  

1D One Dimensional  

2D Two Dimensional  

3D Three Dimensional  

ε Porosity  

εth Thermal strain  

η Overpotential  

μ Dynamic Viscosity  

μm Micrometre 10
–6

  m 

υ Poisson’s Ratio  

φel Volume Fraction of Electron Conducting Particles  
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Δφeq Equilibrium Potential  

φl Ionic Potential  

φs Electronic Potential  

ρ Density  

σl Ionic Conductivity  

σmises Von Mises Stresses  

σs Electronic Conductivity  

σth Thermal Stress  

σys Yield Stress  

θ Contact Angle between ion and electron conducting 

particles 

 

 

 

 

 

τ Tortuosity  
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