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ABSTRACT 

Solid oxide fuel cells (SOFCs) are gaining prominence as power sources amongst 

other types of fuel cells due to their high electric energy efficiencies, their ability to 

integrate with other energy cycles in a hybrid system, fuel choice flexibility and low 

pollutant emissions. Operation of an SOFC involves complex coupling of the 

electrochemical reactions, chemical reactions and transport phenomena 

simultaneously in the cell’s main components consisting of gas channels, porous 

electrodes and the dense ceramic electrolyte. Consequently, mathematical modelling 

of these processes becomes an essential research tool aiming to provide detailed 

insight, while reducing cost, time and the effort associated with experimentation. The 

main aim of this thesis is to develop mathematical models in the cell and at system 

level to better understand the complex operation of SOFCs and its associated cycle 

under practical conditions with the aim of enhancing the power output and efficiency 

of the cell. 

At the cell level, a two dimensional along the channel micro-scale isothermal model of 

a SOFC is developed and validated against experimental data and other simulated 

result from literature. The steady state behaviour of the cell was determined by 

numerical solution of the combined transport, continuity and kinetic equations. The 

model is capable of predicting the cell performance including polarisation behaviour 

and power output. The model is used to study the effect of the support structure, 

geometric parameters and the effect of operating conditions on cell performance. 

Several parametric studies, such as the effect of operating conditions and geometric 

parameters on cell performance with a view to optimising the cell. 

Also, at the cell level, a two dimensional along the channel model was developed which 

integrates a heat transfer model and direct internal reforming kinetics into the earlier 

developed isothermal model. This non-isothermal model was also validated against 

experimental data. The developed model not only predicts the performance of the 

SOFC at different design and operating conditions, it also provides an insight on the 

different phenomena and the distributions of current density, temperature and gas 

pressures within the cell.  Microstructural parametric studies of the reaction layer were 

also carried out. 
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At the system level, the SOFC was integrated in a hybrid gas turbine plant. The 

integrated cycle was modelled using energy and exergy thermodynamic analysis. The 

analysis was done using the non-isothermal models developed for SOFC at the cell 

level and through the development of thermodynamic models for the other components 

such as the compressors, turbines, mixers, recuperators and combustors in the hybrid 

system. Performance comparison of two different hybrid configurations was carried 

out. Electrical efficiency, fuel utilisation efficiency, and exergy destruction were used in 

assessing the system performance. 

The results from the developed models shows that the anode supported SOFCs 

gives the best cell performance amongst other support structures when operated at 

intermediate  temperatures and that the cathode ohmic overpotential is the single 

largest contributor to the cell potential loss. Also, the inclusion of the heat transfer 

model and internal reforming kinetics significantly improves the cell predictions. The 

study on the effect of integrating the SOFC in a hybrid system showed an overall 

improvement with respect to electrical efficiency 
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CHAPTER1 : Introduction 

1.1 Hydrogen, the fuel for our future 

The increasing concern and public awareness for a cleaner environment and the need 

for sustainable, efficient and clean energy production has caused renewed interest in 

alternative energy sources. Global energy consumption between 1970 and 2010 and 

projections to 2030 is presented in Figure (1-1). Within these years energy demand is 

seen to double and it is expected to keep rising. The heavy reliance on fossil fuel[1] as 

the major energy source is becoming a major global concern as it is known to have 

significant negative impact on the environment. A key product of the combustion of 

fossil fuel is carbon dioxide which strongly absorbs infrared radiation.  

The rapid pace of industrialization in the last decade has caused an increase in CO2 

content in the atmosphere, a phenomena which is strongly linked to global warming[2]. 

In addition, the world’s fossil fuel reserves are limited and fast dwindling due to the 

rapid pace of exploitation, enhanced life style and increasing world population, besides 

they are confined to a few regions in the world, a situation that could create  some form 

of energy crisis in the event of civil and political conflicts in these regions. One solution 

to this impending energy crisis is to use of more renewable sources and 

technologies[3].  

According to the 2013 report from the International energy agency on the World’s 

energy outlook[4], power generation from renewables is projected to increase by over 

7000TWh from 2011 to 2035, accounting for about half of the increase in power 

generation.  

 
Figure 1-1: World energy consumption projections from 1970 to 2000[5]  
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Quite a number of alternative energy technologies are been researched and 

developed. Sunlight, wide, tides, waves and geothermal heat are familiar images of 

such technologies; while been potential sources of electrical energy, issues relating to 

stability (cloudless days, windless days or low tides) and portability greatly limits their 

usage.  

Among the alternative fuel sources, hydrogen, as an energy carrier is receiving 

considerable attention since it is abundantly available making up about 75% of all 

matter in the universe. It can be obtained from several sources such as renewable 

(hydroelectric, wind, ocean thermal, geothermal, biomass, solar thermal), nuclear 

(fission and fusion reactors) and fossil (coal, petroleum, natural gas, shale gas)[6], thus 

increasing global energy supply security. It is also known to be emission free (when 

used in a fuel cell) which reduces environment degradation activities. Unfortunately, 

hydrogen unlike oil or coal is not found in its natural state; it has to be produced from 

other energy source before it is used as a clean energy source. This attribute of 

hydrogen is illustrated in Figure (1-2) showing how hydrogen is produced from a variety 

of sources using different techniques and its various end user applications. As seen in 

the figure, hydrogen can be obtained from the various techniques such as: 

 Electrolysis: this involves the splitting of water into its constituent hydrogen 

and oxygen using electricity from renewable sources 

 Conversion of biomass: this is carried out either by electrochemical or 

biochemical conversion of biomass into intermediate products from which 

hydrogen is produced either by reformation or fermentation processes, these 

conversion processes include:                       

-gasification: involves subjecting the biomass to high temperatures and 

pressures so as to reduce the organic materials to hydrogen and carbon 

dioxide/monoxide.                        

-pyrolysis:  involves the conversion of biomass into bio-oil by thermal 

decomposition, after which catalytic steam reforming is carried out on it 

(liquid or vapour gases), producing hydrogen.                    

-fermentation: involves the use of anaerobic microorganisms such as 

bacteria or yeast to produce hydrogen directly 
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 Solar conversion: involves using solar conversion techniques to produce 

hydrogen though either of the following:                                       -

-thermolysis: entails using the heat obtained from concentrated heat 

source to drive electrochemical reactions that produces hydrogen or to drive 

electrolysis reaction at high temperature to decompose water.                    -

-photolysis: entails using solar photons to produce hydrogen directly through 

biological or electrochemical systems.     

These characteristic of hydrogen contributes significantly to energy security, besides; 

hydrogen combustion is known to have the potential for higher energy production than 

any other type of fuel.  

The annual production of H2 is estimated to be about 0.1Gton, of which 98% comes 

from reforming of fossil fuel[7]. The portion of hydrogen produced through renewable 

sources has increased in recent years and it is projected to increase more significantly 

in future years. Renewable energy contribution in primary energy sources is projected 

to rise from 13% in 2011 to 18% in 2035[4]. Countries like Norway and Denmark are 

known to be in the forefront of this; since 2003, Norway has had a hydrogen highway 

between Oslo and Stavanger, of which part of the hydrogen used is obtained from 

renewable energy sources mainly through electrolysis from hydropower  and solar[8], 

while Denmark continues to expand their combined heat and power (CHP) facility 

opened in 2007, using hydrogen produced through electrolysis  from excess wind 

power and this has so far saved 14% of fossil fuel usage[9]. 

The major barriers to using hydrogen as an fuel carrier, are that hydrogen is only as 

clean as the method of production and the lack of cost effective, efficient and safe 

methods of storage and transportation for its various mobile and stationary 

applications[7]. 
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Figure 1-2: Linkage between hydrogen production methods and its end user applications [10] 

 

Researchers strongly believe that the relationship between hydrogen and electricity is 

an attractive route to achieving sustainable energy supply, and that fuel cells are 

strongly considered as replacements to conventional heat as the primary way to 

produce electricity from the chemical energy stored in fossil fuels[11]. 

1.2 Fuel cells 

Fuel cells (FC) are energy conversion devices that produce electrical energy directly 

from the chemical energy stored in the fuel through electrochemical reaction 

processes. Water and heat are the usual by-products from the process. Conventional 

engines typically generate electrical energy from fuels in a series of energy conversion 

steps which usually includes:         

1. The burning of the fuel; a process which converts its chemical energy into heat 

2. The heat is then used to generated steam (steam turbines) or to increase the 

energy of the combusted gases (gas turbines) 

3. The steam or the products of combustion are now used in turning the turbine blades 

in a process that converts the stored heat into mechanical energy 

4. Lastly, mechanical energy is used to power a generator which generates electrical 

power. 
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A fuel cell side-steps these processes, rather it generates electrical power in one single 

step[12] without including any moving parts and fewer sources of energy loss. Its 

characteristics of high energy efficiency, near zero emissions, noiseless operation, 

flexible sizing, fuel flexibility (for some of the cell type) and mechanical simplicity makes 

it an attractive option for electrical energy generation. A typical unit fuel cell is made of 

three main components as shown in Figure 1-3a: anode (fuel electrode), cathode (air 

electrode) and electrolyte. The reactant gases are continuously supplied to the fuel 

and air electrodes; ions produced as a result of the electrochemical reactions migrate 

from one of the electrodes through the electrolyte to the other electrode. As a result of 

the reactions taking place, electrons are generated, these electrons flow through an 

external circuit producing electric current. Unit cells are usually arranged together in 

series in a process called ‘stacking’ in other to achieve higher power capacities as 

depicted in Figure 1-3b 

 

Figure 1-3: Schematic showing the operations of a fuel cell (a) Unit fuel cell (b) Fuel cell 
stack 

 

Fuel cells developmental origin attributed to Sir William Groove, who in the early 1900’s 

built a cell consisting of platinum strips as electrodes and sulphuric acid as 

electrolyte[13], electricity was produced when hydrogen and oxygen were combed 

unto the electrodes. Since then huge developments have been made in fuel cell 

systems development especially by the U.S space agency, when as early as the 
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1960s, they had begun to use fuel cells to provide electricity, guidance and 

communication for their space missions. The technology became a major research 

interest in the 1990s after been forgotten for terrestrial applications in bid to provide 

clean energy[11]. 

1.2.1 Types of fuel cells 

There are a range of different fuel cell types, each with its own unique material 

properties and operations. They are suited to different applications and can be 

categorised according to the nature of the electrolyte and fuel used. Figure 1-4 

represents the mechanism by which the different types of fuel cell operate.  

 

Figure 1-4: Different fuel cell types and their operation 

 

The top two in the diagram operate at high temperatures (usually between 873K – 

1273K), whilst the last four are low and medium temperature fuel cells. They differ from 

each other in many other aspects such as operating conditions, type of ion conducted 

across the electrolyte, constitutive materials and performance characteristics. 

Common types of fuel cells are briefly discussed below [12, 14, 15]: 
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Solid oxide fuel cell  

Solid oxide fuel cell (SOFC) operate at high temperatures ranging from 873K to 1273K, 

it employs an all solid oxide ions (O2-) conducting electrolyte which conducts the ions 

from the cathode to the anode, its origins is attributed to Nernst, who in 1899 was the 

first to describe zirconia (ZrO2) as an oxide ion conductor. However it was much later 

that some Swiss scientists actually developed the solid oxide technology by  

experimentally studying the electrolyte properties of different materials[16]. SOFCs has 

good fuel flexibility as it allows a wide range of hydrocarbon fuels such as methane, 

biomass, and ethanol to be used directly in the cell or indirectly by reforming. A further 

advantage of the SOFC is its ability to be integrated in hybrid systems thereby 

improving the overall work output and efficiency. Its major downside is the high cost of 

ceramic materials and the problems associated with carbon deposition when fuels 

containing carbon is used. In a 𝐻2 fed SOFC, the following electrochemical reactions 

occur: 

 𝐴𝑛𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑎𝑦𝑒𝑟:       𝐻2 + 𝑂
2−  →   𝐻2𝑂(𝑔) + 2𝑒

− (1-1) 

 
𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑎𝑦𝑒𝑟:       

1

2
𝑂2 + 2𝑒

−  →  𝑂2− 
(1-2) 

 
𝑶𝒗𝒆𝒓𝒂𝒍𝒍:                                       𝐻2 +

1

2
𝑂2  →   𝐻2𝑂 

(1-3) 

   

If CO is also oxidized in the reaction layers, the additional electrochemical reactions 

which occur are: 

 𝐴𝑛𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑎𝑦𝑒𝑟:       𝐶𝑂 + 𝑂
2−  →   𝐶𝑂2 + 2𝑒

− (1-4) 

  
𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑎𝑦𝑒𝑟:       

1

2
𝑂2 + 2𝑒

−  →  𝑂2− 
(1-5) 

 
𝑶𝒗𝒆𝒓𝒂𝒍𝒍:                                        𝐶𝑂 +

1

2
𝑂2  →   𝐶𝑂2 

(1-6) 
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Alkaline fuel cell  

The alkaline fuel cell (AFC) operates at temperature ranging from 323K to 493K. It 

uses an alkaline salt solution as its electrolyte of which potassium hydroxide is the 

most common due to its low cost, high solubility and not been excessively corrosive. 

Hydroxide ions (OH-) are conducted through electrolyte from the cathode to the anode. 

Its invention is attributed to Sir William Grove as far back as the early 1990’s. It was 

later developed as a viable power unit by Thomas Francis Bacon in the 1930’s.  

The oxidizing reaction at the anode is given by 

 2𝐻2 + 4𝑂𝐻
−  →  4𝐻2𝑂 + 4𝑒

− (1-7) 

The electrons from this reaction pass through an external circuit to the cathode, where 

it reduces oxygen to produce hydroxide ions (OH-). 

 𝑂2 + 4𝑒
− + 2𝐻2𝑂 → 4𝑂𝐻

− (1-8) 

AFC are quite popular, they were used for powering military space vehicles (Apollo). 

Its main advantages are its low system costs (inexpensive electrode materials 

compared to other fuel cells) and lower cathode activation losses which allow having 

operating voltages as high as 0.875V. Its downside is the possibility of CO2 poisoning 

as alkaline solutions do not reject carbon dioxide so the fuel could become poisoned 

through the conversion of KOH to potassium carbonate (K2CO3). Following this, AFC 

typically operates on pure oxygen which increases cost because generating and 

storing pure oxygen is quite expensive. These disadvantages have led to a decline in 

interest in AFC. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

Proton exchange membrane fuel cell  

The polymer electrolyte membrane fuel cell (PEMFC) uses a proton conducting 

membrane as electrolyte. The membrane conducts protons (H+) from the anode to the 

cathode at low temperatures ranging between 333K and 373K. 

The reactions occurring at the anode and cathode are given respectively as: 
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 𝐻2  →  2𝐻
+ + 2𝑒− (1-9) 

 1
2⁄ 𝑂2 + 2𝐻

+ + 2𝑒− → 𝐻2𝑂 (1-10) 

PEMFC’s are major candidates for potable power applications as well as for small 

scale distributed stationary power generation. Their main advantages includes fast 

start up time due to its low temperatures, compactness due to its thin membrane 

(<50µ𝑚) structure and elimination of corrosion issues since it is  only water that is 

present in the cell. Its disadvantages include high cost of operation and its water 

management problems since its water content is directly dependent on the proton 

conductivity. However, care must be taken to minimise the amount of water to prevent 

electrode flooding since it blocks the pores thus limiting diffusion. On the other hand 

there should be sufficient water to avoid membrane dehydration. A balance is therefore 

needed between the production of water and its evaporation.  

Phosphoric acid fuel cell 

The phosphorous fuel cell (PAFC) uses concentrated phosphoric acid as its electrolyte 

which conducts hydrogen ions (H+) from the anode to the cathode. It operates at 

temperatures ranging between 423K and 493K; it was the first fuel cell to be produced 

commercially and enjoys widespread usage. 

The cell reactions are expressed as: 

  𝐴𝑛𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:            2𝐻2  →  4𝐻
+ + 4𝑒− (1-11) 

 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:         𝑂2 (𝑔) + 4𝐻
+ + 4𝑒− → 2𝐻2𝑂 (1-12) 

Due to its operating temperature, the water produced in the form of steam can be used 

for combined heating and power; this significantly increases its efficiency. Unlike 

PEMFC, PAFC is CO2 tolerant; it could also tolerate small concentrations of CO thus 

broadening its choice of fuel, although it is intolerant to sulphides. At low temperatures 

phosphoric acids have poor ionic conductivity, this increases the severity of CO 

poisoning of the anode platinum catalyst. PAFC are also known to have low power 

densities.  

 



10 
 

Molten carbonate fuel cell  

Molten carbonate fuel cells (MCFC) operate between 873K and 973K, its electrolyte is 

composed of alkali carbonates such as (Li, Na, K). It conducts carbonate ions 𝐶𝑂3
2− 

from the cathode to the anode. Due to its operating temperatures, cheap metals can 

be used as catalyst in the cell, this greatly reduces overall cost. High energy efficiency 

is another advantage of MCFC as its efficiency alone is about 60% and increases to 

about 85% when used in a hybrid system. Unlike PEMFC and PAFC, they wouldn’t 

require any external reforming to convert hydrocarbon fuels to hydrogen, rather due to 

its high temperature operation, the fuels are converted inside the MCFC in the process 

of internal reforming; another cost saving characteristic. They are not prone to 

poisoning by CO2 and CO; on the contrary these carbon oxides can be used as fuel 

thus increasing its fuel flexibility option to include fuels like coal. Its primary 

disadvantage is durability, its high operating temperature and the carbonate based 

electrolyte tend to accelerate component breakdown and corrosion; thereby 

decreasing cell life. 

Direct methanol fuel cell  

The direct methanol fuel cell (DMFC) also uses a polymeric membrane (proton 

conducting) as electrolyte (similar to that of the PEMFC) which drives hydrogen ions 

(H+) from the anode to the cathode. It has the advantage of been able to use methanol 

directly as fuel without first reforming. The cell operates at temperatures ranging 

between 293K and 363K. 

The electrochemical reactions occurring in the cell are expressed as:  

 𝐴𝑛𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:         𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 →  6𝐻
+ + 𝐶𝑂2 + 6𝑒

− (1-13) 

 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:      3 2⁄ 𝑂2 + 6𝐻
+ + 6𝑒−  →  3𝐻2𝑂 (1-14) 

Its major advantage is the high energy density of methanol which is greater than that 

of highly compressed hydrogen. The use of methanol as fuel reduces cost since it is 

less expensive compared to other fuels and capable of internal reforming, also 

methanol is readily available and quick to refill. A major drawback of DMFC is the 

problems associated with fuel crossover; a phenomenon by which methanol diffuses 

through the membrane from the anode to the cathode without reacting, this decreases 
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the efficiency significantly since the crossed over methanol (unreacted) reacts with air 

on the cathode side resulting in a loss of cell voltage, hence cell performance. Some 

other disadvantages are its toxicity and flammability, its oxidation reaction kinetics is 

also very slow. 

A comparative summary of the different fuel cell types discussed above is presented 

in Table 1.1 

Table 1-1: Fuel cell type and their characteristics [14, 15, 17] 

 SOFC AFC PEMFC PAFC MCFC DMFC 

Mobile ions O2- OH- H+ H+ CO2
3- H+ 

Operating  

temperature 

500-1000ºC. 50-220ºC. 60-100ºC. 150-220ºC. 600-700ºC. 20-90ºC. 

Producing 

 water at 

Anode Anode Cathode Cathode Anode Cathode 

Fuel Methane 

Hydrogen 

Hydrogen Hydrogen Hydrogen Methane 

Hydrogen 

Methanol 

Electrolyte Ceramic 

membrane 

Alkaline- 

potassium 

hydroxide 

Polymer 

membrane 

Phosphoric 

acid 

Molten 

carbonate 

Polymer 

Membrane 

Interconnector Stainless 
steel or 

nickel or 
ceramic 

Metal Carbon or 

Metal 

Graphite Nickel or  

stainless 
steel 

Carbon or 

Metal 

Electrodes Perovskite 
and  

perovskite/m
etal 

cement 

Transition  

metals 

Carbon  Carbon Nickel and  

nickel oxide 

carbon   

Catalyst Nickel   Platinum Platinum Platinum Nickel Platinum 

Efficiency [%] >60 (hybrid) 40 -50 40-60 40-50 >60 (hybrid) 40-60 

Reformer type Internal External External External Internal External 

Typical  

applications and 

power output 

Stationary  

5-200kW 

APUs ~5kW 

Spacecraft  

1-15kW,  

 Vehicles 

20kW 

Vehicle 

100kW 

stationary  

1-10kw 

Stationary 

200kW- MW 

Stationary  

200kW-MW 

portable  

electronic 

systems 

H2 Fuel Fuel Fuel Fuel Fuel Fuel 

CO Fuel Poison Poison Poison Fuel Poison 

CH4 Fuel  Neutral Neutral Neutral Fuel Neutral 

CO2 and H2O Neutral Poison Neutral Neutral Neutral Neutral 

Limitations Slow start-up, 

durability, 

expensive 

 

Wettability, 

corrosion 

 

Wettability, 

expensive 

 

Large, 

heavy, 

expensive 

 

Durability, 

corrosion 

 

Low 

efficiency, 

expensive 
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1.3 Solid Oxide Fuel Cells  

Solid oxide fuel cells (SOFCs) have recently gaining prominence amongst the other 

fuel cell types stemming from the following features [18, 19]: 

 Choice of fuel: good fuel choice flexibility; SOFCs can use a wide range of fuels 

such as hydrogen, methanol, diesel fuel or carbon based fuels e.g. natural gas 

 Efficiency: SOFCs have potentials for high electrical energy efficiencies which 

increases significantly when it is integrated into a hybrid system [20] 

 Constant power production: it has the ability to continuously generate power unlike 

diesel engines and  generators 

 High reactive activity: Electrochemical reactions in SOFCs proceed quickly due to 

its high operating temperature; this improves the electrode kinetics reactions (due 

to the large exchange currents) and reduces activation losses. 

 Energy security: Reduces oil consumption and cuts oil imports, in addition, due to 

its high operating temperature, SOFCs exhausts heat at significantly high 

temperatures, this can then be used for other forms of power generation and CHP. 

 Application: SOFCs are suited for a range of applications such as stationary power 

production, decentralised generating units, vehicular transportation and military 

applications.  

 Cell management: Since SOFCs are solid ceramic cells, a number of the issues 

such as catalyst wetting, electrode flooding, electrolyte migration encountered with 

other fuel cells are not encountered 

As discussed above, SOFCs derive most of its advantages from its high operating 

temperature, however, due to its high operating temperature, there are challenges 

associated with the development and commercialisation of SOFCs. These challenges 

include slow start up times as a result of large thermal gradients that exist in SOFCs, 

increased material and manufacturing cost due to the choice of expensive alloys such 

as doped lanthanum chromite (LaCrO3), ceramics and gas seals that are used in the 

cell, issues of durability associated with thermo-mechanical stability and chemical 

stability due to high temperature operation, oxidizing and reducing atmospheres in the 

cell. 

 



13 
 

 

Figure 1-5: Basic operating principle of a SOFC  

 

 SOFCs are made of two porous electrodes on either side of an electrolyte made up a 

solid oxide material. Oxide ions migrate from the cathode through the electrolyte to the 

anode. The basic operating principle of a SOFC is presented in  Figure (1-5) where the 

fuels (CH4, H2, H2O, CO and CO2) flows across the fuel channel, it then gets diffused 

through the anode to the reaction sites, also the oxidant (usually air) is fed into the air 

channel and diffuses to the reaction site where oxygen is reduced. The resulting 

oxygen anion O2- migrates through the electrolyte matrix to the anode where it reacts 

with the Hydrogen releasing electrons to produce electricity through an external circuit. 

H2O is produced from the reaction, it flows out through the pores on the anode.  

1.3.1 SOFC components 

A SOFC is a complete solid device made up of a ceramic material electrolyte placed 

between two porous cermet electrodes (anode and cathode) and interconnects on 

either side that electrically connects both electrodes. For the SOFC to operate 

successfully, the selection of materials for the individual components has to be properly 

done, the thermal expansion of the components should be within a range of each other 

to prevent mechanical failure. Other desired characteristics which the material 

components of SOFCs should have includes good chemical stability, high electrical 

conductivity (electrodes and interconnects), high ionic conductivity (electrolyte) and an 

Unreacted fuel and 
by-products 

Air in 

𝑯𝟐𝑶 A
n

o
d

e
 r

e
a
c
ti

o
n

 

E
le

c
tr

o
ly

te
 

C
a
th

o
d

e
 d

if
fu

s
io

n
 

C
a
th

o
d

e
 r

e
a
c
ti

o
n

 

𝑯𝟐 

𝑪𝑶𝟐 

𝑪𝑯𝟒 

𝑪𝑶 

𝑶𝟐 

𝑶𝟐− 

𝑶𝟐− 

Pre-reformer 

Unreacted air 
out 

𝒆− 

A
n

o
d

e
 d

if
fu

s
io

n
 

Fuel in 

𝑪𝑯𝟒 

COMPUTATIONAL DOMAIN 



14 
 

overall low cost of production. The material choice is usually a compromise between 

the above characteristics. Detailed characteristics of each of the major cell 

components are discussed [18, 21-23] 

Electrolyte 

The electrolyte is an impervious solid made of ceramic; it is sandwiched between the 

anode and cathode. The desired properties of electrolytes used in SOFC are mainly 

dictated by its high operating temperatures. A good SOFC electrolyte should have high 

ionic conductivities; necessary for the migration of oxygen ions through it, however, its 

electronic conductivity should be low as this inhibits the passage of electrons through 

it. Its thermal expansion should be a good match with that of other cell components 

and it should be chemically stable when in contact with oxidising and reducing 

environments.  

Although electrolytes can be used as structural support in which case a thickness of 

~150𝜇𝑚 are used, more research attention is on anode supported cells. In such cell 

configuration, the electrolyte layer is expected to be very thin typically within the range 

from 10 − 20𝜇𝑚 .  At these thickness, there will be a significant reduction in losses due 

to ohmic resistance [24, 25], thereby improving the cell performance. 

Yttria stabilized zirconia (YSZ) is well known and used as a SOFC electrolyte. It 

exhibits most of the characteristics of a good SOFC electrolyte at temperatures above 

700ºC.  

Other alternative materials that are have been investigated include Scandia stabilized 

zirconia (SSZ); they are known to have very high ionic conductivities however, it is 

more suitable for electrolyte supported cells and for operating temperatures below 

550°C[26], its major drawback is performance degradation with time and high cost; 

samarium doped ceria (SDC) and gadolinium doped ceria (GDC) are both known to 

have good ionic conductivity however, they have been found to  exhibit significant 

electronic conductivities in reducing atmospheres [27]. Perovskites based on LaGaO3, 

such as Sr and Mg doped (LSMG) exhibits high ionic conductivity and  low electronic 

conductivities, however, LSMG’s are quite expensive and  durability problems have 

been reported with electrode materials[28] 
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Anodes 

The anode is a porous structure which experiences highly oxidising environments. A 

good anode material should have high electronic conductivities, necessary for the 

effective transportation of electrons to the interconnect. It should also have good 

catalysing properties needed for the oxidation reactions taking place on it. Stability in 

oxidizing environments and sufficiently porous for the effective transportation of 

reactant gases and products are also key characteristics a good anode material should 

have. Its thermal expansion coefficient should match those of the other components 

and it should have minimum or no reactivity with the electrolytes and interconnect, both 

of which are in contact with it. 

Most anodes are porous cermet, the microstructural characteristics of these cermet 

(particle size, porosity, contact angle between particles, active triple phase boundary 

(TPB)) are very important in determining the cell performance and ensuring stability of 

the anode[27].  

The current state of the art for anode materials is a composite of nickel and yttria 

stabilized zirconia Ni/8YSZ (i.e. Ni with 8% mole of YSZ)[29]. Ni/YSZ has good 

electronic conductivity and adequate ionic conductivity, stable under reducing 

conditions, has high activity for electrochemical and reforming reactions. Also the 

mechanical rigidity allows the anode to be the support structure for the cell.  

Alternative materials such as Ceria based anodes, e.g. yttria or Samaria stabilised 

ceria (YSC, SSC) and perovskite anodes are also been considered as replacements 

of Ni/YSZ [30, 31] 

Cathode 

The cathode is a porous material which experiences reducing environment. A good 

cathode material should have high electronic conductivity, should be stable in reducing 

environments and be sufficiently porous to allow the transport of oxygen to the reaction 

sites. Its thermal expansion also has to be a good match with other cell components 

and like the anode, it should exhibit little or no reactivity with either the electrolyte nor 

the interconnect. 
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Typical material for the cathode consists of perovskite materials such as strontium 

stabilised lanthanum manganite (LSM) with the general formula: 𝐿𝑎1−𝑥𝑆𝑟𝑥𝑀𝑛𝑂3 , they 

are known to be good catalyst for the dissociation of the oxygen molecule, although 

during early development, noble expensive metals were considered. LSM is known to 

have high activity for oxygen reduction, good matching thermal expansion coefficient 

with YSZ and also to be stable in high temperatures. Further enhancement in the 

cathode performance can be achieved through the use of composite materials such as 

YSZ/LSM composites[32] 

Interconnect 

The interconnect (also known as bipolar plate) serves as a physical barrier separating 

the fuel of one individual cell from the air of the neighbouring one, it also conducts 

electrical current between each layer of the cell stack and helps in distributing the 

reactant gases evenly across the face of the electrodes[24, 32]. Therefore, a good 

interconnect should have high electronic conductivity and low contact resistance with 

electrodes. It should be stable in both oxidising and reducing environments and its 

thermal expansion should match those of other cell components. Furthermore, the 

interconnect should be impermeable to the reactant gases and generally exhibit good 

mechanical strengths.  

Metals can be used as interconnects at intermediate temperature operation; these are 

relatively inexpensive compared to ceramic interconnectors at high temperature 

operation. Stainless steel is an attractive option because its thermal expansion 

matches that of zirconia based electrolyte material[33] however corrosion can be a 

major challenge, chromium based alloys can then be used to combat the corrosion 

phenomena. 

1.3.2 Classifications of SOFCs 

SOFCs can broadly be classified according to their operating temperatures, geometric 

designs, transported ion, nature of its support and fuel reforming method in Table 1.2 
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Table 1-2: Classification of solid oxide fuel cells 

CLASSIFICATION 

CRITERIA 

TYPES 

Temperature 

Levels 

Low temperature SOFC (LT-SOFC) [773K -873K] 

Intermediate temperature SOFC (IT-SOFC) [873K -1073K] 

High temperature SOFC (HT-SOFC) [1073K – 1273K] 

Cell geometric 

designs 

Planar SOFC 

Tubular SOFC 

Monolithic SOFC 

Integrated Planer SOFC 

Transported ion Oxide ion (O2-) 

Protonic ion (H+) 

Type of Support Self-supporting (Anode-supported, cathode supported, 
electrolyte supported) 

External-supporting (Interconnector supported, Metal substrate 
supported) 

 

Fuel reforming 

type 

External reforming SOFC 

Direct internal reforming SOFC (DIR-SOFC) 

Indirect internal reforming SOFC (IRR-SOFC) 

 

Classification according to operating temperature 

Based on their inlet operating temperature, SOFCs may be classified into three sub 

groups: 

 Low temperature (LT-SOFC 773 – 873K),  

 Intermediate temperature (IT-SOFC 873 – 1073K)  

 High temperature (HT- SOFC >1073K).  

 

The source of the main challenge to the commercialisation of SOFC technology is its  

operating temperature, this has led to growing interests in studying SOFC operations 

at lower temperatures(773K - 1073K)[34]. Major technological motivation for lowering 

the operating temperature are reduced corrosion rate of metallic components (severe 

corrosion of metals is known to occur at high temperatures), improved durability 

(sintering and inter-diffusion of species between components increases at higher 

temperatures). Also, a range of materials can now be used that allow for cheaper 

fabrication, sealing techniques become less difficult, rapid start up and shut down time, 

less complications with regards to mechanical and chemical compatibility of 
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components, reduced degradation rates, radiation losses becomes less severe making 

heat management of the cell easier[32, 35]. However, the advantages high 

temperature operations has over lower temperatures includes; higher electrode 

kinetics which reduces the sluggishness of the reactions, reduced resistivity of the cell 

components which decreases the ohmic polarisation and increased system efficiency 

when combined with hybrid systems due to better thermal integration. 

 

Classification according to cell geometric designs 

Based on the geometric designs, SOFCs may be classified according to its geometric 

configuration, the most common of these geometries [14, 22, 36] are discussed briefly 

below:  

a) Flat Planar SOFCs consists of flat layers of electrodes, electrolytes and current 

collectors placed on top of each other as shown in Figure 1-6a. The 

configuration is simple and cheap to construct. Its power density and stack 

performance are quite high as its design allows the building of SOFC stacks just 

by piling SOFC cells on top of each other. Its main disadvantages are problems 

associated with gas sealing as the edge of the components are susceptible to 

leaking, it also tends to get very brittle when it undergoes thermal and 

mechanical stresses. 

 

b)  Monolithic SOFC consists of thin laminates of air electrode/electrolyte/fuel 

electrode and interconnectors that are formed and co-sintered together as 

shown in Figure 1-6b, this results in high volumetric power densities and 

eliminates the need for gas seals however, the stacks are formed by co-sintering 

which is a rather difficult process considering the different microstructural 

characteristics of the different components in the cell.  

 

c) Tubular SOFC design is the most advanced SOFC design in terms of 

development. The cell components are made into thin strips in cylindrical tubes 

shapes shown in Figure 1-6c, with air flowing on the inside of the tubes while 

fuel flows on the outside. Tubular configuration overcomes most of the 

drawbacks associated with the other configurations such as gas sealing (tubular 
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design requires sealing only at one end). Also its geometry helps in reducing 

the mechanical stresses. However, this geometry has high manufacturing costs 

and much lower power densities compared to the planar design due to the 

longer path for the electrical power production. 

 

 

d) Integrated planar SOFC is a mixture of the tubular and planar geometries as it 

seeks to retain the specific advantages of the tubular and planar configuration 

arrangement, taking advantage of the low cost of manufacturing and short 

current path of the planar geometry and incorporating the thermal compliance 

property from the tubular as shown in Figure 1-6d. 

 

Figure 1-6: SOFC geometric designs (a) Flat planar (b) Tubular (c) Monolithic (d) Integrated 
planar 

 

 

 

Tubular 

Integrated planar 

(C) 

Figure 1-6d 

Flat planar

Monolithic

(D) 

(A) (B) 
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Classification according to type of support layer 

Based on the layer that mechanically supports the cell, SOFCs can be classified into: 

self-supported and externally-supported. In the self-supported system, the cell 

component (the anode, cathode or electrolyte) with the thickest layer serves as the 

mechanical support for the whole cell. On the other hand in the externally-supported 

structure, the entire cell (made up of thin layered components) is configured on the 

external support which could be either the interconnector or on a porous substrate. 

The different cell support configurations are shown in Figure 1-7  

Figure 1-7: SOFC support layers (i) Electrolyte support (ii) Anode support (iii) Cathode 
support (iv) Interconnect support (v) metal substrate support.                                                         

(The electrolyte, anode, cathode, interconnect and metal are colored as dark-green, light 
green, light blue, grey and light purple respectively) 

 

Classification based on fuel reforming type 

SOFCs can either use hydrogen (H2) or carbon monoxide (CO) or a mixture of them 

for its electrochemical reaction, any other hydrocarbon (fuel) that can be used in SOFC 

would first be reformed into H2 and/or CO. The reforming action could be done outside 

the cell in a process called external reforming or inside the cell in internal reforming. 

The internal reforming process could occurs simultaneously with the electrochemical 

reactions on the anode side, this method is called direct internal reforming (DIR-

SOFC), When the reforming takes place in a separate reformer distinct from the cell 

components but still in close thermal contact with the anode, the reforming process is 

then known as indirect internal reforming (IIR-SOFC). The DIR-SOFC has a much 

higher rate of heat transfer than the IIR-SOFC, translating to a higher SOFC work 

output and efficiency. The IIR-SOFC provides the advantage of eliminating the need 

for a separate reformer and also reducing the problems associated with carbon 

(ii) (iii) (iv) (v) (i) 
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deposition on the anode. However, its main drawback is the uneven temperature 

distribution between the cell and the reformer due to the mismatch between the 

endothermic reforming reactions and the exothermic electrochemical reactions, this 

could create local temperature hotspots leading to thermal stresses and consequently 

mechanical failure.[37] 

1.3.3 SOFC fuels 

The electrochemical reactions in SOFCs occur in the reaction layers of the electrodes; 

these reaction layers are thin layers that are distinct from the diffusion layers. Their 

thickness is usually between 10-20µm[35]. The reaction layers are a mixture of ion-

conducting particles and electron-conducting particles. The gases are transported 

through the pores to and from the electrolyte boundary. This region is also referred to 

as triple phase boundary (TPB).  

A major advantage of SOFC is its ability to operate with a wide variety of hydrocarbon 

fuels. Short chain hydrocarbons like methane and higher hydrocarbons can be 

reformed to H2, CO, H2O and CO2 by the steam reforming reaction shown in Equation 

(1.15). In a reforming reaction process, CO can either act directly as a fuel in the 

electrochemical reaction given in Equation (1.6) or indirectly through the water-shift 

gas reaction by converting to H2 and CO2 by adding steam as shown in Equation (1.16): 

 𝑆𝑡𝑒𝑎𝑚 𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:       𝐶𝑛𝐻𝑚 + 𝑛𝐻2𝑂 ↔   𝑛𝐶𝑂 + (𝑛 +
𝑚

2
)𝐻2 

(1-15) 

 𝑊𝑎𝑡𝑒𝑟 − 𝑠ℎ𝑖𝑓𝑡 𝑔𝑎𝑠 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛:              𝐶𝑂  +   𝐻2𝑂 ↔  𝐶𝑂2  + 𝐻2 
(1-16) 

1.4 Thesis objective and structure 

The overall aim of this thesis is to develop a comprehensive computational SOFC 

model which is then integrated into a hybrid gas turbine plant. The SOFC model will 

be capable of analysing and predicting the operational behaviour of a planar type 

SOFC at intermediate temperatures while the hybrid system aims at evaluating the 

plants energy efficiencies and exergy production in steady state conditions. 

The research study is comprised of the following targets: 
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i. To develop a general SOFC model which can easily be applied to different 

situations 

ii. To develop a two-dimensional (2D) hydrogen fed isothermal model to analyse 

the transport properties through the electrodes and flow channels 

iii. To prove the validity of the model by comparison of the numerical results with 

experimental data taken from literature 

iv. To develop a 2D hydrogen fed non-isothermal model to analyse the temperature 

distribution within the cell 

v. To develop a 2D multicomponent fed non-isothermal model to study the effects 

of the chemical reactions occurring in the electrodes 

vi. To study the versatility of the physical domain of the developed models by 

simulating electrode-supported SOFC designs 

vii. To provide numerical results simulating the performance of the SOFC and 

examine the effect of the key operating and design parameters on the 

characteristics and performance of the cell with a bid to optimising the cell 

performance 

viii. To develop a thermodynamic numerical model of a SOFC-GT hybrid plant. This 

will be used to study the effect of integrating SOFCs in hybrid systems by 

carrying out energy and exergy studies 

ix. To develop unique flow configurations for the air re-heating system of the hybrid 

plant. 

Recent models in literature treats the electrodes as two distinct layers: diffusion and 

reaction layers. The reaction layers are very thin layers modelled only as the reaction 

sites where the electrochemical reactions occur, this simplifies the model as insights 

into the physical and chemical phenomena occurring in this region are not considered. 

Also, a good number of the models in open literature that used the micro-modelling 

approach developed models that were only valid for binary mixtures and neglected the 

independence of micro-structural parameters; as such they neglected a key 

characteristic of SOFCs which is its fuel choice flexibility and over simplified the 

predictive features of the microstructural properties in the model. Furthermore, SOFC 

hybrid modelling is still quite novel, with authors focusing more on energy studies.  

Therefore, this present research develops a fuel flexible model which is not only 

capable of predicting the cell’s performance for a binary mixture but also for any 
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multicomponent hydrocarbon mixture, in which the reaction layer is modelled as a finite 

volume where the conservation and constitutive equations as well as the 

electrochemical reactions are solved for, the model incorporates empirical 

interdependency relations for its microstructural properties. Also exergy production 

was included in modelling the hybrid plant which compared two unique configurations 

for the air-reheating system 

 

A brief outline of the thesis is as follows: 

Chapter 1. A brief overview of the hydrogen economy and fuel cells with SOFCs in 

particular is presented 

Chapter 2. Review of SOFC modelling approaches  

Chapter 3. A detailed description of the fundamental principles, thermodynamics 

and kinetics of SOFC are presented  

Chapter 4. The model development for the electrode diffusion layers, electrode 

reaction layers, electrolyte, flow channels and interconnects along with 

the boundary conditions are presented  

Chapter 5. A 2D hydrogen fed isothermal model is developed to analyse the 

distribution of the reactant species in the electrodes and the flow 

channels, the model is validated and the verification of the electrode as 

double layer is also carried out. 

Chapter 6. A 2D multicomponent fed non-isothermal model is developed to analyse 

the flexibility in fuel choice by using any multicomponent hydrocarbon 

mixture as fuel, also, the impact of direct internal reforming and water-

gas shift chemical reactions on the cell performance is studied. 

Chapter 7. A hybrid SOFC-Gas turbine model is developed to simulate the 

integrating properties of SOFCs with gas turbines under steady state 

conditions, the impact on performance and efficiency on the system 

model is studied. Exergy analysis to determine the sources of 

irreversibility’s in the system was also carried out. 

Chapter 8. The key conclusions are presented here and future research direction is 

recommended. 
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CHAPTER2 : Literature Review 

2.1 Introduction 

The major attractive features of solid oxide fuel cells (SOFCs) are their good fuel 

flexibility, quiet operation, lower emissions and higher efficiency, due to its high 

temperature operation. They could incorporate designs that utilises their thermal output 

to further increase efficiency such designs include gas turbine hybrid systems, auxiliary 

power units (APU), stationary/non stationary electricity generation applications and in 

combined heat and power systems[38-41]. These benign features have spurned lots 

of research interests on SOFCs in recent years, focussing mainly on improving its 

performance and studying its characteristics at reduced operating temperatures. The 

main technological motivation in this direction is that the design and material 

requirements are simplified and cheaper, reduced corrosion rates, improved durability, 

rapid start-up and shut down times, easier heat management, less complicated sealing 

techniques and improved stack life[32, 42].  

Mathematical modelling is an important research tool that aims at providing detailed 

insight, while reducing the high cost, time and effort associated with 

experimentation[43]. Modelling SOFCs aim at predicting, optimising and controlling the 

fuel cell behaviour[44] while also providing a better understanding of the complex 

coupling of electrochemical processes and transport phenomena going on within the 

cell. 

In the last decade, numerous modelling studies on SOFCs has focused on simulation 

processes based on physical principles; such simulations are described as physical 

models, these models successfully translate the electrochemical reactions processes, 

the ionic properties, electronic properties and the  gas transport processes into 

numerical models by developing physical and analytical equations to represent 

them[45]. There are a great number of SOFC physical models found in the literature; 

most of the models focus on  operability, performance, optimisation, design, heat 

management, material selection and controller design of the cell[46-48].  

These models could broadly be classified into electrode and cell/stack models. The 

electrode models usually involve detailed studies on the processes going on in the 

electrodes so as optimise and improve the electrode performances while the cell/stack 
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models aims at predicting and optimising the entire cell performance using information 

obtained from the electrode models by carrying out sensitivity studies. Usually, the 

research objectives determine the complexity and physical dimensions of the 

model[49], also, depending on the purpose and needs of the model, the simulations 

(electrode and cell /stack) could be further characterised by:  

 Levels of dimensionality:  This ranges from zero dimensions (0-D) to three dimensions 

(3-D), each with its unique features. 2-D and 3-D models are usually associated 

with cell design modelling by providing detailed knowledge of the internal 

behaviours of the cell/stack while lower dimension models usually aim to analysis 

and solve at system levels such as in the prediction of performance characteristics 

for steady state or transient simulations [45]. 

 

Micro or Macro scale[50]: Micro models considers the microscopic scale behaviour in 

the model. The models can be of a particular component conducted at atomistic 

level, they are usually limited to specific phenomenon been analysed for example, 

in the treatment of electrodes. The microstructural properties are taken into 

consideration, in which the electrodes are treated as been made up of ionic 

conducting particles, electronic conducting particles and pore spaces through 

which the species diffuses. In contrasts, macro scale models conduct investigation 

at the molecular level, such treatment deals mainly with the operational behaviour 

of the cell 

 

Steady state or dynamic: Depending on whether any of the following would be included 

in the model: starting up, shutting down, heating up, cooling up, the simulations 

could be a dynamic model (if they are included) or a steady state model (if they are 

not included). 

 

System level: here, the integration of the SOFC model as a component in larger 

systems such as in hybrid systems can be assessed by simulating at system level. 

Usually such models involve both energy and exergy analysis  

 

A review of electrodes and cell/stack models found in literature in the context of the 

above characterisation (1-4) is carried out in the remaining part of this chapter. 
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2.2  Electrode modelling  

Electrode models are developed primarily with the aim of studying and optimising the 

performance of the electrodes, this is usually carried out by investigating the structural 

properties of the electrodes either in micro models or macro models simulations. In the 

micro modelling approach, the electrochemical reaction layer is treated as a discrete 

volume made up of the three phases of ionic conducting particles to conduct oxygen 

ions, electronic conducting particles to conduct electrons and the pore spaces to 

transport the reactant gas[51], the electrochemical reactions could be modelled to 

occur throughout the electrode[52] or in a thin reactive layer close to the electrolyte 

[53]. The aim of these microscopic models is to understand the complex phenomena 

occurring in the electrodes as it relates to the micro structural properties such as the 

porosity, pore size, permeability and tortuosity factor with a view to improving the 

SOFC performance. In contrast, macro models treats the electrodes as consisting only 

of electronic conducting particles and pores, defining the electrochemical reaction as 

occurring exclusively at the electrode/electrolyte boundary interface. 

Literature suggests that electrode micro-modelling can roughly be categorised under 

thin film models[54], random resistor network models[55-58] and random packing 

sphere models[59, 60].  

The random packing sphere model is said to be the most used and appropriate for 

modelling[61], the application of this modelling theory was used by Costamagna et 

al[59]  to develop a micro model simulation, their model was  a one-dimension SOFC 

electrode with random packing sphere electrode model, in which they accounted for 

the electronic and ionic transport in the entire electrode. They subsequently developed 

a relationship for evaluating the active surface area of the composite electrode. In 

developing the relationship, they used the earlier model proposed by Bouvard et al[62], 

emphasis was placed on the electrode thickness, as very thin electrode thickness 

reduces the electrochemical active area. However, a very thick electrode layer 

increases the ohmic losses. The model failed to account for the concentration losses 

in the cell despite their importance.  

Chan et al[60] also applied the electrode  microscopic model with random packing 

sphere theory in developing their  one dimension micro scale anode- supported SOFC 

model, in which they established a relationship between the electrochemical reactions 
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and the gas transport properties. All three major forms of polarisation were considered 

in their model, their results show that the polarisation losses are a function of the 

particle size and that a relationship between the anode thickness and the particle size 

exist. However, their model assumed the exchange current density to be a constant 

which in reality should be dependent on the temperature and reactant concentration.  

Xia et al[63]  then went on to improve the model, in which the exchange current density 

was defined to reflect its microscopic sense by considering it as a function of the 

reactant and product concentration. Ni et al[64] studied  how the particle sizes affect 

the cell performance. They used the random packed sphere theory micro scale 

modelling approach, the model investigates the mass transport and electrochemical 

reactions phenomena occurring in the anode. Enhanced cell performance achieved by 

modifying the microstructures of the electrode was demonstrated by the model.  

Also Chan et al[65], Chen et al[66] and Deseure et al[67] applied the electrode 

microscopic model with random packed sphere theory to simulate their individual 

SOFC cathode model.  Chen et al[66] later went on to developed a mechanistic model 

that studies the oxygen reduction phenomena at the cathode/ electrolyte (LSM/YSZ) 

interface, their  model also considered all three forms of polarisation. They went on to 

establish a relationship linking all the processes occurring in the cathode. Parametric 

results from their model showed that when the particle size ratio is high, the fraction of 

YSZ in the composite cathode needs to be increased to lower the polarisation 

resistance. Chan et al[65] also considered all the forms of polarisation in the cathode, 

the model considers oxygen reduction mechanisms, grain interior and boundary effects 

on the total resistance. They also studied the effect of TPB length on the 

ionic/electronic particle size ratio and the volume fraction.  

Desuere et al[67] developed a composite cathode model comparable to those 

developed by Chan et al[65] and Chen et al[66]; their model ignored the ohmic losses 

in the cell while accounting for the activation and concentration. They carried out 

simulations to predict optimum design parameters; such as the kinetic and 

structural/geometric parameters. 

Macroscopic models of electrodes considers the electrochemical reaction sites as a 

dimensionless boundary interface between the electrode and the electrolyte, Lehnert 
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et al [68], Yakabe et al[69], Suwanwarangkul et al[70], Tseronis et al[71] and Grigoruk 

et al[72] simulated macro models which studied the mass transport profile of species 

in the porous anode.  

The models developed by Lehnert el al[68], Yakabe et al[69] and Grigoruk et al[72] 

used the dusty gas equations in modelling the mass transport processes in the anode 

while Suwanwarangkul et al[70] compared Ficks (FM) model, dusty-gas (DGM) model 

and the Stefan-Maxwell (SMM) model for binary and ternary system flows in the anode. 

Their finding reveal that the dusty gas model in which the Knudsen diffusion effect were 

considered is the most appropriate model to describe the gas transport phenomena in 

SOFC anodes.  

Tseronis et al[71] also carried out comparison studies on the three different models in 

a bid to predict the species concentration profile, he compares a 2D DGM against a 

2D SMM and 1D models, their studies show that a combination of mass transport 

models might be the most appropriate in describing the flow phenomena in the SOFC; 

their combination of DGM in describing the flow in the porous medium (anode) and 

SMM in describing the flow in the channel gave the best cell performance 

The models discussed above [68-72] only predicts concentration losses in the anode, 

however to effectively predict the performance of a SOFC, all the forms of losses 

(activation, ohmic and concentration) have to be considered.  

Damm et al [73] developed a macro model that considered the heat and gas transport 

properties in the SOFC anode, the temperature difference between the gas and solid 

phase was estimated using a scaling analysis, however, the simulation results showed 

negligible temperature difference between the gas and solid states. 

Yuan et al[74] used a 3-D CFD approach to model the reforming and transport 

processes in a composite SOFC anode, results obtained showed that internal 

reforming in the anode occurs mainly in regions close to the fuel channel and that the 

species transport and temperature distribution profiles in the cell are dependent on 

both the electrochemical  and chemical (reforming and water-shift gas) reactions in the 

cell. 
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 Electrode models found in the majority of literature have used either the micro 

modelling approach (reaction site is defined as the entire electrode) or the macro 

modelling approach (reaction site is defined as a boundary interface between the 

electrode and electrolyte).  However, it is widely agreed in the literature that the 

electrochemical reaction site extends from the boundary interface to a distance of 

about 20µm into the electrode [68, 75-78], under such considerations, the reaction 

sites can be considered as a distinct layer. As such, the electrodes are modelled as 

composites; having two layers referred to as the diffusion/support layer (responsible 

for diffusion of species to the reaction site and provides structural support) and reaction 

layer ( where the electrochemical reaction occurs)[53, 75, 79, 80], these composite 

electrode models serves as a connecting link between the micro and macro modelling 

approaches.  

Hussain et al[80]  developed a fuel flexible multi-component model that is expected to 

predict the species distribution for any reformate gas. A composite layer electrode 

structure was used. The model considered the electrochemical reactions in the 

reaction layer and water-shift gas reaction in the support layer. The reforming 

properties of the reaction were neglected in the model. 

Farhad et al[81] also developed a one-dimensional micro-model of a composite anode 

electrode consisting of a substrate layer and a functional layer. Their model predicts 

the electrochemical performance for a hydrocarbon fuelled anode. Mass transport, 

ionic and electron transport process were considered in the model but the momentum 

and energy transport terms were neglected. The effect of some microstructural 

parameters on cell performance was considered. The parameters investigated 

includes the volume fraction, porosity and particle size 

2.3 Cell modelling 

Cell models are developed primarily with the aim of predicting and optimising the 

performance of the entire cell by carrying out sensitivity and parametric studies. The 

cell performance is greatly influenced by the oxidising and reducing reactions occurring 

in the reaction sites, the chemical reactions of steam reforming and water-shift gas 

which occurs in both electrode layers, the transportation of species to the reaction sites 

in the electrodes, the transportation of oxide ions from the cathode reaction layer 
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through the electrolyte to the anode reaction layer and the transportation of electrons 

through the diffusion and reaction layers of the electrodes.  

Electrode models discussed above in section 2.3 are models of particular cell 

components usually conducted at the atomistic (micro) or molecular (macro) level. The 

information obtained by such specific model studies are usually limited to the exact 

phenomenon or aspect studied, thus providing limited insights on the performance and 

characteristics of the entire cell, however the results play an important role in the 

development, analysing and design considerations of cell models as they provide 

useful data for the development of the cell models[82]. 

Cell models can also be categorised into micro and macro cell models based on the 

treatment of the electrodes, although most cell models available in literature used the 

macro modelling approach, Hussain et al [35], Jeon D.P[83] and Nam et al [75] all 

simulated their cell with the micro modelling approach. Hussain et al[35] developed a 

two dimension fuel flexible SOFC model that predicts the cell performance at various 

design and operating conditions, they assumed the exchange current density value 

to be a constant, although the model considered a multicomponent mixture in the 

electrode, the micro scale modelling approach was used only in the reaction zone 

layer, thereby neglecting the microstructural properties in the diffusion layers of their 

cell model, this was included in  models developed by Jeon D. P[83] and Nam et 

al[75] in which micro scale modelling was carried out in the entire electrode, 

however, both models only considered binary mixtures in the anode, thus neglecting 

the fuel flexibility characteristic of SOFCs. 

Ferguson et al[84] developed a 3-D simulation of an SOFC model which predicts the 

behaviour of the voltage, temperature and the current distribution when some 

parameters were varied. Their model consists of interconnects, electrode layers, 

electrolyte layer and flow channels. Electrochemical reaction was modelled to occur at 

the electrode/electrolyte interface (macro scale), the heat source is made up of the 

ohmic heat and the heat produced by the chemical reactions in the anode. 

Furthermore, the model was used as a design tool to analyse the cell efficiency. The 

analysis was carried out by studying the cell efficiency at different flow configurations 

and different geometric designs with the aim of identifying the flow configuration and 

geometric design that provides the best cell performance. The effect of rib width and 
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electrode thickness on efficiency were also studied. Results showed that the counter-

flow design for a planar geometry gave the most efficient set up when hydrogen was 

use as fuel and that the planar geometry had less ohmic losses compared to the tubular 

geometry. 

 Kim et al[85] used a 1-D empirical analysis to simulate a SOFC operating at 

intermediate temperature between 923K and 1073K, the model analyses the 

concentration polarisation through the porous electrode for a hydrogen fed SOFC. The 

effect of activation polarisation in the Tafel limit was also studied, the model ignored 

the effect of electrode microstructure and that of heat transfer equations on its 

performance.  

The 3-D intermediate temperature SOFC model developed by Iwai et al[86]  solves for 

multicomponent gas transport, temperature distribution, electronic and ionic transport. 

The reforming and water-shift gas reactions were also considered in the model. The 

model assumes the oxidation of CO and H2 in the electrochemical reaction. However, 

the model failed to include the Knudsen diffusion term in the gas transport equations. 

 Chinda et al[87] simulated a 2-D model that can simultaneously solve mass, energy 

transport equation, chemical and electrochemical reactions, they included the effect of  

electrode microstructure  and operating conditions on the performance analysis of the 

cell. Although energy transport equations were considered in the model, its radiation 

component was ignored.  

In SOFC modelling, the radiation component of the heat transfer equations is 

somewhat controversial. Some authors argue that due to the operating temperatures 

of SOFCs, the thermal radiation emitted from the solid components of the SOFC 

constitute a significant part of the total heat transfer in the cell. [82]. Authors who 

agreed with this and included thermal radiation components in their heat transfer 

models include Costamagna and Honegger[88], Ota et al[89], Aguiar et al[90], Xue et 

al[91], Damm and Fedorov[46], Daun et al[92] and Sanchez et al[93], Kee et al[94]. On 

the other hand, many other authors ignored the radiation component of their heat 

transfer model due to three main reasons: First, the researchers completely ignored 

the heat transfer equations and assumed a uniform temperature throughout the cell 

(isothermal modelling) [69, 95], this was disputed by Burt et al[96] whose studies 
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showed that ignoring radiation heat transfer leads to the prediction of un-even 

temperature gradients in SOFC stacks[96]. Second, very thin channel walls were 

assumed[97] and third, due to the high cost of computation when radiation heat transfer 

is considered[98]. 

 Costamagna and Honegger[88] considered radiation heat transfer as a boundary 

condition between the cell and the surrounding, they neglected the radiative transport 

within the electrode and electrolyte layer. 

 In models developed by Damm et al[46] and Aguiar et al[90] radiative heat transfer 

within the electrode and electrolyte layer as well as surface to surface radiation within 

the channels were considered. Damm et al [46] argues that radiation from the stack to 

the environment are of critical importance for effective thermal management of high 

temperature stacks, this view was also taken by Aguiar et al[47] who argues that about 

79% of the total heat transfer in a SOFC with an external reformer is due to the radiation 

emitted between the solid components of the cell and the reformer. 

Although Daun et al[92] considers radiative heat transfer in their model, results 

obtained led them to conclude that radiative heat transfer component can safely be 

excluded from SOFC modelling equations as they have negligible effect on the cell’s 

overall heat transfer. 

The governing equations used in modelling SOFCs are highly complex and non-linear, 

making it very difficult to obtain exact analytical solutions; these equations are usually 

solved by using computational fluid dynamics (CFD) methods to convert them into sets 

of numerical solvable equations. The most commonly used CFD techniques in 

modelling SOFCs are the finite-element method (FEM) and the finite-volume method 

(FVM).   

Hussain et al[35], Nam et al[75],Ferguson et al[84] and Lehnert et al[68] simulated their 

models with FVM based in-house developed codes, Commercial codes based on FVM 

such as STAR-CD, FLUENT, and PHOENICS have also been used by numerous 

authors in developing their models. 

Recknagle et al[97], Yakabe et al[98] and Liu et al [99] used the FVM software package 

“STAR-CD” for their model simulations, FLUENT was used by Ackmann et al [100], 
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Autissier et al[101] and Danilov et al[102] in their SOFC models, although less popular, 

PHOENICS have also been used by Beale et al[103] in conjunction with FLUENT in 

solving governing equations of flow, heat, mass transfer and electrochemistry in their 

model.  

Anderson et al[76] employed the FEM commercial code COMSOL Multiphysics to 

develop an SOFC model operating at intermediate temperature, their model  includes 

the governing equations for heat, mass, momentum and charge transport as well as 

the electrochemical reaction and internal reforming kinetics. Jeon et al[74],Shixue et 

al[53], Tseronis et al [71] all used the COMSOL Multiphysics software in developing 

their SOFC models. 

A major challenge to using the planar geometries in SOFCs is its mechanical stability. 

Planar geometries are known to be susceptible to high internal stresses arising mainly 

from heat cycles, also since an effective high temperature gas sealing technique is 

required, only certain material are suitable to be used as seals; such as glass, cement 

or glass-ceramic. The use of such sealing materials could generate mechanical 

constraints, due to thermal coefficient mismatch with the other cell components thereby 

increasing the cells internal stress. Also, as a result of the non-homogenous 

temperature distribution within the cell and the very thin electrolyte layer used in planar 

SOFCS, further mechanical deformation of the cell components is expected which 

could further increase the cells stress level[98].  

In the model developed by Yakabe et al[98], principal stresses in the electrolytes and 

the interconnectors of the cell were computed  from an earlier model in which they 

studied temperature distribution profiles using the FEM software “ABAQUS”, their 

Studies show that the reduction in the fuel temperature at the cell entrance due to the 

rapid consumption of methane in the internal reforming reaction will result in large 

tensile stresses and that the co-flow configuration is a more suitable flow pattern since 

its temperature distribution is more even than that obtained for a counter-flow 

configuration, they then recommended the co-flow configuration as a useful measure 

to reducing the SOFCs internal stresses. 

Lin et al[104] conducted studies on thermal stress in their SOFC models, the 

commercial FEM software “ABAQUS” was also used in characterising the thermal 
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stress distribution in the SOFC stack, their model considered the effect of support 

configuration, glass-ceramic sealant, temperature gradient and thermal expansion 

coefficient mismatch on the stress distribution in the cell. Based on their simulation, 

the glass-ceramic sealant was identified as the most susceptible part of the SOFC 

stack to induce thermal stress.  

Steady state and transient studies were conducted by Selimovic et al[105] to 

investigate the thermal stress distribution in a planar bipolar SOFC. The 

electrochemical, thermal and transport processes were coupled together in developing 

the model. Their analysis showed that the largest stress distribution in the cell occurred 

at the anode/electrolyte interface. It also revealed that the use of metallic 

interconnector improves the temperature distribution and consequently reduces 

thermal stresses. 

The two most common SOFC geometric designs used in the literature are the tubular 

SOFC (T-SOFC) and planar SOFC (P-SOFC). The T-SOFC design is used by authors 

like Campanari et al[106], Ota et al[89] and Xue et al[91] in their models while the P-

SOFC design was used in models by quite a number of researchers [68, 69, 71, 83, 

98, 107-109].  

Ferguson et al[84] and Stiller et al[110] carried out simulations on both configurations, 

however, their studies was focussed more on parametric analysis than comparative. 

The models take into account the chemical reactions, mass conservation, heat 

transfers; both models used methane gas as the fuel.  

Zhang et al[111] did a comparative study between T-SOFC and P-SOFC configuration, 

a 3-D steady state numerical model that accounts for internal reforming and water shift 

reaction  for both designs was described, their findings indicate that the more 

significant losses on the P-SOFC configuration were the ohmic losses in the electrolyte 

and the activation losses. For the T-SOFC configuration, the ohmic losses in the 

cathode were the most significant. The studies further revealed that the current density 

distribution is strongly dependent on the location of the major ohmic losses in the cell. 

The ratio of ohmic heat to the overall heat generated in the cell was much higher in T-

SOFC than in P-SOFC, this difference is higher in the counter-flow design than in the 

co-flow design. The P-SOFC configuration are more compact than the T-SOFC thus 
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they suffer from less ohmic and concentration losses. However, thermal gradients are 

typically higher especially in cases when internal reforming is considered. On the other 

hand, the current path lengths in T-SOFCs are longer than in P-SOFC, this tends to 

limit their performance.[112] 

The state-of-the-art planar SOFC are generally manufactured in three designs: 

electrolyte supported, cathode supported and anode supported SOFCs.  The 

electrolyte supported design comprises of a thick electrolyte usually between 120-

200µm, they usually operate at high temperature around 1000°C as they are known to 

produce high ohmic losses at low temperature. The latter design has a thick cathode 

or anode depending on whether it is cathode or anode supported usually between 400-

800 µm and a thin electrolyte between 8-20 µm. The electrode designs (cathode and 

anode) have less ohmic losses in the electrolyte due to its thinness. However, 

concentration losses are quite significant because of gas diffusion resistance in the 

electrodes due to its thickness [50, 113].  

Chan et al[114] showed with their polarisation model of a SOFC that the performance 

of an anode supported cell is superior to that using a cathode as the support,  

Patcharavorachot et al[107] carried out an electrochemical study of a planar SOFC 

with the aim of investigating the role of support structures at when the SOFC is 

operated at intermediate temperatures, results obtained demonstrate that the anode 

supported SOFC gives better performance that the electrolyte or cathode supported. 

Subsequently, many researchers have developed models on anode supported 

SOFCs.  

Yuan et al[115] developed a 3-D model of a planar anode supported SOFC to 

investigate the transport processes in the cell, the model considers a binary fuel 

mixture in the anode (H2 +H2O) and air in the cathode, the electrochemical reactions 

were assumed to occur only at the electrode/electrolyte interface.  

Shi et al[116] also developed a 2-D isothermal mechanistic model of an anode 

supported SOFC based on the button cell geometry, they also assumed a binary fuel 

mixture in the anode. They treated the reaction layer as a boundary condition. Their 

model considered all the forms of polarisation.  
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Paradis et al[117] used an anode supported theoretical model to investigate the 

internal reforming reaction process and their transport model, they considered multi-

component mixture in the anode, yet treated the electrochemical process as occurring 

in the electrode/electrolyte interface.  

Zhu et al[118] developed a 3-D model for a planar anode supported cell with co-flow 

configuration, although the model considered multi-component mixture in the anode. 

However, momentum and energy equations were not taken into account with an 

isothermal assumption over the whole cell, also the reaction zone layer was treated as 

a boundary condition.  

More recently, a number of authors such as Hussain et al[35], Ho et al[79, 113], Jeon 

et al[83, 108] have developed numerical models predicting the performance of planar 

anode supported SOFC, the novel feature of their models is the consideration of the 

reaction zone layers as  finite volumes, having a distinct layer different from the 

diffusion layers of the electrodes. 

2.4 System level modelling 

The high operating temperature of SOFC is said to impose several technological 

constraints on its materials, while at the same time making the cell very suitable for co-

generation and/or coupling with hybrid systems due to significant amount of high 

quality heat output. 

 A hybrid system usually refers to the integration of a fuel cell in some other form of 

heat engine of which the gas turbine (GT) is the most commonly investigated. The 

integration of SOFCs with GTs and other conventional devices such as combined heat 

and power systems, heat exchangers and compressors has been very successful in 

terms of improved energy efficiencies since the SOFC-GT hybrid system are known to 

reach efficiencies of 85%[119].  

Studies on the modelling of SOFC hybrid systems are gradually increasing, a good 

number of these studies focuses on the energy and/or exergy balance analysis of the 

system, so as to evaluate the distribution and location of the thermodynamic 

inefficiencies and irreversibility present in the system. Most of the hybrid system 

models in literature are 0-D models, here the fuel cell component is treated as a 

dimensionless box, nevertheless, this approach is suitable for hybrid SOFC 
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simulations where the study emphasis is on the interaction of the fuel cell and the rest 

of the system and the contribution of the SOFC to the overall system performance 

[120].  

The pioneers in the field of SOFC modelling and their integration with gas turbines are 

Harvey and Richter[121-123], the earliest known SOFC-GT system was proposed by 

them in 1993, they improved on the model by incorporating internal reformer in the 

cycle.  

Calise et al[119] carried out simulations and exergy analysis on a hybrid SOFC-gas 

turbine system, they solved for the energy and exergy balance for each component 

and for the entire system, they went on to calculated the base electrical efficiency as 

60% which increased to 70% when heat recovery setup was considered.  

Gogoi et al[124] developed an analytical model that provides the energy and exergy 

based performance analysis of an SOFC-GT-steam turbine (ST) combined cycle 

power plant, parametric studies were carried out on the variation of compressor 

pressure ratio (CPR), fuel flow rate (FFR) and air flow rate (AFR), the optimum boiler 

pressure was found to be at 40bar with 50% additional fuel burning. 

 In the paper presented by Chan et al[38], a natural gas fed hybrid SOFC power 

generating system was presented. The cases studied analysed the effect of operating 

pressure and fuel flow rate on performance of components and the overall system, the 

hybrid SOFC-GT system achieved an electrical efficiency of 60% and the entire system 

(including waste recovery) was about 80% efficient.  

In a later study carried out by Chan et al[125], they carried out different levels of 

modelling on the earlier built model, this included the fuel cell model, fuel stack model 

and the integrated system, the improved system consist of an integrated reformer, 

SOFC stack and other gas turbine component. The developed hybrid system achieved 

an electrical efficiency of 60%.  

Palsson et al[126] studied the integration of a GT hybrid system with a SOFC, their 

results show that the pressure ratio has large impact on performance and that electrical 

efficiency of more than 65% can be achieved at low pressure ratio. 
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2.5 Simulation of solid oxide fuel cells 

Multiphysics simulation entails the interaction and coupling between two or more 

physical disciplines. The phenomena associated with these disciplines are usually 

described by a set of partial differential equations which are solved for the 

corresponding physical phenomena occurring in the defined physical domain. A 

thorough comprehensive analysis of SOFCs phenomena requires an effective 

multidisciplinary approach. The operation of an SOFC depends on the complex 

intertwining between different multiphysics such as mass transport, heat transport, 

momentum transport, and charge transport all taking place simultaneously and been 

tightly coupled. The different phenomena occurring in the cell can be described based 

on different scale structure: micro-, meso- and macro scales.  The micro and meso 

scale aim at understanding the detailed phenomena occurring in each component 

while the macro scale is more related to empirical analysis such as using computational 

fluid dynamics. Predictions from the micro and meso scale modelling are then used in 

developing the empirical macro scale model,  

The main features used in simulating each of the physical domains in the model are 

itemised in Table 2.1 and discussed below: 

Table 2.1: Physical phenomena taking place within the SOFC and their spatial scale. 

PHENOMENON MECHANISM LAYER SPATIAL SCALE 

Mass Transport Molecular 

Ionic/Electronic 

Molecular 

 

Channels 

Electrodes 

Electrodes 

 

Macroscale 

Microscale 

Mesoscale 

 

Momentum 
Transport 

Any Channels, 
Electrodes 

Macroscale 

Species Transport Convection 

Ordinary diffusion 

Knudsen diffusion 

Channels, 
Electrodes 

Channels, 
Electrodes 

Electrodes 

Macroscale 

Macroscale 

Mesoscale 

Heat Transport Convection 

Diffusion 

Radiation 

Channels, 
Electrodes 

Overall 

Cell surfaces 

Macroscale 

Mesoscale 

Macroscale 

Reaction Kinetics Reduction-Oxidation 

Reforming 

Water shift gas 

Reaction zone (TPB) 

Anode 

Anode, Fuel channel 

Microscale 

Mesoscale 

Mesoscale 

Charge Transport Ionic 

Ionic/Electronic 

Electrolyte 

Electrodes 

Microscale 

Microscale 
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PHENOMENON MECHANISM LAYER SPATIAL SCALE 

Electronic Interconnect Microscale 

 

2.5.1 Mass transport modelling 

Mass transport in flow channels and porous electrodes is considered  important in 

enhancing the performance of the fuel cell, due to the structure of the flow channels 

and porous electrodes, the pressure, velocity and species distribution need to be 

studied using mass transport equation. Generally in SOFCs, mass transfer is due to 

convection, ordinary or molecular and Knudsen diffusion, while convection and 

ordinary diffusion is used in describing the diffusion process in the channels, the 

species diffusion through the porous electrode could be described by either the 

ordinary or Knudsen diffusion. Ordinary diffusion is known to be dominant for large 

pore sizes and at high system pressure. If the frequency of collision between the 

molecules and the pore wall is high, then the Knudsen diffusion term becomes 

significant and needs to be taken into consideration.  

In SOFC literature, there is a wide range of models used in describing the diffusion 

phenomenon in SOFC electrodes and channels of which the most established ones 

are either through the Ficks model [59, 84, 86, 106, 127, 128] or the Maxwell-Stefan 

model[101, 129, 130], some other authors use more complex models like the modified 

Maxwell-Stefan model [35, 41, 91] or the Dusty-gas model[131, 132].  

Tseronis et al[71] and Cayan et al[133] combined different diffusion method in their 

model. Suwanwarangkul et al[70] reported a comparison between the three major 

approaches, they concluded that the choice of approach is case sensitive and that the 

DGM is most appropriate at high current density and for multicomponent systems while 

the SMM gives a good approximation for binary systems. Although mass transport 

phenomena in SOFCs significantly affects the cell performance, its consideration was 

completely neglected in models developed by Costamagna et al[88] and Stiller et 

al[110]. 

2.5.2 Momentum transport modelling 

Gas flow velocities in SOFCs are affected by chemical reactions, mass transfer, 

temperature change and density changes occurring in the cells[44]. They are 
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characterised by very slow flow motion which justifies the common practice of 

assuming laminar flow in the gas channels [134]. Flow velocity profiles are modelled 

by the momentum conservation equation. Despite the importance of velocity variation 

inside flow channel, momentum conservation was not incorporated in the model 

developed by Ferguson et al[84], since they assumed a zero velocity in the electrodes 

and constant within the flow channels.  

Some other researchers [37, 135, 136] didn’t consider the momentum conservation in 

their model. Although, many comprehensive models in literature include the 

momentum conservation in their model     [58, 76, 83, 91, 127, 137, 138].  

Bhattacharyya et al[139] compared models having momentum conservation equation 

with those not having the equations, they found that changes in velocity especially on 

the cathode side of the flow channel has a significant effect on cell performance and 

that neglecting momentum balance equations in steady state consideration causes 

computation errors especially at high current densities. Vast majority of simulations 

agree in the use of Navier-Stokes equations to model the momentum conservation in 

the gas channels and the Darcy equation for the porous electrodes [79, 98, 115]. The 

connection between Navier stokes and Darcy equation with the Darcy-Brinkman 

approach is described later chapter Four. 

2.5.3 Heat transport modelling 

Heat transport modelling is of vital importance in the design and development of 

SOFCs, due to the close coupling of temperature fields to the electrochemical reaction 

rates, reaction kinetics, electrode overpotentials, ohmic resistances, operating voltage, 

fuel utilisation and flow fields. Furthermore, an accurate thermal analysis is essential 

for the prediction, optimisation, assessing and mitigating thermo-mechanical 

degradation of the cell[73].  

Although some researchers assumed an isothermal system in their model [35, 68, 71, 

75, 107, 140], a good number of authors accounted for heat transfer components in 

theirs.  

A common assumption found in predictive thermo-fluidic models of SOFCs is the 

assumption of local thermal equilibrium (LTE) between the gas and solid components 

within the porous electrode [76, 79, 141], the validity of this assumption was proved by 
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Damm et al[73]; they were able to predict the temperature difference between the solid 

and gas phase in the SOFC, their model assumed the local temperature between both 

phases was not in equilibrium (local temperature non-equilibrium (LTNE) approach), 

the difference in value obtained was found to be small enough to be tolerated, this 

finding was collaborated in a study by Andersson et al[142], who used the same 

method to determine the temperature difference between gas and solid phases, which 

they found to be negligible.  

Heat transfers within SOFCs usually occur through convection (between the solid 

components and the gas streams), conduction (within the porous and solid structures), 

diffusion and radiation. Among literature, there are little or no discrepancies on the 

need to model the convective and conductive contribution, on the other hand, the need 

to model the diffusive and radiation effect on thermal analysis of SOFCs is quite 

controversial. 

2.5.4 Electrochemical reaction modelling 

The electrochemical reaction which occurs inside of the fuel cell is known to be the 

driving force of the cell performance. These reactions occur at the reaction layers also 

called the triple phase boundary (TPB). Some authors consider this reaction zone 

layers as mathematical surfaces, thus treating them as boundary conditions [69, 76, 

87, 114, 134, 143], the justification for this assumption is that the reaction sites are 

spread thinly into the electrodes a distance of about 10µm[76, 144].  

However, other authors consider the reaction zone layer as  finite volumes, defining 

an active surface area per unit volume of the electrode as the region where the 

electrochemical reaction occurs [35, 79, 83, 108, 113]. Authors who considered this 

region as finite volume usually agree that this layers thickness ranges between 10-

50µm. The high operating temperature of SOFC offers possibilities of internal 

reforming (see next section), unlike in many other types of fuel cells, carbon monoxide 

(CO) is not poisonous, but can be oxidised along with H2 in the electrochemical 

reactions. Under such considerations, only a very small fraction of the CO is actually 

oxidised as it mostly participate in the water-gas shift reactions than in the 

electrochemical reactions[44].  
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Nevertheless, a good number of authors [68, 69, 145-147] still considered CO 

oxidation in their model. Although most [40, 59, 71, 78, 83-85, 89, 114] ignored the 

occurrence of CO oxidation due to the dominance of H2 over CO in charge transfer 

chemistry. 

The SOFC simulations developed by Aloui and Halouani[148] compared performances 

when  only H2 was oxidised with the oxidation of syngas (H2 and CO), results obtained 

showed  that the direct oxidation of syngas gives slightly better cell performance than 

using only H2 fed. 

2.5.5 Reforming and shift reaction modelling 

Reforming reactions enables the production of oxidisable fuels like H2 and CO from 

hydrocarbons such as methane or natural gas. This reaction occurs predominately 

between 873K and 1273K; offering good thermal compatibility with SOFC operations. 

As such, heat needed for the endothermic reforming reaction can be supplied by the 

SOFC [44]. Hydrocarbon reforming can either occur before the SOFC (external 

reforming) or inside the SOFC (internal reforming). 

Two forms of internal reforming exist: direct (DIR-SOFC) and indirect (IIR-SOFC) 

internal reforming. In DIR-SOFC, the hydrocarbon is fed into the cell through the anode 

flow channel, the chemical reforming reactions occurs in the anode electrode layers 

(diffusion and reaction) while for the IIR-SOFC, the reformer is placed separately but 

still in thermal contact with the anode electrodes. 

On the other hand, the exothermic water-shift gas reaction occurs when CO reacts with 

water to generate H2 (more fuel for the oxidising reactions) and CO2, the shift reaction 

is assumed to take place in electrode layers and fuel channel. 

Chanda et al[87], Aguiar et al[40], Iwai et al[91], Ho et al[113, 149], Haberman and 

Young[150] and other researchers in [47, 68, 109, 151, 152] included DIR-SOFC in 

their models while Aguiar et al[153] and Dokamaingam et al[37, 154] used IIR-SOFC 

in theirs. A few others like Hussain et al [35, 80] only considered the water shift gas 

reaction in their model. 
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2.6 Current issues in SOFC modelling. 

SOFC models are developed by using computational fluid dynamics (CFD) methods 

to solve the transport equations; these solutions are then coupled to an 

electrochemical model[155].  

Table 2-1 compares some models in the literature; the criteria used for the comparison 

are the modelling methodologies and the particular physics been considered. 

Majority of  the compared models [35, 69, 75, 79, 83, 150, 156, 157] were carried out 

at the cell level; of which most analysed at the  macro scale level. 

The finite volume method (FVM) is preferred for discretisation by most of the authors. 

 All the models compared included governing equations for the mass transport.  

Charge transport models were also included by most of the papers except those who 

models only investigated the electrodes. Quite a few neglected momentum transport 

[75, 87, 90, 150] and energy transport [35, 69, 75].  

Parametric studies were carried out by most authors [75, 79, 83, 87, 90, 156, 157] 

aimed at performance optimisation but validation with experimental data is rare.  

The models that considered energy transport equations included convective heat 

transfer and ignored the radiation component in their simulations.  

DIR-SOFC was considered by all the papers that used hydrocarbons as their fuel.  

For flow configuration; co-flow and counter-flow were mainly found in literature, with 

most authors modelling with co-flow configuration.  

0-D to 3-D modelling techniques can be found in literature, in 0-D modelling, the SOFC 

is considered as a black box, they are usually used in system modelling where the 

SOFCs are integrated in other heat engines to improve work output and efficiencies. I-

D are useful when variations along flow directions are been studied, while 2-D are 

needed when connections between flow channels and electrodes are important, 3-D 

is usually used to obtain detailed knowledge of the performance characteristics of the 

SOFC [45, 158]  
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Table 2-2: Comparison of some SOFC models found in literature 

Paper number 1 2 3 4 5 6 7 8 9 10 11        

Paper reference number [156] [75] [79] [69] [35] [90] [157] [87] [83] [150] [38]      hnn  

Dimensions 

0-D                   

1-D     x              

2-D      x  x x x x      vb  

3-D x x x x   x            

Fuel 

Hydrogen x  x    x  x          

Methane  x  x x x  x  x x        

Gas 
mixture                   

Other                 ff  

Discretisation 

FDM                   

FVM x x x x x x  x  x x        

FEM       x  x          

Flow 

configuration 

co-flow x x x  x x x x x x x      fdfd  

counter-
flow  x  x  x             

cross flow                   

Level of  

modelling 

Cell x x x x x  x  x x         

Stack      x  x   x        

System           x      cvv  

Modelling  

scale 

micro 
model   x  x   x x          

macro 
model x x  x  x x   x x        

Governing 

equations 

Mass x x x x x x x x x x x        

Energy x  x   x x x x x x        

Momentum x x x x x  x  x  x        

charge x x x  x x x x x x x        

Heat transfer 

consideration 

convection x x    x x x x x x        

Radiation      x             

Reforming 

type 

External                   

DIR  x    x  x  x x        

IIR                   

Validation with 

Exp. data 

yes     x   x           

no x x x x  x x  x x x        

Parametric 

study 

Yes x x x  x x x x x          

no    x      x         
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Most of the studies in SOFC modelling use the well-known   or so called “state of the 

art” materials in their analysis, new studies need to be carried out to assess alternative 

materials and to study the effect of these materials on cell efficiencies, cell degradation, 

performance improvement etc.  

The table below categories the selected models from Table 2-2 into the cell types, 

objectives, methodology and the limitations of the models.  

Table 2-3: Detailed comparison of selected models 

Author Cell 
type 

Objective Method Limitations 

Wang et al 
(1) 

PSOFC To study the 
influence of 
operating 
conditions and 
anode structure by 
predicting the 
temperature 
distribution, 
species 
concentration, 
current density 
and over 
potentials  

FVM in solving 
the conservation 
laws of mass, 
momentum, 
energy and 
electric charge 
for both co-flow 
and counter-
flow cases 

-model not validated 
with experimental data 
-Knudsen diffusion is 
neglected 
-concentration heats 
was ignored 
-Electrochemical 
reactions were 
modelled as a 
boundary interface 
-Ohmic overpotential is 
ignored 
-Exchange current 
density is assumed 
constant. 
-model parameters 
were neither 
determined from 
empirical relations nor 
from experiments or 
literature 
-solves for only binary 
mixtures 

Nam et al 
(2) 

Micro 
PSOFC 

To develop a 
detailed micro-
scale prediction of 
the 
electrochemical 
processes in the 
entire SOFC 

Experiments on 
electrochemical 
reaction kinetics 
with defined 
TPB length 
were used to 
model the 
activation 
overpotentials, 
gas phase 
transport was 
calculated by 

-The momentum of 
gaseous species was 
assumed negligible 
-Solves only for binary 
mixtures 
-Electrochemical 
reactions were 
modelling as occurring 
in the entire electrode 
surface 
-Concentration 
overpotential was 
ignored 
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the dusty-gas 
model 

-Convective fluxes 
were included in the 
electrodes 
-conversation of energy 
was not included in the 
model 

Thinh et al 
(3) 

Micro 
PSOFC 

To develop an 
anode supported 
SOFC with 
composite 
electrode in which 
the internal 
reforming of 
methane and 
steam is included 

Equations 
describing 
transport, 
chemical and 
electrochemical 
processes for 
mass, 
momentum, 
species and 
energy are 
solved using a 
Star-CD 
commercial 
package 

- the ohmic heat source 
terms are not included 
in the energy model 
-the heat source term 
from activation and 
concentration losses 
are not included 
-The kinetics for the 
methane reforming 
reaction rate assumes 
a first order for 
methane and zero 
order for the other 
components in the 
reaction 
-it assumes a constant 
for the exchange 
current density and 
reactive surface area 

Yakabe et 
al (4) 

PSOFC To estimate the 
concentration 
polarisation in the 
anode 

FVM was used 
in solving the 
conservation of 
mass equation 
in which Darcy’s 
law was used in 
modelling the 
gas flow  

-Electrochemical 
reaction modelled as a 
boundary interface 
-it uses oxygen 
pressure difference to 
calculate the 
concentration 
overpotential in the 
anode  
-ignored all other 
overpotential terms and 
the energy balance 
equations 

Hussain et 
al(5) 

PSOFC To develop a fuel 
flexible SOFC 
model with a finite 
reaction layer and 
incorporate micro 
characteristics of 
the cell 

FVM in solving 
the mass, 
momentum and 
charge 
equations to 
predict the cell 
performance at 
various 
operating and 
design 
conditions 

-Failed to use empirical 
relations to model the 
microstructural 
parameters 
-Ignored the heat 
transfer equations  
-only accounted for the 
water-gas shift reaction 
(ignored steam 
reforming reaction) 
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-exchange current 
densities were 
assumed constant 

Aguiar et 
al (6) 

Dynamic 
PSOFC 

To develop a 
dynamic planar 
anode supported 
SOFC with internal 
reforming 

Using mass and 
energy balances 
and an 
electrochemical 
model to predict 
the cell 
performance at 
several 
temperatures 
and fuel 
utilisation 

- The kinetics for the 
methane reforming 
reaction rate assumes 
a first order for 
methane and zero 
order for the other 
components in the 
reaction 
-heat arising from the 
electrochemical 
reactions are not 
included 
 

Andersson 
et al (7) 

PSOFC To investigate the 
influence of ion 
and electron 
transport 
resistance 

Governing 
equations for 
heat, mass, 
momentum and 
charge transport 
as well as the 
kinetics for 
electrochemical 
and reforming 
reactions 

-The effect of species 
concentration(pressure) 
was not included in the 
exchange current 
density term 
-micro structural 
characteristics were not 
included 

 

Although there are many thermal models in literature, most of them are at the cell level, 

there is a need for further developments in stack and system level modelling, there is 

also a need for more models (micro models) that relates the microstructure, geometry 

and material properties as they are quite rare in literature. 

There are very limited studies which focuses on how the interdependent 

microstructural properties affect the chemical reactions and mass transport processes 

in the cell, also the reactive surface area, porosity, particle size, and electrode 

thickness are known to have conflicting effect on the cell performance. More research 

studies is needed to fully understand and predict this behaviour. 

Electrochemical heating is also not fully available in open literature although they are 

quite important in developing models. The Joule heating effect which are usually quite 

large due to the high ionic resistance of YSZ and the heat due to the activation 
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overpotential because of the large cathode activation overpotentials must be 

accounted for in the model for an accurate energy balance. 

The pressure gradients in the electrodes and the momentum balance equations are 

ignored without justification in most modelling studies 

To model SOFC’s taking into account the above mentioned needs, the 

thermodynamics and kinetics of SOFC must be fully understood and this is discussed 

in details in the next chapter. 

2.7 Conclusions. 

SOFC models found in the literature are classified broadly into electrode level, cell 

level or system level models. The choice of what level to carry out simulations depends 

on the aim of the study and the components been considered. However, irrespective 

of the model level, the approach could either be micro-scale or macro-scale. 

A review of SOFC models has been undertaken. A variety of modelling approaches 

have been used in their simulations, these approaches can be summarised under four 

concepts and will be discussed briefly: 

 Electrochemical reaction sites 

In the macro-scale approach, the electrochemical reaction is assumed to occur in the 

boundary interface between the electrolyte and the electrode. The justification for this 

assumption is the thinness of the region. This assumption leads to a simplification of 

the model since the conservation equations in the region will not be considered, the 

chemical reactions will also not be considered and the effect of the electrochemical 

reactions on the electrode kinetics is ignored. The micro-scale approach is to treat the 

reaction layer as a finite volume in which the electrochemical reactions occur in a 

distinct reaction layer. 

 

 Electrode treatment. 

In the macro-scale approach, the electrode is considered as been made up only of 

electronic particles and the pore size, most of the models that used this approach 

assumed parameters without any interdependency relationship between them. The 

micro-model treats the layers as been made up of three phases: ion conducting, 
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electronic conducting and the pore size, as a result interdependency relationships 

between the micro-structural parameters are considered in developing the model. Due 

to the complexity of this approach, most studies limited this approach to electrode level 

models; although recently Nam et al[75] used this approach in a cell level model. 

 

 Fuel flexibility 

It is widely agreed that an important characteristic of the SOFCs are its fuel flexibilities, 

been able to use hydrocarbons and carry out internal processing of the fuels. Most of 

the macro-scale models used hydrocarbon in their model and considered internal 

reforming processes, they were able to do this successfully due to the minimal 

complexities in their model as a result simplifications in the electrochemical reaction 

and electrode treatments. However, very few micro-models included multi-component 

mixtures; rather binary mixtures were mostly used. 

 

 System level models 

It is only recently that interest in system level modelling is gaining interest, a number 

of the existing models have studied SOFC integration with basic cycles and only 

studying for the energy changes regarding efficiency and specific work output, a few 

others studied the exergy destroyed in the system, however, very few combined the 

studies. 

 

Different aspects and approaches to SOFC modelling have been undertaken in 

literature, however, the models either made some assumptions to simplify the 

simulation process or had limitations (some of which has been discussed above), 

therefore the unique contribution of this thesis is to produce a comprehensive micro 

scale SOFC model . The key features of this present model are listed as follows: 

 

 Micro-Scale: The micro-scale modelling approach is used in the simulation for both 

all the components; in which the micro-structural parameters are modelled to 

depend on each other. 
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 Fuel Flexibility: The micro-scale model is able to simulate any hydrocarbon based 

fuel made up of a multi-component mixture. The reforming and water-shift gas 

reactions were considered to occur in the anode 

 

 The electrochemical reaction is modelled to occur only in the distinct electrode 

reaction layer. As such, the conservation equations and the chemical reactions are 

considered in this layer 

 

 A total heat transfer model is developed, in which all the exothermic and 

endothermic reactions are considered, also the heat properties of the 

irreversibility’s (overpotentials) in the cell are considered. (a number of the reviewed 

literature didn’t consider overpotential heat properties) 

 

 The Knudsen diffusion term due to the frequency of collision between the gas 

molecules and the pore walls is included in the mass transfer model. 

 

 System level studies for both the energy and exergy analysis in complex cycle 

configurations involving more than three heat exchanging components. Two unique 

configurations were developed and their effect on efficiencies and exergy 

destruction were examined. 
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CHAPTER3 : Thermodynamics and Kinetics of SOFCs 

3.1 Introduction 

The engineering and operation of a SOFC entails a multidisciplinary approach in which 

knowledge of thermodynamics, kinetics, heat transfer, mechanical design, material 

science and fluid mechanics are necessary. Of these, the thermodynamics and kinetics 

of the cell are of fundamental importance in SOFC modelling and operation: 

thermodynamics concerns the reaction process under certain conditions while the 

kinetics is connected to the catalytic effect of electrodes on the electrochemical 

reaction[159]. 

This chapter describes the fundamental thermodynamic and kinetic principles of SOFC 

operations. The thermodynamic principles are used in solving the energy conversion 

processes in the SOFC, while its kinetics describes the irreversibility’s present in the 

SOFC.  

The definitions of some of the terms used in describing the thermodynamic model are 

presented in section 3-2, the relationships used in calculating the reversible cell voltage 

(Nernst voltage) is presented in section 3-3, after which the thermodynamics of 

integrating SOFCs in hybrid systems is developed in section 3-4. The last section 

describes electrode kinetics of SOFCs and the irreversibility’s present in SOFCs 

operation. 

 

3.2 Basic definitions 

Fuel utilisation factor  

Fuel utilisation factor 𝑈𝑓 is defined as the ratio of the amount of fuel that is 

electrochemically oxidised to the maximum available fuel entering the anode. In most 

cases the fuel is H2, however, CO could be included in some instance.  The equation 

can be expressed as: 

 
𝑈𝑓 =
�̇�𝑓𝑢𝑒𝑙,𝑢𝑡𝑖𝑙𝑖𝑠𝑒𝑑

�̇�𝑓𝑢𝑒𝑙,𝑖𝑛
 

(3-1) 
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Air utilisation factor 

Air utilisation factor 𝑈𝑎 is defined as the ratio of oxygen that is electrochemically 

reduced to the oxygen present in the inlet air stream at the cathode, the equation can 

be expressed as 

 
𝑈𝑎 =
�̇�𝑜2,𝑢𝑡𝑖𝑙𝑖𝑠𝑒𝑑

�̇�𝑜2,𝑖𝑛
 

(3-2) 

 

Excess air coefficient 

SOFC usually operate with air at the cathode inlet instead of pure oxygen. The air 

supplied would normally have excess air coefficient greater than one  (λ > 1), this 

coefficient is defined as the ratio of oxygen in the air stream to that needed for a 

stoichiometric reaction, Equation (1-3) shows that the oxygen is half the hydrogen in the 

inlet stream for a stoichiometric balance of the hydrogen oxidation reaction, this can be 

expressed as: 

 
λ𝑎𝑖𝑟 =

2. �̇�𝑜2,𝑖𝑛

�̇�𝐻2,𝑢𝑡𝑖𝑙𝑖𝑠𝑒𝑑
 

(3-3) 

 

3.3 Reversible cell voltage 

The ideal performance of a reversible fuel cell can be described thermodynamically by 

the first and second laws of thermodynamics. The reversibility of the fuel cell is 

presupposed on the assumption that the chemical energy of the reactants in the anode 

and cathode are converted into electrical energy and remains in equilibrium at each 

stage of the conversion. A schematic of a reversible fuel cell is shown in Fig 3-1, the 

total enthalpy to the cell delivered by the reactants is ∑𝑛0𝐻0 and that of the products 

of the electrochemical reaction leaving the cell is∑𝑛𝑖 𝐻𝑖, the heat released by the cell 

is 𝑄𝑓𝑐 and the work done is 𝑊𝑓𝑐    
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Figure 3-1: Reversible fuel cell and its system boundaries 

 

 

The mathematical expression of the first law of thermodynamics is expressed as: 

 𝑄𝑓𝑐 +𝑊𝑓𝑐 = ∆𝐻𝑟 (3-4) 

The second law of thermodynamics which applies for a reversible heat transfer process 

yields the following expression: 

 
∆𝑆 =
𝑄𝑓𝑐

𝑇𝑓𝑐
= 0, 𝑄𝑓𝑐,𝑟𝑒𝑣 = 𝑇𝑓𝑐∆𝑆                                

(3-5) 

Combining Equations (3-4) and (3-5) yields the reversible specific work of the fuel cell 

𝑊𝑓𝑐,𝑟𝑒𝑣  which is equal to the Gibbs free energy of the reaction ∆𝐺𝑟 [21] 

 𝑊𝑓𝑐,𝑟𝑒𝑣 = ∆𝐺𝑟 = ∆𝐻𝑟 − 𝑇𝑓𝑐∆𝑆 (3-6) 

The reversible cell efficiency ŋ𝑓𝑐,𝑟𝑒𝑣 is defined as the ratio of the Gibbs free energy to 

the enthalpy 

 
ŋ𝑓𝑐,𝑟𝑒𝑣 =

∆𝐺𝑟
∆𝐻𝑟
= 
∆𝐻𝑟 − 𝑇𝑓𝑐∆𝑆

∆𝐻𝑟
= 1 −

𝑇𝑓𝑐∆𝑆 

∆𝐻𝑟
 

(3-7) 

 

The reversible power of the cell P𝑓𝑐,𝑟𝑒𝑣 is defined as the product of the specific work 

and the reactant molar flow rate �̇� 

Fuel Cell 

T, p 

 ni Hi 

 n0 H0 -Wfc 

Qfc 
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 P𝑓𝑐,𝑟𝑒𝑣 =  �̇�𝑊𝑓𝑐,𝑟𝑒𝑣 (3-8) 

 

The fuel cell is considered to be an electrical device, thus the reversible power can be 

further expressed as  

 P𝑓𝑐,𝑟𝑒𝑣 =  E𝑓𝑐,𝑟𝑒𝑣𝑖 (3-9) 

Where E𝑓𝑐,𝑟𝑒𝑣 the reversible is cell voltage and 𝑖 is the current. 

According to Faradays law, the current is a function of the molar flow electrons molar 

flow rate, this can be expressed as: 

 𝑖 = −�̇�𝑒𝑙𝐹𝑗𝑖 (3-10) 

F is the faraday constant and �̇�𝑒𝑙 is the number of moles of the electrons and 𝑗𝑖 is the 

reactant flux per unit area. Combining Equations (3-8), (3-9) and (3-10) yields:                                                                                                                                                                                          

 𝑛�̇�𝑊𝑓𝑐,𝑟𝑒𝑣 =  E𝑓𝑐,𝑟𝑒𝑣  . −�̇�𝑒𝑙𝐹  (3-11) 

Substituting the expression for 𝑊𝑓𝑐,𝑟𝑒𝑣 from Equation (3-6) yields: 

 
E𝑓𝑐,𝑟𝑒𝑣 = 

�̇�𝑓∆𝐺𝑟

−�̇�𝑒𝑙𝐹𝑗𝑖
 

(3-12) 

 

The ratio between molar flow of electrons and the molar flow of reacted fuels can be 

defined as the number of electrons released during the oxidising process. Thus the 

reversible voltage can be expressed as 

 
𝐸𝑓𝑐,𝑟𝑒𝑓 =  

−∆𝐺𝑟
𝑛𝑒𝑙𝐹

 (3-13) 

This is the fundamental equation that describes the reversible cell voltage for an ideal 

fuel cell. When the influence of fuel utilisation (changes in partial pressure of reactant 

components in the system) [160, 161] is considered, the reversible cell voltage is 

similar to the Nernst Voltage E𝑁   (or open circuit voltage E𝑜𝑐𝑣 ) and defined as  

 
E𝑜𝑐𝑣 = E𝑁 =

−∆𝐺𝑟
0(𝑇)

𝑛𝑒𝑙𝐹
− 
𝑅𝑔𝑇

𝑛𝑒𝑙𝐹
 𝐼𝑛 [∏(𝑝𝑖

0)𝑣𝑖

𝑖

] (3-14) 
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Where −∆𝐺𝑟
0(𝑇) 𝑖𝑠 the molar Gibbs function at standard conditions, defined at 𝑇0 = 298𝐾 and 

𝑃0 = 1𝑎𝑡𝑚,  𝑝𝑖
0 are the partial pressure of reactants and products in the bulk flows, 𝑅𝑔 is the 

universal gas constant, 𝑇 is the operating temperature and 𝑣𝑖 is the stoichiometric coefficient.  

The first term on the right side of Eq. (3-12) (
−∆𝐺𝑟
0(𝑇)

𝑛𝑒𝑙𝐹
) is called the standard electrochemical 

cell voltage (𝐸0) and is defined for a pure hydrogen-steam mixture as[76, 106]  

 𝐸0 = 1.271 − 2.73110−4𝑇 (3-15) 

In practice, E𝑁  represents the open circuit voltage of the cell since the concentration of the 

reactant gases at the reaction boundary is the same as that of the bulk stream i.e. there is no 

current flow from or to the electrode, the open circuit voltage (Nernst voltage) for an overall H2-

O2 fuel cell reaction (Equation (3-16)) is shown in Equation below in Equation (3-15): 

 
𝐻2(𝑔) +

1

2
𝑂2(𝑔)  ↔ 𝐻2𝑂(𝑔) (3-16) 

 
𝐸𝑜𝑐𝑣 = 𝐸0 − 

𝑅𝑔𝑇

2𝐹
 𝐼𝑛 (

𝑝𝐻2𝑂

𝑝𝐻2𝑝𝑂2
1 2 
) (3-17) 

 

It is also expressed in terms of the reactant mole fractions as: 

 
𝐸𝑜𝑐𝑣 = 𝐸0 − 

𝑅𝑔𝑇

2𝐹
 𝐼𝑛 (

𝑥𝐻2𝑂

𝑥𝐻2𝑥𝑂2
1 2 ) − 

𝑅𝑔𝑇

4𝐹
 𝐼𝑛 (

𝑝𝑜

𝑝
)  (3-18) 

According to Equation (3-6) the temperature dependent Gibbs free energy is not equal 

to the enthalpy of the reaction as there are some irreversible losses in the reaction due 

to an entropy change, based on the stoichiometry of the reactions, the changes in 

enthalpy and entropy are calculated as follows:  

 
∆𝐻(𝑇) = 𝑣𝑖

𝑖

. (ℎ𝑓 + ∫ 𝑐𝑝

𝑇

𝑇0
𝑑𝑇) (3-19) 

 
∆𝑆(𝑇) = 𝑣𝑖

𝑖

. (𝑠𝑓 + ∫ 𝑐𝑝

𝑇

𝑇0
𝑑𝑇) (3-20) 
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Where 𝑣𝑖   is the number of moles of species, ℎ𝑓 and 𝑠𝑓 are the enthalpy and entropy 

of formation of species 𝑖 at standard conditions (1 atm, 298K). 

 For the hydrogen oxidation process, the enthalpy is the difference between the heats 

of formation of products and reactants, it can be expressed as: 

 ∆𝐻 = ℎ𝑓,𝐻2𝑂 − ℎ𝑓,𝐻2 −
1
2⁄ ℎ𝑓,𝑂2 

(3-21) 

Similarly, the entropy is the difference between entropies of products and reactants 

expressed as: 

 ∆𝑆 = 𝑠𝑓,𝐻2𝑂 − 𝑠𝑓,𝐻2 −
1
2⁄ 𝑠𝑓,𝑂2 

(3-22) 

Where ℎ(𝐽 𝑚𝑜𝑙−1) and 𝑠(𝐽 𝑚𝑜𝑙−1𝐾−1) are the enthalpies and entropy values 

respectively. While the subscripts 𝐻2𝑂 , 𝐻2 𝑎𝑛𝑑 𝑂2 are the values for water, hydrogen 

and oxygen respectively. The values at standard conditions are presented in Table (3-

1) and the reversible oxidation reactions for common SOFC fuel at standard conditions 

are also tabulated in Table 3-2 

 

Table 3-1: Enthalpies and Entropies of Formation of Fuel Cell Reactants [162]. 

                               𝒉𝒇 (𝒌𝑱 𝒎𝒐𝒍
−𝟏) 𝒔𝒇(𝒌𝑱 𝒎𝒐𝒍

−𝟏𝑲−𝟏) 

𝑯𝟐 0 0.13066 

𝑶𝟐 0 0.20517 

𝑯𝟐𝑶(𝒈) -241.98 0.18884 

 

 

Table 3-2:  Enthalpies, Entropies  and Gibbs Free Energy for Fuel Cell Reactants Oxidation         
Processes[162]                                                                                                                                                                                                                                                                             

 ∆𝑯𝟎(𝒌𝑱 𝒎𝒐𝒍−𝟏) ∆𝑺𝟎(𝒌𝑱 𝒎𝒐𝒍−𝟏𝑲−𝟏) ∆𝑮𝟎(𝒌𝑱 𝒎𝒐𝒍−𝟏) 

𝑯𝟐 +
𝟏
𝟐⁄ 𝑶𝟐 → 𝑯𝟐𝑶 -241.82 -44.37 -228.59 

𝐂𝐎 + 𝟏 𝟐⁄ 𝑶𝟐 → 𝑪𝑶𝟐 
-282.99 -86.41 -257.23 

𝐂𝐇𝟒 + 𝟐𝑶𝟐 → 𝟐𝑯𝟐𝑶 + 𝑪𝑶𝟐 -802.31 -5.13 -800.68 

 

The specific heat capacity 𝑐𝑝 is also defined as a function of temperature (Figure 3-2) 

and an empirical relationship may be used in approximating as follows[162]: 
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 𝑐𝑝𝑖 = 𝑎𝑖 + 𝑏𝑖𝑇 + 𝑐𝑖𝑇
2 (3-23) 

 Where a, b and c are empirical coefficients shown in Table 3-3 

 

Table 3-3:  Coefficients for Temperature Dependency of  𝑐𝑝 [162] 

 a b C 

𝑯𝟐 28.91404 -0.00084 2.01E-06 

𝑶𝟐 25.84512 0.01287 -3.90E-06 

𝑯𝟐𝑶(𝒈) 30.62644 0.009621  1.18E-0.6 

 

 

 

                  

 

                                                            

 

 

 

 

Fig 3-2:  Temperature dependent specific heat capacity 

 

The Nernst voltage at varying pressures may be expressed as a function of operating 

temperature and reactant concentration, it can therefore be calculated using Equation 

(3-23), the results obtained are shown below in Figures 3.3-3.6 
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Figure 3-3: Nernst voltage at different states of operating pressure and temperature 

 

 

Figure 3-4: Nernst voltage as a function of hydrogen mole fraction and operating pressure 

 

3.4 Thermodynamics of SOFC systems. 

A SOFC- hybrid system is any power generating system that allows the integration of 

a SOFC in a heat engine cycle [163].They can be described as a unit consisting of a 

number of SOFCs electrically connected together into stacks. The stacks can be made 

to supply the depleted fuel and air from the SOFC to a combustor for afterburning 

before been passed on to the heat engine or made to supply its exhaust gases directly 

into the heat engine. Whatever system the SOFC-hybrid uses, it always associated 
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components such as pumps, fans, heat exchangers, compressors etc. Figure (3-5) 

shows generic possibility of integrating the SOFC with a heat engine. 

The primary goal in any power producing system is to maximize net-work output and 

system efficiency; these can be achieved thermodynamically by the energy and exergy 

analysis of the entire system. The first law of thermodynamics describes the 

conservation qualities of energy; and that the total energy of a system can only be 

converted from one form to another but can never be destroyed. However, its ability to 

produce work gives rise to a loss in its energy quality (irreversibility). The energy quality 

is an indication of the exergy value. Thus, Exergy can be defined as the maximum 

amount of work obtainable from a substance when it moves from its state to a state 

which is in reversible equilibrium with the environment[164]. The concept of exergy 

allows the determination of irreversibility’s (thermodynamic losses) and the true quality 

(converting fully into work) of the different energy forms. Thus the exergy analysis 

method is a supplement to energy analysis of any system, at the same time providing 

the  means to quantify and analyse the levels of irreversibility’s in the system[165]. 

 

 

Figure 3-5: A typical fuel cell-heat engine hybrid system[160] 
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Where 𝐻𝑃𝑎is the air preheating heat pump, 𝐻𝑃𝑓 is the fuel preheating heat pump, 𝐻𝑃𝑔 

is the SOFC exhaust cooling heat engine and CC is the Carnot cycle 

As earlier stated and shown in Fig 3-1, a reversible system is one in which the process 

is in thermodynamic equilibrium with surrounding environment. Figure 3-5 shows a 

typical reversible SOFC-heat engine. The fuel and air enters the system at state 0 

(𝑇0, 𝑝0), work is done on the fluids by the reversible heat pumps 𝐻𝑃𝑓  (fuel) and 𝐻𝑃𝑎 

(air) to bring them to the thermodynamic state of the fuel cell (𝑇1, 𝑝1), the exhaust gases 

from the SOFC is brought from its state(𝑇1, 𝑝1) back to the environmental (𝑇0, 𝑝0) by 

the reversible heat engine 𝐻𝐸𝑔. The heat engine 𝐻𝑃𝑔 delivers reversible work which 

gives the exergy of the SOFC exhaust in the state(𝑇1, 𝑝1). Lastly the Carnot cycle CC 

is used in exchanging heat reversibly between the SOFC and the surrounding. The 

thermodynamic relationship for the work and heat expression for each component is 

expressed below. 

The reversible work delivered by the SOFC defined in Equation (3-6) is  

 𝑤𝑓𝑐,𝑟𝑒𝑣 =  ∆𝐺𝑟 = ∆𝐻𝑟 − 𝑇𝑓𝑐∆𝑆 (3-24) 

And the reversible heat from the fuel cell is expressed as: 

 𝑞𝑓𝑐,𝑟𝑒𝑣 = 𝑇𝑓𝑐∆𝑆 (3-25) 

The heat source of the Carnot cycle is the fuel cell (𝑞𝑓𝑐,𝑟𝑒𝑣) , the reversible work of the 

CC is defined as 

 
𝑤𝑐𝑐,𝑟𝑒𝑣 =  𝑞𝑓𝑐,𝑟𝑒𝑣. (1 −

𝑇0
𝑇𝑓𝑐
) = 𝑇𝑓𝑐∆𝑆. (1 −

𝑇0
𝑇𝑓𝑐
)  (3-26) 

 

The reversible heat needed to raise the temperature of the fuel is produced by the heat 

pump 𝐻𝑃𝑓 and is defined as 

 𝑞𝑓𝑓,𝑟𝑒𝑣 =  ℎ𝑓𝑓𝑐 = 𝑤 𝐻𝑃𝑓,𝑟𝑒𝑣
+ 𝑞 𝐻𝑃𝑓,𝑟𝑒𝑣

 (3-28) 

 𝑞𝑐𝑐,𝑟𝑒𝑣 = 𝑞𝑓𝑐,𝑟𝑒𝑣 = 𝑇0∆𝑆 (3-27) 
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Where ℎ𝑓𝑓𝑐 is the enthalpy of the fuel heating process, 𝑤 𝐻𝑃𝑓,𝑟𝑒𝑣
 is the work done by 

the heat pump. The fuel pump 𝐻𝑃𝑓 is supplied with heat 𝑞 𝐻𝑃𝑓,𝑟𝑒𝑣
 from the environment 

and with the work done 𝑤 𝐻𝑃𝑓,𝑟𝑒𝑣
 which is the exergy 𝑒𝑥𝑓 of the fuel heat pump, thus 

the reversible work done by the heat pump is given as 

  𝑤 𝐻𝑃𝑓,𝑟𝑒𝑣
= 𝑒𝑥𝑓 = ℎ𝑓𝑓𝑐 − 𝑇0. 𝑆𝑓𝑓𝑐  (3-29) 

where ℎ𝑓𝑓𝑐 = 𝑐𝑝(𝑇1 − 𝑇0) (3-30) 

 
𝑆𝑓𝑓𝑐 = 𝑐𝑝𝐼𝑛

𝑇1
𝑇0
 − 𝑅
𝑝1
𝑝0

 
(3-31) 

 

Thus the exergy of the heat pump can be given as 

 
𝑒𝑥𝑓 = 𝑐𝑝(𝑇1 − 𝑇0) − 𝑇0  (𝑐𝑝𝐼𝑛

𝑇1
𝑇0
 − 𝑅
𝑝1
𝑝0
) (3-32) 

 

Equation (3-29) to (3-32) gives the definition of the exergy of the fuel heat pump. 

Equations (3-33) and (3-34) gives the expressions for the exergy of the air heat pump 

and the exhaust gas heat pump respectively. 

  𝑤 𝐻𝑃𝑎,𝑟𝑒𝑣
= 𝑒𝑥𝑎 = ℎ𝑎𝑓𝑐 − 𝑇0. 𝑆𝑎𝑓𝑐  (3-33) 

  𝑤 𝐻𝑃𝑔,𝑟𝑒𝑣
= 𝑒𝑥𝑔 = ℎ𝑔𝑓𝑐 − 𝑇0. 𝑆𝑔𝑓𝑐  (3-34) 

 

The Equations (3-29), (3-33) and (3-34) describes the physical exergy of the 

components under considerations, these equations are valid in determining the exergy 

if the processes only involve thermal interactions with the environment. As seen from 

Equation (3-32), the physical exergy is made up of a temperature component and a 

pressure component. 

When the processes involves both heat transfer and an exchange of substances with 

the surroundings[164], the chemical exergy term are then included. The expression for 

the chemical exergy is given as: 
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 𝑒𝑥𝑐ℎ =  𝑅𝑇0𝐼𝑛
𝑝0
𝑝00

 (3-35) 

Where 𝑝0 is the pressure of the environment which is the initial state in this case and 

𝑝00 which is the partial pressure of the substance under consideration as a component 

of the atmosphere. 

The total work of the reversible fuel cell hybrid system of Figure (3-7) is thus given as 

  𝑤 𝑠𝑦𝑠,𝑟𝑒𝑣 = 𝑊𝑓𝑐,𝑟𝑒𝑣 + 𝑤𝑐𝑐,𝑟𝑒𝑣 + 𝑤 𝐻𝑃𝑓,𝑟𝑒𝑣
+ 𝑤 𝐻𝑃𝑎,𝑟𝑒𝑣

+ 𝑤 𝐻𝑃𝑔,𝑟𝑒𝑣
   (3-36) 

 

A simpler process can be defined such that it replaces the heat pumps 𝐻𝑃𝑓, 𝐻𝑃𝑎 and 

𝐻𝑃𝑔 with heat exchangers is shown in Figure 3-6. The replacement is possible because 

the heat pumps only heat up air and fuel for  𝐻𝑃𝑓 and  𝐻𝑃𝑎 while 𝐻𝑃𝑔 cools the flue gas, 

but their total reversible work is negligible. 

 

Figure 3.6: A simplified fuel cell-heat engine hybrid system[160] 

 

This simplified cycle is however not reversible; since heat capacities are no longer 

constant as they are a function of the temperature of the component they pass through 
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ŋ𝑠𝑦𝑠 = 

∑𝑤

𝐿𝐻𝑉
 

(3-37) 

 

The fuel cell in both cases (Figure 3-5 and 3-6) operates reversibly, but the Carnot 

cycle in the simplified cycle is not completely reversible since a small amount of the 

waste heat from the fuel cell is used in heating up the air and the fuel. A key benefit of 

the simplified cycle is its ability to describe the operations of a real cycle from this 

simple model by the use of exergetic efficiencies. The exergetic efficiency is thus 

defined as 

 ŋ𝑒𝑥 = 
𝑤𝑟𝑒𝑎𝑙
𝑤𝑟𝑒𝑣

 (3-38) 

3.5 Electrode kinetics in SOFCs 

The electrochemical reactions in fuel cells occur simultaneously on the anode and 

cathode reaction layers, i.e in equations (1-1) to (1-6) in Chapter 1. Due to the gases 

involved in the electrochemical reactions, the electrodes have to be sufficiently porous 

to allow the flow of the gases to the reaction sites and their products from the sites. 

3.5.1 Butler-Volmer kinetics 

The rate of the electrochemical reaction is dependent on the activation barrier which 

has to be overcome by the charge when it moves from the electrode reaction layer to 

the electrolyte or vice visa. Electrical current is generated by the electrons released or 

consumed in the electrochemical reaction process. As the electrons or ions flow, 

through the circuit, current is generated, the current generated per unit area is known 

as the current density. Faraday describes the relationship between the current density, 

the charge transferred and the rate of consumption or generation of species per unit 

area. The expression has already been shown in Equation (3-10) 

 An electrochemical reaction normally involves either the oxidation and the reduction 

of the species, the oxidation process entails the production of electrons while the 

reduction process consumes electrons, when the process is in equilibrium (i.e.  No net 

electric current is been generated), both the processes are occurring at equal rates 

 𝑂𝑥 + 𝑛𝑒−  ↔ 𝑅𝑑 (3-39) 
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Where 𝑂𝑥 is the oxidation process, 𝑛𝑒− is the net electron generated/consumed and 

𝑅𝑑 is the reduction process. 

The consumption of the species during the reaction is a function of their surface 

concentration, thus the flux for both reactions of can be written or 

 𝑖𝑓 = 𝑘𝑓𝐶𝑂𝑥  (3-40) 

  𝑖𝑏 = 𝑘𝑏𝐶𝑅𝑑 (3-41) 

The difference between the electrons released and those consumed gives the net 

current generated: 

 𝑖 =  𝑛𝑒𝑙𝐹(𝑘𝑓𝐶𝑂𝑥 −  𝑘𝑏𝐶𝑅𝑑) (3-42) 

Where 𝑘𝑓 and 𝑘𝑏 are the forward (oxidation) and backward (reduction) reaction rate 

coefficient,  𝐶𝑂𝑥 and 𝐶𝑅𝑑 are the surface concentration of the oxidised and reduced 

species respectively. When the reaction is at equilibrium i.e. the rate of the forward 

reaction is equal to the rate of the backward reaction i.e both proceeding 

simultaneously; the net current then is zero. The reaction rate in this condition is 

expresses as the exchange current density. Its coefficient can be expressed as a 

function of the Gibbs free energy and is given as 

 
𝑘 =  
𝑘𝐵
ℎ
exp (
−∆𝐺

𝑅𝑇
) 

(3-43) 

   

Where 𝑘𝐵 is the Boltzmann constant and ℎ is the Planck’s constant. The Gibbs free 

energy is made up of both chemical and electrical terms, thus for a reduction reaction: 

 ∆𝐺 = ∆𝐺𝑐ℎ + 𝛼𝑅𝑑𝐹∅ (3-44) 

And for an oxidation process 

 ∆𝐺 = ∆𝐺𝑐ℎ − 𝛼𝑂𝑥𝐹∅ (3-45) 

Where  “ch” is the chemical component of the Gibbs free energy, α is the transfer 

coefficient and ∅(𝑉) is the potential. 

The forward and backward reaction rate coefficients of Eq. (3-42) are then represented 

respectively as: 
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𝑘𝑓 = 𝑘0,𝑓 𝐶𝑂𝑥exp (

−𝛼𝑅𝑑𝐹∅

𝑅𝑇
) (3-46) 

 
𝑘𝑏 = 𝑘0,𝑏 𝐶𝑟𝑑exp (

𝛼𝑂𝑥𝐹∅

𝑅𝑇
) (3-47) 

 

By introducing into Eq. (3-42), the expression for the net current density is obtained 

 
𝑖 =  𝑛𝐹 {𝑘0,𝑓𝐶𝑂𝑥 exp (

−𝛼𝑅𝑑𝐹∅

𝑅𝑇
) − 𝑘0,𝑏𝐶𝑟𝑑 exp (

𝛼𝑂𝑥𝐹∅

𝑅𝑇
) } 

(3-48) 

   

At equilibrium, the net current is zero, although the forward and backward reaction 

proceeds simultaneously, the current density for which this happens (i.e. forward and 

backward reactions are equal) is called the exchange current density 

 
𝑖0 = 𝑛𝑒𝑙𝐹𝑘0,𝑓 𝐶𝑂𝑥exp(

−𝛼𝑅𝑑𝐹∅𝑒𝑞

𝑅𝑇
) =  𝑛𝑒𝑙𝐹𝑘0,𝑏𝐶𝑟𝑑 exp(

𝛼𝑂𝑥𝐹∅𝑒𝑞

𝑅𝑇
) 

(3-49) 

   

Where 𝑖0 is the exchange current density and ∅𝑒𝑞 is the equilibrium or reversible 

potential.  

By combining the above equations, a relationship between the current density and 

polarisation is obtained. This equation is the known as the Butler-Volmer (B-V) 

equation 

 
𝑖 =  𝑖𝑜 {𝑒𝑥𝑝 (

𝛼𝑅𝑑𝐹η

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑂𝑥𝐹η

𝑅𝑇
)} 

(3-50) 

 

Where η is the polarisation defined as the difference between the electrode potential 

and the equilibrium potential. The B-V equation for the anode and cathode reaction in 

a SOFC is expressed as: 

 
𝑖𝑎 = 𝑖𝑜,𝑎 {𝑒𝑥𝑝 (

𝛼𝑅𝑑,𝑎𝐹η𝑎
𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑂𝑥,𝑎𝐹η𝑎
𝑅𝑇

)} 
(3-51) 

 

 

 

𝑖𝑐 = 𝑖𝑜,𝑐 {𝑒𝑥𝑝 (
𝛼𝑅𝑑,𝑐𝐹η𝑐
𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑂𝑥,𝑐𝐹η𝑐
𝑅𝑇

)} 
(3-52) 
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The polarisation η is expressed as: 

  η𝑎 = 𝐸𝑎 − 𝐸𝑒𝑞,𝑎  𝑓𝑜𝑟 𝑡ℎ𝑒 𝑎𝑛𝑜𝑑𝑒 (3-53) 

   η𝑐 = 𝐸𝑐 − 𝐸𝑒𝑞,𝑐  𝑓𝑜𝑟 𝑡ℎ𝑒 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 (3-54) 

Where 𝐸𝑒𝑞,𝑎 = 0 and 𝐸𝑒𝑞,𝑐 = 𝐸
𝑜𝑐𝑣 and 𝐸𝑎 and 𝐸𝑐 are the electric potential difference in 

the anode and cathode respectively and are defined as 

 𝐸𝑎 = ∅𝑠,𝑎 − ∅𝑖,𝑎   (3-55) 

 𝐸𝑐 = ∅𝑠,𝑐 − ∅𝑖,𝑐 (3-56) 

Hence, ∅𝑠,𝑎 and ∅𝑠,𝑐 are the electric potentials of the electronic conducting phase in the 

anode and cathode; and ∅𝑖,𝑎 and ∅𝑖,𝑐 are the electric potentials of the ionic conducting 

phase. 

3.6 Electrode polarisation 

As current is generated in the SOFC, the voltage across its terminal 𝐸𝑐𝑒𝑙𝑙is less than 

that corresponding to the reversible running at open circuit conditions𝐸𝑜𝑐𝑣 this drop in 

voltage reflects a decrease of the conversion efficiency of chemical energy into 

electrical energy. The major reason for the voltage losses is due to the polarisation 

phenomena that occur in the fuel cell. Polarisation depends on the load which the cell 

is subjected; its main sources are activation, concentration and ohmic polarisation. 

Figure 3-9 shows a typical cell polarisation curve, it also shows the contribution of the 

individual polarisation to the overall cell voltage, thus the cell voltage 𝐸𝑐𝑒𝑙𝑙 is calculated 

as 

 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑜𝑐𝑣 − (η𝑎𝑐𝑡 + η𝑐𝑜𝑛𝑐 + η𝑜ℎ𝑚) (3-57) 
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Figure 3-7: Voltage losses in a fuel cell and the resulting polarisation curve [166] 

3.6.1 Activation polarisation 

The activation polarisation is associated with the sluggishness of the electrode kinetics 

in the electrochemical reactions. The activation polarisation is high at low currents 

because then the reactants must first overcome the energy barrier called the activation 

which is needed to drive the electrochemical reactions at the reaction layer. These 

losses occur in both the anode and the cathode side; however, oxygen reduction in the 

cathode side requires much higher polarisation due to its much slower reaction rate 

than hydrogen oxidation[76].  

The expressions for the activation polarisation are as the same as those expressed in 

equations (3-53) to (3-56) 

The B-V expression in Eq. (3-51) and (3-52) provides the relationship between the 

current density and the activation polarisation in the reaction sites, thus given the 

current density of the cell, the solution to the equations provides the corresponding 

activation polarisation in the anode and cathode reaction sites. 

3.6.2 Concentration polarisation 

Concentration polarisations represent the voltage reduction associated with 

concentration difference of the reactant species through the electrodes as a result of 

the mass diffusion process. The concentration losses are depends on the reactant 
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gases involved and the thickness of the layers through which the gases diffuse, as 

such concentration of the gas species at the reaction layer will be different from the 

concentration at the entrance into the cell. (Bulk flow). The expression for the 

concentration overpotential in the anode and cathode is given respectively by the 

following equations: 

 
η𝑐𝑜𝑛𝑐,𝑎 = 

𝑅𝑇

𝑛𝐹
 𝐼𝑛 (
𝑝𝐻2
𝑏 𝑝𝐻2𝑂
𝑟

𝑝𝐻2𝑂
𝑏 𝑝𝐻2

𝑟
) 

(3-58) 

 
η𝑐𝑜𝑛𝑐,𝑐 = 

𝑅𝑇

𝑛𝐹
 (
𝑝𝑂2
𝑏

𝑝𝑂2
𝑟 ) 

(3-59) 

 

Where the first term refers to the concentration polarisation on the anode while the 

second term is the expression for the cathode side, the superscripts “b” and “r” refers 

to the gas channel and the reaction zone respectively.  

if the reaction layer is defined as a boundary interface between the electrolyte and the 

electrode, the relationship for the partial pressures at the is expressed as[85]:  

 
𝑝𝐻2
𝑟 = 𝑝𝐻2

𝑏 − 
𝑖𝑅𝑇𝑙𝑎

2𝐹𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓

 
(3-60) 

 
𝑝𝐻2𝑂
𝑟 = 𝑝𝐻2𝑂

𝑏 + 
𝑖𝑅𝑇𝑙𝑎

2𝐹𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓

 
(3-61) 

 
𝑝𝑂2
𝑟 =  𝑝 − (𝑝 − 𝑝𝑂2

𝑏 )𝑒𝑥𝑝 (
𝑖𝑅𝑇𝑙𝑐

4𝐹𝐷𝑂2−𝑁2
𝑒𝑓𝑓
) 

(3-62) 

 

Zhao and Virkar[167] also defined the partial pressure relationship for a SOFC when 

the reaction zone is treated as a finite volume (i.e. composite electrode): 

 
𝑝𝐻2
𝑟 = 

𝑙𝑎,2

𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(2)

[
𝑝𝐻2
𝑏 𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(2)

𝑙𝑎,2
− 
𝑖𝑅𝑇𝑙𝑎

2𝐹𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(1)

∗ (
𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(2)

𝑙𝑎,2
+ 
𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(1)

𝑙𝑎,1
)] 

(3-63) 
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𝑝𝐻2𝑂
𝑟 = 

𝑙𝑎,2

𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(2)

[
𝑝𝐻2
𝑏 𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(2)

𝑙𝑎,2
+ 
𝑖𝑅𝑇𝑙𝑎

2𝐹𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(1)

∗ (
𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(2)

𝑙𝑎,2
+ 
𝐷𝐻2−𝐻2𝑂
𝑒𝑓𝑓(1)

𝑙𝑎,1
)] 

(3-64) 

       𝑝𝑂2
𝑟 = 𝑝𝑂2

𝑏 −  

(
𝑖𝑅𝑇𝑙𝑐
2𝐹𝐷𝑂2−𝑁2

𝑒𝑓𝑓 ) [(𝑝 − 𝑝𝑂2
𝑏 ) (𝑙𝑐(1)𝐷𝑂2−𝑁2 

𝑒𝑓𝑓(1)
+ 𝑙𝑐(2)𝐷𝑂2−𝑁2 

𝑒𝑓𝑓(2)
) + (
𝑝 − 𝑝𝑂2

𝑏

𝑝
) (
𝑖𝑅𝑇𝑙𝑐
4𝐹
)]

𝑝𝑙𝑐(1)𝐷𝑂2−𝑁2 
𝑒𝑓𝑓(1)

 

(3-65) 

Where 𝑙 is the electrode layer thickness, 𝐷𝑎−𝑏
𝑒𝑓𝑓

 is the effective diffusion coefficient of 

reactants a and b, and the superscripts (1) and (2) are the electrode diffusion and 

reaction layers respectfully 

3.6.3 Ohmic polarisation 

  Ohmic polarisation is the voltage loss within the cell caused by the resistance to the 

flow of ions through the electrolyte and resistance to the flow of electrons and ions in 

the electrodes. Ohms law is used to describe the relationship between voltage loss 

and current density as: 

 η𝑜ℎ𝑚 =  (𝐴𝑆𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝐴𝑆𝑅𝑏𝑢𝑙𝑘) . 𝑖 (3-66) 

Where   

 𝐴𝑆𝑅𝑏𝑢𝑙𝑘 = 𝜌𝑘𝑙𝑘 (3-67) 

Where, 𝐴𝑆𝑅𝑏𝑢𝑙𝑘 is the bulk area specific resistance, 𝜌𝑘  is the resistivity of the materials 

s and   𝑙𝑖 is the length of the electron or oxide ion path which is usually simplified by 

assuming it is the thickness of the cell component normal to the electrode-electrolyte 

interface. 

The contact resistance is sometimes ignored in studies because there are limited 

theoretical models in the literature to determine the resistance. The state-of-the-art 

materials usually used in an SOFC are: NI-YSZ for the anode, YSZ for the electrolyte, 

YSZ-LSM for the cathode. However, in recent studies, researchers are trying to find 

other alternative materials that could improve the performance of the cell such as high 

chromium steel for the interconnect materials. 
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CHAPTER4 : Model Development 

4.1 Introduction 

This chapter develops a comprehensive numerical model for the simulation of SOFCs 

which describes the performance of the cell. The basic operating principle of a SOFC 

involves a complex interrelation of physical and chemical phenomenon which occurs 

simultaneously within several SOFC components, this phenomenon are described by 

governing equations that takes into considerations the unique nature of the 

components considered and the specific assumptions made. To successfully develop 

mathematical relations that describe the phenomenon occurring in each component, 

the SOFC mathematical model is split into a set of smaller sub models, the resulting 

sub models are 

 Electrode diffusion model; 

 Electrode reaction model; 

 Electrolyte model;  

 Channel model  

 Interconnect model.  

 
The physical phenomena and constitutive equations used in developing the model for 

each sub domain are summarised in Table (4-1). 

 

In this chapter, the physical computational domain and the major assumptions are 

presented in section 4-1, then the conservation equations governing the processes in 

the electrode diffusion model are presented in section 4-2. The equations governing 

the processes in the electrode reaction model, electrolyte model, channel and 

interconnect model are then developed in sections 4-3, 4-4, 4-5 and 4-6 respectively. 

Section 4-7 defines the boundary conditions needed to develop the model, finally the 

thermo-physical expressions to model the transport coefficients and thermodynamic 

properties of the reactant gases are described in section 4.8 
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Table 4-1: Summary of main features of sub models for SOFC model 

 

4.2 Computational domain and major assumptions 

Figure 4-1 shows the physical domain of the SOFC consisting of nine sub-domains:  

 the anode side interconnector (AI),  

 the anode fuel flow channel (ACH),  

 nickel gas diffusion electrode (ADL),  

 nickel-yttria stabilised zirconia(Ni-YSZ)  anode reaction layer (ARL),  

 yttria stabilised zirconia (YSZ) electrolyte,  

 yttria stabilised zirconia-lanthanum strontium manganite (YSZ-LSM) cathode 

reaction layer (CRL),  

 lanthanum strontium manganite (LSM) cathode diffusion layer,  

 the cathode air flow channel (CCH)   

 Cathode side interconnector (CI).  

 

Sub model Phenomena Constitutive Equation/ States 

Electrode Diffusion Mass transport Ideal gas 

 Momentum transport Darcy-Brinkman 

 Species transport Modified Stefan-Maxwell 

 Energy transport Fourier 

 Chemical reaction  Reforming, Water-gas shift 

 Charge transport Ohms 

Electrode Reaction Mass transport Ideal gas 

 Momentum transport Darcy-Brinkman 

 Species transport Modified Stefan-Maxwell 

 Energy transport Fourier 

 Chemical reaction Reforming, Water-gas shift 

 Electrochemical reaction (Redox) Nernst, Butler - Volmer 

 Charge transport Ohms 

Electrolyte Energy transport Fourier 

 Charge transport Ohms 

Channel Mass transport Ideal gas 

 Momentum transport Darcy-Brinkman 

 Species transport Stefan-Maxwell 

 Energy transport Fourier 

Interconnect Charge transport Ohms 

 Energy transport Fourier 
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Figure 4-1a shows a three dimensional representation of the physical domain while 

Figure 4-1b shows the computational domain which is a cross sectional representation 

of the SOFC.  

 
Fig 4-1 (a) 3-D schematic illustration of a unit SOFC, (b) cross sectional view of symmetric 

portion representing the computational domain 

 

4.2.1 Model assumptions 

 steady state conditions is assumed in the model simulations 

 The electrochemical reactions  are assumed to take place only in the electrode 

reaction layers since the model considers them as distinct regions from the diffusion 

layers [35, 113] 

 Convective and diffusive flux are used in modelling species transport in the 

channels 

 Diffusive flux is used in modelling species transport in both diffusion and reaction 

layers[85]  

 The gas mixtures are treated as ideal  

 The electrolyte is treated as a dense non-porous solid 

 Only H2 oxidation is considered in the electrochemical reactions[87]. 

 

                       Interconnect 

Interconnect (CI) 

Cathode diffusion layer (CDL) 

Cathode reaction layer (CRL) 

Electrolyte 

Anode reaction layer (ARL) 

Anode diffusion layer (ADL) 

(b) 

           Anode diffusion layer 

        Anode reaction layer 

                           Electrolyte 

                  Interconnect 

            Cathode diffusion layer 

      Cathode reaction layer 

Interconnect (AI) 

(a) 

Fuel flow channel (CCH) 

Air flow channel (ACH) 
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4.3 Electrode diffusion model 

The electrode diffusion sub model describes the flow of reactants and products from 

the channels to the electrode reaction layer where the electrochemical reactions take 

place. This model also describes the chemical reaction of hydrocarbon reforming and 

the resultant water-shift gas reaction that occurs in the layer. The processes to be 

modelled in this layer are the transport of species to reaction layer along with the 

chemical reactions (internal reforming and water-shift gas). Also, transport of energy 

due to heat conduction, convection and heat generated/consumed during the 

electrochemical and chemical reactions need to be modelled. The conservation 

equations for the processes in the diffusion layers are the conservation of mass, both 

in terms of the total mass and species mass, conservation of energy in terms of the 

sensible enthalpy, the momentum conservation equation or Newton’s second law and 

conservation of charge. The following section describes these phenomena in more 

details. 

4.3.1 Conservation of mass 

Consider a control volume element (𝑑𝑥𝑑𝑦𝑑𝑧) as shown in Figure 4-2. The mass 

balance within the volume element for species 𝑖 can be described by the following 

relation: 

 
{
𝑅𝑎𝑡𝑒 𝑜𝑓 𝑚𝑎𝑠𝑠
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑜𝑟 𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛

} =  {
𝑟𝑎𝑡𝑒 𝑜𝑓
𝑚𝑎𝑠𝑠 𝑖𝑛𝑙𝑒𝑡

} − {
𝑟𝑎𝑡𝑒 𝑜𝑓
𝑚𝑎𝑠𝑠 𝑜𝑢𝑡𝑙𝑒𝑡

} + {

𝑟𝑎𝑡𝑒 𝑜𝑓𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑜𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖

} 
(4-1) 

 

 

 

 

 

 

 

Figure 4-2: Control volume showing the mass flux of species 𝑖  
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  𝑑𝑧 

[(𝜌𝑖𝑢𝑖) +
𝜕(𝜌𝑖𝑢𝑖)𝑑𝑥

𝜕𝑥
]𝑑𝑦𝑑𝑧 

(𝜌𝑖𝑢𝑖)𝑑𝑦𝑑𝑧 
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  𝑑𝑥

X 
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The conservation statement for the three mutually perpendicular surfaces 𝑥, 𝑦 𝑎𝑛𝑑 𝑧 

can be expressed mathematically as 

 𝜕(𝜌𝑖𝑑𝑥𝑑𝑦𝑑𝑧)

𝜕𝑡
= (𝜌𝑖𝑢𝑖𝑑𝑦𝑑𝑧) − (𝜌𝑖𝑢𝑖 +

𝜕(𝜌𝑖𝑢𝑖)𝑑𝑥

𝜕𝑥
)𝑑𝑦𝑑𝑥 

+ (𝜌𝑖𝑣𝑖𝑑𝑥𝑑𝑧) − (𝜌𝑖𝑣𝑖 +
𝜕(𝜌𝑖𝑣𝑖)𝑑𝑦

𝜕𝑦
)𝑑𝑥𝑑𝑥 

+ (𝜌𝑖𝑤𝑖𝑑𝑥𝑑𝑦) − (𝜌𝑖𝑤𝑖 +
𝜕(𝜌𝑖𝑤𝑖)𝑑𝑧

𝜕𝑧
)𝑑𝑥𝑑𝑦 + 𝑟𝑖 

(4-2) 

In compact form, Equation (4-2) can be written as 

 𝜕(𝜌𝑖)

𝜕𝑡
+ ∇. (𝜌𝑖𝑢) =  𝑟𝑖 

(4-3) 

 

Invoking the steady state assumption Equation (4-3) can be written as: 

 ∇. (𝜌𝑖𝑢) =  𝑟𝑖 (4-4) 

Where 𝜌𝑖the density of the species is 𝑖 , 𝑢 is the bulk motion velocity and 𝑟𝑖 is the 

volumetric mass source or sink. The ideal gas law is used to define the fluid density 𝜌𝑖 

due to the high operating temperatures of SOFCs: 

 
𝜌𝑖 = 
𝑝𝑊

𝑅𝑇
 

(4-5) 

   

Where 𝑝,𝑊 and 𝑇 are the pressure, mixture molecular weight and the temperature 

respectively, while 𝑅 is the universal gas constant. 

4.3.2 Conservation of species 

The mass balance of the species in the electrode backing layer can be obtained by 

applying the mass conservation law on each species to the control volume described 

in Figure (4-2). The species balance can thus be described by the following equation 
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{

𝑅𝑎𝑡𝑒 𝑜𝑓 
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑜𝑟 𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑜𝑓 
𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖

} =  {
𝐼𝑛𝑙𝑒𝑡 𝑟𝑎𝑡𝑒 
𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖

} − {
𝑂𝑢𝑡𝑙𝑒𝑡 𝑟𝑎𝑡𝑒 
𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖

} + {

𝑟𝑎𝑡𝑒 𝑜𝑓𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑜𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖

} 

(4-6) 

Using the mathematical expression developed in Equation (4-2) and invoking the 

steady state assumption, the species mass balance can be expressed in compact form 

as 

 ∇. (𝜌𝑖𝑢∇𝑥𝑖) + ∇. 𝑗𝑖 = 𝑟𝑖 (4-7) 

Where 𝑥𝑖 is the mole fraction of species 𝑖, 𝑗𝑖 is the mass diffusive flux vector of species 𝑖 

and 𝑟𝑖 is the source or sink term. 

Since the diffusion layer is porous, the porosity has to be accounted for in the species 

balance, thus Equation (4-7) can be re-written as 

 ε∇. (𝜌𝑖𝑢∇𝑥𝑖) + ∇. 𝑗𝑖 = 𝑟𝑖 (4-8) 

Where ε is the porosity of the electrode diffusion layer. 

Equation (4-8) is called the species continuity equation, the first term on the left 

represents the convective fluxes, the second term represents the diffusive fluxes while 

the last term is the flux due to the chemical reaction. The convective flux is assumed 

negligible relative to the diffusive flux in the electrode layer [71], thus the species 

continuity equation reduces to 

 ∇. 𝑗𝑖 = 𝑟𝑖 (4-9) 

The mass diffusive flux vector can be written explicitly as[168]:  

 𝑗𝑖 = 𝑗
𝑐 + 𝑗𝑝 + 𝑗𝑔 + 𝑗𝑇 (4-10) 

Where 𝑗𝑐 represents ordinary diffusion term, 𝑗𝑝 is the pressure diffusion term, 𝑗𝑔 is the 

body force term and 𝑗𝑇 the thermal diffusion term. 

The mass diffusive flux 𝑗𝑖  is dependent on conditions such as temperature, pressure, 

reactant concentration and microstructural properties of the material under 

consideration [110, 169, 170]. There are three major models for obtaining the 
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diffusional flux, these are: Ficks law, Stefan Maxwell equation or Dusty-gas model. 

Although  Ficks laws and the Dusty-gas equations are still been used[79, 132, 169, 

170], the Stefan-Maxwell model is still the most widely employed[35, 93, 128, 171] and 

it gives the most general and convenient approach for describing multicomponent 

mass transport[172], furthermore, the Stefan-Maxwell model can be modified to 

include the Knudsen diffusion term which accounts for the effect of collision between 

the gas molecules and the pore wall. 

Modified Stefan-Maxwell equations for multicomponent systems 

The Stefan-Maxwell model for a multicomponent system having 𝑛 species is given 

as[70]: 

 
𝑐𝑔∇𝑥𝑖 =  

𝑥𝑗𝑗𝑖 − 𝑥𝑖𝑗𝑗

𝐷𝑖𝑗

𝑛

𝑗=1,𝑗≠𝑖

 (4-11) 

Where 𝑐𝑔 is the concentration of the gas mixture, 𝑗𝑖 is the diffusive flux of 𝑖 and 𝐷𝑖𝑗 is 

the binary diffusion coefficient. For an 𝑛 component system, the diffusive flux of each 

species depends on the concentration gradient of the remaining (𝑛 − 1)  species, thus 

the diffusive flux consistency condition imposed to close the system is expressed as 

 
𝑗𝑛 = − 𝑗𝑖

𝑛−1

𝑖=1

 (4-12) 

 

The ordinary diffusion coefficient for a species 𝑛 in a multicomponent gas mixture is 

given by [173, 174] 

 
𝐷𝑖,𝑚 = 

1 − 𝑥𝑖

∑ (
𝑥𝑗
𝐷𝑖𝑗
)𝑗≠𝑖

 
(4-13) 

 

Curtis and Bird[175] studied diffusive flux in multicomponent mixtures and they 

propose the mass flux vector as 
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𝑗𝑖 = −𝐷𝑖

𝑇∇𝐼𝑛 𝑇 − 𝜌𝑖 𝐷𝑖𝑗

𝑛

𝑗=1

𝑑𝑗 (4-14) 

Where 𝐷𝑖
𝑇 is the thermal diffusion coefficient, 𝐷𝑖𝑗 is the diffusion coefficient matrix and 

𝑑𝑗 is the diffusion driving force expressed as: 

 
𝑑𝑗 = ∇𝑥𝑗 + (𝑥𝑗 − 𝑤𝑗)

∇𝑝

𝑝
 (4-15) 

The relationship between the mole fraction 𝑥𝑗 and the mass fraction 𝑤𝑗 by given by the 

following equations: 

 
𝑥𝑗 =
𝑤𝑗

𝑀𝑗
𝑀𝑛                𝑀𝑛 = (

𝑤𝑖
𝑀𝑖
)
−1

𝑖
 (4-16) 

 

The diffusion model for SOFC electrodes takes into consideration only ordinary 

diffusion 𝑗𝑐 which is due to the concentration gradient, as all the other diffusion 

processes 𝑗𝑝, 𝑗𝑔, 𝑗𝑇 are assumed negligible compared to that of ordinary diffusion, 

however, the ordinary diffusion either for binary systems or multicomponent systems 

occurs simultaneously with the Knudsen diffusion[168]. Knudsen diffusion term 

becomes significant when the frequency of the collision between the pore wall and the 

gas molecules increases; this only happen when the mean free path of the gas 

molecules is larger than that of the pore sizes. Hence, when the Knudsen diffusion 

effect is included, Equation (4-11) becomes 

 
𝑐𝑔∇𝑥𝑖 =  

𝑥𝑗𝑗𝑖 − 𝑥𝑖𝑗𝑗

𝐷𝑖𝑗
+ 
𝑗𝑖
𝐷𝐾𝑛,𝑖𝑗

𝑛

𝑗=1,𝑗≠𝑖

 (4-17) 

Where 𝐷𝑖𝑗 is the ordinary diffusion coefficient and 𝐷𝐾𝑛,𝑖𝑗 is the Knudsen diffusion 

coefficient  

Both diffusion term can be combined and corrected with some geometric factors that 

accounts for both the porosity and the tortuosity of the medium [106, 129] to give an 

effective diffusion coefficient expressed as: 

 
𝐷𝑖𝑗
𝑒𝑓𝑓
=  
𝜀

𝜏
(
1

𝐷𝑖𝑗
+
1

𝐷𝐾𝑛,𝑖𝑗
)

−1

 (4-18) 



78 
 

 

Where 𝜀 and 𝜏 are the porosity and tortuosity of the porous media respectively, they 

are defined as [176, 177]: 

 
𝜀 = 1 −

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑠𝑜𝑙𝑖𝑑 

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
 

(4-19) 

   

 
𝜏 =  

𝑎𝑐𝑡𝑢𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔ℎ𝑡

𝑝𝑜𝑖𝑛𝑡 − 𝑡𝑜 − 𝑝𝑜𝑖𝑛𝑡 𝑙𝑒𝑛𝑔ℎ𝑡
 

(4-10) 

 

t 

  

The ordinary diffusion coefficients are modelled by the empirical correlation developed 

by Fuller et al, and is given as[178]: 

 
𝐷𝑖𝑗 = 

0.001434𝑇1.75

𝑝𝑀𝑖𝑗
1 2 [𝑉𝑖

1 3 + 𝑉𝑗
1 3 ]
2 (4-11) 

Where 

 𝑀𝑖𝑗 =  2[(1 𝑀𝑖 ) + (1 𝑀𝑗 )]
−1

 (4-12) 

 
Where 𝐷𝑖𝑗  is in (𝑚

2

𝑠⁄ ), 𝑇 is temperature in K, 𝑝 is pressure in bar, 𝑀𝑖 and 𝑀𝑗 is the 

molar mass in (
𝑘𝑔
𝑘𝑚𝑜𝑙
⁄ ) and 𝑉𝑖 and 𝑉𝑗 are the Fuller et al. diffusion volume. 

 The Knudsen diffusion coefficients are defined by the kinetic theory of gases as [179]: 

 

𝐷𝐾𝑛,𝑖𝑗 = 
2𝑑𝑝𝑜𝑟𝑒

3
√
2𝑅𝑇

𝜋𝑀𝑖𝑗
 (4-13) 

Where 𝑑𝑝𝑜𝑟𝑒 is the mean pore diameter and R is the universal gas constant in 

(𝐽 𝑚𝑜𝑙𝑒−1𝐾−1). 

The pore diameter depends on the particle diameter and is expressed by the 

equation[75]: 

 
𝑑𝑝𝑜𝑟𝑒 =

2

3

𝜀

1 − 𝜀
𝑑𝑝 

(4-24) 
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The modified Stefan-Maxwell equation which takes into account the Knudsen diffusion 

term can then be expressed in the original form of the Stefan-Maxwell equation given 

in Equation (4-11) as: 

 
𝑐𝑔𝑎𝑠∇𝑥𝑖 =  

𝑥𝑗𝑗𝑖 − 𝑥𝑖𝑗𝑗

𝐷𝑖𝑗
𝑒𝑓𝑓

𝑛

𝑗=1,𝑗≠𝑖

 (4-25) 

  
 

Formulation of the modified Stefan-Maxwell equations  

It is more convenient to express Equation (4-25) in an (𝑛 − 1) matrix form[180] as it 

will be otherwise difficult to obtain a numerical solution for the implicit relationship 

between the mole fraction and molar fluxes. 

Recalling Equation (4-12) since only (𝑛 − 1) term is independent 

 
𝑗𝑛 = − 𝑗𝑖

𝑛−1

𝑖=1

  

Equation (4-25) can then be written as: 

 
𝑐𝑔∇𝑥𝑖 = −𝐹𝑖𝑖𝑗𝑖 −  𝐹𝑖𝑗𝑗𝑗

𝑛−1

𝑗=1,𝑗≠1

 (4-26) 

Where 𝐹𝑖𝑖 and 𝐹𝑖𝑗 are defined by 

 
𝐹𝑖𝑖 = 

𝑥𝑖

𝐷𝑖𝑛
𝑒𝑓𝑓
+  

𝑥𝑘

𝐷𝑖𝑘
𝑒𝑓𝑓

𝑛

𝑘=1,𝑘≠1

 

(4-27) 

  

Equation (4-25) can be expressed in  (𝑛 − 1) dimensional matrix form as: 

 𝑐𝑔(∇𝑥) =  −[𝐹](𝑗)    (4-29) 

Where [𝐹] is a square matrix of order ( 𝑛 − 1)  

 
𝐹𝑖𝑗 = −𝑥𝑖  (

1

𝐷𝑖𝑗
𝑒𝑓𝑓
− 
1

𝐷𝑖𝑛
𝑒𝑓𝑓
) (4-28) 
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[

𝐹11 𝐹12 …
𝐹21 𝐹22 …
⋮
𝐹𝑛−1,1

⋮
𝐹𝑛−1,2

…
…

    

𝐹1,𝑛−1
𝐹2,𝑛−1
⋮
𝐹3,𝑛−1

 ] 

(4-30) 

 

With elements given in Equations (4-26) and (4-27). The column matrix (𝑗) is given as 

 

(

𝑗1
𝑗2
⋮
𝑗𝑛−1

) 
(4-31) 

 

And (∇𝑥) is a column matrix defined as: 

 

(

∇𝑥1
∇𝑥
⋮
∇𝑥𝑛−1

) 

(4-32) 

If we multiply Equation (4-28) with the inverse of [𝐹], we obtain 

 𝑐𝑔[𝐹]
−1(∇𝑥) =  −[𝐹]−1[𝐹](𝑗) (4-33) 

This simplifies to:  

 (𝑗) =  −𝑐𝑔[𝐹]
−1(∇𝑥) (4-34) 

Since [𝐹]−1[𝐹] = 1 

Chemical reaction kinetics 

The SOFCs inlet fluid is usually made up of all or some of the following species:  

𝐻2, 𝐻2𝑂, 𝐶𝑂, 𝐶02, CH4 in the anode stream 

𝑂2, 𝑁2, in the cathode stream 

 

The source term 𝑟𝑖 in Equation (4-7) represents the production/consumption rate of the 

species as a result of the chemical reaction taking place in the diffusion layer, since no 

reaction occurs in the cathode stream, therefore, its source term  𝑟𝑖 is zero. If the 
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reactant gas in the anode stream is a hydrocarbon such as natural gas, rather than 

hydrogen, reforming reaction and water gas shift reactions would take place in the 

anode diffusion layer. These reactions (for methane) are given as follows: 

Methane steam reforming reaction 

 𝐶𝐻4 + 𝐻20 ↔  3𝐻2 + 𝐶𝑂  (4-35) 

Water gas shift reaction 

 𝐶𝑂 + 𝐻20 ↔  𝐻2 + 𝐶𝑂2   (4-36) 

The reaction rates for the above reactions are given as [68, 87, 150, 151] 

 𝑅𝑟 = 𝑘𝑟𝑓𝑝𝐶𝐻4𝑝𝐻2𝑂 − 𝑘𝑟𝑏(𝑝𝐻2)
3
𝑝𝐶𝑂 (4-37) 

 

 𝑅𝑠 = 𝑘𝑠𝑓𝑝𝐶𝑂𝑝𝐻2𝑂 − 𝑘𝑠𝑏𝑝𝐻2𝑝𝐶𝑂2 (4-38) 

 

Where 𝑅𝑟 and 𝑅𝑠 are the methane reforming reaction rate and water-gas shift reaction 

rate, 𝑘𝑟𝑓 and 𝑘𝑟𝑏 are the forward and backward reaction rate constants for the 

reforming reaction while 𝑘𝑠𝑓 and 𝑘𝑠𝑏 are the forward and backward reaction rate 

constants for the water-shift gas reaction respectively. 

 

Equation (4-37) and (4-38) can be expressed in terms of mole fraction as 

 𝑅𝑟 = 𝑝
2 [𝑘𝑟𝑓𝑥𝐶𝐻4𝑥𝐻2𝑂 − 𝑝

2𝑘𝑟𝑏(𝑥𝐻2)
3
𝑥𝐶𝑂] 

(4-39) 

 

 𝑅𝑠 = 𝑝
2[𝑘𝑠𝑓𝑥𝐶𝑂𝑥𝐻2𝑂 − 𝑘𝑠𝑏𝑥𝐻2𝑥𝐶𝑂2] (4-40) 

Where 𝑝 is the total pressure. 

The reverse reaction rate constant  𝑘𝑟𝑏 and 𝑘𝑠𝑏 can be determined from the equilibrium 

constants for both reactions, it is defined as a function of temperature and obtained 

using the following empirical relations [35, 52] 
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𝑘𝑟𝑞 = 

𝑘𝑟𝑓

𝑘𝑟𝑏
= 1.0267 ×  1010  

× 𝑒𝑥𝑝(−0.2513𝜁4 + 0.3665𝜁3 + 0.5810𝜁2 − 27.134𝜁

+ 3.2770)[𝑃𝑎2] 
      

(4-41) 

 
𝑘𝑠𝑞 = 

𝑘𝑠𝑓

𝑘𝑠𝑏
= 𝑒𝑥𝑝(−0.2935𝜁3 + 0.6351𝜁2 − 4.1788𝜁 + 0.3169)[𝑃𝑎2] 

(4-42) 

 

The forward reaction rates for the methane reforming and water-shift gas reactions are 

given as  

 
𝑘𝑟𝑓 = 2395𝑒𝑥𝑝 (−

231266

𝑅𝑇
) [𝑚𝑜𝑙 𝑚−3𝑃𝑎−2𝑠−1] 

  (4-44) 

 
𝑘𝑠𝑓 = 0.0171𝑒𝑥𝑝 (−

103191

𝑅𝑇
) [𝑚𝑜𝑙 𝑚−3𝑃𝑎−2𝑠−1] 

    (4-45) 

 

The source term 𝑟𝑖 for each species in the anode diffusion layer is calculated as follows: 

 𝑟𝐶𝐻4 = −𝑀𝐶𝐻4𝑅𝑟 (4-46) 

 𝑟𝐻2 = 𝑀𝐻2(3𝑅𝑟 + 𝑅𝑠) (4-47) 

 𝑟𝐶𝑂 = 𝑀𝐶𝑂(𝑅𝑟 − 𝑅𝑠) (4-48) 

 𝑟𝐻2𝑂 = 𝑀𝐻2𝑂(𝑅𝑟 + 𝑅𝑠) (4-49) 

 𝑟𝐶𝑂2 = 𝑀𝐶𝑂2𝑅𝑆 (4-50) 

 

where 
𝜁 =  
1000

𝑇(𝐾)
− 1 

    

(4-43) 
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4.3.3 Conservation of momentum 

The momentum balance within a control volume (𝑑𝑥𝑑𝑦𝑑𝑧) shown in Figure 4-3 can be 

described by the following equation 

 

{

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑜𝑟 𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑜𝑓 
𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖

} =  {

𝑟𝑎𝑡𝑒 𝑜𝑓 
𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖
𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚
 𝑖𝑛𝑙𝑒𝑡

} − {

𝑟𝑎𝑡𝑒 𝑜𝑓 
𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑖
𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚 
𝑜𝑢𝑡𝑙𝑒𝑡

} + {
𝑠𝑢𝑚 𝑜𝑓 𝑓𝑜𝑟𝑐𝑒𝑠
𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛
𝑠𝑦𝑠𝑡𝑒𝑚

} (4-51) 

 

 

 

 

 

 

 

 

Fig 4-3: Control volume element showing the momentum flux of species 𝑖 

 

The above conservation statement for the three mutually perpendicular surfaces 

𝑥, 𝑦 𝑎𝑛𝑑 𝑧 can be expressed mathematically as 

 𝜕(𝜌𝑖𝑢𝑖𝑑𝑥𝑑𝑦𝑑𝑧)

𝜀𝜕𝑡

= (
𝜌𝑖
𝜀
𝑢𝑖𝑢𝑖𝑑𝑦𝑑𝑧) − (

𝜌𝑖
𝜀
𝑢𝑖𝑢𝑖 +

𝜕(𝜌𝑖𝑢𝑖𝑢𝑖)𝑑𝑥

𝜀𝜕𝑥
)𝑑𝑦𝑑𝑥 

+ (
𝜌𝑖
𝜀
𝑣𝑖𝑣𝑖𝑑𝑥𝑑𝑧) − (

𝜌𝑖
𝜀
𝑣𝑖𝑣𝑖 +

𝜕(𝜌𝑖𝑣𝑖𝑣𝑖)𝑑𝑦

𝜀𝜕𝑦
)𝑑𝑥𝑑𝑥 

+ (
𝜌𝑖
𝜀
𝑤𝑖𝑤𝑖𝑑𝑥𝑑𝑦) − (

𝜌𝑖
𝜀
𝑤𝑖𝑤𝑖 +

𝜕(𝜌𝑖𝑤𝑖𝑤𝑖)𝑑𝑧

𝜀𝜕𝑧
)𝑑𝑥𝑑𝑦

+  𝜌𝑓 + ∇. 𝜏 (4-52) 

 

  𝑑𝑦 

  𝑑𝑧 

[(𝜌𝑖𝑢𝑖𝑢𝑖) +
𝜕(𝜌𝑖𝑢𝑖𝑢𝑖)𝑑𝑥

𝜕𝑥
]𝑑𝑦𝑑𝑧 

  

(𝜌𝑖𝑢𝑖𝑢𝑖)𝑑𝑦𝑑𝑧 

  

Z 

Y 

  𝑑𝑥 

X 
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Where ∇. 𝜏 is the shear stress tensor and 𝑓  are the body forces which includes gravity, 

electromagnetic and inertia forces. 

Equation (4-52) can be written in compact form after invoking the steady state condition 

as 

 ∇. (
𝜌

𝜀
𝑢𝑢) = 𝜌𝑓 + ∇. 𝜏 (4-53) 

   

The Darcy-Brinkman equation[76] is used to describe the momentum balance in the 

porous electrode diffusion layers by including an additional term to the Darcy equation 

to account for the viscous transport in the momentum balance, the Darcy-Brinkman 

equation is shown as 

 ∇. (
𝜌

𝜀
𝑢𝑢) = −𝑢

𝜇

𝐾
+ 𝜌𝑓 + ∇. 𝜏 (4-54) 

 

Where 𝜇 is the fluid viscosity and 𝐾 is the permeability of the electrode diffusion layer 

In SOFC, both oxidant and fuel gases obey Newton’s law of viscosity, where the shear 

force is varies with the negative of the local velocity gradient, thus the shear stress 

tensor may be written as[168]: 

 
𝜏 =  
𝜇

𝜀
[∇�⃗⃗� + (∇�⃗⃗�)𝑇] − [𝑝 + (𝜇𝑢 −

2

3𝜀
𝜇) (∇. �⃗⃗�)] 𝐼 

(4-55) 

 

Where 𝜀 is the porosity, 𝜇𝑢 is the coefficient of bulk velocity, 𝜇 is the dynamic velocity 

of the fluid and 𝐼 is the identity matrix, [
1 0 0
0 1 0
0 0 1

]. However, bulk viscosity is known to 

be negligible under typical SOFC conditions such as low flow rates and laminar flow 

i.e. 𝜇𝑢 ≈ 0  Thus Equation (4-55) reduces to 

 
𝜏 =  
𝜇

𝜀
[∇�⃗⃗� + (∇�⃗⃗�)𝑇] − [𝑝 + (

2

3𝜀
𝜇) (∇. �⃗⃗�)] 𝐼 

(4-56) 
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The momentum conservation equation for a fluid flowing though the electrode diffusion 

layer may be expressed from Equation (4-55) and (4.56) as 

 
∇. (
𝜌

𝜀2
𝑢𝑢) = −𝑢

𝜇

𝐾
+ 𝜌𝑓 + ∇. (

𝜇

𝜀
[∇�⃗⃗� + (∇�⃗⃗�)𝑇] − [𝑝 + (

2

3𝜀
𝜇) (∇. �⃗⃗�)] 𝐼) 

(4.57) 

The flow velocities 𝑢 expressed in Equations (4-52) through to Equation (4-57) are 

the averaged velocity; this allows the velocity field to be described as a continuous 

field across the pores and the solid matrix by which the flow can be described by the 

same velocity. 

 

4.3.4 Conservation of energy. 

The conservation of energy for a fluid contained in the control volume(𝑑𝑥𝑑𝑦𝑑𝑧)  of 

Figures (4-4) can be written as follow: 

 

{

𝑟𝑎𝑡𝑒 𝑜𝑓
𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑎𝑛𝑑
𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛

} =  

{
 
 

 
 
𝑛𝑒𝑡 𝑟𝑎𝑡𝑒 𝑜𝑓
𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑎𝑛𝑑
𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦
 𝑏𝑦 

𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 }
 
 

 
 

−

{
 
 

 
 
𝑛𝑒𝑡 𝑟𝑎𝑡𝑒 𝑜𝑓
𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑎𝑛𝑑
𝑘𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦
 𝑏𝑦 

𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 }
 
 

 
 

+

{
 
 

 
 
𝑛𝑒𝑡 𝑟𝑎𝑡𝑒
𝑜𝑓 𝑤𝑜𝑟𝑘 𝑑𝑜𝑛𝑒
𝑏𝑦 𝑠𝑦𝑠𝑡𝑒𝑚
𝑜𝑛 

𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔𝑠}
 
 

 
 

 (4-58) 

 

 

 

 

 

 

 

 

 

Fig 4-4: Control volume element showing the Energy fluxes in the 𝑥 direction 
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The above conservation statement for the three mutually perpendicular surfaces 

𝑥, 𝑦 𝑎𝑛𝑑 𝑧 can be expressed mathematically as  

 𝜕(𝜌𝑒𝑑𝑥𝑑𝑦𝑑𝑧)

𝜕𝑡
= (
𝜕(𝜌𝑒𝑢)

𝜕𝑥
𝑑𝑦𝑑𝑧) − (

𝜕(𝜌𝑒𝑣)

𝜕𝑦
𝑑𝑥𝑑𝑧) − (

𝜕(𝜌𝑒𝑤)

𝜕𝑧
𝑑𝑦𝑑𝑧)

− (
𝜕𝑞𝑥
𝜕𝑥
𝑑𝑥𝑑𝑦𝑑𝑧) − (

𝜕𝑞𝑦

𝜕𝑦
𝑑𝑥𝑑𝑦𝑑𝑧) − (

𝜕𝑞𝑧
𝜕𝑧
𝑑𝑥𝑑𝑦𝑑𝑧)

− (
𝜕𝜏𝑥𝑢

𝜕𝑥
𝑑𝑥𝑑𝑦𝑑𝑧) − (

𝜕𝜏𝑥𝑣

𝜕𝑦
𝑑𝑥𝑑𝑦𝑑𝑧) − (

𝜕𝜏𝑥𝑤

𝜕𝑧
𝑑𝑥𝑑𝑦𝑑𝑧)

− (
𝜕(𝑝𝑢)

𝜕𝑥
𝑑𝑥𝑑𝑦𝑑𝑧) − (

𝜕(𝑝𝑣)

𝜕𝑦
𝑑𝑥𝑑𝑦𝑑𝑧)

− (
𝜕(𝑝𝑤)

𝜕𝑧
𝑑𝑥𝑑𝑦𝑑𝑧) − 𝜌𝑢𝑔𝑥𝑑𝑥𝑑𝑦𝑑𝑧 − 𝜌𝑣𝑔𝑦𝑑𝑥𝑑𝑦𝑑𝑧

− 𝜌𝑤𝑔𝑧𝑑𝑥𝑑𝑦𝑑𝑧 + 𝑟𝑒 

(4-59) 

 

Where 𝑟𝑒 is the heat source term, 𝑞 is the heat flux and 𝑒 is the specific energy which 

is the sum of the kinetic energy (
1

2
𝑢2) associated with the fluid motion and the internal 

energy (𝑈) related to the random internal and translational motion of the molecules 

 
𝑒 = (
1

2
𝑢2 + 𝑈) (4-60) 

 

Equation (4-59) can be written in compact form after invoking the steady state 

assumption as 

 
[𝜌𝑢. ∇ (

1

2
𝑢2 + 𝑈)] =  −∇. 𝑞 − ∇. (𝜏. 𝑢) + ∇. (𝑝𝑢) + ∇. (𝜌𝑢𝑔) + 𝑟𝑒 

(4-61) 

   

The term on the left hand side of Equation (4-61) is the rate of energy input per unit 

volume by convection, while on the right hand side, the first term is the rate of energy 

input by conduction; the second term is the rate of work done on the fluid by viscous 

forces; the third term is the rate of work done on the fluid  by pressure forces; the fourth 

term is the rate of work done on fluid by gravitational forces and the last term is the 

heat source due to the heat generated/consumed as a due to the joule heating effect 

and from chemical reactions. 
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Neglecting the kinetic energy, gravitational potential energy and the work done by 

viscous stresses as their contribution to the energy balance in a SOFC electrode is 

negligible, Equation (4-61) reduces to 

 ρu. ∇𝑈 =  −∇. 𝑞 − ∇. (𝑝𝑢) + 𝑟𝑒 (4-62) 

According to Bird and Stewart[168], the heat flux 𝑞 for a multicomponent fluid is given 

as: 

 𝑞 = 𝑞𝑐 + 𝑞𝑑 + 𝑞𝑥 (4-63) 

Where 𝑞𝑐, 𝑞𝑑, 𝑞𝑥 are the heat fluxes by conduction, heat flux by each diffusing species 

and the heat flux related to the concentration driving force usually described as the 

diffusion-thermo effect or Dufour effect respectively. The Dufour effect is usually quite 

small thus can be ignored. Equation (4-63) now reduces to: 

 𝑞 = 𝑞𝑐 + 𝑞𝑑 (4-64) 

According to Fourier’s law, the heat flux due to conduction for the electrode diffusion 

layer can be expressed in terms of temperature gradient as 

 𝑞𝑐 = −𝑘𝑑𝑙
𝑒𝑓𝑓
∇𝑇 (4-65) 

This describes the molecular transport of heat by conduction in an isotropic media, 

Expanding Equation (4-64) for a multicomponent mixture, the heat flux becomes 

 
𝑞 = −𝑘𝑑𝑙

𝑒𝑓𝑓
∇𝑇 + ℎ𝑖

𝑛

𝑖=1

𝑗𝑖 (4-66) 

 

Where 𝑘𝑑𝑙
𝑒𝑓𝑓

 is the effective thermal conductivity in the layer, ℎ𝑖  is the specific absolute 

enthalpy of species 𝑖 and 𝑗𝑖 is the species molar diffusive flux. Substituting Equation 

(4-65) in Equation (4-62) 

 
ρu. ∇𝑈 + ∇. (𝑝𝑢) =  −∇. [−𝑘𝑏𝑙

𝑒𝑓𝑓
∇𝑇 + ℎ𝑖

𝑛

𝑖=1

𝑗𝑖] + 𝑟𝑒 (4-67) 
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Replacing ∇. (𝑝𝑢) with 𝜌𝑢 ∇. (
𝑝

𝜌
), Equation (4-67) becomes 

 
ρu. ∇(𝑈 + (

𝑝

𝜌
))  =  −∇. [𝑘𝑏𝑙

𝑒𝑓𝑓
∇𝑇 + ℎ𝑖

𝑛

𝑖=1

𝑗𝑖] + 𝑟𝑒 (4-68) 

From basic thermodynamic relations, enthalpy 𝐻 = 𝑈 + (
𝑝

𝜌
), the above equation thus 

becomes: 

 
ρu. ∇𝐻 =  −∇. [𝑘𝑏𝑙

𝑒𝑓𝑓
∇𝑇 + ℎ𝑖

𝑛

𝑖=1

𝑗𝑖] + 𝑟𝑒 (4-69) 

 

Substituting 𝐻 = ∑ 𝑥𝑖ℎ𝑖
𝑛
𝑖=1  into the equation 

 
ρu. ∇( 𝑥𝑖ℎ𝑖

𝑛

𝑖=1

)  =  −∇. [𝑘𝑏𝑙
𝑒𝑓𝑓
∇𝑇 + ℎ𝑖

𝑛

𝑖=1

𝑗𝑖] + 𝑟𝑒 (4-70) 

The term on the left hand side can be further expressed as 

 
ρu. ∇( 𝑥𝑖ℎ𝑖

𝑛

𝑖=1

) =  ρu. ( 𝑥𝑖∇ℎ𝑖

𝑛

𝑖=1

) +  ρu. ( ℎ𝑖∇𝑥𝑖

𝑛

𝑖=1

) (4-71) 

 

Recalling the species mass balance equation from Equation (4-7) 

 ∇. (𝜌𝑢∇𝑥𝑖) =  𝑟𝑖 − ∇. 𝑗𝑖 (4-72) 

Using the thermodynamic relation (∇ℎ𝑖 = 𝑐𝑝𝑖∇𝑇) and inserting Equation (4-72) into 

Equation (4-71) 

 
ρu. ∇( 𝑥𝑖ℎ𝑖

𝑛

𝑖=1

) =  ρ𝑐𝑝u. ∇T + ( ℎ𝑖[𝑟𝑖 − ∇. 𝑗𝑖]

𝑛

𝑖=1

) 
(4-73) 

Replacing the term on the left of the energy equation (4-70) with the above equation 
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ρ𝑐𝑝u. ∇T +  ℎ𝑖𝑟𝑖

𝑛

𝑖=1

− ℎ𝑖∇. 𝑗𝑖

𝑛

𝑖=1

 

=   −∇. (𝑘𝑑𝑙
𝑒𝑓𝑓
∇𝑇) − ∇. ℎ𝑖

𝑛

𝑖=1

𝑗𝑖 + 𝑟𝑒 
(4-74) 

 

The second term on the right hand side of the above equation can be written as 

 
∇. ℎ𝑖

𝑛

𝑖=1

𝑗𝑖 =  ℎ𝑖∇.

𝑛

𝑖=1

𝑗𝑖 +  𝑗𝑖∇.

𝑛

𝑖=1

ℎ𝑖 (4-75) 

 

Substitute Equation (4-75) into Equation (4-74) and using(∇ℎ𝑖 = 𝑐𝑝𝑖∇𝑇), the energy 

equation becomes 

 
ρ𝑐𝑝u. ∇T +  ℎ𝑖𝑟𝑖

𝑛

𝑖=1

 =   −∇. (𝑘𝑑𝑙
𝑒𝑓𝑓
∇𝑇) − 𝑐𝑝𝑖𝑗𝑖∇𝑇

𝑛

𝑖=1

+ 𝑟𝑒 
(4-76) 

   

Recalling the assumption that the diffusive flux is the primary mode of species transport 

in the diffusion layers, thus the convective flux is negligible, the energy equation 

becomes 

 
 𝑐𝑝𝑖𝑗𝑖∇𝑇

𝑛

𝑖=1

 =   −∇. (𝑘𝑏𝑙
𝑒𝑓𝑓
∇𝑇) + 𝑟𝑒 −  ℎ𝑖𝑟𝑖

𝑛

𝑖=1

 (4-77) 

 

In terms of the species continuity relation, the above energy equation can be expressed 

as 

 
 𝑐𝑝𝑖𝜌𝑖𝑢𝑖∇𝑇

𝑛

𝑖=1

 =   −∇. (𝑘𝑑𝑙
𝑒𝑓𝑓
∇𝑇) + 𝑟𝑒 −  ℎ𝑖𝑟𝑖

𝑛

𝑖=1

 
(4-78) 

   

Where 𝑐𝑝𝑖 is the specific heat capacity of species 𝑖 at constant pressure, 𝜌𝑖 is the density 

of species 𝑖, ∑ ℎ𝑖𝑟𝑖
𝑛
𝑖=1  is the heat generated or consumed due to the chemical reaction 

taking place on the diffusion layer and 𝑟𝑒 is the energy source term which is the heat 
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generated due to the ohmic resistance when electronic current passes through the 

diffusion layer called joule heating and is defined as 

 𝑟𝑒 = 𝜎𝑑𝑙
𝑒𝑓𝑓
∇2𝜙𝑠 (4-79) 

Where 𝜎𝑑𝑙
𝑒𝑓𝑓

 is the electronic conductivity, 𝜙𝑠 is the electronic potential. 

The effective thermal conductivity of the diffusion layer 𝑘𝑏𝑙
𝑒𝑓𝑓

 is defined as[76] 

 𝑘𝑏𝑙
𝑒𝑓𝑓
= 𝜀𝑘𝑓 + (1 − 𝜀)𝑘𝑠 (4-80) 

Where 𝑘𝑓 is the thermal conductivity of the fluid mixture in the layer and 𝑘𝑠 is the thermal 

conductivity of the solid phase of the diffusion layer. 

4.3.5 Conservation of electronic charge. 

Electronic charge is produced when electrons migrate through the solid phase of the 

electrode diffusion layer, the conservation statement for electric charge in the control 

volume(𝑑𝑥𝑑𝑦𝑑𝑧) shown in Figure (4-5) can be written as: 

  

{

𝑟𝑎𝑡𝑒 𝑜𝑓 
𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
𝑐ℎ𝑎𝑟𝑔𝑒

} =  {
𝐼𝑛𝑙𝑒𝑡 𝑟𝑎𝑡𝑒 
𝑜𝑓 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

} − {
𝑂𝑢𝑡𝑙𝑒𝑡 𝑟𝑎𝑡𝑒 
𝑜𝑓 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

} + {

𝑟𝑎𝑡𝑒 𝑜𝑓𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
𝑜𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
𝑐ℎ𝑎𝑟𝑔𝑒

} (4-81) 

 

 

 

 

 

  

 

 

Fig 4-5: Control volume element showing the current density in the 𝑥 direction 
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The conservation statement as applied to three mutually perpendicular surfaces 

𝑥, 𝑦 𝑎𝑛𝑑 𝑧 can be expressed mathematically as 

 𝜕(𝑖𝑑𝑥𝑑𝑦𝑑𝑥)

𝜕𝑡
 =  (𝑖𝑥𝑑𝑦𝑑𝑧) − (𝑖𝑥 + 

𝜕𝑖𝑥
𝜕𝑥
)𝑑𝑦𝑑𝑧

+ (𝑖𝑦𝑑𝑥𝑑𝑧) − (𝑖𝑦 + 
𝜕𝑖𝑦

𝜕𝑦
)𝑑𝑥𝑑𝑧

+ (𝑖𝑧𝑑𝑥𝑑𝑦) − (𝑖𝑧 + 
𝜕𝑖𝑧
𝜕𝑧
)𝑑𝑥𝑑𝑦 

+ 𝑟𝑐𝑑𝑥𝑑𝑦𝑑𝑧 

 

(4-82) 

Equation (4-81) simplifies to 

 𝜕𝑖

𝜕𝑡
= −
𝜕𝑖𝑥
𝜕𝑥
− 
𝜕𝑖𝑦

𝜕𝑦
− 
𝜕𝑖𝑧
𝜕𝑧
+ 𝑟𝑐 

(4-83) 

   

Recalling the steady state assumption, the above equation can be expressed in 

compact form as 

 ∇. (𝑖𝑒) =  𝑟𝑐 (4-84) 

Where 𝑖𝑒 is the electronic current density and 𝑟𝑐 is the source term, but since there is 

no production or consumption of electric charge in the diffusion layer, Equation (4-84) 

becomes 

 ∇. (𝑖𝑒) =  0 (4-85) 

The current density vector 𝑖𝑒 is related to the electric field 𝑉 and conductivity 𝜎 by Ohms 

law as: 

 𝑖𝑒 = 𝜎𝑠,𝑑𝑙
𝑒𝑓𝑓
𝑉  (4-86) 

Where the voltage 𝑉 equals the negative gradient of the potential at a specific point 

within the field 

 𝑉 = −𝛻𝜙𝑠 (4-87) 

Substituting Equation (4-86) and (4-87) into Equation (4-85) gives 

 𝛻. (−𝜎𝑠,𝑑𝑙
𝑒𝑓𝑓
𝛻𝜙𝑠) =  0 (4-88) 

Where 𝜎𝑑𝑙
𝑒𝑓𝑓

 is the effective electronic conductivity in the diffusion layer defined as 
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𝜎𝑠,𝑑𝑙
𝑒𝑓𝑓
= 
(1 − 𝜀)

𝜏
𝜎𝑑𝑙 

(4-89) 

  

Where 𝜀 and 𝜏 are the porosity and tortuosity of the porous diffusion layer respectively 

and 𝜎𝑑𝑙 is the electronic conductivity of the diffusion layer material. 

4.4 Electrode reaction model 

The electrode reaction layers are relatively thin regions in the order of 20µm where the 

electrochemical reaction occurs, they are treated as composite electrodes as  they are 

made up of  three phases: electron conducting phase for the transport electrons, ionic 

conducting phase for the transport of ions and pores through which the reactant gases 

diffuse[81], in addition to hosting the electrochemical reactions, they are also 

responsible for the transport of reactant gases and their products to and from the 

electrolyte to the diffusion layer. 

Various authors[56, 59, 66, 78, 181-183] have investigated different approaches with 

different levels of complexity to modelling the electrode reaction layer, most common 

among these models are the thin film models, random resistor network models, 

macroscopic porous electrode models and the random packing sphere models.  

The thin film models [54, 183, 184] for composite electrodes are based on the theory 

that all the co-existing phases (electronic,ionic and gas) form a continous path from 

the electrolyte to the diffusion layer, in which case, the pores are treated as straight 

channels, in this model the reaction layer is treated as a thin film, thus presenting the 

very disordered structure of real electrodes (observed in experimentation) as a very 

ordered structure[78]. 

 In the random resistor network[55, 57, 185], the composite electrode is modelled to 

as been made up of dense grains of electronic conducting particles and ionic 

conducting particles packed firmly together so that their centres occupy the nodes of a 

continous lattice, the lattice is modelled based on the theory the the spherical particles 

are equal sized and are randomly prescribed as ionic particles or electronic particles 

in the lattice. 

The resistor network model are only approximations of real composite electrodes [186] 

and its use are limited to small sized specimen due to the high computation cost[75]. 
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On the other hand, the random packing sphere model[59, 60, 75] is modelled such that 

the composite electrodes is made up of discrete particles of ionic conductors and 

electronic conductors randomly packed together and that current is conducted from 

one particle to another through the neck formed between them.  

This modelling approach allows the macro-scale predictions of electrochemical 

processes in electrodes to be made, and at the same time, preserve the important 

micro-structural properties of the electrode.  

Both the random packing sphere model and the resistor network model are referred to 

the as the Monte Carlo method due to the randomness of the conducting particles.  

The macroscopic porous electrode modelling approach[35, 187] assumes that the 

composite electrode is made up of randomly packed ionic and electronic particles by 

which current is transmitted from particle to particle through necks formed by contact 

between them. This approach does not take into considerations the actual geometric 

sizes of the component partices instead it describes them as continous average 

quantities, thus this approach is sometimes described as an approximation of the 

Monte Carlo methods[78].  

Sieve Sunde[78] describes the Monte Carlo approach to modelling as superior to the 

other ones because of its ability to predict salient experimental features. Hence the 

model developed uses the random packing sphere (Monte Carlo) approach in the 

reaction layer. The micro structure of the reaction layer modelled as a random packing 

system is shown in Figure (4-6a) while the geometric details for the tripple phase 

boundary is shown in (4-6b) 
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Fig 4-5: Micro-structural modelling as random packing system of binary spherical particles[75] 

 

The processes to be modelled in the reaction layers are the transport of species to and 

from the electrolyte, also the chemical reactions (reforming and water-shift gas), the 

electrochemical reactions, the transport of ions and electrons and the transport of 

energy. 

The governing equations of the processes in the reaction layers are the conservation 

of mass, both in terms of the total mass and species mass, conservation of energy in 

terms of the sensible enthalpy and the momentum conservation equation or Newton’s 

second law. These equations are similar to those already developed for the diffusion 

layers except for the source term. The following section details these phenomena in 

the different sub-models in more details. 

4.4.1 Conservation of species 

The conservation equation governing the transport of species in the electrode reaction 

layer is similar to that developed in diffusion layer model, it can be expressed as: 

 ∇. 𝑗𝑖 = 𝑟𝑟𝑖 (4-90) 

Where the species source term 𝑟𝑟𝑖 accounts for the rate of consumption/production of 

species due to the electrochemical and chemical reactions.  



95 
 

 𝑟𝑟𝑖 = 𝑟𝑒𝑐 + 𝑟𝑖 (4-91) 

Where 𝑟𝑒𝑐 the source is term due to the electrochemical reactions and  𝑟𝑖 is that due to 

the chemical reactions. The source term due to the chemical reactions have already 

been defined in Equations (4-35) to (4-39) and the modified Stefan-Maxwell equation 

in equation (4-14) is used in modelling the species diffusion in the reaction layer, the 

outstanding task is to obtain an expression for the source term 𝑟𝑒𝑐 due to the 

electrochemical reaction. 

According to Faradays law (Equation (3-10)) which relates the rate of electrochemical 

reaction to the volumetric current density as 

 𝑖𝑣 = −𝑛𝐹 𝑟𝑒𝑐 (4-92) 

Where 𝑛𝑒𝑙the number of electrons transferred and F is the faraday constant. The 

volumetric current density produced in the reaction layer is defined by the Butler-

Volmer equation (Equations (3-46) and (3-47)) and expressed as 

 
𝑖𝑣 = 𝐴𝑣𝑖𝑜, {𝑒𝑥𝑝 (

𝛼𝐹η

𝑅𝑇
) − 𝑒𝑥𝑝 (

(1 − 𝛼)𝐹η

𝑅𝑇
)} (4-93) 

Where 𝛼 is the transfer coefficient, 𝐴𝑣 is the reactive surface area per unit volume and 

𝑖𝑜 is the exchange current density normally expressed as [76, 90] 

 
𝑖𝑜, = 

𝑅𝑇

𝑛𝑒𝑙𝐹
𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑒𝑥𝑝 (

−𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
𝑅𝑇

) 
(4-94) 

   

Where 𝐴 is the pre-exponential factor and 𝐸 is the activation energy. 

From Equation (4-92), the species source term due to the electrochemical reaction can 

be expressed as 

 
 𝑟𝑒𝑐 = 

𝑣𝑖𝑖𝑣
𝑛𝐹

 (4-95) 

Where 𝑣𝑖 is the stoichiometric coefficient of the species in the reaction. 

Reactive surface area per unit volume (𝑨𝒗) 

The reactive surface area is a key micro-structural parameters governing the 

electrochemical performance of the reactive layers, the larger the reaction sites, the 
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smaller the activation losses[75]. In micro-scale modelling such as the random packing 

sphere model, the reactive surface area per unit volume is formed by contacts of 

percolated ionic particles and electronic particles and is expressed as:[75, 83, 108] 

 
𝐴𝑣 =  𝜋𝑑𝑐𝑁𝑡𝑛𝑖𝑜𝑛𝑒𝑙

𝑍𝑖𝑜𝑍𝑒𝑙
𝑍
𝑃𝑖𝑜𝑃𝑒𝑙 

(4-96) 

 

Where 𝑑𝑐 is the neck diameter, 𝑁𝑡 is the density of all the particles, 𝑛𝑖𝑜 and 𝑛𝑒𝑙 are the 

fractions of ionic and electronic conducting particles respectively, 𝑍𝑖𝑜 and 𝑍𝑒𝑙are the 

average co-ordinating numbers for the ionic and electronic particles respectively, 𝑍 is 

the average coordination number for random packing systems of spherical particles 

and 𝑃𝑖𝑜 and𝑃𝑒𝑙 are the probabilities of the respective conducting particles to belong to 

the percolated cluster of the same phase. 

The above parameters used in defining the reactive surface area per unit volume can 

be calculated as follows: 

The neck diameter is given as: 

 
𝑑𝑐 = 𝑠𝑖𝑛 (

𝜃

2
)min(𝑑𝑝,𝑖𝑜𝑑𝑝,𝑒𝑙) 

(4-97) 

 

Where 𝜃 is the contact angle between the ionic and electronic conducting particles 

while 𝑑𝑝,𝑖𝑜 and 𝑑𝑝,𝑒𝑙 are the respective particle diameters. 

The number density of all the particles is given by: 

 
𝑁𝑡 = 

1 − 𝜀

(𝜋 6 )𝑑𝑝,𝑒𝑙
3 (𝑛𝑒𝑙 + (1 − 𝑛𝑒𝑙) (

𝑑𝑝,𝑖𝑜
𝑑𝑝,𝑒𝑙
⁄ )

3

)

 

(4-98) 

 

Similarly, the number fraction is given by 



97 
 

 

𝑛𝑒𝑙 = 
(
𝑑𝑝,𝑖𝑜
𝑑𝑝,𝑒𝑙
⁄ )

3

𝜑𝑒𝑙

1 − 𝜑𝑒𝑙 + (
𝑑𝑝,𝑖𝑜
𝑑𝑝,𝑒𝑙
⁄ )

3

𝜑𝑒𝑙

 

(4-99) 

  

 

 𝑛𝑖𝑜 = 1 − 𝑛𝑒𝑙 (4-100) 

Where 𝜑
𝑒𝑙
 is the volume fraction of the electronic conducting particles. 

The average total coordinating number (number of contacts with other particles) for the 

electronic and ionic particles are given as: 

 
𝑍𝑒𝑙 = 3 +

𝑍 − 3

𝑛𝑒𝑙 + (1 − 𝑛𝑒𝑙) (
𝑑𝑝,𝑖𝑜
𝑑𝑝,𝑒𝑙
⁄ )

2 

(4-101) 

 

𝑍𝑖𝑜 = 3 +
𝑍 − 3(

𝑑𝑝,𝑖𝑜
𝑑𝑝,𝑒𝑙
⁄ )

2

𝑛𝑒𝑙 + (1 − 𝑛𝑒𝑙) (
𝑑𝑝,𝑖𝑜
𝑑𝑝,𝑒𝑙
⁄ )

2 

(4-102) 

The probability of the conducting particle belonging to the percolated cluster is given 

by 

 
𝑃𝑒𝑙 = [1 − (

4.236 − 𝑍𝑒𝑙−𝑒𝑙
2.472

)
2.5

]

0.4

 

(4-103) 

 

𝑃𝑖𝑜 = [1 − (
4.236 − 𝑍𝑖𝑜−𝑖𝑜
2.472

)
2.5

]

0.4

 (4-104) 

Where 
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𝑍𝑒𝑙−𝑒𝑙 =  𝑛𝑒𝑙

𝑍𝑒𝑙
2

𝑍
 (4-105) 

 
𝑍𝑖𝑜−𝑖𝑜 =  𝑛𝑖𝑜

𝑍𝑖𝑜
2

𝑍
 (4-106) 

4.4.2 Conservation of electronic charge 

The conservation of electronic charge in the electrode reaction layer can be adapted 

from the already derived equation for diffusion layer given in Equation (4.85) as  

 ∇. (𝑖𝑒) =  𝑖𝑣,𝑎      For the anode reaction layer (4-107) 

  ∇. (𝑖𝑒) =  −𝑖𝑣,𝑐      For the cathode reaction layer (4-108) 

Using Ohms law relation, the current density 𝑖𝑒  can be expressed in terms of the 

electronic potential, thus the above equations become 

  𝛻. (−𝜎𝑠,𝑟𝑙
𝑒𝑓𝑓
𝛻𝜙𝑠) =  𝑖𝑣,𝑎    For the anode reaction layer (4-109) 

  𝛻. (−𝜎𝑠,𝑟𝑙
𝑒𝑓𝑓
𝛻𝜙𝑠) =  −𝑖𝑣,𝑐    For the cathode reaction layer (4-110) 

Where 𝜎𝑠,𝑟𝑙
𝑒𝑓𝑓

 is the effective electronic conductivity in the reaction layer and is defined 

as: 

 
𝜎𝑠,𝑟𝑙
𝑒𝑓𝑓
= 𝜑𝑒𝑙
(1 − 𝜀)

𝜏
𝜎𝑠,𝑟𝑙  

(4-111) 

 

Where 𝜀 is the porosity, 𝜏 is the tortuosity, 𝜑𝑒𝑙 is the volume fraction of the electronic 

conducting particle and 𝜎𝑠,𝑟𝑙 is the electronic conductivity of the electron conducting 

particle 

4.4.3 Conservation of ionic charge 

By analogy to the modelling equations developed for electronic charge, the equations 

for the ionic charge in the reaction layers can be expressed as: 

 ∇. (𝑖𝑖) =  𝑖𝑣,𝑎     For the anode reaction layer (4-112) 
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 ∇. (𝑖𝑖) =  −𝑖𝑣,𝑐   For the cathode reaction layer (4-113) 

Similarly, applying Ohms law, the above equations become 

  𝛻. (−𝜎𝑖,𝑟𝑙
𝑒𝑓𝑓
𝛻𝜙𝑖) =  𝑖𝑣,𝑎    For the anode reaction layer (4-114) 

  𝛻. (−𝜎𝑖,𝑟𝑙
𝑒𝑓𝑓
𝛻𝜙𝑖) =  −𝑖𝑣,𝑐    For the cathode reaction layer (4-115) 

Where 𝜎𝑖,𝑟𝑙
𝑒𝑓𝑓

 is the effective electronic conductivity in the reaction layer and is defined 

as: 

 
𝜎𝑖,𝑟𝑙
𝑒𝑓𝑓
= 𝜑𝑒𝑙
(1 − 𝜀)

𝜏
𝜎𝑖,𝑟𝑙  

(4-116) 

   

Where 𝜀 is the porosity,  𝜏 is the tortuosity, 𝜑𝑒𝑙 is the volume fraction of the electronic 

conducting particle and 𝜎𝑖,𝑟𝑙 is the electronic conductivity of the ionic conducting 

particle. 

4.4.4 Conservation of energy 

The principle of energy conservation in the electrode reaction layer is similar to that 

already developed in the diffusion layer (Equation (4-78)) except for the source term 

and is expressed below assuming local thermal equilibrium exists between the porous 

matrix and the fluid as 

 
 𝑐𝑝𝑖𝜌𝑖𝑢𝑖∇𝑇

𝑛

𝑖=1

 =   −∇. (𝑘𝑟𝑙
𝑒𝑓𝑓
∇𝑇) + 𝑟𝑒 −  ℎ𝑖𝑟𝑖

𝑛

𝑖=1

 (4-117) 

Where 𝑘𝑟𝑙
𝑒𝑓𝑓

 is the effective thermal conductivity of the layer and is defined as[35] 

 𝑘𝑟𝑙
𝑒𝑓𝑓
= 𝜀𝑘𝑓 + (1 − 𝜀)[𝜑𝑒𝑙𝑘𝑒𝑙 + (1 − 𝜑𝑒𝑙)𝑘𝑖𝑜] (4-118) 

Where  𝑘𝑓 is the thermal conductivity of fluid in the layer, 𝜑𝑒𝑙 is the volume fraction of 

the electronic conducting particles, 𝑘𝑒𝑙 and 𝑘𝑖𝑜 are the thermal conductivities of the 

electronic conducting particles and the ionic conducting particles respectively. ∑ ℎ𝑖𝑟𝑖
𝑛
𝑖=1  

represents the heat source from the chemical reaction in the anode reaction layer while 

𝑟𝑒 is the energy heat source term in both reaction layers, they can be expressed as 
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 𝑟𝑒 = 𝜎𝑠,𝑟𝑙
𝑒𝑓𝑓
∇2𝜙𝑠 + 𝜎𝑖,𝑟𝑙

𝑒𝑓𝑓
∇2𝜙𝑖 + 

𝑖𝑣

𝑛𝑒𝐹
𝑄𝑒𝑙𝑒𝑐𝐴𝑣 + 𝑖𝑣(η𝑎𝑐𝑡 + η𝑐𝑜𝑛𝑐)𝐴𝑣   (4-119) 

 

The term ( 𝜎𝑠,𝑟𝑙
𝑒𝑓𝑓
∇2𝜙𝑠)  represents the Joule heating effect due to resistance created by 

the passage of electronic currents through reaction layer, the second term (𝜎𝑖,𝑟𝑙
𝑒𝑓𝑓
∇2𝜙𝑖) 

represents the joule heating effect due to the resistance created by the passage of 

ionic currents through the reaction layer, the third term (
𝑖𝑣

𝑛𝑒𝐹
𝑄𝑒𝑙𝑒𝑐𝐴𝑣) [127, 188] 

represents the reversible heat generated due to the electrochemical reactions, lastly, 

 𝑖𝑣(η𝑎𝑐𝑡 + η𝑐𝑜𝑛𝑐)𝐴𝑣   are the irreversible heat generated due to  the electrochemical 

reactions. 

4.4.5 Conservation of momentum 

The momentum conservation in the reaction layers is obtained from the already 

derived equations for the diffusion layer given in Equation (4-56) and can be expressed 

as 

 
∇. (
𝜌

𝜀𝑟𝑙
2 𝑢𝑢) = −𝑢

𝜇

𝐾𝑟𝑙
+ 𝜌𝑓 +

𝜇

𝜀𝑟𝑙
[∇�⃗⃗� + (∇�⃗⃗�)𝑇]

− [𝑝 + (
2

3𝜀𝑟𝑙
𝜇) (∇. �⃗⃗�)] 𝐼 (4-120) 

 

Where 𝜀𝑟𝑙 is the porosity in the reaction layer and 𝐾𝑟𝑙is the permeability of the reaction 

layer 

4.5 Electrolyte model 

The electrolyte layer is a completely dense solid with negligible porosity that impedes 

the flow of gases through it. As a result of the electrochemical reaction occurring at the 

cathode reaction layer, oxide ions (O2-) are produced and migrate through the 

electrolyte to the anode reaction layer, ensuring the transport of mass and charge, and 

heat released, but there is no production or consumption of ions. The processes that 

needs to be modelled in this layer are the oxide ion transfer which simultaneously 

enforces mass and charge transfer and the energy transfer, thus this model considers 

the conservation of charge accounting for the mass and charge transport and the 
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energy conservation which accounts for the joule heating effect due to the resistance 

created by the flow of ions in the electrolyte layer. 

4.5.1 Conservation of ionic charge 

The conservation of ionic charge in the dense electrolyte layer can be calculated as 

 ∇. (𝑖𝑖) =  0 (4-121) 

Where(𝑖𝑖) is the current density and it is described by Ohm’s law as 

 𝑖𝑖 = −𝜎𝑖,𝑒𝑙𝑒𝛻𝜙𝑖 (4-122) 

Where 𝜎𝑖,𝑒𝑙𝑒 is the ionic conductivity of the electrolyte layer and 𝛻𝜙𝑖 is the ionic potential 

of the ion conducting electrolyte layer. 

4.5.2 Conservation of energy 

The heat transfer in the electrolyte is only due to conduction, thus the conservation of 

energy equation in the layer can be expressed as  

 
 𝑐𝑝𝑖𝜌𝑖𝑢𝑖∇𝑇

𝑛

𝑖=1

 =   −∇. (𝑘𝑒∇𝑇) + 𝑟𝑒  
(4-123) 

Where the heat source term is the joule heating effect due to the resistance of passage 

of ionic currents through the electrolyte and is given by 

 𝑟𝑒 = 𝜎𝑖,𝑒∇
2𝜙𝑖 (4-124) 

4.6 Channel model 

The channel sub model describes the flow of reactants and products along the SOFC 

channels. The reactant gases enter the cell through the channel inlet and are driven to 

the electrodes where the electrochemical reactions take place, the products of the 

anode side electrochemical reaction exit the electrodes into the channel and mix with 

the unreacted gases in the channel from where they are evacuated through the 

channel outlet. 

The processes that need to be modelled in the channels are the transport of species 

to and from the electrode diffusion layer, also the water-shift gas reaction and the 

transport of energy as a result of heat convection and species diffusion along with the 

heat generated/consumed due to the chemical reaction. The conservation equations 
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governing the processes in the flow channels are the conservation of mass, in terms 

of the total mass and species, conservation of energy in terms of the sensible enthalpy 

and the momentum conservation equation or Newton’s second law. The following 

section describes these phenomena in more details 

4.6.1 Conservation of mass 

The mass conservation equation in the flow channels is expressed as 

 ∇. (𝜌𝑖𝑢) =  𝑟𝑖 (4-125) 

Where 𝑟𝑖 is the mass source or sink term. 

4.6.2 Conservation of species 

The conservation of species in the flow channels is given by 

 ∇. (𝜌𝑖𝑢∇𝑥𝑖) + ∇. 𝑗𝑖 = 𝑟𝑖 (4-126) 

Where ∇. 𝑗
𝑖
 is the ordinary diffusion flux of the species which could either be in a binary 

gas mixture or a multicomponent gas mixture, the diffusion modeling is carried out 

using the Stefan-Maxwell equations 

4.6.3 Conservation of momentum 

The momentum conservation equation for the fluids flowing through the channel may 

be expressed as 

 
∇. (𝜌𝑢𝑢) = −𝑢𝜇 + 𝜌𝑓 + ∇. (𝜇[∇�⃗⃗� + (∇�⃗⃗�)𝑇] − [𝑝 + (

2

3
𝜇) (∇. �⃗⃗�)] 𝐼) 

(4-127) 

4.6.4 Conservation of energy 

The conservation of energy in the flow channels is given by 

 
 𝑐𝑝𝑖𝜌𝑖𝑢𝑖∇𝑇

𝑛

𝑖=1

 =   −∇. (𝑘𝑓∇𝑇) + 𝑟𝑒 (4-128) 

Within the flow channels, the heat sources may be neglected since there is no 

generation of heat in the channels as the reaction sites are located in the electrodes. 

4.7 Interconnect model 

The interconnector also referred to as current collector or bipolar plate is an all solid 

layer usually made from metals or ceramic that is situated between individual cells, its 
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purpose is to connect the individual cell in the stack in series so that the generated 

electricity can be combined. The phenomena occurring in the interconnectors are 

similar to those occurring in the electrolyte; however unlike the electrolyte it is electrons 

that flow through it. The processes that needs to be modelled in this layer are the 

electrons transfer which simultaneously enforces mass and charge transfer and the 

energy transfer, thus this model considers the conservation of charge accounting for 

the mass and charge transport and the energy conservation which describes the joule 

heating effect due to resistance to electrons flow. 

4.7.1 Conservation of electronic charge 

 The conservation of electronic charge in the interconnect layer can be calculated as 

 ∇. (𝑖𝑠) =  0 (4-129) 

Where(𝑖𝑒) is the current density and it is described by Ohm’s law as 

 𝑖𝑠 = −𝜎𝑠,𝑖𝑛𝑡𝛻𝜙𝑒 (4-130) 

Where 𝜎𝑠,𝑖𝑛𝑡 is the electronic conductivity of the interconnect and 𝛻𝜙𝑒 is the electronic 

potential of the interconnect layer. 

4.7.2 Conservation of energy 

The interconnect is in contact with the electrodes and the reactant gas on one side and 

with the surrounding on the other side, thus heat transfer by conduction occurs with 

the electrodes while heat transfer by convection occurs with the gas and the 

surroundings on the other side. Also, radiation is expected to play an important role[16, 

90, 146] in the energy equations, even though some authors[92] reports negligible 

radiation effect on the overall temperature distribution, thus the conservation of energy 

equation in the interconnect layer is expressed as:  

 
 𝑐𝑝𝑖𝜌𝑖𝑢𝑖∇𝑇

𝑛

𝑖=1

 =   −∇. (𝑘𝑒∇𝑇)+∈ (𝑇𝑎𝑚𝑏
4 − 𝑇4) + 𝑟𝑒  (4-131) 

 

Where ∈ 𝜎(𝑇𝑎𝑚𝑏
4 − 𝑇4) is the surface-to-ambient radiation and  𝑟𝑒 is the joule heating 

effect due to the resistance of passage of electronic currents through the interconnect 

and is given by 
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 𝑟𝑒 = 𝜎𝑠,𝑖𝑛𝑡∇
2𝜙𝑒 (4-132) 

4.8 Boundary and interfacial conditions 

The specifications of the boundary conditions are needed to generate accurate results 

from the model calculations. The boundary and interface conditions needed to 

complete the formulation of the SOFC model are shown in Figure (4-6). The locations 

for the internal boundaries are represented as I1, I2…I10, while those for the external 

boundaries are represented as E1, E2…E4. 

    
Figure 4-7: Two dimensional schematic of the boundary and interfacial conditions of SOFC 

model 

4.8.1 Interconnect 

The interconnect is responsible for the migration of electrons to and from the 

electrodes, this ensures continuity of electric current at the electrode/interconnect 

boundary 
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 Anode side 

The current on the anode side interconnect is collected on the outer surface E1. Thus 

a zero voltage (ground) boundary condition is prescribed at the outer interconnect 

surface 

 𝜙𝑠 = 0 (4-133) 

 Cathode side 

The electric potential boundary on the cathode interconnects side E3 closes up the 

electric circuit and defines the operating cell voltage. The boundary condition is 

prescribed as 

 𝜙𝑠 = 𝑉𝑐𝑒𝑙𝑙 (4-134) 

The boundary conditions applicable at the interconnect external boundaries E1, E3 are 

insulated both electrically and thermally, thus the following conditions apply  

 𝒏. 𝒊 = 0 (4-135) 

 𝒏.𝑸 = 0 (4-136) 

)) The interface between the interconnect and the fluid in the channel I1 and I10 are also 

electrically insulated, but the heat flux at the interface is expressed as 

 𝒏.𝑸 = ℎ(𝑇𝐼,𝑛 − 𝑇𝑔𝑎𝑠) (4-137) 

Where 𝑇𝐼,𝑛 is the interface temperature, 𝑇𝑔𝑎𝑠 is the temperature of the reactant gas 

mixture in the flow channel and ℎ is the average heat transfer coefficient, which is 

determined from the Nusselt number[93]  

4.8.2 Flow channels 

 Inlet 

The inlet conditions for the velocity, mass fraction and inlet pressure at flow channel 

inlets are prescribed as 

 𝑢 = 𝑢𝑖𝑛 

 

 

(4-138) 

 𝑥𝑖 = 𝑥𝑖,𝑖𝑛 

 

(4-139) 

 𝑝 = 𝑝𝑜 

 

(4-140) 
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Outlet 

The outflow boundary conditions at channel outlet are defined as laminar conditions 

and prescribed as 

 𝑝 = 𝑝𝑜 (4-141) 

A convective flux boundary condition is imposed on the channel outlet; this is based 

on the assumption that the diffusive flux term is negligible at the outlet: 

 𝒏. (−𝜌∇𝑥𝑖𝐷𝑖𝑗) = 0 (4-142) 

   

 

Wall 

A no-slip boundary condition is applied at the channel walls which implies the fluid 

velocity is zero at the walls 

 𝑢 = 0 (4-143) 

4.8.3 Electrode diffusion  

The electrode diffusion layers are in contact with the electrode reaction layer on one 

side, and with the reactant gases and interconnect on the other side, the external 

boundaries  E2 and E4 are insulated, thus the equations for the electrical, thermal and 

species transport conditions for these boundaries are respectively 

 𝒏. 𝒊𝒔 = 0 (4-144) 

 𝒏.𝑸 = 0 (4-145) 

)  𝒏. 𝑱 = 0 (4-146) 

The internal boundary I4 and I7 represents the interface between the diffusion layer 

and the reaction layer, the boundary conditions for these interfaces are continuous flux 

for electronic potential, species and heat transport, while insulated boundary condition 

holds for the ionic potential over the interface, these conditions are expressed 

mathematically as 

 (𝒏. 𝒊𝒔)|𝒅𝒍 = (𝒏. 𝒊𝒔)|𝒓𝒍 (4-147) 

 (𝒏. 𝒋)|𝒅𝒍 = (𝒏. 𝒋)|𝒓𝒍 (4-148) 

)9) 
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 (𝒏.𝑸)|𝒅𝒍 = (𝒏.𝑸)|𝒓𝒍 (4-149) 

 (𝒏. 𝒊𝒊)|𝒅𝒍 =  𝟎 (4-150) 

The interface I3 and I9 are the boundaries between the diffusion layer and the 

interconnect, within this interface, there is continuity of electric potential and of heat 

flux, while insulated boundary condition holds for ionic potential and gas species, these 

can be expressed as 

 (𝒏. 𝒊𝒔)|𝒅𝒍 = (𝒏. 𝒊𝒔)|𝒊𝒏𝒕 (4-151) 

 (𝒏.𝑸)|𝒅𝒍 = (𝒏.𝑸)|𝒊𝒏𝒕 (4-152) 

)3)  (𝒏. 𝑗)|𝒅𝒍 = 𝟎 (4-153) 

 (𝒏. 𝒊𝒊)|𝒅𝒍 =  𝟎 (4-154) 

The interface I2 and I8 are in contact with the reactant gas, here, there is species flow 

continuity with the channel flow and insulation for the electric and ionic currents  

 𝒏. (∇. (𝜌𝑖𝑢∇𝑥𝑖) + ∇. 𝑗𝑖)|𝒄𝒉 = 𝒏. ( 𝜀∇. 𝑗𝑖)|𝒅𝒍 (4-155) 

 (𝒏. 𝒊𝒔)|𝒅𝒍 =  𝟎 (4-156) 

 (𝒏. 𝒊𝒊)|𝒅𝒍 =  𝟎 (4-157) 

The heat flux at this interface is given by 

 𝒏.𝑸 = ℎ(𝑇𝐼,𝑛 − 𝑇𝑔𝑎𝑠) (4-158) 

4.8.4 Electrode reaction 

The electrode reaction layer is in contact with the diffusion layer on one side and with 

the electrolyte on the other, the external boundaries E2 and E4 are insulated, thus the 

equations for the electronic, ionic, thermal and species transport conditions for these 

boundaries are respectively 

 𝒏. 𝒊𝒔 = 0 (4-159) 

 𝒏. 𝒊𝒊 = 0 (4-160) 

)  𝒏.𝑸 = 0 (4-161) 
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 𝒏. 𝑱 = 0 (4-162) 

   

The internal boundary I4 and I7 represents the interface between the reaction layer 

and the diffusion layer; the boundary conditions for these interfaces are analogical to 

those expressed for the diffusion layer in Equations (4-146) to (4-149) 

The interface I5 and I6 are the boundaries between the reaction layer and the 

electrolyte. At these interface, since the electrolyte is non porous thus gases cannot 

enter the electrolyte. Also, the electronic current density is insulated at this boundary 

while the ionic current density is continuous, the heat flux is also continuous across 

this interface, these are expressed mathematically as  

 (𝒏. 𝒊𝒊)|𝒓𝒍 = (𝒏. 𝒊𝒊)|𝒆𝒍𝒆 (4-163) 

 (𝒏.𝑸)|𝒓𝒍 = (𝒏.𝑸)|𝒆𝒍𝒆 (4-164) 

)5)  (𝒏. 𝑗)|𝒓𝒍 = 𝟎 (4-165) 

 (𝒏. 𝒊𝒆)|𝒓𝒍 =  𝟎 (4-166) 

4.8.5 Electrolyte 

The electrolyte is impermeable to gases, the species mass flux and electronic current 

density are insulated at all surfaces, but for the surfaces I5 and I6, at the top and 

bottom, continuity with reaction layers need to be expressed for the ionic current 

density flux and the heat flux, these boundary conditions are expressed in Equations 

(4-163) and (4-164) respectively. 

  

4.9 Thermo-physical model 

The approach to SOFC modelling is becoming increasingly sophisticated, involving 

detailed description of flow, thermal, chemical and electrochemical processes, the 

accuracy of these models is limited by the reliability of available data to predict the 

thermodynamic and transport properties of the reactant gases[178] 

In this section, the theoretical and semi-empirical methods used in predicting the 

thermo-physical properties and transport coefficients of the SOFC gas mixtures are 
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presented, these includes model equations for the momentum (dynamic viscosity) and 

energy (thermal conductivity) transport coefficients as well as the specific heat capacity 

at constant pressure 

4.9.1 Dynamic viscosity, 𝝁 

The semi-empirical formula developed by Todd and Young is used to estimate the 

dynamic viscosity of a pure gas 𝑖 is given as[178] 

 𝜇𝑖 = ∑ 𝑎𝑘 (
𝑇

1000
)6

0     (4-167) 

   

Where the unit of (𝜇 = 10−7 𝑘𝑔 𝑚𝑠 ).  The parameters 𝑎𝑘 are tabulated in [178] for most 

of the common gases used in SOFC modelling. The equation for a multicomponent 

gas mixture is thus given by 

 
𝜇𝑔 =  𝑥𝑖𝜇𝑖

𝑛

𝑖=1
 

(4-168) 

 

4.9.2 Thermal conductivity,𝒌 

The semi-empirical formula developed by Todd and Young is used to estimate the 

thermal conductivity of a pure gas 𝑖 is given as[178] 

 𝑘𝑖 = ∑ 𝑏𝑘 (
𝑇

1000
)6

0     (4-169) 

   

The parameters 𝑏𝑘 are tabulated in [178] for most of the common gases used in SOFC 

modelling. The equation for a multicomponent gas mixture is thus given by 

 
𝑘𝑔 =  𝑥𝑖𝑘𝑖

𝑛

𝑖=1
 

(4-170) 

4.9.3 Specific heat capacity, 𝒄𝒑 

The semi-empirical formula developed by Todd and Young is used to estimate the 

thermal conductivity of a pure gas 𝑖 is given as[178] 

 𝑐𝑝,𝑖 = ∑ 𝑐𝑘 (
𝑇

1000
)6

0     (4-171) 
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The parameters 𝑐𝑘 are tabulated in [178] for most of the common gases used in SOFC 

modelling. The equation for a multicomponent gas mixture is thus given by 

 𝑐𝑝,𝑔 =  𝑥𝑖𝑐𝑝,𝑖
𝑛

𝑖=1
 

(4-172) 

   

4.10 Numerical solution 

The solutions of the governing equations defined in this chapter are obtained through 

the numerical method called the finite element method (FEM). In fuel cell modelling, 

the derivation of the governing and constitutive equations are not difficult in 

themselves, although they require a thorough understanding of the physical and 

chemical processes as well as certain mathematical tools. However, these equations 

are highly non-linear making it extremely difficult to obtain analytically exact solutions. 

This problem can be overcome by using approximate solutions which discretises the 

equations thereby converting them to a set of numerically solvable algebraic equations. 

The most commonly used computational technique for discretising equations are the 

finite difference method (FDM), finite volume method (FVM) and the finite element 

method (FEM). The finite element method is a computational technique which divides 

the spatial domain into smaller finite element sizes called finite element. Each of the 

element is assigned a set of characteristic equation which are then solved 

simultaneously thereby predicting the cells behaviour. 

The steps involved in the finite element solution of a problem are: 

i. Discretisation of the given domain into a collection of finite elements 

ii. Derivation of element equations for all elements in the mesh 

iii. Assembly of element equations to obtain the equations of the whole problem 

iv. Imposition of the boundary conditions of the problem 

v. Solution of the assembly equations 

vi. Post processing of the results 

The first three steps are the main features of the finite element method. The 

discretisation of the domain represents the subdivision of the complex geometries into 

a collection of simpler geometric domains called elements. The shape of each element 

depends on the complexity and dimension of the geometry. For instance, in the 2D 

domain structure used in this work, the domain can be divided into triangular or 

quadrilateral mesh element. The approximate functions (algebraic polynomials) which 

solves the governing equations are used over each mesh function using appropriate 
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interpolation theory methods. These functions depends on several aspects such as 

geometry, number and location of the sub domains and the quantities to the 

interpolated. The assembly of the element equations is based on the idea that the 

solution is continuous at the inter-element boundaries. The obtained final system of 

the algebraic equations is a numerical analogy of the original mathematical model. 

4.11  Developing and solving the SOFC model using COMSOL  

The governing equations and boundary conditions used in this model (as described 

above) were discretised using the finite element method and solved for a two 

dimensional SOFC system using the commercial software package COMSOL 

Multiphysics (version 4.3a). The software is designed to solve the non-linear set of 

differential and algebraic equations. The model simulation was performed on a 64 bit 

Windows operating platform with a 16GB RAM, and Inter Core i7-2600 CPU 3.40 GHz 

processor. The governing equations and constitutive relations in the model were 

solved for stationary conditions. The general steps to developing the model are 

explained below: 

i. Building the SOFC geometry: The two dimensional geometry of the SOFC 

was created. The geometry developed consists of seven sub-domains with each 

representing a distinct component in the SOFC. Each sub-domain is be 

assigned the appropriate governing equations which represents the physical 

behaviour of the domain 

ii. Adding the COMSOL module:  The COMSOL software is not only capable of 

solving the non-linear set of coupled differential and algebraic equations but it 

also has optional modules for specific applications. These modules provides the 

built-in physic interfaces in the particular discipline. In this study, the “Batteries 

and Fuel Cell Module” is applied in the SOFC model. This module provides 

customised physics interfaces for modelling fuel cells. These interfaces have 

tools and sequences for building detailed models for the operation of the fuel 

cell including the description of the electrochemical reactions, chemical 

reactions and transport properties that influence the performance of the cell. 

iii. Specify the governing equations: The model equations which describes the 

physical phenomena occurring in each sub-domain were assigned using the 
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governing equations described in this chapter. These governing equations are 

already provided by the COMSOL software  

iv. Specifying the constitutive relations: The constitutive relations used in 

describing the unique attributes of the model for describing the different 

processes such as the electrochemical and chemical reactions and the 

transport properties were developed as part of this work and incorporated into 

the model. COMSOL allows the use of user defined equations and relations 

(such as the Butler-Volmer equation, porosity change, specific volume per unit 

area) to be imported either as scalar expressions for parameters or dependent 

expressions for variables. A significant part of the code used in developing this 

model were incorporated into the software by the user, these user defined 

equations and relations were first tested using Excel spreadsheet as a form of 

pre validation. 

v. Define the boundary conditions: To solve the governing equations and 

constitutive relations, the boundary conditions and initial values for all the 

variables are specified in the model. These values were chosen based on data 

from other models and experimental works in literature. Also pre validation of 

data used was carried out in Excel 

vi. Building the mesh: The meshing technique is an important process in solving 

the problems in the finite element method described in section 4-10. The mesh 

enables the model geometry to be discretised into smaller units called mesh 

elements. This divides an initial complex problem into small elements ensuring 

the problem can be accurately solved. The software creates the mesh for the 

simulation domain. It has the option of different size levels that the user can 

select from (Extremely fine, Extra fine, Finer, Fine, Normal, Coarse, Coarser, 

Extra course, Extremely coarse). The mesh sizes do not significantly affect the 

results obtained, however, they will affect the time for the simulation solution to 

converge. In this SOFC model, “Fine” was used to create the mesh. 

vii. Create the study for solving the model: COMSOL software has the options 

of different study types to be selected depending on the behaviour of the 

problem. The two most common studies are the “stationary study” used for a 

steady state situation in which the variables are not time dependent and the 

“time dependent study” which is used for transient simulations using a time 

dependent solver for computing the solution. In this SOFC model, a stationary 
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study was chosen. In COMSOL, the solver uses a numerical technique for 

finding approximate solutions for the differential and algebraic equations. The 

Newton-Raphson method is used by COMSOL in solving the model equations. 

The maximum number of iterations was set to 23. The solution is considered 

converged when the difference between two results is less than 10-3 (relative 

tolerance) for all variables. 

viii. Create the results: Data from the simulated model file were used for the post 

processing steps using other software’s such Excel, Origin and Hysys 

These are the major steps and methodology used in building and solving the SOFC 

model. The simulation time to obtain the solution was between 40 – 130 minutes 

depending on the complexity of the model. 

4.12  Conclusions 

Governing equations used in predicting the physical and chemical processes in a 

SOFC have been presented in this chapter, these equations include the conservation 

of mass and species, conservation of momentum, conservation of electric charge for 

the ionic and electronic conducting particles and the conservation of energy, for ease 

of simulating, the entire SOFC model was broken down into five sub models: electrode 

diffusion, electrode reaction, electrolyte, channel and interconnect models. The 

boundary conditions and the thermo-physical parameters used in the model are also 

presented. 

On the anode side of the model, the conservation of mass and species equation can 

be developed for a binary mixture and for a multicomponent mixture, while on the 

cathode side; the equations were only developed for binary mixtures. In addition to the 

equations developed for the diffusion layer, an additional equation for the ionic 

potential in the reaction layers was developed since this model treats the reaction layer 

as a distinct finite volume. 
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CHAPTER5 : Isothermal SOFC model 

A two dimensional, along the channel, micro-scale, steady state isothermal model is 

presented in this chapter. The model incorporates the distinct layer porous electrodes, 

solid interconnect and solid ceramic electrolyte as described in chapter 1. The steady 

state behaviour of the cell was determined by numerical solution of combined 

transport, continuity and kinetic equations. The purpose of this chapter is to explore 

intermediate temperature performance of hydrogen fuelled micro-SOFCs by 

investigating its transport and reaction characteristics. It also carried out parametric 

studies to investigate the effect of key operating and design parameters on the cells 

performance. This model gives the foundation for the optimisation of several geometric 

and design parameters of the cell. 

5.1 Introduction 

Solid oxide fuel cells (SOFCs) are encouraging candidates for energy conversion 

systems because of their huge potentials for power generation in stationary, portable 

and transport applications and their high energy conversion efficiency when compared 

to other fuel cells[14, 21, 52, 189]. In addition, internal reforming of hydrocarbons can 

be carried out in the anode and they  have significantly lower emissions of sulphur 

oxides, nitrogen oxides and carbon dioxide compared to conventional power 

generation devices[76, 98, 190].  

Although there has been significant advances with respect to development of new 

materials with improved properties and better fabrication processes in the last two 

decades[191], some barriers still hamper the development and commercialisation of 

SOFCs. The high operating temperature is the major limiting factor to using SOFCs. In 

order to overcome this limitation and achieve stability and economy, recent efforts are 

geared towards intermediate temperature SOFCs (IT-SOFCs)[23, 32], these may be 

achieved by either reducing the electrolyte thickness thereby reducing its ohmic 

resistance [115, 192, 193]; developing new electrodes with improved catalytic activities 

which reduces polarisation[31, 194-196] or improving the electrode microstructure 

which increases the electrochemical reaction area[52, 197, 198]. 

To compensate for the reduced cell performance associated with operating at 

intermediate temperatures through any of the three routes mentioned above, the use 



115 
 

of thin film micro SOFCs are been investigated [199-202]. Amongst them, the 

technique of thin electrolyte is widely used for intermediate temperature SOFCs. 

Furthermore Yttria stabilised zirconia (YSZ) which is normally used as electrolyte for 

high temperature SOFCs can be used at intermediate temperatures by reducing the 

its thickness. 

Quite a number of existing micro models found in literature are modelled with the 

traditional SOFC geometric structure i.e. without the electrochemical reaction layers 

[52, 59, 64, 65, 75, 89, 134, 203-205] whereby the consumption and generation of 

gaseous species are carried out at the interfaces and the governing equations are 

coupled only by the boundary conditions. For micro-SOFCs modelled with a distinct 

reaction layer, the electrochemical active layers extend from the electrode/electrolyte 

interfaces to the reaction layer. The gaseous species are consumed and generated 

within the reaction layer and the governing equations are coupled not only by the 

boundary conditions but also by the source or sink terms. Consequently, it is only 

recently that a few authors are considering micro-SOFCs with distinct reaction layers 

in their models [35, 79, 83, 206, 207]. 

5.2 Model description 

5.2.1 Computational domain and assumptions 

A three dimensional representation of a planar type anode supported SOFC unit is 

shown in Figure 4-1(a), which includes the interconnects, flow channels, diffusion 

layers and reaction layers on both the anode and cathode sides and a thin electrolyte 

layer between the reaction layers. A two dimensional presentation of the computational 

domain is shown in Figure 4-1b.  

The model considers seven sub-domains; anode channel (ACH), anode diffusion layer 

(ADL), anode reaction layer (ARL), electrolyte, cathode reaction layer (CRL), cathode 

diffusion layer (CDL) and cathode channel (CCH). The material properties and 

constituent equations of each layer are listed in Table 5-1. 

In addition to the general assumptions listed in Chapter 4, the model features and 

assumptions in this particular model are listed as follows: 

 The temperature and total pressure are constant and uniform throughout the cell 
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 Additional resistance due to the presence of interconnector are not considered 

 The reactant gases at both the anode and cathode are introduced by plug flow 

 Co-flow mode of reactant gases into the flow channels is applied 

 The electrode layers are made up of binary spherical particles that are randomly 

packed 

 The spherical particles are equal sizes 

 The flow in the channels is treated as laminar and incompressible 

 No slip boundary condition is applied on the cell walls 

 Species transport at channel outlet is by convective flux only 

 

 

 

 

 

 

 

 

 

 

(a) 



117 
 

 

 

Figure 5-1: Schematic of a SOFC (a) 3D representation[71] (b) 2D computational domain A1 

 

Table 5-1: Equations and parameters used in the simulation 

Equations and parameters Value or expression Reference 

Binary diffusion coefficient, 𝐷𝑖𝑗 (𝑚
2𝑠−1)  

0.001434𝑇1.75

𝑝𝑀𝑖𝑗
1 2 
[𝑉𝑖
1 3 + 𝑉𝑗

1 3 
]
2 

[35, 178] 

Knudsen diffusion coefficient, 𝐷𝐾𝑛,𝑖𝑗  (𝑚
2𝑠−1) 

2𝑑𝑝𝑜𝑟𝑒
3
√
2𝑅𝑇

𝜋𝑀𝑖𝑗
 

[35, 76] 

Anode conductivity,𝜎𝑠,𝑎(S 𝑚
−1) [((9.5 × 107)/𝑇)𝑒𝑥𝑝(−1150/𝑇)] [35, 76] 

Cathode conductivity,𝜎𝑠,𝑐(S 𝑚
−1) [((4.2 × 107)/𝑇)𝑒𝑥𝑝(−1200/𝑇)] [35, 76] 

Pore diameter, 𝑑𝑝𝑜𝑟𝑒  (𝑚)   

4

𝐴0

𝜀

1 − 𝜀
 

[75] 

Specific surface area of solid volume, 𝐴0 

 

6

𝑑𝑝,𝑒𝑙
 

[75] 

Kozeny constant, 𝑘𝐾  5 [75] 

Flow permeability, (𝑚2) 

𝜀3

𝑘𝐾𝐴0
2(1 − 𝜀)2

 
[75] 

Volume fraction,  𝜑  0.5 [35] 

           

 

 

 

GCBA FED H

EI D
I
 C

I
 B

I
 A

I
 GF

I
 H

I
 

 Channel 

 Electrolyte 

 Reaction layer (RL) 

 Gas diffusion layer (GDL) 

 A-AI : Anode channel outer boundary 

 B-B
I : Anode channel-GDL interface  

 C-C
I : Anode GDL-RL interface  

 D-D
I 
:
 
Anode RL- electrolyte interface  

 E-E
I 
:
 
Cathode RL- electrolyte interface  

 F-F
I 
:
 
Cathode GDL- RL interface  

 G-G
I 
:
 
Cathode channel- GDL interface  

 H-H
I 
:
 
Cathode channel outer boundary  

 H2  

 H
2
  

 O
2
  

 O
2
  

(b) 



118 
 

 

 

5.2.2 Governing equations 

The governing equations defined in Chapter 4 are specified to account for the particular 

phenomena taking place in each sub-domain as expressed in Table 5-1 after taking 

into consideration the assumptions listed above 

Table 5-2: Governing equations used in the hydrogen fed SOFC isothermal model 

Flow channels 

Conservation of mass ∇. (𝜌𝒖) = 0 (5-1) 

Conservation of momentum 

 

−∇. (𝜌𝒖𝒖) − ∇. [−𝑝 +𝛹 − (
2

3
𝜇) (∇. 𝒖)] 

𝑤ℎ𝑒𝑟𝑒 𝛹 =  𝜇[∇𝒖 + (∇𝒖)𝑇] 

(5-2) 

 

Conservation of species 

 
𝜌𝑢. ∇𝑤𝑖 − ∇. [𝜌𝑤𝑖 𝐷𝑖𝑗

𝑒𝑓𝑓(∇𝑥𝑖 − ∇𝑤𝑖)
∇𝑝

𝑝
] 

(5-3) 

 

Electrode diffusion layer 

Conservation of mass ∇. (𝜌𝒖) = 0 (5-4) 

Conservation of momentum 
−∇. (
𝜌

𝜀2
𝒖𝒖) − 𝒖

𝜇

𝑘𝑝
− ∇. [−𝑝 + 𝛹 − (

2

3𝜀
𝜇) (∇. 𝒖)] 

(5-5) 

Tortuosity, 𝜏   3  

Electrode diffusion layer   

Effective electronic conductivity,𝜎𝑠(S 𝑚
−1) 

(1 − 𝜀)

𝜏
𝜎𝑠 [35] 

Anode and cathode porosity, 𝜀𝑎𝑑𝑙,  𝜀𝑐𝑑𝑙   0.5 [83, 108] 

Diameter of spherical particle, 𝑑𝑒𝑙 ,  𝑑𝑖𝑜 (𝜇𝑚)    1 [83, 108] 

Electrode reaction layer 

Effective surface area, 𝐴𝑣  (𝑚
−1)     𝜋𝑑𝑐𝑁𝑡𝑛𝑖𝑜𝑛𝑒𝑙

𝑍𝑖𝑜𝑍𝑒𝑙
𝑍
𝑃𝑖𝑜𝑃𝑒𝑙 [75] 

Effective electronic conductivity,𝜎𝑠,(S 𝑚
−1) 𝜑

(1 − 𝜀)

𝜏
𝜎𝑠 [35] 

Effective ionic conductivity,𝜎𝑖,(S 𝑚
−1) 𝜑

(1 − 𝜀)

𝜏
𝜎𝑖 [35] 

Anode and cathode porosity, 𝜀𝑎𝑟𝑙 ,  𝜀𝑐𝑟𝑙     0.25 [83, 108] 

Diameter of spherical particle, 𝑑𝑒𝑙 ,  𝑑𝑖𝑜 (𝜇𝑚)      0.5 [83, 108] 

Electrolyte layer 

Electrolyte conductivity,𝜎𝑖,(S 𝑚
−1) 3.34 × 104𝑒𝑥𝑝(−1150/𝑇) [35, 76] 

     Table 5-1: Equations and parameters used in the simulation 
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 𝑤ℎ𝑒𝑟𝑒 𝛹 =  
𝜇

𝜀
[∇𝒖 + (∇𝒖)𝑇]  

Conservation of species 

 
−∇. [𝜌𝑤𝑖 𝐷𝑖𝑗

𝑒𝑓𝑓(∇𝑥𝑖 − ∇𝑤𝑖)
∇𝑝

𝑝
] = 0 

(5-6) 

 

Conservation of charge ∇. (−𝜎𝑠
𝑒𝑓𝑓
∇𝜙𝑠) = 0 (5-7) 

Electrode reaction layer 

Conservation of mass ∇. (𝜌𝒖) = 0 (5-8) 

Conservation of momentum 

 

−∇. (
𝜌

𝜀2
𝒖𝒖) − 𝒖

𝜇

𝑘𝑝
− ∇. [−𝑝 + 𝛹 − (

2

3𝜀
𝜇) (∇. 𝒖)] 

𝑤ℎ𝑒𝑟𝑒 𝛹 =  
𝜇

𝜀
[∇𝒖 + (∇𝒖)𝑇] 

(5-9) 

 

Conservation of species 

 

 

 

−∇. [𝜌𝑤𝑖 𝐷𝑖𝑗
𝑒𝑓𝑓(∇𝑥𝑖 − ∇𝑤𝑖)

∇𝑝

𝑝
] = 𝑟𝑖 

𝑤ℎ𝑒𝑟𝑒, 𝑟𝐻2 = −𝑟𝐻2𝑂 =
𝑖𝑣
2𝐹
 𝑎𝑡 𝐴𝑅𝐿 

𝑎𝑛𝑑 𝑟𝑂2 =
𝑖𝑣
4𝐹
 𝑎𝑡 𝐶𝑅𝐿 

 

(5-10) 

 

 

 

Conservation of charge 

 

∇. (−𝜎𝑠
𝑒𝑓𝑓
∇𝜙𝑠) =  𝑖𝑣 

∇. (−𝜎𝑖
𝑒𝑓𝑓
∇𝜙𝑖) =  −𝑖𝑣 

𝑤ℎ𝑒𝑟𝑒, 𝑖𝑣 = 𝐴𝑣𝑖𝑡𝑝𝑏 

(5-11) 

(5-12) 

 

Electrolyte 

Conservation of charge ∇. (𝜎𝑖,𝑒𝑙𝑒∇𝜙𝑖) = 0 (5-13) 

 

5.2.3 Electrochemical reaction kinetics 

The current densities of both the anode and cathode are modelled by the non-linear 

Butler-Volmer equation expressed in Eq. (4-92). However, in SOFCs, due to its 

operating temperatures, the mass and charge transfer phenomena occur very rapidly, 

thus, to account for the transfer rates, the Butler-Volmer equations need to be modified 

by the species concentration[90], the modified equations are given as:  

 
𝑖𝑣,𝑎 = 𝐴𝑣,𝑎𝑖𝑜,𝑎 {

𝑐𝐻2
𝑐𝐻2,𝑟𝑒𝑓

𝑒𝑥𝑝 (
𝛼𝐹η𝑎
𝑅𝑇
) −
𝑐𝐻2𝑂

𝑐𝐻2𝑂,𝑟𝑒𝑓
𝑒𝑥𝑝 (
(1 − 𝛼)𝐹η𝑎
𝑅𝑇

)} 
(5-14) 
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𝑖𝑣,𝑐 = 𝐴𝑣,𝑐𝑖𝑜,𝑐 {

𝑐𝑂2
𝑐𝑂2,𝑟𝑒𝑓

𝑒𝑥𝑝 (
𝛼𝐹η𝑐
𝑅𝑇
) −
𝑐𝑂2
𝑐𝑂2,𝑟𝑒𝑓

𝑒𝑥𝑝 (
(1 − 𝛼)𝐹η𝑐
𝑅𝑇

)} (5-15) 

 

Where 𝑐𝐻2,𝑟𝑒𝑓, 𝑐𝐻2𝑂,𝑟𝑒𝑓 and 𝑐𝑂2,𝑟𝑒𝑓 are the reference concentrations of hydrogen, water 

and oxygen, 𝑛 is the number of electrons transferred in the rate limiting reaction step, 

𝐴𝑣 is the reactive surface area per unit volume, 𝛼 the charge transfer coefficient and 

η𝑖 is the polarisation. The subscripts 𝑖 = 𝑎 𝑜𝑟 𝑐 refers to the anode and cathode 

respectively. 

The polarisation η𝑖 expressed in Eq.(5-14) and Eq.(5-15) are defined as 

 
η𝑎 = 𝜑𝑠 − 𝜑𝑖 − η𝐴

𝑐𝑜𝑛𝑐 = 𝜑𝑠 − 𝜑𝑠 +
𝑅𝑇

2𝐹
 𝐼𝑛 (
𝑝𝐻2
𝑏 𝑝𝐻2𝑂
𝑟

𝑝𝐻2𝑂
𝑏 𝑝𝐻2

𝑟
) 

(5-16) 

 

 
η𝑐 =  𝑉

𝑜𝑐𝑣 + 𝜑𝑖 − 𝜑𝑠 − η𝑐
𝑐𝑜𝑛𝑐 = 𝑉𝑜𝑐𝑣 + 𝜑𝑖 − 𝜑𝑠 +

𝑅𝑇

4𝐹
 (
𝑝𝑂2
𝑏

𝑝𝑂2
𝑟 ) 

(5-17) 

Where 𝜑𝑠 is the electronic phase potential, 𝜑𝑖 is the ionic phase potential and η𝑐𝑜𝑛𝑐 is 

the concentration polarisation. 

Parameters used in developing the electrochemical model are listed in Table 5-3 

 

Table 5-3: Electrochemical parameters used in the isothermal SOFC model 

 

Parameters Anode Cathode Reference 

Charge transfer coefficient, 𝜶 0.5 0.5 [35, 76] 

Pre-exponential factor, 𝑨 6.54 × 1011 2.35 × 1011 [90, 107] 

Activation energy, 𝑬  137 140 [76, 107] 

Equilibrium potential, ………… Eq.(3-16) Calculated 

𝑯𝟐 reference concentration 𝑥𝐻2𝑝

𝑅𝑇
 

………… Calculated 

𝑯𝟐𝑶 reference concentration 𝑥𝐻2𝑂𝑝

𝑅𝑇
 

………… Calculated 

𝑶𝟐 reference concentration ………… 𝑥𝑂2𝑝

𝑅𝑇
 

Calculated 
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5.2.4 Polarisation curve 

The operating cell voltage of the SOFC(𝐸𝑐𝑒𝑙𝑙), can be expressed in terms of the open 

circuit voltage (OCV)(𝐸𝑜𝑐𝑣), the anode side overpotential(η𝐴), the cathode side 

overpotential (η𝐶) and the ohmic loss in the electrolyte(η𝐸).   

 𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑜𝑐𝑣 − (η𝐴 + η𝐶 + η𝐸)  (5-18) 

where η𝐴 = η𝑎 + (𝑅𝑎𝑟𝑙 + 𝑅𝑎𝑑𝑙)𝑖𝑣 (5-19) 

 η𝐶 = η𝑐 + (𝑅𝑐𝑟𝑙 + 𝑅𝑐𝑑𝑙)𝑖𝑣 (5-20) 

 η𝐸 = 𝑅𝑒𝑖𝑣 (5-21) 

Where 𝑅𝑖 is the resistance of the layer and 𝑖𝑣  the volumetric current density. 

5.2.5 Boundary conditions 

Boundary conditions has been applied at particular locations in the cell in solving the 

governing equations (Eq. (5-1) to Eq. (5-13)).These locations are illustrated in Figure 

5-1b. The external boundaries are treated as solid walls with no-slip conditions, the 

composition of the gaseous species are specified at channel inlets AI-BI and GI-HI. 

∅𝑠 = 0 At B-BI and ∅𝑠 = 𝐸
𝑐𝑒𝑙𝑙 at G-GI were imposed to calculate the electrical potential. 

The fluxes at the boundaries between the diffusion and reaction layers (C-CI and F-FI) 

are continuous for the transport of gaseous species and the electronic potential but 

insulated for the ionic potential. At locations D-DI and E-EI insulation conditions exist 

between the reaction layers and electrolyte for the diffusive flux and the electronic 

current density while continuity conditions exist for the ionic current. The pressure at 

the inlet and outlet was set to ambient conditions at 1atm. The detailed boundary 

conditions are listed in Table 5-4. 

Table 5-4: Boundary conditions in the Isothermal SOFC model 

Boundary (Figure 5-1b)      Condition expressions 

Anode inlet (Boundary AI-BI) 

 

𝑥𝐻2 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑, 𝑥𝐻2𝑂 = 1 − 𝑥𝐻2 

𝑝𝑎 = 1𝑎𝑡𝑚 

Cathode inlet (Boundary GI-HI) 

 

𝑥𝑂2 = 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑, 𝑥𝑁2 = 1 − 𝑥𝑂2 

𝑝𝑐 = 1𝑎𝑡𝑚 

Anode outlet (Boundary A-B) 𝜌𝑢𝑥𝐻2 . 𝒏 = 0 

Cathode outlet (Boundary G-H) 𝜌𝑢𝑥𝑂2 . 𝒏 = 0 

Anode flow channel – anode diffusion layer 
interface (Boundary B-BI) 

𝜑𝑠 = 0 

(𝜌𝑢𝑥𝐻2 + 𝑗𝐻2). 𝒏|𝑐ℎ
 = 𝑗𝐻2 . 𝒏|𝑑𝑙
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Boundary (Figure 5-1b)      Condition expressions 

cathode flow channel – cathode diffusion 
layer interface (Boundary G-GI) 

𝜑𝑠 = 𝑉
𝑐𝑒𝑙𝑙 

(𝜌𝑢𝑥𝑂2 + 𝑗𝑂2). 𝒏|𝑐ℎ
 = 𝑗𝑂2 . 𝒏|𝑑𝑙

 

Anode diffusion layer – anode reaction 
layer interface(Boundary C-CI)  

 

𝑗𝐻2 . 𝒏|𝑑𝑙
=  𝑗𝐻2 . 𝒏|𝑟𝑙

 

𝑖𝑠. 𝒏|𝑑𝑙 =  𝑖𝑠. 𝒏|𝑟𝑙 

𝑖𝑖 = 0 

Cathode diffusion layer – cathode reaction 
layer interface (Boundary F-FI) 

 

𝑗𝑂2 . 𝒏|𝑑𝑙
=  𝑗𝑂2 . 𝒏|𝑟𝑙

 

𝑖𝑠. 𝒏|𝑑𝑙 =  𝑖𝑠. 𝒏|𝑟𝑙 

𝑖𝑖 = 0 

Anode reaction layer – electrolyte interface  

(Boundary D-DI) 

 

𝑗𝐻2 = 0 

𝑖𝑠 = 0 

𝑖𝑖 = 𝑖 

Cathode reaction layer – electrolyte 
interface (Boundary E-EI) 

 

𝑗𝑂2 = 0 

𝑖𝑠 = 0 

𝑖𝑖 = 𝑖 

 

5.2.6 Numerical procedure. 

The commercial finite element method (FEM) software COMSOL Multiphysics (version 

4.3a) was used to solve the non-linear system of governing equations and boundary 

conditions described above. The software is designed to solve sets of coupled 

algebraic and differential equations. The SOFC simulation was performed on a 64 bit 

Windows operating platform with a 16GB ram, and Inter Core i7-2600 CPU 3.40GHz 

processor. The computational geometry consists of 333,742 degrees of freedom and 

120,196 elements. The convergence of the numerical solutions was judged by the 

relative tolerance criteria of 1 × 10−3. Figure 5-2 shows the schematic of the 

computational process for the isothermal SOFC model. As seen, the transport of 

concentrated species interface which defines the equation for the diffusion model as 

well as the species mass fraction is coupled to the secondary current distribution 

interface by the current density term.  The secondary current distribution interface 

which describes the current as well as the potential distribution is also coupled to the 

free and porous media flow by the same current density term. Each of the interfaces 

transmits their different output parameters into other interfaces as input parameters. 

The conservation and constitutive equations accounting for each phenomenon in the 

different interfaces are then coupled and computed to develop the isothermal SOFC 

model.  
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. 

 

Figure 5-2: Schematic of computational process 

 

5.3 Cell performance validation 

The range of validity and accuracy of the hydrogen fed, isothermal SOFC model is 

determined by comparing experimental data with the numerically developed cell 

performance result. 

To carry out the validation, experimental data from the paper “Effect of cathode current-

collecting layer on unit-cell performance of anode-supported solid oxide fuel cells” by 

Jung et al [208] and the numerical simulation studies carried out by Jeon  [83] titled “A 

comprehensive CFD model of anode-supported solid oxide fuel cells” is used. 

5.3.1 Experimental data  

The fabrication and testing processes of the experimental cell described in detail by 

Jung et al in their paper “Effect of cathode current-collecting layer on unit cell 

performance of anode supported fuel cells” [208] is recapped below. 
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Figure 5-3: Cross-section of SEM micrograph experimental cell[208] 

“The anode supported SOFC was fabricated by mixing fine yttria-stabilised zirconia 

(YSZ), coarse YSZ and nickel oxide (NiO) powders to produce NiO-YSZ anode 

substrate. The granules of NiO-YSZ composite powders were then compacted by uni-

axially pressing into the anode diffusion layer. The anode reaction layer, which has the 

same composition as the anode diffusion layer but without the coarse YSZ powder was 

printed on the NiO-YSZ diffusion layer via screen printing. A YSZ electrolyte layer was 

then screen printed on the anode reaction layer and co fired in air at 1673K for 3hrs  

The cathode powder (La0.7Sr0.3)0.95MnO3 (LSM) was synthesized using a modified 

glycine-nitrate process. A thin layer of LSM-YSZ cathode reaction layer was then 

screen printed on the sintered anode/electrolyte substrate, after which the LSM 

cathode current collector layer was applied. All the cathode layers were co-fired at 

1423K in air for 3hrs. 

The current-voltage and current-power characteristics were measured with a SOFC 

test station at 1073K. Air was used as oxidant and moisturised hydrogen with 3% water 

(97%H2 + 3%H2O) was used as fuel”. 

5.3.2 Numerical approach 

Figure 5-4 compares this model simulation with that simulated by Jeon et al[83] and 

that obtained from the above experimental data[208] at 1073K. The parameters used 

for the model simulation are listed in Table 5-5. Most of the parameters used in 

validating the model were obtained from Jung et al[208], other parameters not provided 

by the experimental report were obtained from literature. The SOFC was simulated 

with humidified hydrogen as fuel and oxygen component of air as the oxidant, their 
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composition is shown in Table 5-5. The COMSOL simulation results by Dong Jeon[83] 

was also compared. 

 

Figure 5-4: Comparison between present model predictions, simulation results of Jeon[83] 
and experimental results of Jung et al[208] at1073K and 1atm. 

 

The present model predictions gives better overall agreement with the experimental 

results than those obtained by Jeon[83].The model simulations does not include the 

interconnect geometry i.e. the contact resistance between the electrodes and the 

interconnect. At low current densities, when the effect of the contact resistance is high, 

the model predictions didn’t give a good fit with the experimental results, although the 

simulation by Jeon gave good fitting in that region as they included the interconnect 

effect, however, at high current densities, the present model gave better fitting than 

Jeon’s model since the in-plane electrode resistance were included.  

In other to obtain a good fit between the present simulation and the experimental data, 

the tortuosity value was varied; also, the diameters of the conducting particles were 

also assumed.  
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Table 5-5: Parameters used in validating the model 

Parameters Value 

Flow channels 

Layer thickness  𝒍𝒄𝒉(𝝁𝒎) 1000 

Cell Length,  𝒕𝒄𝒉(𝝁𝒎) 50000 

Anode diffusion layer (ADL) 

Layer thickness,  𝒍𝒂𝒅𝒍(𝝁𝒎) 1000 

Pore diameter, 𝒅𝒑𝒐𝒓𝒆,𝒂𝒅𝒍(𝝁𝒎) 1.4  

Porosity, 𝜺𝒂𝒅𝒍 0.42 

Volume fraction, 𝝋𝒂𝒅𝒍 

Permeability, 𝑲𝒂𝒅𝒍(∗ 𝟏𝟎
−𝟏𝟐𝒎𝟐) 

Effective conductivity,𝝈𝒂𝒅𝒍(𝑺 𝒄𝒎
−𝟏)  

0.4 

0.034 

1011 

Anode reaction layer (ARL) 

Layer thickness,  𝒍𝒂𝒓𝒍(𝝁𝒎) 20 

Pore diameter, 𝒅𝒑𝒐𝒓𝒆,𝒂𝒓𝒍(𝝁𝒎) 0.33  

Porosity, 𝜺𝒂𝒓𝒍 0.097 

Volume fraction, 𝝋𝒂𝒓𝒍 

Permeability, 𝑲𝒂𝒓𝒍(∗ 𝟏𝟎
−𝟏𝟐𝒎𝟐) 

Effective conductivity,𝝈𝒂𝒓𝒍(𝑺 𝒄𝒎
−𝟏) 

0.4 

0.034 

1011 

Cathode diffusion layer (CDL) 

Layer thickness  𝒍𝒄𝒅𝒍(𝝁𝒎) 13 

Pore diameter, 𝒅𝒑𝒐𝒓𝒆,𝒄𝒅𝒍(𝝁𝒎) 1.4  

Porosity, 𝜺𝒄𝒓𝒍 0.36 

Volume fraction, 𝝋𝒄𝒅𝒍 

Permeability, 𝑲𝒂𝒓𝒍(∗ 𝟏𝟎
−𝟏𝟐𝒎𝟐) 

Effective conductivity,𝝈𝒂𝒓𝒍(𝑺 𝒄𝒎
−𝟏) 

1 

0.037 

152 

Cathode reaction layer (CRL) 

Layer thickness  𝒍𝒄𝒓𝒍(𝝁𝒎) 25 

Mean particle diameter, 𝒅𝒑𝒐𝒓𝒆,𝒄𝒓𝒍(𝝁𝒎) 2 

Porosity, 𝜺𝒄𝒓𝒍 0.4 

Volume fraction, 𝝋𝒄𝒓𝒍 

Permeability, 𝑲𝒂𝒓𝒍(∗ 𝟏𝟎
−𝟏𝟐𝒎𝟐) 

Effective conductivity,𝝈𝒂𝒓𝒍(𝑺 𝒄𝒎
−𝟏) 

0.587 

0.054 

93 

Electrolyte (E) 

Layer thickness  𝒍𝒆(𝝁𝒎) 

Effective conductivity,𝝈𝒂𝒓𝒍(𝑺 𝒄𝒎
−𝟏) 

8 

0.047 

Operating conditions 

Operating temperature, 𝑻(𝑲) 1073K 

Total pressure, 𝒑(𝒂𝒕𝒎) 1.0 

Fuel inlet composition, 𝒙𝑯𝟐 ;  𝒙𝑯𝟐 𝑶 0.97; 0.03 

Air inlet composition, 𝒙𝑶𝟐 ;  𝒙𝑵𝟐  0.21; 0.79 
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5.4 Results and discussion 

As stated earlier, this chapter aims at analysing the electrochemical characteristics of 

the cell by studying the effect of design and operating conditions on the predicted 

SOFC performance under isothermal conditions. In order to characterise the cell’s 

performance, the overpotentials in the different components of the cell are first 

determined. The model predicts the activation and ohmic overpotential in the 

electrodes and electrolyte as well as the concentration overpotentials in the electrodes.  

The role of support structures and the effect of key operating parameters on SOFC 

performance are investigated. Three  basic support structure approaches are proposed 

in the development of planar SOFCs [107]: the anode-supported, cathode-supported 

and electrolyte supported SOFCs 

Results obtained from the 2-D simulation of the three support structures are presented 

initially. After which, parametric analysis on key design parameters is carried out. 

5.4.1 Role of support structures 

Anode-supported SOFC 

In the anode-supported SOFC, the anode layer is the thickest component, while the 

cathode and electrolyte are very thin. The thick anode layer helps in decreasing the 

ohmic resistance since thin electrolyte layers can now be used, makes them more 

suited for lower temperatures operation (873-1073K). This would naturally increase the 

ohmic overpotentials, however, the effect will be minimised by the very thin electrolyte 

layer used. Due to the reduced operating temperatures, cheaper materials can now be 

used for the interconnect rather of the expensive high chrome alloys or oxides which 

would normally be used for high temperature operations, this would result in reduced 

material and manufacturing costs[35] 

The operating conditions and geometric parameters used in the simulation of the 

anode supported SOFC are listed in Table 5-6. The other parameters for the model 

are same as those listed in Table 5-1. The simulated performance of the anode 

supported cell is shown in Figure 5-5. 
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Table 5-6: Base case parameters used in simulating an anode supported SOFC 

 

 

 

 

 

 

 

 

 

Figure 5-5: Base case performance of an anode supported SOFC at 1073K and 1 atm 

 

The performance curves of the modelled anode-supported SOFC at isothermal 

conditions are shown in Figure 5-5. The figure illustrates the relationship between the 

cell voltage and current density on the one hand and also between the power density 

and the current density at 1073K. The solid lines represents to the cell voltage and 

power density curves. The cell voltage decreases as the current density increases due 
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to the irreversible resistances in the SOFC, these irreversibility’s are known as 

overpotentials. The overpotentials are represented by the dashed lines in the Figure. 

The overpotentials on the electrodes (anode and cathode) include activation 

overpotentials (resistance to the charge transfer reactions), concentration 

overpotentials (resistance to the flow of reactant species through the pores to the 

reaction sites) and ohmic overpotentials (resistance to the flow of ions and electrons 

in the reaction layers and the resistance to the flow of electrons in the diffusion layers). 

The electrolyte ovepotential include only the ohmic overpotentials due to the flow of 

ions in the electrolyte. 

The cell voltage curve exhibits regions of activation overpotential at low current 

densities and concentration overpotentials at high current densities. The power density 

is observed to increase to a maximum of 0.99 W cm-2 at a current density of 1.98 A 

cm-2 and a cell voltage of 0.49V, after which it begins to decrease towards zero.  

SOFC’s are usually designed to operate at 0.7V[47] thus based on Figure 5-5, the best 

operating point for the cell would be at current density of 0.87 A cm-2 leading to a power 

density of 0.84W cm-2 .Although the cell under study is an anode-supported one, it can 

be observed that the cathode overpotential represents the major losses within the cell. 

To understand this observation better, the contribution of each cell component to the 

overall overpotentials are further investigated. 

 

Figure 5-6: Anode Overpotential of an anode-supported SOFC at 1073K and 1atm  
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The anode overpotential at base condition is shown in Figure 5-6. It is clear that the 

activation overpotential is the most significant amongst all the overpotentials in the 

anode, followed by the concentration overpotential which is due to the thick electrode 

diffusion layer. A thick electrode layer inhibits the diffusion process by slowing down 

the diffusion of H2 gas to the reaction sites which leads to a decrease in its partial 

pressure at the site. However, the partial pressure of H2O simultaneously increases at 

the reaction site since H2O a product of the electrochemical reaction, consequently, 

the concentration overpotential will be significantly large under these conditions.  

 

  

Figure 5-7: Cathode Overpotential of an anode supported SOFC at 1073K and 1atm 
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due to the very thin cathode electrode layer. nonetheless, the contributions of the 
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These are shown in Figure 5-7 for the cathode side overpotential. 
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Figure 5-8: Electrolyte overpotential of an anode supported SOFC at 1073K and 1atm 

 

The electrolyte overpotential is all ohmic as a result of the resistance to the transfer of 

ions in the layer, this is shown in Figure 5-8. 

 

Figure 5-9: Sum total of the different overpotentials in the anode supported SOFC 
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1.5A cm-2. The ohmic overpotential is also quite significant, representing 41.5% of the 

total overpotential. This can be attributed to the presence of ion conducting particles in 

the reaction layers of the electrodes, which contributes significantly to the overall ohmic 

overpotential. Hence, there is a need to enhance the cells ionic conductivity either by 

developing new materials or altering the geometric designs in other to improve the 

performance of anode-supported SOFCs. 

Cathode-supported SOFC 

In cathode-supported SOFCs, the cathode electrode layer is the thickest component; 

the other layers are kept thin. Cathode supported cells are considered advantageous 

because of the reduced risk of carbon poisoning in thin anode layers when 

hydrocarbon fuel is used[209], furthermore, the risk of Ni oxidation by water is reduced 

in thin anode layers[210], in addition to the ohmic polarisation as a result of the thin 

electrolyte thickness.  

The operating conditions and geometric parameters used in this simulation are listed 

in Table 5-7. The other parameters for the model are same as those listed in Table 5-

1. The simulated performance of the cathode supported cell is shown in Figure 5-10. 

Table 5-7: Base case parameters used in simulating a cathode supported SOFC 

 

 

 

 

 

 

 

 

Operating temperature, (𝑇(𝐾)) 1073 

Total pressure, (𝑝(𝑎𝑡𝑚)) 1.0 

Fuel inlet composition, (𝑥𝐻2 , 𝑥𝐻2𝑂) 0.7, 0.3 

Air inlet composition, (𝑥𝑂2 , 𝑥𝑁2) 0.21, 0.79 

Anode diffusion layer thickness, (𝑙𝑎𝑑𝑙(𝜇𝑚)) 50 

Anode reaction layer thickness, (𝑙𝑎𝑟𝑙(𝜇𝑚)) 20 

Electrolyte layer thickness, (𝑙𝑒(𝜇𝑚)) 10 

Cathode diffusion layer thickness, (𝑙𝑐𝑑𝑙(𝜇𝑚)) 1000 

Cathode reaction layer thickness, (𝑙𝑐𝑟𝑙(𝜇𝑚)) 20 
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Figure 5-10: Base case performance of a cathode supported SOFC 

 

The performance curves for the cathode-supported SOFC are shown in Figure 5-10. 

The figure illustrates the cell voltage versus current density and cell voltage versus 

power density curves at 1073K. The solid lines represent the cell voltage and power 

density while the dashed lines represent the contributions of the individual 

overpotentials.  

The curve is seen to concentration overpotential at regions of high current densities. 

The maximum power density obtained from the curve is shown to be 0.71 W cm-2 at a 

current density of 1.16 A cm-2. As seen, the most significant contributor to cell voltage 

loss is the cathode overpotential, which accounts for 66.7% of the total overpotential 

at current density of 1.00 A cm-2, the cathode concentration overpotential remains quite 

small in comparison to the other overpotentials even though it is a cathode-supported 

cell, as shown below in Figure 5-11,  
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Figure 5-11: Cathode overpotential of a cathode supported SOFC 

 

The anode and electrolyte overpotentials are relatively small due to their thin layers as 

shown in Figures 5-12 and 5-13 respectively.  

 

Figure 5-12: Anode overpotential of a cathode supported SOFC 

 

The most significant contributor on the anode side is the activation overpotential. 
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Figure 5-13: Electrolyte overpotential of a cathode supported SOFC 

 

Furthermore, as can be seen from Figure 5-14, that the activation overpotential from 

both cathode and anode sides represents the largest contributor to the overall 

overpotential in cathode-supported SOFCs representing 53.8% of the total cell 

overpotential at 1.0 A cm-2  

 

Figure 5-14: Sum total of the different overpotential  in a cathode supported SOFC 
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Electrolyte-supported SOFC 

In this simulation, the electrolyte is modelled as the thickest component while the other 

layers are very thin. The thick electrolyte layer usually results in high ohmic resistance 

due to the reduced operating temperature (1073K). Thus, more effort is focussed on 

high temperature operation for electrolyte-supported SOFCs in a bid to reduce the 

ohmic resistance [107] 

The parameters used in simulating the electrolyte-supported SOFC are listed in Table 

5-8, while other design parameters used are same as those used for the other support 

structure models and listed in Table 5-1. 

 

Table 5-8: Base case parameters used in simulating an electrolyte supported SOFC 

 

 

 

 

 

Operating temperature, (𝑇(𝐾)) 1073 

Total pressure, (𝑝(𝑎𝑡𝑚)) 1.0 

Fuel inlet composition, (𝑥𝐻2 , 𝑥𝐻2𝑂) 0.7, 0.3 

Air inlet composition, (𝑥𝑂2 , 𝑥𝑁2) 0.21, 0.79 

Anode diffusion layer thickness, (𝑙𝑎𝑑𝑙(𝜇𝑚)) 50 

Anode reaction layer thickness, (𝑙𝑎𝑟𝑙(𝜇𝑚)) 20 

Electrolyte layer thickness, (𝑙𝑒(𝜇𝑚)) 1000 

Cathode diffusion layer thickness, (𝑙𝑐𝑑𝑙(𝜇𝑚)) 50 

Cathode reaction layer thickness, (𝑙𝑐𝑟𝑙(𝜇𝑚)) 20 
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Figure 5-15: Base case performance of an electrolyte supported SOFC at1073K and 1atm 

 

The performance of the electrolyte supported SOFC is shown in Figure 5-15 illustrating 

the variations of cell voltage and power density against the current density. Again, the 

solid line represents the cell voltage and power density, while the dashed lines 

represent the overpotentials. It can be seen that the cell performance exhibits only 

ohmic overpotentials at regions of low and high current densities, and does not exhibit 

either activation or concentration overpotentials, indicating their negligible contribution 

in electrolyte supported SOFC’s 

The maximum power density obtained from the electrolyte supported SOFC operating 

at 1073K is 0.053W cm-2 at current density of 0.12 a cm-2.  Furthermore, that the largest 

contributor to cell voltage loss is the ohmic overpotential in the electrolyte; whereas the 

anode and cathode overpotentials are totally negligible in the overall cell performance. 

The extremely high ohmic overpotential in the electrolyte which accounts for about 

98.3% of the total cell overpotential can be attributed to the temperature dependent 

ionic conductivity in the electrolyte, hence the need to operate electrolyte-supported 

SOFC at high operating temperature so as to reduce the ionic conductivity and 

consequently the ohmic overpotential. 
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Performance comparison with different support structures. 

Figure 5-16 shows the performance comparison with the different support structures 

(anode, cathode and electrolyte supported). As can be seen in the figure, the anode-

supported SOFC’s performance is much better than those of the cathode-supported 

and electrolyte supported. The anode supported cell has higher power densities and 

its current density range is wider than the others, this implies it would have a smaller 

cell area than the others with the consequent reduction in manufacturing cost.  

 

 

Figure 5-16: Performance comparison of the different support structures at 1073K and 1atm 
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for planar SOFCs. Therefore, the next section further investigates the effect of 

geometric parameters and operating conditions on the performance of an anode-

supported SOFC. 

5.5 Parametric studies 

A parametric analysis is carried out in order to investigate the sensitivity of the 

simulated model, this is done by studying the effect of varying operating conditions and 

the geometric features on the performance of the simulated 2-D anode supported 

SOFC. 

5.5.1 Effect of temperature 

The performance curves for an anode supported SOFC at varying operating 

temperatures is shown in Figure 5-18. Anode supported SOFCs are usually operated 

at temperatures between 873K and 1073K, described as the intermediate temperature 

operation, as such, this temperature range will be used in examining its effect on cell 

performance. Furthermore, all other parameters used in the simulation are kept 

constant. 

 

Figure 5-17: Effect of inlet temperature on cell performance 
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cm-2 at 873K (at a current density of 0.1 A cm-2 and a cell voltage of 0.5V) to 0.51W 

cm-2 at 973K (at a current density of 0.55 A cm-2 and a cell voltage of 0.55V) and to 

0.99 W cm-2 at 1073K (at a current density of 1.96 A cm-2 and a cell voltage of 0.45V). 

The increasing operating temperature leads to a reduction of the open circuit voltage 

(i.e. the cell voltage at zero current density) and an increase the limiting current density 

(i.e. the current density at zero cell voltage). 

The improved cell performance at increased operating temperature is not only due to 

the increased rate of electrochemical reaction at the reaction sites (due to the higher 

operating temperatures), but also due to the effect of temperature dependence of the 

individual overpotentials in the cell as shown in Figures 5-18 (a-c)  

 

 

 

Figure 5-18: Effect of inlet operating temperature on (a) Activation Overpotential     
(b).Concentration overpotential (c) Ohmic Overpotential. 

 

0.0

0.1

0.1

0.2

0.2

0.3

0.3

0.4

0.4

0.5

0.5

0.0 1.0 2.0 3.0

A
c

ti
v
a

ti
o

n
  

O
V

e
rp

o
te

n
ti

a
l 
(V

)

Current Density (A cm-2)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.0 1.0 2.0 3.0

C
o

n
c

e
n

tr
a
ti

o
n

  
O

V
e

rp
o

te
n

ti
a
l 
(V

)

Current Density (A cm-2)

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.0 1.0 2.0 3.0

O
h

m
ic

  
O

V
e

rp
o

te
n

ti
a

l 
(V

)

Current Density (A cm-2)

873K 

973K 

873K 

1073K 

973K 

873K 

1073K 973K 
1073K 



141 
 

The ohmic polarisation is temperature dependent due to the thermally activated 

dependence of YSZ in both reaction layers and the electrolyte; as a result, the higher 

the temperature, the higher the conductivity which in then reduces the ohmic 

overpotentials  and consequently improves cell performance as shown in Figure 5-18c. 

The activation overpotential is also thermally activated, this is reflected in the exchange 

current density which is temperature dependent, as such when the operating 

temperature is high, the activation overpotential gets lowered. The reduced activation 

overpotential leads to improvement in the cell performance, as shown in Figure 5-18a 

On the other hand, the concentration overpotential is weakly dependent on the 

operating temperature; this is reflected through the temperature dependence of the 

partial pressures of the reactant gases H2 and O2 at the reaction sites as well as 

through the effective diffusivities. The binary diffusion coefficients are proportional to 

𝑇
3
2⁄   using the Fuller diffusion model(see Table 5-1) this reduces the mass diffusion 

resistance in the thick anode thereby increasing the concentration overpotential when 

the operating temperature is increased; as seen in Figure 5-18b. 

Thus, the improvement on cell performance of the anode-supported SOFC at 

increasing temperature is primarily due to the reduced ohmic and activation 

overpotentials. 

As earlier discussed, there are many advantages to reducing the operating 

temperature of SOFCs in terms of cost and ease of manufacturing, however as seen 

in Figure 5-18, there is a corresponding drop in cell performance when this is done, 

thus the need to enhance the ionic conductivity in the electrodes and electrolyte in 

order to effectively operate SOFCs below 1073K. 

5.5.2 Effect of pressure 

The effect of operating pressure on cell performance is shown below, the pressure is 

varied from 0.5 atm to 3 atm while all other parameters are kept at base conditions.  
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Figure 5-19: Effect of operating pressure on cell performance. 

 

 

 

 

 

 

Figure 5-20: Effect of operating pressure on concentration overpotential 
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increase in the electrochemical reaction and mass diffusion rates, causing a reduction 

in the concentration overpotential as shown in Figure 5-20 and hence enhanced cell 

performance. Also, at high operating pressures, the open circuit voltage increases, 

resulting in the minimisation of the activation overpotential which also results in 

improved cell performance. 

Increasing the operating pressure of anode-supported SOFCs may seem a viable 

option to increasing its performance, however it also results in a number of constraints 

such as material selection limitations, gas sealing problems and issues with 

mechanical strength[21]; these have to be taken into consideration before increased 

pressure could be an option.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

5.5.3 Effect of SOFC geometric parameters on overpotentials 

The impact of the individual cell component thickness on overpotential is analysed 

here. Figure 5-21 shows the variation of the anode side overpotential with the ARL 

thickness (Larl) at 0.7V when all the other geometric parameters are kept constant. 

Significant reduction in anode overpotential is observed when Larl is increased from 

5µm to 14µm, this may be attributed to the increase in the reactive surface area, which 

enhances the electrochemical reaction rate and consequently reduces the 

overpotential. However, the anode overpotential is seen to increase with further 

increases in the ARL thickness. This is due to the increase in concentration and ohmic 

polarisation which sets in due to the thicker ARL. Also, at thicker diffusion layers, a 

reduction in concentration of the species are expected, this leads to higher activation 

polarisation. Thus the optimum thickness of the ARL is set at 14µm.  
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Figure 5-21: Effect of anode reaction layer thickness on anode overpotential 

 

The relationship between anode overpotential and the anode diffusion layer thickness 

(Ladl) is presented in Figure 5-22 for diffusion layer thickness ranging between 500 and 

3000µm while all the other geometric parameters are kept constant. The profound 

effect of the thickness on polarisation is clearly seen in the figure above. Increased 

thickness increases the resistance of the gaseous species through the diffusion layer 

resulting in increased concentration polarisation. It is thus important to make the layer 

as thin as possible, although from the view point of cell support and mechanical 

ruggedness, the lower limit of 500µm is suitable.  

 

Figure 5-22: Effect of anode diffusion layer thickness on anode overpotential 
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The cathode overpotential is probably the most important component of the total SOFC 

overpotential as it accounts for about 60% of the total overpotential at large current 

densities (see Figure 5-5). The CRL thickness is an important factor affecting the 

overpotential. Figure 5-23 shows the variation of the cathode overpotential with the 

CRL thickness (Lcrl). A reduction in the overpotential is observed when the Lcrl is 

increased from 5 to 10µm, further increases in LCRL increases the overpotential. This 

is because of an increase in the activation overpotential resulting from the reduced 

concentration of O2 at the layer and the increased ohmic overpotential due to the 

thicker layer. Therefore, the optimum Lcrl is set at 10µm. 

 

Figure 5-23: Effect of cathode reaction layer thickness on cathode overpotential 
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Figure 5-24: Effect of cathode diffusion layer thickness on cathode overpotential 

 

The impact of electrolyte thickness on the electrolyte overpotential is presented in 

Figure 5-25. The electrolyte thickness is varied from 5- 50µm while all other geometric 

parameters are kept constant. The profound effect of electrolyte layer thickness on the 

overpotential is clearly seen. This is due to the increased ohmic overpotential as the 

thickness is increased, thus making the electrolyte layer as thin as possible is 

important, although from the viewpoint of ease of fabrication, probably the lower limit 

is about 10µm 

 

Figure 5-25: Effect of electrolyte layer thickness on electrolyte overpotential 
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5.6 The optimised cell 

A comparison of the base case simulated cell and the optimised cell based on 

geometric parameters is presented in Figure 5-26. The optimised geometric 

parameters are tabulated in Table 5-9 

 

Figure 5-26: Performance comparison of optimised and base case cell 

 
 

Table 5-9: Optimised geometric parameters used in simulating the anode supported SOFC 
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performance gains are to be expected when the microstructural parameters are varied. 

This will be carried out in Chapter 6. 

5.7 Conclusions 

The solution obtained from the numerical implementation of the two dimensional, along 

the channel, microscale, steady state, isothermal SOFC model is presented. The 

electrochemical model is first validated with measured experimental data and 

simulated data published in literature by measuring the cell performance. The 

developed model is then used to predict the performance of three different support 

structures, namely anode-supported, cathode supported and electrolyte supported. At 

intermediate temperature conditions, the anode supported SOFC exhibits the best 

performance amongst all three support structures. 

Considering the individual cell voltage losses, for the anode-supported SOFC, it was 

found that the cathode ohmic overpotential was the single largest contributor, followed 

by the cathode activation and the electrolyte ohmic overpotentials. On the other hand, 

the cathode activation overpotential is the largest contributor in the cathode-supported 

SOFC while the electrolyte ohmic overpotential was the overwhelming largest 

contributor for the electrolyte supported SOFC, accounting for 98% of the total cell 

overpotential. 

Following, the two dimensional anode-supported SOFC developed was used to study 

the effect of key operating condition and design conditions on the performance of cell, 

with the aim of probing the robustness of the model as an optimisation tool. It was 

found that reducing temperature below 1073K results in significant drop in the SOFC 

performance while at the same time, reduced temperatures leads to reduction the 

material and manufacturing costs. Increasing the operating pressure was observed to 

increase the SOFC performance considerably; however a number of constraints such 

as material selection and mechanical rigidity could limit this. In addition, the effect of 

varying geometric parameters on SOFC performance was studied, it was found that 

the individual layer thickness has profound effect on the overpotentials. Optimum 

values were obtained for each layer thickness with a view to optimising the cell. 

Finally, the optimised layer thicknesses obtained were then used to simulate the 

optimised SOFC performance. It was found that the optimised cell was considerably 
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better than the base case cell accounting for a 20% reduction in the overall cell 

overpotential.  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



150 
 

CHAPTER6 : Non-Isothermal SOFC model  

This chapter describes the development of a two dimensional, along the channel, 

steady state anode supported intermediate temperature planar SOFC model with 

direct internal reforming model characteristics on the binary spherical particles 

electrode structure. The model incorporates the distinct layer porous electrodes, solid 

ceramic electrolyte and flow channels as described in chapter 1. The model takes into 

consideration the micro-scale transport, energy transport, steam reforming reactions, 

water-shift gas reaction and electrochemical reactions occurring in the cell. The impact 

of thermal considerations, internal reforming, changes in inlet temperatures and the 

effect of micro-structural parameters on the performance of the steady state cell are 

also investigated. Optimisation studies are also carried out on the microstructural 

parameters in the reaction layers of the electrodes. 

6.1 Introduction 

SOFCs are one of the more prominent fuel cells due to their potential for high energy 

efficiency and their ability to convert the chemical energy in hydrocarbons into electrical 

energy. This process involves the heat transfer between different reaction processes 

occurring in the cell such as the endothermic methane steam reforming reaction 

(MSR), exothermic water-gas shift reaction (WGS) and the electrochemical reaction. 

As a result of heat transferred during the operation of the SOFC, thermal management 

is important due to the effect of temperature on material properties, chemical kinetics 

and phase transfer parameters [44, 113]. Therefore, it is useful to incorporate a heat 

transfer model that accounts for various heat transfer processes in both the solid 

structures and flow channels of the cell.  

Numerous mathematical models have been developed which accounts for heat 

transport and aims at fully understanding its coupling to the species and momentum 

transport occurring in the cells [46, 91-93, 97, 157, 211].  

Ackmann et al[100] simulated a planar SOFC model in which the energy equations 

were incorporated and coupled to the mass transport equations, their heat transfer 

model accounted for the heat convection in the channel and conduction in the 

electrodes and electrolyte while ignoring the heat transfer by radiation and heat 

transfer by convection in the electrodes.  



151 
 

Models developed by Anderson et al[76], Nagel et al[211] and Damm et al[212] 

improved on previous heat transfer models by assuming local thermal equilibrium 

between the gas and solid in the electrodes leading to a single conductive-convective 

governing equation describing the heat transfer in the electrodes.  

Jeon’s[83] model studied the potential gain due to temperature increasing inside the 

cell, they did this by comparing the  difference between isothermal cell performances 

and non -isothermal cell, their model confirms a significant gain in potential between 

the isothermal and non-isothermal models at high current density confirming the 

importance of non-isothermal modelling of SOFCs. 

The ability of SOFCs to reform hydrocarbons such as methane or natural gas into 

hydrogen within the anode[14] is a key feature of SOFCs, this reaction is known to 

occur predominantly at temperatures between 873K and 1173K[44] making it 

compatible with intermediate temperature SOFCs. The heat required for the 

endothermic reforming reaction is provided by the exothermic electrochemical 

reactions in the cell.  

Aguiar et al[47] studied the performance of an anode supported SOFC with direct 

internal reforming for co-flow and counter-flow configuration, their result shows that the 

counter-flow configuration gives rise to a high temperature gradient and an uneven 

current density distribution.  

Morel et al[136] also studied the direct internal reforming process of methane by 

developing a combined heat and mass transport SOFC model. The model takes 

considered the mass transport along the channel and diffusion through the porous 

electrode as proposed by Lennart et al[68] while the kinetics of the chemical reactions 

are expressed as a function of temperature from the Arrhenius law as described by 

Ackmann[100].  

Klein et al[151] presented a 2D model in which the effect of the mole fraction ratio of 

steam to methane on reforming and shift kinetics were studied.  

Yuan et al[74] also developed a 3D model in which they studied the effect of hydraulic 

diameter, the permeation length ratio and the permeation rate ratio on the transport 

processes and chemical reactions occurring in the cell. 
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In the 1D model developed by Yingwei et al[213], they observed that direct internal 

reforming has significant effect on the cell temperature, the anode gas composition 

distribution, solid temperature gradient and the current density along the cell length 

direction. 

6.2 Model description 

6.2.1 Computational domain and assumptions 

The computational domain is the same as that described for the isothermal hydrogen 

fed SOFC model in Chapter 5. The assumptions also remain the same as in Chapter 

5 except that the temperature distribution throughout the cell is no longer uniform and 

local thermal equilibrium is assumed between the gas and solid phases of the porous 

electrodes in this model. 

In addition to the equations listed in Table 5-1, the equations used in modelling the 

water-shift gas reaction and steam reforming reaction in the electrode layers are listed 

in Table 6-1 

Table 6-1: Equations for the chemical reactions in the hydrocarbon fed non-isothermal model 

Anode electrode diffusion and reaction layers 

𝜻 

 

 
1000

𝑇(𝐾)
− 1 

Equilibrium constant for the steam 

reforming reaction 

 (𝒌𝒓𝒒 = 
𝒌𝒓𝒇

𝒌𝒓𝒃
) 

1.0267 × 1010  × 𝑒𝑥𝑝 (
−0.2513𝜁4 + 0.3665𝜁3

+0.5810𝜁2 − 27.134𝜁 + 3.2770
) 

Equilibrium constant for the water-

shift gas reaction (𝒌𝒔𝒒 = 
𝒌𝒔𝒇

𝒌𝒔𝒃
) 

𝑒𝑥𝑝 (
−0.2935𝜁3 + 0.6351𝜁2

−4.1788𝜁 + 0.3169
) [𝑃𝑎2] 

Forward reaction rate constant for the 

steam reforming reaction 

(𝒌𝒓𝒇) 

2395𝑒𝑥𝑝 (−
231266

𝑅𝑇
) 

Forward reaction rate constant for the 

water-shift gas reaction 

(𝒌𝒔𝒇) 

0.0171𝑒𝑥𝑝 (−
103191

𝑅𝑇
) 

Reaction rates for methane reforming 

(𝑹𝒓) 
𝑘𝑟𝑓𝑝𝐶𝐻4𝑝𝐻2𝑂 − 𝑘𝑟𝑏(𝑝𝐻2)

3
𝑝𝐶𝑂 

Reaction rates for methane reforming 

(𝑹𝒔) 
𝑘𝑠𝑓𝑝𝐶𝑂𝑝𝐻2𝑂 − 𝑘𝑠𝑏𝑝𝐻2𝑝𝐶𝑂2 
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6.2.2 Governing equations 

The governing equations for the non-isothermal hydrocarbon fed SOFC model are 

summarised in Table 6-2: 

Table 6-2: Governing equations used in the hydrocarbon fed non-isothermal SOFC model 

Flow channels 

Conservation of mass ∇. (𝜌𝒖) = 0 (6-1) 

Conservation of momentum 

 

−∇. (𝜌𝒖𝒖) − ∇. [−𝑝 +𝛹 − (
2

3
𝜇) (∇. 𝒖)] 

𝑤ℎ𝑒𝑟𝑒 𝛹 =  𝜇[∇𝒖 + (∇𝒖)𝑇] 

(6-2) 

 

Conservation of species 

 
𝜌𝑢. ∇𝑤𝑖 − ∇. [𝜌𝑤𝑖 𝐷𝑖𝑗

𝑒𝑓𝑓(∇𝑥𝑖 − ∇𝑤𝑖)
∇𝑝

𝑝
] 

(6-3) 

 

Conservation of energy 𝜌𝑖𝑐𝑝,𝑖𝒖𝛻𝑇 − ∇(𝑘𝑖∇𝑇) = 𝑆𝑇 (6-4) 

Electrode diffusion layer 

Conservation of mass 

 

∇. (𝜌𝒖) = 0 

 

(6-5) 

 

Conservation of momentum 

 

 

−∇. (
𝜌

𝜀2
𝒖𝒖) − 𝒖

𝜇

𝑘𝑝
− ∇. [−𝑝 + 𝛹 − (

2

3𝜀
𝜇) (∇. 𝒖)] 

𝑤ℎ𝑒𝑟𝑒 𝛹 =  
𝜇

𝜀
[∇𝒖 + (∇𝒖)𝑇] 

(6-6) 

 

Conservation of species 

 

 

 

 

 

 

−∇. [𝜌𝑤𝑖 𝐷𝑖𝑗
𝑒𝑓𝑓(∇𝑥𝑖 − ∇𝑤𝑖)

∇𝑝

𝑝
] = 𝑟𝑖 

𝑤ℎ𝑒𝑟𝑒, 𝑟𝐻2 = 𝑀𝐻2(3𝑅𝑟 + 𝑅𝑠) 𝑎𝑡 𝐴𝐷𝐿 

             𝑟𝐶𝐻4 = −𝑀𝐶𝐻4𝑅𝑟 𝑎𝑡 𝐴𝐷𝐿 

             𝑟𝐶𝑂 = 𝑀𝐶𝑂(𝑅𝑟 − 𝑅𝑠) 𝑎𝑡 𝐴𝐷𝐿 

            𝑟𝐻2𝑂 = 𝑀𝐻2𝑂(𝑅𝑟 + 𝑅𝑠) 𝑎𝑡 𝐴𝐷𝐿 

             𝑟𝐶𝑂2 = 𝑀𝐶𝑂2𝑅𝑆 𝑎𝑡 𝐴𝐷𝐿 

 

(6-7) 

 

 

 

 

 

Conservation of charge 

 

∇. (−𝜎𝑠
𝑒𝑓𝑓
∇𝜙𝑠) = 0 

 

(6-8) 

 

Conservation of energy 𝜌𝑖𝑐𝑝,𝑖𝒖𝛻𝑇 − ∇(𝑘𝑖∇𝑇) = 𝑆𝑇 (6-9) 

Electrode reaction layer 

Conservation of mass ∇. (𝜌𝒖) = 0 (6-10) 
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In this non-isothermal model, the heat source term 𝑆𝑇 originates from the following heat 

sources: 

   

Conservation of momentum 

 

−∇. (
𝜌

𝜀2
𝒖𝒖) − 𝒖

𝜇

𝑘𝑝
− ∇. [−𝑝 + 𝛹 − (

2

3𝜀
𝜇) (∇. 𝒖)] 

𝑤ℎ𝑒𝑟𝑒 𝛹 =  
𝜇

𝜀
[∇𝒖 + (∇𝒖)𝑇] 

(611) 

 

Conservation of species 

 

 

 

 

 

 

 

 

 

−∇. [𝜌𝑤𝑖 𝐷𝑖𝑗
𝑒𝑓𝑓(∇𝑥𝑖 − ∇𝑤𝑖)

∇𝑝

𝑝
] = 𝑟𝑖 

𝑤ℎ𝑒𝑟𝑒, 𝑁𝐻2 = −𝑁𝐻2𝑂 =
𝑖𝑣
2𝐹
 𝑎𝑡 𝐴𝑅𝐿 

                 𝑟𝐻2 = 𝑀𝐻2(3𝑅𝑟 + 𝑅𝑠) 𝑎𝑡 𝐴𝑅𝐿 

                 𝑟𝐶𝐻4 = −𝑀𝐶𝐻4𝑅𝑟 𝑎𝑡 𝐴𝑅𝐿 

                 𝑟𝐶𝑂 = 𝑀𝐶𝑂(𝑅𝑟 − 𝑅𝑠) 𝑎𝑡 𝐴𝑅𝐿 

               𝑟𝐻2𝑂 = 𝑀𝐻2𝑂(𝑅𝑟 + 𝑅𝑠) 𝑎𝑡 𝐴𝑅𝐿 

               𝑟𝐶𝑂2 = 𝑀𝐶𝑂2𝑅𝑆 𝑎𝑡 𝐴𝑅𝐿 

𝑎𝑛𝑑 𝑁𝑂2 =
𝑖𝑣
4𝐹
 𝑎𝑡 𝐶𝑅𝐿 

 

(6-12) 

 

 

 

 

 

 

 

 

Conservation of charge 

 

∇. (−𝜎𝑠
𝑒𝑓𝑓
∇𝜙𝑠) =  𝑖𝑣 

∇. (−𝜎𝑖
𝑒𝑓𝑓
∇𝜙𝑖) =  −𝑖𝑣 

𝑤ℎ𝑒𝑟𝑒, 𝑖𝑣 = 𝐴𝑣𝑖𝑡𝑝𝑏 

 

(6-13) 

(6-14) 

 

Conservation of energy 𝜌𝑖𝑐𝑝,𝑖𝒖𝛻𝑇 − ∇(𝑘𝑖∇𝑇) = 𝑆𝑇 (6-15) 

Electrolyte 

Conservation of charge 

 

∇. (𝜎𝑖,𝑒𝑙𝑒∇𝜙𝑖) = 0 

 

(6-16) 

 

Conservation of energy 𝜌𝑖𝑐𝑝,𝑖𝒖𝛻𝑇 − ∇(𝑘𝑖∇𝑇) = 𝑆𝑇 (6-17) 
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Electrochemical reactions – (ref :Eq. (1-1) and (1-2)) taking place in the reaction layer 

due to the amount of heat consumed/ generated due to the change in enthalpy in 

the reaction. 

Chemical reactions – (ref: Eq. (1-15) and (1-16)) occurs in the anode diffusion layer 

and reaction layers and is due to the heat consumed/generated due to the 

reforming and shift-gas reactions 

Ohmic polarisation – otherwise called joule heating, is the heat generated as a result 

of ionic and electric currents passing through the electrodes 

Activation and concentration polarisation – is the heat generated due to the activation 

and concentration polarisations. 

It is important to note that the hydrogen oxidation reaction is endothermic whereas the 

oxygen reduction reaction is exothermic. In addition to the source terms given in 

Chapter 5, the heat source term location and their respective expressions are listed in 

Table 6-3 and Table 6-4 respectively. 

 

Table 6-3: Heat source term in different computational domain 

ADL ARL electrolyte CRL CDL 

𝑠𝑇
𝑟𝑠 + 𝑠𝑇

𝑒𝑜 𝑠𝑇
𝑎𝑐 + 𝑠𝑇

𝑟𝑠 + 𝑠𝑇
𝑙 + 𝑠𝑇

𝑒𝑟 + 𝑠𝑇
𝑒𝑜 𝑠𝑇

𝑙  𝑠𝑇
𝑎𝑐 + 𝑠𝑇

𝑙 + 𝑠𝑇
𝑒𝑜 𝑠𝑇

𝑠𝑐 

Note: The unit for each source term is (W m-3) 

 

Table 6-4: Heat source term and their expressions 

Source term Expression Domain 

Heat sources due to electronic 

ohmic resistance  

𝒔𝑻
𝒆𝒐  

𝑖2

𝜎𝑠
𝑒𝑓𝑓

 
Anode diffusion layer, Cathode diffusion 

layer, Anode reaction layer, Cathode reaction 

layer. 

Heat sources due to electronic 

ohmic resistance  

𝒔𝑻
𝒊𝒐  

𝑖2

𝜎𝑙
𝑒𝑓𝑓

 
Anode reaction layer, cathode reaction layer, 

electrolyte 

Heat sources due to activation 

and concentration overpotentials  

𝒔𝑻
𝒂𝒄  

𝑖. 𝐴𝑣 . [𝜂𝑎𝑐𝑡,𝑎

+ 𝜂𝑐𝑜𝑛𝑐,𝑎] 

Anode reaction layer, cathode reaction layer 
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6.2.3 Thermal parameters 

The effective specific heat capacity and thermal conductivity depends on the volume 

fraction of the individual species within each domain. The computational expression 

for the effective thermal conductivity and specific heat capacity in the porous diffusion 

and reaction layers are listed in Table 6-5, while the thermal and material parameters 

used in the model are listed in Table 6-6 

Table 6-5: Effective conductivity and specific heat capacity expressions in various cell layers 

 Reaction layer Diffusion layer Electrolyte 

𝒌𝒆𝒇𝒇 𝜀𝑟𝑙𝑘𝑔 + (1 − 𝜀𝑟𝑙)𝑘𝑠 𝜀𝑑𝑙𝑘𝑔 + (1 − 𝜀𝑑𝑙)𝑘𝑠 𝑘𝑠 

𝒄𝒑
𝒆𝒇𝒇

 𝜀𝑟𝑙𝑐𝑝,𝑔 + (1 − 𝜀𝑟𝑙)𝑐𝑝,𝑠 𝜀𝑑𝑙𝑐𝑝,𝑔 + (1 − 𝜀𝑑𝑙)𝑐𝑝,𝑠 𝑐𝑝,𝑠 

Where g is the gas phase and s is the solid phase 

 

Table 6-6: Thermal and material properties used in the model 

Heat sources due to chemical 

reactions  𝒔 𝑻
𝒓𝒔 

 

𝑅𝑖 . ∆𝐻𝑟𝑒𝑓
0  Anode diffusion layer, Anode reaction layer 

Heat sources due to the 

electrochemical reactions  𝒔 𝑻
𝒆𝒓 

𝑄𝑒𝑙𝑒𝑐 . 𝑖𝑎. 𝐴𝑣
2𝐹

 
Anode reaction layer 

Heat source term 𝑸𝒆𝒍𝒆𝒄 −∆𝐻𝑓,𝐻2𝑜 − 2𝐹𝑉  

 Thermal 

conductivity 

(𝑱 𝒌𝒈𝑲⁄ ) 

Specific heat 

capacity (𝑱 𝒌𝒈𝑲⁄ )  

Density 

(𝒌𝒈/𝒎𝟑) 

Reference 

Anode 11 450 3310 [50, 76] 

Cathode 6 430 3030 [50, 76] 

Electrolyte 2.7 470 5160 [50, 76] 
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6.2.4 Boundary conditions 

In addition to the boundary conditions listed in Chapter 5, the temperatures at the 

anode and cathode inlets are defined as 𝑇𝑎
0 and 𝑇𝑐

0  (𝐾) respectively. Also, the heat 

transfer at the interface between the gas flow channels and the electrode diffusion 

layer is pure convection and is given as 

𝑆𝑇
𝑖 = ℎ𝑖(𝑇𝑑𝑙 − 𝑇𝑐ℎ)         (6-18) 

Where 𝑇𝑑𝑙  and 𝑇𝑐ℎ  are temperatures of the diffusion layer and flow channels 

respectively. ℎ𝑖 is the convective heat transfer coefficient which is computed from the 

Nusselt numbers (Nu) and depends on the gas properties, channel geometry and flow 

characteristics[87]. Since laminar flow is assumed, the convective heat transfer can be 

calculated using a constant Nusselt number of 3.66 [44, 47] and the channel hydraulic 

diameter[41]. Thus the convective heat transfer can be calculated by the following 

equation: [47, 58] 

ℎ𝑖 = 𝑁𝑢
𝑘𝑖

𝑑ℎ
            

Where 𝑑ℎ is the hydraulic diameter given by 

𝑑ℎ = 
2.𝑊.𝐻𝑐ℎ
𝑊 +𝐻𝑐ℎ

 

Where 𝑊 is the cell width and 𝐻𝑐ℎ is the channel height. 

6.2.5 Numerical procedure 

The numerical procedure used in this study is based on the same principles as that 

described in Chapter 5, including the energy equations which accounts for the 

Gas species 

and mixtures 
 𝑏𝑘 (

𝑇

1000
)
𝑘6

0
 

𝑘𝑔 =  𝑥𝑖𝑘𝑖
𝑛

𝑖=1
 

 

 𝑐𝑘 (
𝑇

1000
)
𝑘6

0
 

𝑐𝑝,𝑔 =  𝑥𝑖𝑐𝑝,𝑖
𝑛

𝑖=1
 

 

𝑝∑ 𝑥𝑖𝑖 𝑀𝑖
𝑅𝑇

 
[76, 178] 
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temperature distribution, the fully coupled equations are solved according to the 

computational process shown schematically in Figure 6-1 below. 

 

Figure 6-1: Schematic of the computational process for the non-isothermal model 

 

6.3 Non-Isothermal cell performance validation 

In order to validate the model, the performance of the non-isothermal anode-supported 

SOFC is compared with the experimental results of Zhao and Vicker[167] as shown in 

Figure 6-2. 

 

 

Secondary 

current 

distribution        

(𝝋, 𝒊) 

Free and 

porous 

media flow        

(𝒖,  𝒑) 

(𝑢,  𝑝) 
(𝑥𝑖 , 𝜌𝑖) 

(𝑖) 

(𝑖) 

(𝑐𝑖) 

(𝜎𝑖 ,  𝑉
𝑐𝑒𝑙𝑙)   (𝑥𝑖)   

(𝑝, 𝑢 )                     

SOFC 

MODEL         

Transport of 

concentrated 

species        

(𝒙𝒊, 𝒄𝒊, 𝝆𝒊) 

Heat 

transfer in 

solid/fluid 

(𝑻)     

(𝑇𝑂)       

(𝑇)     

(𝑇)     

(𝑞, 𝜌𝑖)    

(𝑞)     

Output (𝒙𝒊) 

Output (𝒊) 

Output (𝒖, 𝒑) 

Output (𝑻) 
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6.3.1 Experimental  procedure 

The fabrication and testing processes of the experimental cell described by Zhao and 

Vicker[167]  in the paper “Dependence of polarisation in anode-supported solid oxide 

fuel cells on various cell parameters” are recapped here. 

 

Figure 6-2: Description of experimental cell: (a) schematic of single cell testing apparatus (b) 
cross-section of an SEM micrograph of one cell.[167] 

 

“The anode supported SOFC was fabricated by mixing 70 wt.% NiO and 30 wt.% YSZ 

to which carbon powder was added. A thin layer of NiO + YSZ, which is the anode 

reaction layer, was drop-coated on one of the surface. After drying, a thin layer of YSZ 

electrolyte was drop-coated on the same surface. The resulting pellets were sintered 

in air at 1673K for 2hrs. After sintering, a thin layer of LSM + YSZ containing 50 wt.% 

LSM and 50 wt.% YSZ cathode reaction layer was then painted on the YSZ layer. The 

cell was fired at 1473K for 2hrs. After firing a layer of LSM cathode current collector 

was applied. The entire cell was then heated to 1373K. 

The experimental test rig is shown in the schematic in Figure 6-2a, in which silver wires 

were connected to silver meshes pressing against the LSM cathode current collector 

and Ni +YSZ anode support layer. The cell is heated to 1073K while circulating with a 

mixture of 10%H2 + 90%H2O on the anode side and air on the cathode side. 

The electrochemical performance of the cell is tested at 873K, 973K and 1073K using 

a mixture of 97%H2 + 3%H2O as fuel and air as oxidant. The cell performance were 

characterised by current-voltage curves. The microstructure of the fracture surface of 

the cell (Figure 6-2b) is characterised after testing by scanning electron microscopy 

(SEM)” 

(a) (b) 
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6.3.2 Numerical approach 

Figure 6-3 compares the above experimental results with the results simulated by the 

model. The properties and operating conditions used in the model are listed in Table 

6-7. All the parameters used in validating the model were obtained from Zhoa and 

Vicker[167] except those given with references. 

 

Figure 6-3: Validation of Non-isothermal model 

          

 

 

 

 Table 6-7: Parameters used for model validation and in simulating the model 
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Experimental data at 973K

Model predictions at 973K

Experimental data at 873K

Model predictions at 873K

Parameters Validation Simulation 

Flow channels 

Layer thickness  𝑙𝑐ℎ(𝜇𝑚) 1000 1000 

Cell Length,  𝑡𝑐ℎ(𝜇𝑚) 50000 50000 

Anode diffusion layer (ADL) 

Layer thickness,  𝑙𝑎𝑑𝑙(𝜇𝑚) 1000 1000 

Mean particle diameter, 𝑑𝑝,𝑎𝑑𝑙(𝜇𝑚) 1 [83, 108] 1 

Porosity, 𝜀𝑎𝑑𝑙 0.48 0.5 

Experimental data at 1073K 
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6.4 Effect of temperature on fuel cell performance 

The predicted performance curves obtained using the isothermal and non-isothermal 

models for the operating temperature from 873 to 1073K is shown in Figure 6-4. The 

difference in performance between the isothermal and the non-isothermal performance 

is defined as the potential gain due to temperature increasing η𝐻[83]. The potential 

Volume fraction, 𝜑𝑎𝑑𝑙 0.55 1 

Anode reaction layer (ARL) 

Layer thickness,  𝑙𝑎𝑟𝑙(𝜇𝑚) 20 20 

Mean particle diameter, 𝑑𝑝,𝑎𝑟𝑙(𝜇𝑚) 0.5 [83, 108] 0.5 

Porosity, 𝜀𝑎𝑟𝑙 0.23 0.25 

Volume fraction, 𝜑𝑎𝑟𝑙 0.55 0.5 

Cathode diffusion layer (CDL) 

Layer thickness  𝑙𝑐𝑑𝑙(𝜇𝑚) 50 50 

Mean particle diameter, 𝑑𝑝,𝑐𝑑𝑙(𝜇𝑚) 1 [83, 108] 1 

Porosity, 𝜀𝑐𝑟𝑙 0.45 0.5 

Volume fraction, 𝜑𝑐𝑑𝑙 1 1 

Cathode reaction layer (CRL)  

Layer thickness  𝑙𝑐𝑟𝑙(𝜇𝑚) 20 20 

Mean particle diameter, 𝑑𝑝,𝑐𝑟𝑙(𝜇𝑚) 0.5 [83, 108] 0.5 

Porosity, 𝜀𝑐𝑟𝑙 0.26 0.25 

Volume fraction, 𝜑𝑐𝑟𝑙 0.475 0.5 

Electrolyte (E)  

Layer thickness  𝑙𝑒(𝜇𝑚) 8 10 

Operating conditions  

Operating temperature, 𝑇(𝐾) 873K, 973K, 1073K 1073K 

Total pressure, 𝑝(𝑎𝑡𝑚) 1.0 1.0 

Fuel inlet composition, 𝑥𝐻2 ;  𝑥𝐻2 𝑂 0.97; 0.03 0.7, 0.3 

Air inlet composition, 𝑥𝑂2 ;  𝑥𝑁2  0.21; 0.79 0.21; 0.79 
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gain is an indication of how much the heat generation and transfer processes in the 

cell affects its performance. The cell performance improves as the inlet operating 

temperature increases from 873K to 1073K, also the potential gain is observed to 

increase considerably as the operating temperature increases, due to the increased 

rate of reaction at increased temperatures. 

 

Figure 6-4: Comparison of isothermal and Non-isothermal predictions. 

 

The potential gain due to temperature increasing at 1073K is observed to increase 

from 7.5% at 0.5 A cm-2 to 34% at 1.0 A cm-2 and more significantly as the current 

density increases to 90% at 1.5 A cm-2 which is consistent with the simulation results 

of Jeon [83] 
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Figure 6-5: Potential gain at 1073K. 

 

The effect of individual heat source on potential gain is shown in Figure 6-5. The 

contribution caused by joule heating (η𝐻
𝑗

) is observed to have the most effect 

accounting for 34.3% of the total potential gain at 1.0 A cm-2, this is due to the presence 

of ionic conducting particles in the reaction layers of both the anode and cathode 

electrodes thereby increasing the ohmic polarisation of the cell. The rest of the potential 

gain is evenly divided between the reversible and irreversible processes occurring in 

the reaction layers. The reversible heat source is due to the electrochemical reactions 

(η𝐻
∆𝐻) located in the anode reaction layer accounting for 31.7% of the total potential 

gain at 1.0 A cm-2, while the irreversible heat source due to irreversibilites associated 

with overcoming the energy barrier (activation) and diffusion of species (concentration) 

(η𝐻
𝑎𝑐) accounts for 31.08% of the total potential gain at 1.0 A cm-2. 

6.5 Velocity profile in flow channels 

The gas velocity profile within the fuel channel and air channel in the SOFC at different 

cell voltages are shown in Figure 6-6 and 6-7 respectively 
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Figure 6-6: Velocity vector in anode flow channel 

 

 

Figure 6-7: Velocity vector in cathode flow channel 
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The velocity is seen to increases along the centre of the channels, this is due to its 

volumetric expansion as a result of the decreasing density caused by the increase in 

cell temperature along the main flow direction (Figure 6-24). The fuel velocity is 

observed to increase  along the channel, with its gradient steepness increasing as the 

operating voltage increases, this is as a result of the expansion of the gaseous fuel 

species due to increasing temperature accros the channel (see Figure 6-24) and H2O 

generated from the oxidation reaction in the anode reaction layer. However, on the 

cathode side, O2 is consumed in the reduction reaction. This  leads to a reduction in 

the air velocity in the channel. At the same time, the expansion of the oxidant due to 

increasing temperature across the channel increases the air velocity. Overall, the 

reduction and the increase balances out leading to no noticable velocity changes along 

the flow channel for all the operating voltage studied as seen in Figure 6-7.  

6.6 Pressure profile in cell 

The total pressure distribution in the electrode-electrolyte structure of the cell is shown 

in Figure 6-8.  

 

Figure 6-8: Total pressure distribution in electrodes. 

 

Cathode  

𝒑𝒄𝒂𝒕𝒉𝒐𝒅𝒆  𝒑𝒂𝒏𝒐𝒅𝒆  

Anode  



166 
 

The total pressure is constant in the flow channels and varies within the electrode 

layers, this can be clearly observed in Figure 6-9, where a total pressure rise is 

observed in the anode side reaction layer/electrolyte interface, whereas a drop in the 

total pressure is noticed in the cathode side/electrolyte interface. 

     
Figure 6-9: Spatial distribution of total pressure through thickness 

 

Due to the electrochemical reaction, hydrogen is spent and water is produced in the 

anode reaction layer (ARL), this gives rise to a steep positive pressure gradient 

induced by the difference in the Knudsen diffusivities of hydrogen and water. The 

produced water vapour usually requires a larger pressure gradient than that required 

by hydrogen to transport the same amount due to its smaller Knudsen diffusivity 

(𝑘𝑑,ℎ2 = 1.123𝑒 − 4 𝑚
2𝑠−1, 𝑘𝑑,ℎ2𝑜 = 3.75𝑒 − 5 𝑚

2𝑠−1 𝑎𝑡 1073𝐾), thus the water 

produced will accumulate in the anode due to its slower diffusion rate, hindering the 

transport of the hydrogen molecules resulting in a rise in pressure. At the CRL, the 

pressure gradient is due to the consumption of the oxygen molecules without releasing 

any product, this aids the diffusion of oxygen molecules from the channel towards the 

electrolyte resulting in a drop in pressure. 

6.7 Additional model verification using phenomena predictions 

The present model not only predicts the electrochemical performance of the SOFC ( 

see cell voltage – current density validation curves in Figures 5-4 and 6-3 for isothermal 
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and non-isothermal models respectively) but can also predict various processes and 

flow profiles in the different layers of the cell. 

 This section deals with the prediction of mole fraction, temperature and current density 

profiles occurring in the different components of the cell when hydrocarbon reforming 

reactions are considered. The results obtained from this model for these profiles are 

generally consistent with those in literature, thereby providing additional validation for 

the simulations. 

The fuel composition for the 30% pre-reformed natural gas used in simulating the 

reforming reactions is tabulated in Table 6-8. All other parameters used were from the 

base case simulation in Table 6-7 

Table 6-8: Species mole fraction[68] 

 

 

 

 

The heat generated due to the chemical reactions within the anode diffusion and 

reaction layers (tabulated in Table 6-4) are expressed by the reaction rate as 

 𝑆𝑇
𝑟𝑠 = 𝑅𝑖∆𝐻𝑟𝑒𝑓

0   

 𝑆𝑇
𝑟𝑠 = 𝑆𝑇

𝑟 + 𝑆𝑇
𝑠 

 

(6-19) 

 𝑆𝑇
𝑟 = 𝑅𝑟(−∆𝐻𝑟

0) (6-20) 

 𝑆𝑇
𝑠 = (𝑅𝑟(−∆𝐻𝑠

0)) (6-21) 

∆𝐻𝑟
0 is the enthalpy from the reforming reaction whose value at 1073K is                         

242 (kJ mol-1) [87], ∆𝐻𝑠
0 is the enthalpy from the water-gas shift reaction which equals  

(-38 kJ mol-1) at 1073K and 𝜀 is the porosity of the anode layer. 

Figure 6-10 compares the performance of the SOFC when reforming and water-gas 

shift reactions are considered to when they are not considered in the model 

simulations. In the simulations that didn’t consider the reactions, the same 30% 

Component Mole fraction 

𝑪𝑯𝟒 0.171 

𝑪𝑶 0.029 

𝑯𝟐𝑶 0.493 

𝑯𝟐 0.263 

𝑪𝑶𝟐 0.044 
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reformed hydrocarbon was introduced in the cell, only the electrochemical oxidation of 

hydrogen at the reaction layer was considered in the model, while the simulations with 

chemical reactions considered both the reforming and water-shift gas reactions in 

addition to the electrochemical oxidation of oxygen 

 

Figure 6-10: Performance comparison between when chemical reactions are considered and 
when they are not considered. Operating at 1073K, 1atm 

 

As observed, there is significant improvement on the SOFC performance when the 

reforming and water-gas shift reactions are considered in the model. The subsequent 

section will analyse gaseous species distribution in both cases. 

6.7.1 Species Distribution 

No chemical reactions considered 

 Cross sectional distributions of the species in the anode diffusion layer of an anode 

supported SOFC is presented in Figure 6-11. The fuel composition is listed in Table 6-

8 above. The operating temperature and pressure are set at 1073K and 1 atm. The 

reforming and water-gas shift reactions are not considered for this analysis. 

The x-axis of Figures 6-11 to 6-14 represents the dimensionless cell length where 0 

represents the entrance and 1 represents the exit; the y-axis represents the 
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dimensionless anode diffusion layer thickness with 0 representing the 

channel/diffusion layer boundary and 1 representing the diffusion layer/reaction layer 

boundary. The z-axis represents the species mole fraction within the physical domain. 

As seen, the mole fraction of H2 decreases by 42.3 %( 0.26 to 0.15) at 0.7V, while that 

of H2O increases by 22.4% (0.49 to 0.60) also at 0.7V, along the layer thickness (from 

the channel end towards the reaction layer end). This significant variation is due to the 

proximity of the anode reaction layer to the diffusion layer, wherein the electrochemical 

oxidation of H2 occurs, this result in the consumption of H2 and the production of H2O. 

The slight variation noticed in the mole fraction of the other non-reacting species (CH4, 

CO2 and CO) along the diffusion layer thickness is mainly due to the multi-component 

diffusion occurring in the layer, in which the mole fraction (concentration) of one 

species depends on the mole fraction (concentration) of the other (n-1) species. The 

mole fraction variation along the cell channel length is also presented in the Figures 6-

11 and 6-12, it is again observed that the species varies along the cell length, since 

there are no chemical reactions occurring in the diffusion layer for this particular case, 

the variations are very slight and are due only to the multi-component diffusion within 

the layer. In this situation, the mole fraction of H2 decreased by 5.8% (0.26 to 0.245) 

while that of H2O increased by 8.1% (0.49 to 0.53). 

 

Figure 6-11: Mole fraction distribution of H2 without chemical reaction. 

 

0.9V 

0.7V 

0.5V 



170 
 

 

 

Figure 6-12: Mole fraction distribution of H2O without chemical reaction 

 

 

 

Figure 6-13: Mole fraction distribution of CO without chemical reactions. 
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Figure 6-14: Mole fraction distribution of CO2 without chemical reactions 

 

Figures 6-11 and 6-14 also present the mole fraction distribution of the individual 

species within the anode diffusion layer when the cell voltage is varied from 0.9 to 0.5V. 

It is clear that the mole fraction of H2 reduces with reducing cell voltage, while that of 

H2O increases when the cell voltage is reduced. Reducing the cell voltage (increasing 

the current density) increases the consumption of H2 at the reaction layer which 

consequently leads to the increase in the production of H2O. 

 Chemical reactions considered 

The effect when the chemical reaction (direct reforming and water-gas shift) are 

included on the distribution of the species in the anode diffusion layer at 0.7V is shown 

in Figures 6-15 to 6-19. The x-axis represents the dimensionless cell length where 1 

represents the entrance and 0 represents the exit; the y-axis represents the 

dimensionless anode diffusion layer thickness with 1 representing the 

channel/diffusion layer boundary and 0 representing the diffusion layer/reaction layer 

boundary while the z-axis represents the species mole fraction within the physical 

domain. The impact of direct reforming reaction, water-shift gas reaction and the 

electrochemical oxidation of H2 on the mole fraction distribution are studied. 
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Figure 6-15: Mole fraction distribution of CH4 considering chemical reactions. 

  

Figure 6-15 shows the effect of steam reforming reaction on the mole fraction 

distribution of methane. As seen, at the regions close to the inlet into the diffusion layer 

(x=1, y=1), there is rapid consumption of methane leading to the production of H2 and 

CO. This leads to an initial increase in the mole fraction of H2 up to a certain thickness 

(when most of the methane is consumed), consequently, the mole fraction of H2O 

decreases for that same thickness as shown in Figures 6-16 and 6-17 respectively. 
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Figure 6-16: Mole fraction distribution of H2 considering chemical reactions. 

 

 

Figure 6-17: Mole fraction distribution of H2O considering chemical reactions 
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This is due to the production of 3 moles of H2 for every mole of H2O consumed through 

the steam reforming reaction (see Equation 4-24) and the production of 1mole of H2 

for each mole of H2O consumed through the water-gas shift reaction (see Equation 4-

25). Once most of the methane has been consumed, the H2 oxidation reaction 

becomes more rapid, proceeding at a higher rate than the steam reforming and water-

gas shift reactions, this leads to a decrease in the H2 mole fraction and an increase in 

the H2O mole fraction. 

 

Figure 6-18: Mole fraction distribution of CO considering chemical reactions. 

 

The slight initial increase in CO mole fraction noticed in Figure 6-18 is due to the 

comparatively higher rate of production of CO from the steam reforming reaction than 

its consumption rate in the water-gas shift reaction; also CO2 is produced from the 

water-gas shift reaction, leading to its increasing mole fraction as shown in Figure 6-

19  
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Figure 6-19: Mole fraction distribution of CO2 considering chemical reactions. 

 

The slight decrease in mole fraction noticed towards the exit of Figures 6-18 and 6-19 

is as a result of multicomponent diffusion due to the faster rate of the electrochemical 

reaction over those of the steam reforming and water-gas shift reactions. 

The mole fraction distribution of O2 in the cathode diffusion layer at varying voltages 

from 0.9V to 0.5V is shown in Figure 6-20, due to its small thickness (50µm) compared 

to that of the anode diffusion layer (1000µm), its variation along the thickness is very 

slight. At 0.7V, O2 mole fraction reduces by 7.9% (0.21- 0.193). This trend is seen in 

all three cell voltages as the O2 mole fraction reduces with reducing cell voltages. On 

the other hand, a considerable reduction in mole fraction is noticed along the cell 

length, in the same case of 0.7V, the mole fraction reduced by 11% (0.21 – 0.187) 
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Figure 6-20: Mole fraction distribution of O2 considering chemical reactions 

 

The mole fraction distribution of H2 and H2O in the anode reaction layer at 0.7V is 

shown in Figures 6-21 and 6-22 respectively. The x axis represents the dimensionless 

cell length where 1 represents the inlet and 0 the outlet while the y axis represents the 

dimensionless thickness with 1 representing the reaction layer/electrolyte boundary 

and 0 representing the diffusion layer/reaction layer boundary.  
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Figure 6-21: Mole fraction distribution of H2 in ARL. 

 

Figure 6-22: Mole fraction distribution of H2O in ARL 
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Due to the oxidation reaction of H2 in this layer, the mole fraction of H2 decreases while 

that of H2O increases along the thickness of the anode reaction layer towards the 

boundary with the electrolyte. However, the depletion and increment of the species are 

not so significant when compared to those in the diffusion layer, this can be attributed 

to the much smaller thickness of the reaction layer when compared to that of the 

diffusion layer. Similarly, the mole fraction distribution of O2 at 0.7V is shown in Figure 

6-23, also due to the electrochemical reduction of O2 in the layer, consumption of the 

species occurs, leading to a decrease in the mole fraction along the layer thickness 

(towards the boundary with the electrolyte), but unlike in the anode layer, the depletion 

is more significant than in the diffusion layer because the relatively small thickness of 

the cathode diffusion layer. 

 

Figure 6-23: Mole fraction distribution of O2 in CRL 
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6.7.2 Temperature distribution 

The temperature distribution in the SOFC is presented in Figure 6-24 while the 

individual profiles in PEN structure, fuel and air channel are shown in Figure 6-25. The 

operating conditions are set at 0.7V, 1073K and 1atm. It is noticed that the cell 

temperature varies significantly along its main flow direction (cell length) with the 

maximum temperature occurring at the outlet. The high temperature variation is as a 

result of the heat generated by the enthalpy change due to the electrochemical 

reaction, the ohmic, concentration and activation polarisations within the PEN structure 

as well as by the water-gas shift reactions occurring in the anode and fuel channel. On 

the other hand, heat is consumed by the endothermic reforming reaction occurring on 

the anode.  

 

 

           Figure 6-24: Temperature distribution in SOFC. 

 

It is worth noting that all the enthalpy process in the cell is modelled to occur on the 

anode reaction layer [214], therefore the only heat generation terms on the cathode 

side is due to the activation, concentration and ohmic polarisation, coupled with the 

Cathode side 
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cooling effect of the air in supressing the increasing temperature due to the 

electrochemical reactions. This ensures that the cathode channel temperature is much 

lower than that of the anode channel temperature.  

 

Figure 6-25: Temperature profile in the individual components of the SOFC. 

 

A significant local cooling effect is usually reported at the entrance of the cell [47, 79, 

86, 149]; these authors attribute this to the rapid consumption of methane at the cell 

entrance during the reforming reaction. However, this study reports a very slight local 

cooling (see A in Figure 6-25) due to the significant initial quantity of heat generated 

from the relatively large electrochemical active area-to-volume ratio. This is 

responsible for the much lower percentage of heat consumed in the methane reforming 

reaction, accounting for only 29% of the total heat produced compared to  45% as 

reported by Aguiar et al[47].  

The temperature variations noticed across the SOFC thickness are negligible; this can 

probably be attributed to the reforming reaction occurring throughout the anode, the 

strong multicomponent diffusion of the species, the high thermal conductivity of the 

SOFC components and the high inlet velocity of the species. 
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The temperature of the SOFC PEN structure is noticed to be significantly higher than 

that in the fuel channel because of the exothermic electrochemical reaction occurring 

in the PEN structure, the thick anode electrode layer which increases the heat 

generated by the concentration polarisation and the high heat transfer coefficient 

between the fuel channel and the electrode layer. 

The maximum and minimum temperatures in the SOFC are 1207 and 1073K 

respectively, leading to a cell’s maximum temperature difference of 134K. This large 

thermal gradient across the various layers of the SOFC is caused by the non-uniform 

heat generated in the cell and has to be carefully monitored to avoid any thermally 

induced failures in the cell. 

6.7.3 Current density distribution 

The local current density distribution at 0.7V is presented in Figure 6-26. As seen, the 

current density profile corresponds to the temperature distribution profile of Figure 6-

25, in which there is a slight decrease near the entrance which is attributed to the effect 

of the reforming reaction and an increase further down as the fuel flows which is 

attributed to the consumption of hydrogen resulting in a decrease in its molar fraction 

while its variation along its thickness is negligible. 
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Figure 6-26: Current Density profile in SOFC. 

 

The current density distribution profile shows that it is indicative of the electrochemical 

reaction rates in cell, which on its own is strongly dependent on the temperature 

distribution (i.e the current density maps the temperature distribution in the cell). 

However, near the cell outlet, the current density distribution is seen to decrease 

slightly due to the effect of fuel depletion at that region. The circled region at the top 

right of the figure shows a region of instability, this is due to the tolerance value for the 

simulation which was set at 1 𝑥 10−3. If the tolerance value is increased the region will 

become stable, however, the computational time will increase significantly. 

 

6.8 Micro-structural parametric studies of the reaction layers 

6.8.1 Mean particle diameter  

The dependence of SOFC performance on the mean particle diameter of the reactive 

layers in the anode and cathode sides is shown in Figures 6-27 and 6-28 respectively. 

As seen, smaller particle diameter generally leads to better cell performance due to 

the increasing length of the triple phase boundary (TPB) which increases the reactive 

surface area thereby enhancing the electrochemical reaction rate. Also, the activation 

polarisation is reduced when the particle diameter is reduced since the exchange 
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current density is proportional to the TPB length. However, the effect on cell 

performance of reducing the particle diameter on the anode side is not as significant 

as that on the cathode side due to the relatively smaller contribution of the anode 

activation polarisation to the total cell polarisation as compared to that of the cathode 

activation polarisation. 

 

 

 

Figure 6-28: Effect of Cathode reaction layer particle diameter on performance. 
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            Figure 6-27: Effect of Anode reaction layer particle diameter on performance. 
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This result is consistent for the different particle diameters studied except at 0.1µm in 

which the above trend is observed at low current densities, however, at high current 

densities, a lower cell performance than in larger particle diameters is observed. Very 

small particle diameter implies reduced pore size which inhibits the Knudsen diffusion 

process thereby decreasing the effective conductivity both on the ARL and CRL, thus 

resulting in increased concentration polarisation. Equations 4-13 and 4-96 respectively 

indicates that when the particle diameter is reduced by half, the Knudsen diffusivity 

falls by half, the reactive surface area (TPB) is doubled and the permeability is reduced 

by one-fourth. This is more obvious on the anode side due to the thick anode diffusion 

layer in which the effect of concentration polarisation is more significant. However, on 

the cathode side which has a very thin diffusion layer, the lower performance at high 

current density is due to oxygen depletion. 

6.8.2 Porosity 

The dependence of cell performance on the porosity of the reaction layers is 

considered in Figures 6-29 and 6-30. Increasing the porosity leads to an increase in 

the void fraction and a decrease in the solid fraction of the electrode reaction layers, 

this subsequently reduces the reactive surface area available for the electrochemical 

reaction, In addition, porosity influences the ionic and electronic conductivities of the 

reaction layers as an increase in their porosity results in a decrease of their effective 

conductivities, resulting in increased ohmic overpotentials. However, at the same time, 

the concentration overpotential is reduced due to the increased mass transport rate 

caused by increasing the diffusivity (Knudsen and binary) and flow permeability values. 

For instance, an increase in the porosity from 0.25 to 0.35 results in a decrease of the 

reactive surface area by 13.25% but increases the Knudsen diffusivity by 38%, the 

effective binary diffusivity by 53.4% and the flow permeability by 72.7%, assuming all 

other microstructural parameters are constant. 

Thus, in cell regions with significantly thick diffusion layers, the mass transport is 

expected to be the limiting factor in cell performance as shown in Figure 6-29 in which 

an anode reaction layer porosity of 0.25 at a current density of 2 A cm-2 results in a 

concentration overpotential of 0.14 V for an anode diffusion layer thickness of 1000µm. 

Therefore, increasing the anode reaction layer porosity results in improved cell 
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performance due as a result of the reduced concentration overpotential. On the other 

hand, negligible cathode concentration overpotential is observed when the cathode 

reaction layer porosity is increased due to the much smaller cathode diffusion layer 

thickness of 50µm, thus the reactive surface area length becomes limiting since 

increasing the cathode porosity reduces the cell performance as a result of the smaller 

reactive surface area as shown in Figure 6-30. 

 

Figure 6-29: Effect of Anode reaction layer porosity on performance. 
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Figure 6-30: Effect of Cathode reaction layer porosity on performance. 

 

Consequently, it is not advisable to reduce porosity to achieve a larger reactive surface 

area length because of the resultant reduction on the mass transport; rather it might 

be more advisable to reduce the particle diameter instead 
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electronic conducting particle is varied while the other operating and design conditions 

are kept at base conditions. The optimum composition is one that would provide 

percolation of both the electronic and ionic phases[75], gives the largest reactive 
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electronic conductivity of the electrodes. 
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            Figure 6-31: Effect of Anode reaction layer volume fraction on performance. 

 

The effect of anode composition on cell performance is shown in Figure 6-31, as seen, 

performance increases when the Ni fraction in the reaction layer increases from 0.3 

through to 0.5, however it starts to decrease at further increases from 0.5 through to 

0.7. This indicates that the best cell performance for the anode composition is reached 

when the volume fraction of the electronic and ionic phases are equal at 0.5, which is 

consistent with the theoretical observations of Hussain et al [35]. When the Ni fraction 

is 0.5, the YSZ fraction becomes equal to the Ni fraction resulting in the largest possible 

reactive surface area and consequently the best cell performance. Also, the 

conductivities of the reaction layers are dependent on the volume fraction of Ni, 

increasing the Ni fraction beyond 0.5 increases the layers effective electronic 

conductivity but decreases its effective ionic conductivity which leads to increased 

ohmic polarisation thereby decreasing cell performance. 

However, as shown in Figure 6-32 for the cathode composition, the performance 

curves for the volume fraction of LSM at 0.4 and 0.5 are almost identical, indicating 

that the best performance is obtained when the volume fraction is between 0.4 and 0.5 
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Figure 6-32: Effect of Cathode reaction layer volume fraction on performance. 

 

This was then further investigated in Figure 6-33 where the cell current density is 

plotted against the LSM volume fraction. The figure shows that for the cathode volume 

fraction composition, the best cell performance is reached when the LSM volume 

fraction is 0.45, which is in agreement with the results obtained by Costamagna et al 
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            Figure 6-33: Effect of Cathode reaction layer composition on current density. 

 

6.8.4 Tortuosity 

The dependence of cell performance on the tortuosity of the SOFC is studied in this 

section. The tortuosity is varied while the other parameters and design conditions are 

kept at base condition. Increasing the tortuosity decreases the cell performance as 

depicted in Figure 6-32. 

 

Figure 6-34: Effect of electrode tortuosity on performance. 
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When the tortuosity is increased, the length of the tortuous path through which the 

species diffuses increases, thereby creating additional resistance to the diffusing 

reactant species resulting in a reduction in the concentration of reactants in the 

reactant layers. This decreases electrochemical reaction rate and increases the 

concentration ovepotential. Moreover, the effective ionic and electronic conductivities 

are dependent on the tortuosity, as an increase in the tortuosity decreases their value, 

resulting in increased ohmic overpotential, thereby decreasing cell performance. 

6.9 Conclusions 

This chapter presented the solutions obtained from the numerical simulation of the two 

dimensional, microscale, steady state non-isothermal SOFC model. The model was 

first validated with experimental data from open literature. The effect of key operating 

conditions on the cell performance was studied, the operating conditions studied were 

the inlet temperatures, inlet flow velocities and inlet pressures. 

A comparison between the cell performance when isothermal conditions were used 

and when non-isothermal conditions were used was carried out, results shows that the 

performance significantly improved when non-isothermal conditions were used, this 

was measured as the potential gain due to temperature rising. The effect of individual 

heat source on potential gain was also carried out, studies revealed that the 

contribution of joule heating, reversible heat sources and irreversible heat sources 

were approximately evenly distributed. The velocity profile and pressure profile 

increases in the anode compartments due to the expansion of the fuel gas (due to 

temperature rising) and the generation of H2O from the oxidation reactions, however 

the velocity profile on the cathode side was about constant while the pressure profile 

decreased due to the consumption of O2 in the reduction reaction. 

The developed model was used in different phenomena predictions in the SOFC when 

reforming and water-gas shift reactions were considered in the anode electrodes. 

Performance comparison when the chemical reactions are considered and when they 

are not was carried out, showing significant improvement on performance with the 

reactions been considered. The different phenomena predictions carried out were the 

mole fraction distribution of species with and without chemical reactions 

considerations, temperature distribution profiles within the cell and the current density 

distribution. 
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Finally, micro-structural parametric studies on both anode and cathode reaction layers 

was carried out. The effects of the mean particle diameters, porosity, volume fraction 

of electronic phase and the tortuosity on SOFC performance were all individually 

studied with a view to obtaining their optimum values and increasing the overall cell 

performance. 
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CHAPTER7 : SOFC Hybrid System Modelling 

This chapter presents the work of a steady-state thermodynamic numerical model of a 

hybrid solid oxide fuel cell (SOFC) - gas turbine (GT) cycle. The hybrid system consists 

of a zero dimensional internal reforming planar SOFC stack model, air compressor, 

fuel compressor, gas turbine, power turbine, recuperators, mixers, seperators and a 

heat recovery steam generator (HRSG). Individual thermodynamic models for each 

component were developed to evaluate the plants thermal energy efficiency and 

exergy production with a view to assessing the systems efficiencies distribution of 

irreversibility’s or exergy destruction in the system. Parametric studies were also 

carried out to study the effect of system pressure, fuel utilisation factor, component 

efficiencies and turbine inlet temperatures on the plants efficiency. 

7.1 Introduction 

SOFCs have the potential to achieve higher electricity production efficiency as a result 

of the high quality heat it exhausts. Previous chapters have shown that pressurised 

SOFCs increases the overall cell performance with an increase in the output current 

density. This improved performance allows the SOFC to be integrated into a hybrid 

system, using the high energy exhaust heat from the SOFC to power the heat engine. 

The heat engine also serves the purpose of increasing the fluid temperatures to the 

inlet operating conditions of the SOFC. A hybrid system in this case refers to a fuel cell 

and heat engine combination. Gas turbines (GT) are one of the most commonly 

investigated heat engines [215, 216], although the sterling engine, steam turbines and 

diesel engines have also been investigated. 

A number of studies have been carried out investigating the combination of SOFCs 

and gas turbine cycles.  

Massardo et al[217] investigated the performance of an internal reforming solid oxide 

fuel cell  (IRSOFC) and GT combined cycle, their developed model simulates the 

hybrid system at steady state operation, the model analyses only the energy efficiency 

to rate the performance.  

Ameri et al[218] also simulated an atmospheric SOFC and GT hybrid system in which 

they assessed the effect of several operating conditions on the system performance.  
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Other studies on simulation and performance studies of SOFC hybrid systems have 

been reported by Chan et al[38, 125], Burbank et al[219], Yang et al[220], Chinda et 

al[39]. These studies have emphasised on the plant efficiency and specific work output 

for a particular system configuration. 

Some other authors carried out comparative performance studies on different flow 

configurations. A study by Tucker et al[221] compared three different configuration 

designs on the basis of efficiency, operability issues and component integration while 

Zhang et al[222] compared two different air re-heating methods; they compared both 

configurations on the basis of operating pressure, operating temperature and 

efficiencies of the gas turbine components. 

It is only recently that a few authors have begun to incorporate exergy studies as part 

of the hybrid cycle performance studies. Exergy studies are the application of second 

law of thermodynamics in assessing the irreversibility’s in hybrid system.  

Haseli et al [215], Sreeramulu et al[119], Calise et al[119] and Granovskii et al[223] all 

included exergy analysis in their model.  

Calise et al [119] carried out a detailed exergy analysis on a coupled SOFC-GT plant 

by using  exergy analysis to study the distribution of efficiency defects in each 

component while Granovskii et al[223] used  exergy analysis in comparing two different 

SOFC-GT configurations, they then calculated their efficiency and compared the 

performance.  

7.2 Different configurations of practical gas turbine cycles 

A simple gas turbine unit is shown in Figure 7-1. Air enters at state 1 through the air 

compressor (AC), where it is pressured to state 2, after which it passes to the 

combustor (C). Energy is supplied in the combustor by adding fuel into the air stream, 

the resultant hot gasses at state 3 expands in the gas turbine (GT). In order to achieve 

network output from the system (𝑃𝑡 − 𝑃𝑐), the turbine must produce more gross work 

output than that required to power the compressor and overcome the mechanical 

transmission losses.  
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                                  Figure 7-1: Simple gas turbine plant 

 

The recuperated gas turbine unit is presented in Figure 7-2 in which the hot exhaust 

gases leaving the power turbine is passed through a heat exchanger, where the heat 

from the gases is used to raise the temperature of air leaving the compressor , the heat 

exchanger in this case is called a recuperator ( R).  

 

Figure 7-2: Recuperated gas turbine plant 

 

The intercooled recuperated gas turbine unit is shown in Figure 7-3, in which the 

compression of the inlet air is carried out in two stages (AC1 and AC2) with an 

intercooler (IC) between the compressors, as such, the work input to the compressor 

for a given pressure ratio and mass flow is reduced, consequently leading to improved 

gas turbine performance. 
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Figure 7-3: Recuperated gas turbine plant with intercooling 

 

7.3 Thermodynamic analysis of the gas turbine plant components 

The thermodynamic performance of each component highlighted above will be 

analysed in this section. The first law of thermodynamics which analyses the energy 

changes and the second law which deals with the exergy changes will be employed 

for the steady state flow in the cycle. 

7.3.1 Compressor 

The isentropic efficiency of the air compressor is given as: 

 
𝜂𝑐 = 
ℎ2𝑠 − ℎ1
ℎ2 − ℎ1

= 
𝑐𝑝,𝑎(𝑇2𝑠 − 𝑇1)

𝑐𝑝,𝑎(𝑇2 − 𝑇1)
 (7-1) 

The ideal temperature of air at the outlet of the compressor can be determined from 

the following isentropic relationship 

 𝑇2𝑆
𝑇1
= (
𝑝2
𝑝1
)
𝛾−1 𝛾 

 (7-2) 

Carrying out an energy balance for the compressor, the work required for the 

compressor to produce a compression ratio of 𝑟𝑝 is given by 

 �̇�𝑐 = �̇�1(ℎ2 − ℎ1) (7-3) 
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The entropy balance equation for the compressor can be expressed as 

 �̇�1𝑇0𝑆1 − �̇�1𝑇0𝑆2 − 𝑆𝑔𝑒𝑛 (7-4) 

Hence the entropy generation rate for the compressor can be expressed as 

 𝑆𝑔𝑒𝑛 = 𝐼𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 = �̇�1𝑇0(𝑆2 − 𝑆1) (7-5) 

Where 𝑇0 is the external environmental temperature and 𝑆 is the entropy value of the 

state under consideration, 𝐼 is the irreversibilites. 𝑆𝑔𝑒𝑛 is also known as the exergy 

destruction rate in the compressor. 

The equations expressed above apply also for the second stage compressor (AC2) in 

Figure 7-3. 

7.3.2 Recuperator 

The recuperator effectiveness for Figure 7-2 is defined to allow for the calculation of 

the temperature difference necessary for the transfer heat, it is described as 

 
𝜖𝑅 = 
𝑇3 − 𝑇2
𝑇6 − 𝑇2

 (7-6) 

Using the energy balance equation, the exhaust temperature of the cycle may be 

obtained: 

 𝑚2(ℎ3 − ℎ2) =  𝑚6(ℎ6 − ℎ7) (7-7) 

Also, the entropy balance equation for the recuperator may be expressed as 

 �̇�2𝑇0𝑆2 − �̇�3𝑇0𝑆3+ �̇�7𝑇0𝑆7 − �̇�8𝑇0𝑆8 + 𝑆𝑔𝑒𝑛 (7-8) 

Thus, the entropy generation rate within the recuperator is expressed as 

 𝑆𝑔𝑒𝑛 = 𝐼𝑟𝑒𝑐𝑢𝑝𝑒𝑟𝑎𝑡𝑜𝑟 = 𝑇0[�̇�2(𝑆3 − 𝑆2) − �̇�7(𝑆7 − 𝑆8)] (7-9) 

7.3.3 Intercooler 

The work input to the compressors when intercooling is considered as described in 

Figure 7-3 is given by 

 �̇�𝑐 = �̇�1[(ℎ2 − ℎ1) + (ℎ4 − ℎ3)] (7-10) 

The intercooler entropy balance equation can be expressed as 
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 �̇�2𝑇0𝑆2 − �̇�2𝑇0𝑆3 − 𝑆𝑔𝑒𝑛 (7-11) 

 

Hence the entropy generation rate for the intercooler is expressed as 

 𝑆𝑔𝑒𝑛 = 𝐼𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙𝑒𝑟 = �̇�2𝑇0(𝑆3 − 𝑆2) (7-12) 

The work input to the compressors will be least when the pressure ratio in each 

compression stage is the same i.e. 𝑝4 𝑝3 =  𝑝2 𝑝1  and when the air after the first stage 

is cooled in the intercooler back to the initial temperature before the first stage i.e. 𝑇3 =

𝑇1. 

7.3.4 Combustor 

Using the simple gas turbine of Figure 7-2, the mass balance of the combustor is given 

by 

 �̇�2 + �̇�𝑓𝑢𝑒𝑙 = �̇�3 (7-13) 

The energy balance equation for the combustor is expressed as 

 �̇�2ℎ2 + �̇�𝑐𝑜𝑚𝑏 − �̇�3ℎ3 − �̇�𝑙𝑜𝑠𝑠 (7-14) 

Where 

 �̇�𝑐𝑜𝑚𝑏 =  𝑚𝑓𝑢𝑒𝑙𝐿𝐻𝑉 (7-15) 

 �̇�𝑙𝑜𝑠𝑠 =  𝜂𝑐𝑜𝑚𝑏𝑚𝑓𝑢𝑒𝑙𝐿𝐻𝑉 (7-16) 

The entropy balance equation for the combustor can be written as 

 
�̇�2𝑇0𝑆2 + (�̇�𝑆)𝑓𝑢𝑒𝑙,𝑐𝑜𝑚𝑏 +

�̇�𝑐𝑜𝑚𝑏
𝑇𝑐𝑜𝑚𝑏

− �̇�3𝑇0𝑆3 −
�̇�𝑙𝑜𝑠𝑠
𝑇0
+ 𝑆𝑔𝑒𝑛 (7-17) 

Thus the entropy generation within is combustor is given as 

 
𝑆𝑔𝑒𝑛 = 𝑇0(�̇�3𝑆3 − �̇�2𝑆2) − (�̇�𝑆)𝑓𝑢𝑒𝑙,𝑐𝑜𝑚𝑏 −

�̇�𝑐𝑜𝑚𝑏
𝑇𝑐𝑜𝑚𝑏

+
�̇�𝑙𝑜𝑠𝑠
𝑇0

 
(7-18) 

Where 𝑇𝑐𝑜𝑚𝑏 is the mean combustion temperature 
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Gas turbine 

The work required for the compressor is provided by the gas turbine, taking into 

consideration the transmission losses, the gas turbine work is given by 

 
𝑊𝑔𝑡 = 

𝑊𝑐
𝜂𝑡

 (7-19) 

 

The outlet temperature from the turbine can be determined for Figure 7-1 when the 

turbine inlet temperature (TIT) is known, by using the turbine isentropic efficiency 

definition 

 
𝜂𝑔𝑡 = 

ℎ3 − ℎ4
ℎ3 − ℎ4𝑠

 
(7-20) 

 

The ideal temperature downstream from the turbine can then be evaluated after 

obtaining the exit pressure from the gas turbine with the isentropic relationship 

 𝑝4
𝑝3
= (
𝑇4𝑠
𝑇3
)
𝛾 𝛾−1 

 (7-21) 

 

The entropy balance equation is thus expressed as 

 �̇�3𝑇0𝑆3 − �̇�4𝑇0𝑆4 + 𝑆𝑔𝑒𝑛 (7-22) 

Hence, the entropy generation rate is given by 

 𝑆𝑔𝑒𝑛 = 𝐼𝑔𝑡 = �̇�3𝑇0(𝑆3 − 𝑆4) (7-23) 

 

7.4 Comparative performance of practical GT cycles 

Performance curves are presented in this section to highlight the importance of key 

parameters. The curves use the air compression ratio 𝑟𝑝 as the x-axis. The cycle 

efficiency and net-work output were evaluated from equations presented in section 7-

3. The main operating parameters of the practical gas turbine plant are tabulated in 

Table 7-1 
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Table 7-1: Operating parameters for the practical gas turbine plant 

 

 

 

 

 

 

 

The gas turbine cycle efficiency is defined as the net work done by the turbine (specific 

work output) divided by the heat input to the combustor, which is the actual fuel-air 

ratio and calorific value of the fuel.  

 
𝜂𝑐 =

𝑊𝑁
𝑓𝑅𝑄𝑛𝑒𝑡

 
(7-24) 

 

Where 𝑓𝑅 is the actual fuel air ratio and 𝑄𝑛𝑒𝑡 is the fuel calorific value. If we assume 

that the fuel is completely burnt in the combustor, the combustion efficiency is defined 

as 

 
𝜂𝑏 =
𝑡ℎ𝑒𝑜𝑟𝑒𝑐𝑡𝑖𝑐𝑎𝑙 𝑓𝑅 𝑓𝑜𝑟 𝑔𝑖𝑣𝑒𝑛 ∆𝑇

𝑎𝑐𝑡𝑢𝑎𝑙 𝑓𝑅 𝑓𝑜𝑟 𝑔𝑖𝑣𝑒𝑛 ∆𝑇
 

(7-25) 

 

7.4.1 Simple gas turbine cycle 

The efficiency versus pressure ratio and specific work output against pressure ratio 

curves for a simple gas turbine cycle are presented in Figure 7-4. The figure shows 

that the cycle efficiency and the specific work output are dependent upon the Turbine 

inlet temperature (TIT) as well as the pressure ratio(𝑟𝑝). Furthermore, the Figures show 

that for each value of TIT, the cycle efficiency has a peak value at a particular 𝑟𝑝 

 

isentropic efficiency of compressor   (𝜼𝒄) 0.85 

Isentropic efficiency of turbine   (𝜼𝒕) 0.87 

Mechanical transmission efficiency  (𝜼𝒎) 0.99 

Combustion efficiency     (𝜼𝒃) 0.98 

Recuperator effectiveness  (𝜼𝑹) 0.8 

Pressure losses 

Combustor  (∆𝒑𝒃) 2%  

Recuperator air side  (∆𝒑𝑹𝒂) 3% 

Recuperator gas side  (∆𝒑𝑹𝒈) 4% 

Ambient conditions 

Temperature   (𝑻𝟏) (𝑲) 288 

Pressure  (𝒑𝟏) (𝒂𝒕𝒎) 1 

Source: Ref [119, 215] 
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Figure 7-4: Performance of simple gas turbine cycle (a) efficiency  (b) specific work 

 

A slight reduction in the cycle efficiencies is noticed at higher pressure ratios, this is 

because of the reduction in fuel supply needed in maintaining the TIT. When the 

pressure ratio is high, the compressor exit temperature increases, thereby reducing 

the heat needed from the combustor to maintain the TIT. It is also noticed that the 

optimum  𝑟𝑝 which gives the maximum efficiency is different from that for the maximum 
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the maximum specific work is 8, since the curves are quite flat near the peak, any  𝑟𝑝 

value between both can be used without any significant loss in efficiency. 

The advantage of a high TIT is evident from the curves. The efficiency increases with 

increasing TIT; this is due to the improved positive turbine work compared to the 

negative compressor work. A close look at Figure 7-4a indicates that the efficiency 

gain is marginal when the TIT is increased from 1200K to 1300K, the same cannot be 

said for the specific work in Figure 7-4b where no such marginal increment is observed 

when the TIT is increased to 1300K. 

7.4.2 Recuperated gas turbine cycle. 

The performance curves for the recuperated gas turbine cycle is presented in Figure 

7-5, In this case, the addition of a heat recovery steam generator (HRSG) only causes 

a slight reduction in the specific work output when compared to the simple gas turbine 

cycle of Figure 7-4b, this reduction is due to the pressure losses in the air and gas 

sides of the recuperator. However, as shown in Figure 7-5a, the efficiency curves are 

quite different. Recuperation substantially increases the cycle efficiency and reduces 

the optimum pressure ratio. 
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Figure 7-5: Performance of the recuperated gas turbine cycle (a) efficiency  (b) specific work 

 

Comparing the case for TIT 1200K, the maximum efficiency for the simple GT case 

was 24.9% at a 𝑟𝑝 of 14, while for the recuperated GT case, the maximum efficiency is 

30.5% at a 𝑟𝑝 of 6. More observations can be made from Table 7-2 regarding the 

recuperated case at 1200K 

 

Table 7-2: Results for 1200K turbine inlet temperature  

 

 

 

 

 

 

First, in order to obtain a compressor delivery temperature of up to 1073K (for the 

cathode inlet for the SOFC-hybrid system) from compressor heating alone, the 

compression ratios have to be much greater than 20 (𝑟𝑝 ≥ 20), at such pressure ratios, 

the net power from the turbine and cycle efficiencies will be significantly low, second, 

the table shows that for a recuperated cycle, heat exchanging between the turbine 

exhaust gases and inlet air to the combustor is only possible up to a 𝑟𝑝 of 14, beyond 
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20 149.28 747 721.27 



203 
 

this, the turbine exhaust gases will not have enough heat to increase the air 

temperature to the combustor. 

Figure 7-6 compares the performance of a recuperated GT cycle with and without 

intercooling when the TIT is set at 1200K. For the recuperated case, the addition of an 

intercooler improves both the cycle efficiency and the specific work output 

considerably; this is because intercooling will reduce the overall compression power 

thereby increasing the turbine specific work output.  The curves of Figure 7-6 are based 

on the assumption that the inlet air to the second compressor (AC2) is cooled to the 

inlet temperature of the first compressor (AC1) and that the pressure ratios for both 

compressors are equal. 

 

 

Figure 7-6: Comparison of recuperated GT cycle with and without intercooling (a) efficiency  
(b) specific work 
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Generally, the recuperated GT is preferred; the complexity in terms of cost and 

compactness can be quite significant when intercoolers are incorporated, as they are 

quite expensive and bulky.  

7.5 Hybrid SOFC/GT system. 

The hybrid system combines the SOFC with a GT plant, this system is identified as a 

superior power generation technology compared to other options[222], since the SOFC 

will produce a fraction of the total power, thereby increasing the efficiency of the cycle. 

The simulation and performance analysis of the SOFC/GT hybrid system is carried out. 

Two basic SOFC/GT configurations for reheating the air into the cathode were studied 

(combustor exhaust recycle (CER) and recuperator heat exchanger (RHE)) and their 

performance compared 

7.5.1 Combustor exhaust recycle (CER) 

A portion of the exhaust flue gas after the combustor is recycled and mixed with the air 

going into the cathode in order to preheat the cathode inlet; the recirculated mass flow 

is adjusted to maintain the cathode inlet temperature at 1073K.  

Simplified process flow sheet of the SOFC/GT hybrid system with the CER cycle is 

shown in Figure 7-7. The air (1) is compressed in the compressor AC (2) and preheated 

in the recuperator R1 (3) by the exhaust gases (11) from the gas turbine. Afterwards, 

the temperature of the preheated air (3) is increased by mixing in M1 with the recycled 

exhaust gases (10) from the combustor before going into the cathode (4) side of the 

SOFC. The air inlet temperature (4) of the cathode is controlled by adjusting the mass 

flow of the recycled portion (10) from the combustor exhaust. A high temperature 

booster (BS1) is used in recycling the flow.  For the fuel stream, the methane gas (15) 

is compressed in the fuel compressor FC (16), after which it is preheated in the low 

temperature recuperator RE2 (17), it is then mixed with water from the heat recovery 

steam generator (HRSG) (25) in M3, here, the exhaust heat from R2 (13) is used in 

heating the water from the pump (25). The fuel stream (18) is then further mixed with 

some recirculated portion of the steam from the anode exit (21) in the pre-reformer PR, 

which pre- reforms the methane stream up to 30% before been completely reformed 

in the anode of the SOFC. The air steam (4) and the fuel stream (19) in the SOFC 

stack drive the electrochemical reactions occurring in the reaction layers of both 
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electrodes. The DC current produced by the SOFC through an external circuit is 

converted to AC current by using a converter. The highly exothermic electrochemical 

reaction produces enough heat for the steam reforming reaction and also to heat up 

the cathode and anode streams. The unutilized fuel stream gas (20) are further heated 

in the combustor (C) located downstream from the SOFC. The outlet flow (8) 

temperature from the combustor has enough thermal energy to power the gas turbine 

(GT) and produce useful work. 

The primary advantage of the CER configuration is to reduce cost as the need for one 

more recuperator is eliminated and also to reduce the air compressor work through a 

significant decrease in the compressor inlet flow. 
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7.5.2 Recuperator heat exchanger (RHE) 

The schematic of the process flow diagram for the recuperated case is shown in Figure 

7-8, here the inlet air (1) from the air compressor (2) is preheated by the exhaust flow 

(14) from the gas turbine in the recuperator R1, after which it is re-heated (3) by a 

portion of the exhaust from the combustor (9) in the high temperature recuperator R3. 

The exit temperature of the air in R3 (4) is controlled by the mass flow of the stream 

(8) from the separator S2, it is also regulated by adding supplementary fuel (24) to the 

combustor, this elevates the turbine inlet temperature, thereby increasing the heat in 

the combustor exit ensuring that recuperation in R3 is sufficient to preheat the cathode 

inlet air flow (4) to the set temperature of 1073K. The fuel flow process is the same as 

described in the CER configuration. 

Its primary advantage over other configurations is the potential for high energy 

efficiency at low pressure ratios. 
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Figure7-8: Schematic of the recuperator heat exchanger (RHE) configuration 
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7.5.3 Further thermodynamic analysis of SOFC/GT hybrid plant 

In addition to the thermodynamics analysis carried out for the practical gas turbine 

cycle in section 7-3, more analysis are carried out in this section on the recuperators, 

mixers, separators, SOFC and combustor.  

Recuperators                   

There are two recuperators in the CER cycle (R1 and R2), while there are three in the 

RHE cycle (R1, R2 and R3). The recuperator effectiveness has already been defined 

in Equation 7-6.  

The energy balance equations for the recuperators in the RHE cycle are expressed as: 

 𝑚2(ℎ3 − ℎ2) =  𝑚13(ℎ13 − ℎ14) 𝑓𝑜𝑟 𝑅1 (7-26) 

 𝑚18(ℎ19 − ℎ18) =  𝑚14(ℎ14 − ℎ15) 𝑓𝑜𝑟 𝑅2 (7-27) 

 𝑚4(ℎ4 − ℎ3) =  𝑚9(ℎ9 − ℎ10) 𝑓𝑜𝑟 𝑅3 (7-28) 

The entropy balance equations for the recuperators in the RHE cycle are: 

 �̇�2𝑇0(𝑆3 − 𝑆2)+ �̇�13𝑇0(𝑆13 − 𝑆14) = 𝑆𝑔𝑒𝑛 𝑓𝑜𝑟 𝑅1 (7-29) 

 �̇�18𝑇0(𝑆20 − 𝑆19)+ �̇�14𝑇0(𝑆14 − 𝑆15) = 𝑆𝑔𝑒𝑛 𝑓𝑜𝑟 𝑅2 (7-30) 

 �̇�3𝑇0(𝑆4 − 𝑆3)+ �̇�9𝑇0(𝑆9 − 𝑆10) = 𝑆𝑔𝑒𝑛 𝑓𝑜𝑟 𝑅3 (7-31) 

Mixers                   

There are three mixers in both the CER and RHE cycles (M1, M2 and M3). The energy 

balance equations for the RHE mixers are expressed as: 

 𝑚5ℎ5 +𝑚6ℎ6 = 𝑚7ℎ7  𝑓𝑜𝑟 𝑀1 (7-32) 

 𝑚11𝑚11 +𝑚10ℎ10 = 𝑚12ℎ12  𝑓𝑜𝑟 𝑀2 (7-33) 

 𝑚19ℎ19 +𝑚27ℎ27 = 𝑚20ℎ20  𝑓𝑜𝑟 𝑀3 (7-34) 

While the entropy balance equation for the same RHE mixers are: 

  𝑇0[(𝑚7𝑆7 −𝑚5𝑆5) + (𝑚7𝑆7 −𝑚6𝑆6)] = 𝑆𝑔𝑒𝑛 𝑓𝑜𝑟 𝑀1 (7-35) 
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 𝑇0[(𝑚12𝑆12 −𝑚11𝑆11) + (𝑚12𝑆12 −𝑚10𝑆10)] = 𝑆𝑔𝑒𝑛 𝑓𝑜𝑟 𝑀2 (7-36) 

 𝑇0[(𝑚20𝑆20 −𝑚19𝑆19) + (𝑚20𝑆20 −𝑚27𝑆27)] = 𝑆𝑔𝑒𝑛 𝑓𝑜𝑟 𝑀3 (7-37) 

Separators                   

There is one separator in both the CER and RHE cycles (S1). The energy balance 

equation for the RHE separators is expressed as: 

 𝑀8ℎ8 = 𝑀9ℎ9 + 𝑀11ℎ11   (7-38) 

While the entropy balance equation for the same RHE seperator is: 

  𝑇0[(𝑚8𝑆8 −𝑚9𝑆9) − (𝑚8𝑆8 −𝑚11𝑆11)] = 𝑆𝑔𝑒𝑛 (7-39) 

SOFC                                 

The modelling equations and solution to the non-isothermal SOFC model has already 

been carried out in Chapter 6.  The Direct current (DC) electric power produced by the 

fuel cell is expressed as: 

 𝑊𝑠𝑜𝑓𝑐,𝐷𝐶 = 𝑉𝑐𝑒𝑙𝑙𝑖𝑐𝑒𝑙𝑙  

 

(7-40) 

Where 𝑉𝑐𝑒𝑙𝑙 is the cell voltage and 𝑖𝑐𝑒𝑙𝑙 is the average current density. 

A schematic of the SOFC from the RHE hybrid system is extracted and shown in Figure 

7-9 

 

The mass balance for this SOFC system is given as: 

  𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤

𝑖𝑛

=  𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤

𝑜𝑢𝑡

 (7-41) 
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Thus 

 𝑚4 +𝑚21 = 𝑚5 +𝑚22𝑈𝑓 +𝑚22(1 − 𝑈𝑓) (7-42) 

 

Where 𝑈𝑓 is the fuel utilisation factor. 

 Applying the energy balance equation for the SOFC gives: 

 𝑚4ℎ4 +𝑚21(𝑈𝑓)𝐿𝐻𝑉 +𝑚21(1 − 𝑈𝑓) = 𝑚5ℎ5 +𝑚22𝑈𝑓ℎ22 +

𝑚22(1 − 𝑈𝑓)ℎ22 +𝑊𝑠𝑜𝑓𝑐,𝐷𝐶  (7-43) 

Where LHV is the lower heating value of the fuel.  

The entropy balance equation of the SOFC is written as follows: 

 𝑇0[(𝑚5𝑆5 −𝑚4𝑆4) + (𝑚22𝑈𝑓𝑆22 −𝑚21𝑆21) − 𝑚22(1 − 𝑈𝑓)𝑇0𝑆22 ] =  𝑆𝑔𝑒𝑛 (7-44) 

Combustor                                

The exhausts from the SOFC are further heated in the combustor as shown in Figure 

7-10 for the RHE cycle. The non-reacted fuel from the SOFC is considered burnt up in 

the combustor with additional fuel supplied by bye-passing the SOFC. 

 

 

 

 

 

The mass balance for the combustor is given as: 

 𝑚7 + 𝑚24 = 𝑚8 (7-45) 

While the energy balance equation can be expressed as: 

7

Type equation here.

24 

Combustor 8 

Figure 7-10: Schematic of Combustor in the RHE cycle 
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 𝑚7𝑈𝑓ℎ7 + 𝑄𝑐𝑜𝑚𝑏 = 𝑚8ℎ8 − 𝑄𝑙𝑜𝑠𝑠 (7-46) 

Where 

 𝑄𝑐𝑜𝑚𝑏 =  [𝑚7(1 − 𝑈𝑓) +𝑚24]𝐿𝐻𝑉    (7-47) 

 𝑄𝑙𝑜𝑠𝑠 =  [𝑚7(1 − 𝑈𝑓) + 𝑚24](1 − 𝜂𝑐𝑜𝑚𝑏)𝐿𝐻𝑉 (7-48) 

 

Where 𝜂𝑐𝑜𝑚𝑏 represents the combustor efficiency. The entropy balance equation for 

the combustor is given by: 

 
𝑚7𝑇0𝑆7 +𝑚24𝑇0𝑆24 +

𝑄𝑐𝑜𝑚𝑏
𝑇𝑐𝑜𝑚𝑏
 + 𝑆𝑔𝑒𝑛 −𝑚8𝑇0𝑆8 − 

𝑄𝑙𝑜𝑠𝑠
𝑇0

 

 

(7-49) 

Where 𝑇𝑐𝑜𝑚𝑏 is the adiabatic flame temperature of the combustor. 

7.5.4 Overall balance equation for hybrid cycle. 

The entire SOFC-GT hybrid power plant in Figure 7-8 for the RHE cycle can by 

analysed as a lumped volume without considering the mass generation and 

consumption in the SOFC as shown in Figure 7-11. The figure shows the inlet and 

outlet flows at the control volume boundaries. 
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Mass balance                                

The overall mass balance for the system is written as: 

 𝑚1 +𝑚17 +𝑚24 +𝑚25 = 𝑚16 (7-50) 

Where 

 𝑚1 = 𝑚2 = 𝑚3 = 𝑚4 (7-51) 

 𝑚17 = 𝑚18 = 𝑚19 (7-52) 

 𝑚25 = 𝑚26 = 𝑚27 

 

(7-53) 

 𝑚12 = 𝑚13 = 𝑚14 = 𝑚15 = 𝑚16 (7-54) 
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Figure 7-11: Lumped SOFC-GT hybrid model (a) energy balance (b) entropy balance 



214 
 

Energy balance                                

The overall energy balance of the system is given as: 

 𝑚1ℎ1 +𝑚17𝑈𝑓𝐿𝐻𝑉 + 𝑄𝑐𝑜𝑚𝑏 = 𝑚16ℎ16 + 𝑄𝑙𝑜𝑠𝑠 +𝑊𝑠𝑜𝑓𝑐 +𝑊𝐺𝑇 −𝑊𝑐𝑜𝑚𝑝 (7-55) 

The total thermal efficiency of the SOFC-GT system is defined as the ratio of the 

network output to the total energy input to the system, i.e., 

 
𝜂𝑐𝑦𝑐 = 

�̇�𝑛𝑒𝑡
𝑄𝑡𝑜𝑡

 
(7-56) 

Where 

 �̇�𝑛𝑒𝑡 = �̇�𝑠𝑜𝑓𝑐,𝑎𝑐 + �̇�𝐺𝑒𝑛 (7-57) 

 �̇�𝑠𝑜𝑓𝑐,𝑎𝑐 = 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑛𝑉𝑠𝑜𝑓𝑐𝐼𝑠𝑜𝑓𝑐 (7-58) 

 �̇�𝐺𝑒𝑛 = 𝜂𝐺𝑒𝑛 (�̇�𝐺𝑇 − �̇�𝑐𝑝
𝑎𝑖𝑟
− �̇�𝑐𝑝

𝑓𝑢𝑒𝑙
− �̇�𝑝𝑢𝑚𝑝) 

(7-59) 

 𝑄𝑡𝑜𝑡 = 𝑚𝑓𝑈𝑓𝐿𝐻𝑉 + 𝑄𝑐𝑜𝑚𝑏 (7-60) 

   

 where   

 𝜼𝒊𝒏𝒗𝒆𝒓𝒕  Is the DC-AC inverter efficiency 

 𝜼𝑮𝒆𝒏  Is the generator efficiency 

 𝒎𝒇  Is the mass flow of the fuel 

 𝒏  Is the number of cells in the sofc stack 

 𝑽𝒔𝒐𝒇𝒄  Is the cell voltage 

 𝑰𝒔𝒐𝒇𝒄  Is the current density 

 �̇�𝑮𝑻  is the work done by the gas turbine 

 �̇�𝒄𝒑
𝒂𝒊𝒓

  Is the workdone by the air compressor 

 �̇�𝒄𝒑
𝒇𝒖𝒆𝒍

  Is the work done by the fuel compressor 

 �̇�𝒑𝒖𝒎𝒑  Is the work done by the pump 

 𝑼𝒇 Is the  fuel utilisation factor in the SOFC 

 LHV  Is the lower heating value of the fuel 

 𝑸𝒄𝒐𝒎𝒃  Is the heat generated in the combustor 
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Entropy balance                                

The overall entropy generation rate with the system is given as: 

 𝑆𝑔𝑒𝑛
𝑐𝑦𝑐
=  𝑆𝑔𝑒𝑛,𝑖
𝑖

 (7-61) 

 Where 𝑖 is the compressor(s), recuperator(s), SOFC, combustor, gas turbine(s). 

This can be expressed as 

 𝑆𝑔𝑒𝑛
𝑐𝑦𝑐
= 𝑚16𝑇0𝑆16 −𝑚1𝑇0𝑆1 - 𝑚25𝑇0𝑆25 −𝑚17𝑇0𝑆17 −

𝑄𝑐𝑜𝑚𝑏

𝑇𝑐𝑜𝑚𝑏
+
𝑄𝑙𝑜𝑠𝑠

𝑇𝑠𝑢𝑟𝑟
 (7-62) 

   

 

7.5.5 Simulation assumptions  

The entire SOFC/GT hybrid cycle is analysed based on the following assumptions: 

1. The flow is steady state and one dimensional. 

2. Thermodynamic equilibrium exists in the system. 

3. Kinetic and gravitational terms are neglected  

4. The combustion process in the combustor is assumed complete.  

5. Negligible heat loss to the environment. 

6. Gas mixtures are considered ideal. 

7. Pressure losses within the plant are neglected 

 

7.5.6 Steady state simulation of the hybrid plant 

The steady state simulation of the hybrid plant model was carried out partly in the 

Aspen Hysys V84 and partly in the COMSOL Multiphysics V4.3a modeller 

environment. The SOFC simulations was carried out in COMSOL while the gas turbine 

simulations was in Hysys, the models were integrated by defining the SOFC inlet 

conditions (1073K) and using the SOFC outlet conditions as the inlet conditions into 

the combustor, with all the other flow properties been synchronised. 

Typical operating conditions for the design point simulations of the plant were adopted 

from Haseli et al[215] and Zhang et al[222] and tabulated in Table 7-3 
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Table 7-3: Parameters used at design conditions  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7-4 lists the states along the flow stream for the CER cycle scheme at the design 

conditions, as seen, the specific heat capacity varies with the gas composition and the 

state temperature, a reduction in the mass flow rate through the cathode is noticed due 

to the consumption of species in the electrochemical reactions, the reverse is noticed 

in the flow through the anode where generation of species occur. 

 Gas turbine cycle 
  

 Compressor isentropic efficiency 𝜂
𝑐𝑜𝑚𝑝

  85% 

 Pressure ratio 𝑟𝑝  6 

 Turbine isentropic efficiency 𝜂
𝐺𝑇

  85% 

 Expansion ratio 𝑟𝑒  5.41 

 Heat exchanger effectiveness 𝜖𝑅  0.85 

 Combustor efficiency 𝜂
𝑐𝑜𝑚𝑏

 100  

 AC generator efficiency 𝜂
𝑔𝑒𝑛

  0.95 

 SOFC 
  

 Fuel utilisation factor 𝑈𝑓   0.85 

 Air utilisation factor 𝑈𝑎  0.25 

 Steam-methane ratio (𝑆𝑀𝑅)  2.5 

 Inlet temperature (𝑇)(𝐾)  1073 

 Operating cell voltage(𝑉)   0.7 

 DC-AC inverter efficiency 𝜂
𝑖𝑛𝑣𝑒𝑟𝑡

  0.89 

 Number of cells in stack (𝑛)  60 

 Ambient conditions 
  

 Temperature (𝐾)  298 

 Pressure (𝑎𝑡𝑚)  1 

 Inlet flow composition 
  

 Air inlet  21% 𝑂2,  79%𝑁2 

 Fuel inlet  100% 𝐶𝐻4 
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Table 7-4: Energy states for SOFC/GT system with the CER cycle 

 

 

 

 

 

 

 

 

 

 

 

 

 

From states 20 and 21, we see that about 51% of the flow from the anode exit is 

recirculated to the pre-reformer (PR). Also from state 10, the amount of exhaust gas 

recirculated from the separator S1 is about 72% of the fresh inlet air at state 1, this 

significantly increases the mass flow through the cathode; a fact responsible for the 

much smaller temperature difference through the SOFC in the CER cycle compared to 

the RHE cycle. 

   𝑪𝒑 (
𝒌𝑱
𝒌𝒈𝑲⁄ ) �̇�(𝒌𝒈 𝒔 )  𝑹 (

𝑱
𝒌𝒈𝑲⁄ )   𝑻 (𝑲)  𝒑(𝒃𝒂𝒓)  𝒉 (

𝒌𝑱
𝒌𝒈⁄ ) 

1 1.012 1.138 288.2 298 1.0 301.58 

2 1.062 1.138 288.2 525.8 6.0 558.40 

3 1.127 1.138 288.2 881.4 6.0 993.34 

4 1.219 1.959 294.6 1073 6.0 1307.99 

5 1.261 1.914 298.2 1143 6.0 1441.32 

6 2.106 0.1745 401.8 1163 6.0 2449.28 

7 1.331 2.089 306.9 1145.6 6.0 1524.79 

8 1.364 2.092 305.1 1300 6.0 1773.20 

9 1.364 1.271 305.1 1300 6.0 1773.20 

10 1.364 0.8205 305.1 1300 6.0 1773.20 

11 1.289 1.271 305.1 944.1 1.1 1216.94 

12 1.219 1.271 305.1 666.1 1.1 811.98 

13 1.216 1.271 305.1 657.5 1.1 799.52 

14 1.189 1.271 305.1 558 1.0 663.46 

15 2.248 0.022 518.33 298 1.0 669.90 

16 2.752 0.022 518.33 459.8 6.0 1265.37 

17 3.398 0.022 518.33 635.2 6.0 2158.41 

18 2.449 0.072 478.92 616 6.0 1508.58 

19 2.512 0.195 457.2 1073 6.0 2695.38 

20 2.106 0.348 401.84 1163 6.0 2449.28 

21 2.106 0.1745 401.84 1163 6.0 2449.28 

22 2.279 0.003 518.33 298 6.0 679.14 

23 4.313 0.05 461.38 298 1.0 1285.27 

24 4.313 0.05 461.38 298.03 6.0 1285.40 

25 2.06 0.05 461.38 603.6 6.0 1243.42 
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Table 7-5: Energy states for SOFC/GT system with the RHE cycle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7-5 shows the states for the RHE cycle scheme. We can see that about 30% of 

the combustor exhaust gases are recycled in the separated in S1 to heat the cathode 

inlet air to the required temperature according to the states 8 and 9. 

Figures 7-12 and 7-13 show the gas outlet flow compositions from the cathode and 

anode for both cycle schemes. While the anode exit composition are quite similar, large 

differences can be found in the cathode exhaust in which the main compositions are 

N2, H2O and O2 for the CER scheme whereas for the RHE scheme the exit gases are 

only O2 and N2. The partial pressure of steam in the anode outlet is quite high (0.748 

   𝑪𝒑 (
𝒌𝑱
𝒌𝒈𝑲⁄ )  �̇�(𝒌𝒈 𝒔 )  𝑹 (𝑱 𝒌𝒈𝑲⁄ )  𝑻 (𝑲)  𝒑(𝒃𝒂𝒓)  𝒉 (𝒌𝑱 𝒌𝒈⁄ ) 

1 1.012 1.67 288.2 298 1.0 301.58 

2 1.062 1.67 288.2 525.8 6.0 558.40 

3 1.3 1.67 288.2 893.8 6.0 1161.94 

4 1.158 1.67 288.2 1073 6.0 1242.53 

5 1.175 1.62 290.6 1158 6.0 1407.74 

6 2.12 0.1745 400.29 1193 6.0 2436.43 

7 1.259 1.78 402.23 1163 6.0 1499.18 

8 1.324 1.789 305.44 1462 6.0 1905.83 

9 1.324 0.542 305.44 1462 6.0 1905.83 

10 1.227 0.542 305.44 914.1 6.0 1172.86 

11 1.324 1.247 305.44 1462 6.0 1905.83 

12 1.289 1.789 305.44 1300 6.0 1683.50 

13 1.289 1.789 305.44 939.6 1.1 1173.56 

14 1.162 1.789 305.44 638.5 1.1 740.64 

15 1.160 1.789 305.44 633.6 1.1 735.59 

16 1.143 1.789 305.44 560.7 1.0 640.19 

17 2.248 0.022 518.33 298 1.0 669.90 

18 2.753 0.022 518.33 459.6 6.0 1265.28 

19 3.311 0.022 518.33 611.5 6.0 1938.14 

20 2.415 0.0722 478.92 594.1 6.0 1399.82 

21 2.512 0.195 457.2 1073 6.0 2695.38 

22 2.12 0.319 400.29 1193 6.0 2436.43 

23 2.12 0.1594 400.29 1193 6.0 2436.43 

24 2.279 0.0081 518.33 298 6.0 679.14 

25 4.313 0.05 461.38 298 1.0 1285.27 

26 4.313 0.05 461.38 298.03 6.0 1285.40 

27 2.049 0.05 461.38 583.3 6.0 1178.74 
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for RHE and 0.69 for CER) due to the internal reforming reaction in which a mole of 

H2O is produced for every mole of H2 reacted. The low amount of CO produced by the 

internal reforming and the unreacted H2 in the anode are burnt up in the combustor, 

thereby raising its outlet temperature. 

 

 

Figure 7-12: Anode outlet composition for CER and RHE cycles 

 

 

Figure 7-13: Cathode outlet composition for CER and RHE cycles 
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Figure 7-14:  Sankey diagrams for the energy flow in the hybrid system for the CER and RHE cycles
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Figure 7-14 shows a Sankey diagram representation of the energy efficiency the hybrid 

plant. Component values are given as percentages of the fuel input  

7.6 Hybrid system simulation results 

The results obtained from the simulations studying the effect of operating conditions 

and design parameters on the hybrid system performance are presented and 

discussed in this section. 

The main performance indicators of any thermodynamic cycle are the specific work 

output and the energy efficiency. A high specific work output is attractive because it 

requires reduced airflow through the compressor, which translates to smaller 

equipment thus reducing cost. A high efficiency is also attractive because it requires 

lower fuel consumption. However, a compromise between these performance 

indicators may have to be reached as both of them may not be maximised for the same 

hybrid system cycle. 

7.6.1 Effect of system pressure on hybrid cycle performance 

The hybrid cycle performance is studied by varying the system pressure between 2 

and 14bar. Performance curves are presented in Figure 7-15 in terms of the 

compressors work, turbine work, SOFC work, total cycle work and its efficiency. As 

can be seen, increasing the system pressure increases the specific work output of both 

the SOFC and the GT. 
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Figure 7-15: Effect of system pressure on hybrid performance (a) CER (b) RHE 

 

Increasing pressure leads to an initial increase of the cycle efficiency until it reaches 

its peak pressure after which the efficiency starts to decrease. The peak pressure for 

the CER cycle is about 4bar, while that for the RHE cycle is about 10bar. At their peak 

pressures, the efficiency of the CER cycle is higher than that of the RHE, but the 

specific work is lower. 

In the CER cycle, a fraction of the combustor exhaust is recirculated back into the 

stream before the inlet to the cathode, this adds energy to the cathode inlet steam 

thereby raising its temperature to the required inlet conditions, this in turn reduces the 

mass flow requirement through the air compressor, thus reducing the air compressor 

work thereby increasing the GT work output and efficiency. At high system pressures, 

a larger fraction of the combustor exhaust is required to be recirculated back to the 

stream to maintain the cathode inlet temperature, thus less mass flow is available for 

exon in the turbine; this is the reason for the significant drop in efficiency at higher 

pressures and why the SOFC and hybrid cycle work are more in the CER cycle than 

in the RHE cycle. 

7.6.2 Effect of turbine inlet temperature (TIT) on hybrid cycle performance  

The effect of varying the TIT on cycle performance at a constant system pressure is 

shown in Figure 7-16. The air-fuel ratio into the combustor is adjusted until the desired 

TIT is achieved. To increase the TIT afterwards, additional fuel is added directly into 
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the combustor. As seen, a higher TIT improves the specific work output to the SOFC 

and hybrid system increases, but reduces the cycle efficiency. 

 

 

 

Figure 7-16: Effect of TIT on hybrid performance (a) CER (b) RHE 

 

When the TIT increases, the GT output work increases while those of the other 

components including the SOFC remains constant. But since the SOFC is more 
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cycle efficiency is noticed. This shows that further heating of the working fluid is not 

always an effective option. However, the primary reason for afterburning is to burn up 

the un-reacted gases from the SOFC [119, 215, 224]. 

7.6.3 Effect of fuel utilisation factor on hybrid cycle performance 

The fuel utilisation factor is one of the most important parameters for SOFC operations 

as it has significant effect on the SOFC and the entire hybrid system efficiencies. The 

effect of varying the fuel utilisation at constant oxygen utilisation on the hybrid cycle 

performance is studied and presented in Figure 7-17. The mass flow rate of the fuel is 

set as an adjustable parameter to control the utilisation factor from 0.7 to 0.9. As the 

utilisation factor is increased, the current density decreases due to the increased 

depletion rate of the fuel thereby increasing the anode concentration polarisation in the 

SOFC, leading to a reduction in the SOFC efficiency. 

 

 

Figure 7-17: Effect of fuel utilisation factor on hybrid performance  

 

However, at high utilisation factor, more of the hydrogen produced in the reforming 

reactions will be consumed during the electrochemical reaction, causing an increased 

rate of the electrochemical reaction which increases its exhaust temperature and its 
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additional fuel to the combustor is now reduced, leading to increased cycle efficiencies 

at high fuel utilisation factors for both the CER and RHE cycles. 

7.6.4 Effect of component efficiencies on hybrid cycle performance 

The effect of the some of the component efficiencies such as the air compressor, fuel 

compressor, turbine and recuperators on the overall hybrid efficiency are studied and 

presented in Table 7-6.  The cycle efficiency at the base conditions using parameters 

tabulated in Table 7-3 is given tabulated in Table 7-6. The efficiencies of each 

component is then raised in turn by 5%, the resulting efficiencies are presented in the 

remaining columns of Table 7-6 

Table 7-6: Effect of hybrid component efficiencies on cycle efficiency 

 

 

 

From the table, we can see that the CER hybrid system is most sensitive to the heat 

exchanger effectiveness; a high effectiveness translates to a higher temperature of the 

stream going into the mixer M1, thus less fraction of the mass flow from the combustor 

will be needed to heat up the stream going to the cathode; this will ensure a higher 

mass flow into the turbine thereby increasing the cycle efficiency, the reverse is noticed 

when the isentropic efficiency of the turbine is increased, in which a low temperature 

stream goes into the mixer thus requiring a high fraction from the combustor. For the 

RHE case, the hybrid system is most sensitive to the gas turbine isentropic efficiency; 

a high isentropic efficiency produces a high specific work output, although the quality 

of the heat output to the recuperator is reduced, this is compensated by increasing the 

mass flow of fuel to the combustor in other to maintain the cathode inlet temperature. 

7.6.5 Comparing the hybrid cycle to a conventional gas turbine cycle. 

Figure 7-18 compares the performance of both GT/hybrid cycles against a 

conventional gas turbine cycle (has no SOFC). It can be seen that the hybrid cycles 

offer much more superior performance compared to the conventional cycle, this is 

mainly due to the presence of the SOFC as it acts as a pre-heater of the working fluid 

before entering the combustor, in addition to its considerable specific work output. Both 

  Base  𝜼
𝑭,𝒄𝒐𝒎𝒑
(+𝟓%)  𝜼

𝑨,𝒄𝒐𝒎𝒑
(+𝟓%)  𝜼

𝑮𝑻
(+𝟓%)  𝝐𝑹(+𝟓%) 

 𝜼
𝒄𝒚𝒄
(%)𝑪𝑬𝑹 68.00 +0.03 +1.0 -0.21 +2.78 

𝜼
𝒄𝒚𝒄
(%)𝑹𝑯𝑬  63.61 +0.02 +1.16 +2.36 -0.02 
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factors are responsible for the higher energy efficiencies of the hybrid cycles compared 

to the conventional cycle. 

 

Figure 7-18: Comparison of cycle efficiency at various pressure ratios between the CER, 
RHE cycles and a conventional plant (no SOFC) 

 

7.6.6 Exergy analysis of the SOFC/GT hybrid cycle 

The scheme used in computing the exergy rates of the gas streams at the various 

state points for the CER cycle is presented in Table 7-7 while that for the RHE is 

presented in Table 7-8. 
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Table 7-7: Exergy states for SOFC/GT system with the CER  

  �̇�(𝒌𝒎𝒐𝒍 𝒔 )  𝑻(𝒌)  𝒑(𝒃𝒂𝒓)   [∆𝑻]𝟎
𝒙  [∆𝒉]𝟎

𝒙 [∆𝒔]𝒚
𝒙  𝑻[∆𝒔]𝒚

𝒙  𝒆�̌�𝒄𝒉  ∑𝒆�̌�  �̇�∑ 𝒆�̌�  ∆𝒆�̌�  𝑰  

 1 0.0395 298 1 0 0  0   0   

AC 2 0.0395 525.8 6 227.8 6742.9 1.910337 569.2803  7312.18 288.8311  288.83 

 2 0.0395 525.8 6 227.8 6742.9     288.83   

 3 0.0395 881.4 6 583.4 17840 15.79701 4707.51  13701.8 541.22 252.39  

 11 0.047 944.1 1.1 646.1 21957    22668.74 1065.43  364.46 

R1 12 0.047 666.1 1.1 368.1 12224.6 11.383 3392.134  9544.21 448.6 616.85  

 3 0.0395 881.4 6 583.4 17840    13701.8 541.22   

 4 0.0696 1073 6 775 24993.5 6.641649 1979.212  18993 750.2235 209.0035  

 10 0.0301 1300 6 1002 34052 6.479699 1930.95  26120.55 786.2286  418.54 

M1 4 0.0696 1073 6 775 24993.5    18993 571.6893 214.539  

 4 0.0696 1073 6 775     18993 1321.913   

 5 0.0687 1143 6 845 26383.77 2.101331 626.1966  19757.07 1357.31 35.4  

 19 0.013 1073 6 775 29706.93 35.843 10681.21 192934.2 233322.3 3033.19  1766.83 

SOFC 20 0.0169 1163 6 865 33350.16 36.284 10812.63 32864.4 77027.19 1301.76 1731.43  

 5 0.0687 1143 6 845 26383.77    19757.07 1357.31   

 7 0.077 1145.6 6 847.6 26631.6 0.076457 22.78426  20027.68 1375.9 18.59  

 6 0.0084 1163 6 865 33350.16 0.529864 157.8994  33795 283.878  134.24 

M2 7 0.077 1145.6 6 847.6 26631.6    20027.68 168.233 115.65  

 7 0.077 1145.6 6 847.6 26631.6    20027.68 1542.13   

 22 0.00021 298 6 0 0 0 0 836510 836510 175.6671 1717.83  

C 8 0.0768 1300 6 1002 34052 34.07 10152.86 1687.47 35773.54 2747.408 2747.408 1380.98 

 8 0.0768 1300 6 1002 34052    35773.54 2747.408   

 10 0.0301 1300 6 1002 34053 0 0  35773.54 1076.8 1670.99  

 8 0.0768 1300 6 1002 35053    35773.54 2747.408  134.9 

S1 9 0.047 1300 6 1002 34052 0 0  35773.54 1211.36 1536.1  

 9 0.047 1300 6 1002 34052 0 0  35773.54 1681.36   

GT 11 0.047 944.1 1.1 646.1 21957 3.388728 1009.841  22668.74 1065.43  615.93 

 15 0.00139 298 1 0 0        

FC 16 0.00139 459.8 6 161.8 6447.7 2.277041 678.5582  7126.25 9.9  9.9 
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  �̇�(𝒌𝒎𝒐𝒍 𝒔 )  𝑻(𝒌)  𝒑(𝒃𝒂𝒓)   [∆𝑻]𝟎
𝒙  [∆𝒉]𝟎

𝒙 [∆𝒔]𝒚
𝒙  𝑻[∆𝒔]𝒚

𝒙  𝒆�̌�𝒄𝒉  ∑𝒆�̌�  �̇�∑ 𝒆�̌�  ∆𝒆�̌�  𝑰  

 12 0.047 666.1 1.1 368.1 12224.6    9444.21 448.6   

 13 0.047 657.5 1.1 359.5 11917.4 0.41389 123.34  9014.01 423.65 24.9  

 16 0.00139 459.8 6 161.8 6447.7    840.358 1.168098  5.1 

R2 17 0.00139 635.2 6 337.2 15106.56 12.95825 3861.558  13398.7 18.641 19.801  

 23 0.0028 298 1 0 0        

Pump 24 0.0028 298.03 6 0.03 1.038 14.89 4437.22  4438.258 12.42712  12.42422 

 13 0.047 657.5 1.1 359.5 11917.4    9014.01 423.65   

 14 0.047 558 1 260 8528 4.19576 1250.34  4374.38 205.6 218.05  

 24 0.0028 298.03 6 0.03 1.038    4437.22 12.42422  208.8 

HRSG 25 0.0028 603.6 6 305.6 10573.76 24.40371 7272.307  7736.9 21.66332 9.239104  

 25 0.0028 603.6 6 305.6 10573.76    7736.9 21.66332   

 18 0.0042 616 6 318 12018.1 0.618191 184.221  10598.3 29.67524 8.01192  

 17 0.00139 635.2 6 337.2 15106.56 0.933066 278.0535  13398.7 56.27454  49.56872 

M2 18 0.0042 616 6 318 12018.1    10588.3 14.71774 41.5568  

 18 0.0042 616 6 318 12018.1    10588.3 14.71774   

PR 19 0.013 1073 6 775 29706.93 35.843 10681.21 192934.2 233322.3 3033.19  1417.6 

 21 0.0084 1163 6 865 33350.13 29.66  170578.9 33379.79 1600.86   
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Table 7-8: Exergy states for SOFC/GT system with the RHE cycle 

  �̇�(𝒌𝒎𝒐𝒍 𝒔 )  𝑻(𝒌)  𝒑(𝒃𝒂𝒓)   [∆𝑻]𝟎
𝒙  [∆𝒉]𝟎

𝒙 [∆𝒔]𝒚
𝒙  𝑻𝟎[∆𝒔]𝒚

𝒙  𝒆�̌�𝒄𝒉  ∑𝒆�̌�  �̇�∑ 𝒆�̌�  ∆𝒆�̌�  𝑰  

 1 0.0578 298 1 0 0  0   0   

AC 2 0.0578 525.8 6 227.8 6742.9 1.910337 569.2803  7312.18 422.64  422.64 

 2 0.0578 525.8 6 227.8 6742.9     422.64   

 3 0.0578 893.8 6 595.8 19071 17.2 5126  14514 838.932 416.3  

 13 0.0645 939.6 1.1 641.6 21077    14404 929.07  451.55 

R1 14 0.0645 638.5 1.1 340.5 11237 12.1 3615  949.39 61.24 867.83  

 3 0.0578 893.8 6 595.8 19071    14514 838.932   

 4 0.0578 1073 6 775 25660 5.98 1781  19322 1116.84 277.9  

 9 0.0195 1462 6 1164 39557    41362 806.57  184.75 

R3 10 0.0195 914.1 6 616.1 20085 14.4 4253  17636 343.911 462.66  

 4 0.0696 1073 6 775     19322 1344.84   

 5 0.0687 1158 6 860 28857 2.5 745.2  21774 1495.86 151.01  

 21 0.013 1073 6 775 29707 35.8 10681.21 
192934.

2 233322.3 3033.19  1980.49 

SOFC 22 0.0154 1193 6 895 34270 37.1 11029 32864 78163 1203.72 1829.47  

 5 0.0687 1158 6 860 28857    21773 1495.81   

 7 0.0643 1163 6 865 30540 0.14 43.2  23413 1608.48 112.68  

 6 0.0077 1193 6 895 34270 0.9 266.8  28512 219.54  151.93 

M1 7 0.0643 1163 6 865 28905    23414 180.284 39.26  

 7 0.0643 1163 6 865 28905    23414 1505.49   

 24 0.0006 298 6 0 0 0 0 836510 836510 501.91 1505.49  

C 8 0.0645 1462 6 1164 39557 52.9 15749 1870.8 41480 2675.48 3177.38 
1671.89

4 

 8 0.0645 1462 6 1164 39557    41480 2667.87   

 9 0.0195 1462 6 1164 39557 0 0  41480 806.6   

S1 11 0.0195 1462 6 1164 39557 0 0  41480 1961.17  154.57 

 10 0.0195 941.1 6 616.1 20085    17636 343.9   

 12 0.0645 1300 1.1 1002 33687    30156 588.04 244.13  
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 11 0.0195 1462 6 1164 39557 17.9 5334  41362 1961.17   

M2 12 0.0645 1300 1.1 1002 33687    30156 1945.1 16.12 260.25 

 12 0.0645 1300 6 1002 33687    30156 1945.05   

GT 13 0.0645 639.6 1.1 641.6 21077 10.5 3141  14404 929.07  1015.99 

 25 0.0028 298 1.1       0   

Pump 26 0.0028 298.03 6 0.03 1.038 14.9 4437  4438.3 12.43  12.43 

 17 0.0014 298 1 0 0     0   

FC 18 0.0014 459.6 6 161.6 14482 28.6 8508  23018 32.23  32.23 

 14 0.0645 638.5 1.1 340.5 11237    949 61.21   

 15 0.0645 633.6 1.1 335.6 10907 0.23 69.14  550.36 35.499 25.7  

 18 0.0014 459.6 6 161.6 11482    23018 32.22   

R2 19 0.0014 611.5 6 313.5 10001 9.08 2706  15831 221.638 189.413 215.13 

 15 0.0645 633.6 1.1 335.6 10907    550.36 35.49   

 16 0.0645 560.7 1 262.7 8669.1 1.65 491.7  -2179.2 -140.56 -176.06  

 26 0.0028 298.03 6 0.03 1.038    4438.3 286.33  89.65 

HRS
G 27 0.0028 583.3 6 285.3 9808.6 23.2 6902  7344.1 20.56 265.7  

 19 0.0014 611.5 6 313.5 10001    15831 221.64   

 20 0.0042 518.3 6 220.3 6962.4 5.24 1562  11232 47.17 174.5  

 27 0.0028 583.3 6 285.3 9808.6    7344.1 20.56  201.07 

M3 20 0.0042 518.3 6 220.3     11232 47.17 26.61  

 20 0.0042 518.33 6 220.3     11232 47.1724   

PR 21 0.013 1073 6 775 29707 35.843 10681.21 
192934.

2 233322.3 3033.19  1250.78 

 23 0.0077 1193 6 895 34270 37.11 11029 180058 225357 1735.25   
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First, the exergy value of the inlet fluids (fuel and air) are calculated in the entry states 

into the plant (1, 15, 22 and 23 for the CER) and (1, 17, 24 and 25 for the RHE), the 

exergy values of the products from the reactions in the SOFC, combustor and pre-

reformer were also calculated. These values were computed using equations in 

chapter 3. The computed values were then used in calculating the exergy of other 

states of the particular working fluid by evaluating the difference in enthalpy and 

entropy between the known state and the state under consideration. The difference 

between the exergy values gives the destroyed exergy rate or irreversibility in the 

component. 

As an illustration, the formula for calculating the exergy rates of the air compressor 

(AC) is given as: 

 𝒆�̌�1 + [∆𝒉]𝟎
𝟐 − [∆𝒉]𝟎

𝟏  − 𝑻𝟎[∆𝒔]𝟏
𝟐 = 𝒆�̌�2 (7-63) 

 𝐼2−1 = 𝒆�̌�2 − 𝒆�̌�1 =  𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 𝑒𝑥𝑒𝑟𝑔𝑦 𝑟𝑎𝑡𝑒. (7-64) 

 

Figure 7-19 and 7-20 illustrates the contribution of each plant component to the total 

plant irreversibility for the CER and RHE schemes respectively. The Sankey diagram 

representation of the irreversibility’s due to the exergy destruction in both the CER and 

RHE cycles are presented in Figure 7-21 
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Figure 7-19: Destroyed exergy rate (irreversibility’s) in each plant component for the CER 

 

 

 

Figure 7-20: Destroyed exergy rate (irreversibility’s) in each plant component for the RHE
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Figure 7-21:  Sankey diagram for the destroyed exergy (Irreversibility’s) in each component for the CER and RHE cycles.
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The figures show that components where chemical (combustor) or electrochemical 

(SOFC, PR) reactions occur have very high irreversibility’s, with the maximum 

irreversibility occurring in the SOFC. However, other factors that affect the 

irreversibility’s include temperature and pressure drop across the component; as seen 

in the turbine (GT) component. 

From Figure 7.19, the most irreversible component in the CER scheme is first the 

SOFC, then the pre-reformer, combustor and GT in that order contributing 28.7%, 

23.04%, 22.44% and 10% in that order while from Figure 7-20, in the RHE scheme the 

most irreversible components are the SOFC, combustor, pre-reformer and GT 

contributing 24.4%, 20.7%, 15.5% and 12.6% in that order. 

A further illustration of the irreversibility’s of the plant for both the CER and RHE 

schemes is shown in Figure 7-22 where the effect of system pressure on exergy 

destruction rate is presented. 

 

Figure 7-22: Effect of system pressures on the destroyed exergy rate (irreversibility’s)  

 

The effect of system pressure on exergy rate is studied between 2 bar and 14 bar, 
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predominantly in the compressors, gas turbine and combustor. A higher system 

pressure would entail more compressor work input, leading to increased irreversibility’s 

in the compressor. Since the compressor is work is supplied by the turbine, its 

irreversibility’s also increases. Also, when the system pressure is increased, SOFC 

outlet temperature will decrease; this will lead to an increase in the combustor 

irreversibility since more fuel will now need to be added to maintain the turbine inlet 

temperature requirements. On the other hand, the reduced SOFC outlet temperature 

lowers SOFC irreversibility’s. However, the increased irreversibility’s from some plant 

components is greater that the lowered irreversibility’s of the other ones; ensuring an 

overall increased irreversibility rate of the entire plant for both schemes. 

Figure 7-23 shows how the turbine inlet temperature (TIT) affects the exergy 

destruction rate. The turbine inlet temperature is varied between 1200K and 1500K 

while all the other cycle parameters are kept constant. Increasing the TIT would 

translate to an increased rate of heat transfer from the combustor; this can be achieved 

by increasing the mass flow of fuel either into the plant through the fuel compressor or 

directly into the combustor. This leads to an increased mass flow within the plant and 

increased operating temperatures after the combustor due to the higher rates of 

chemical reactions, both factors contribute the a higher rate of irreversibility’s in the 

combustor, gas turbine and all other components upstream of the gas turbine thereby 

increasing the total irreversibility’s of the plant. 
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Figure 7-31: Effect of TIT on the destroyed exergy rate (irreversibility’s)  
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7.7 Conclusion 

The solutions obtained from the thermodynamic model of the hybrid GT/SOFC cycle 

are presented. The model was developed by applying the first and second laws of 

thermodynamics for each of the components in the system and also for the entire cycle 

when treated as a lumped volume. 

Different configurations of the convention gas turbine cycles are first presented and 

first law thermodynamic analysis were carried out on them. The effect of compression 

ratio on cycle efficiency and the specific work output is studied. Findings revealed that 

a compromise between cycle efficiency and specific work output has to be maintained 

for an ideal cycle and that an optimum pressure ratio exits for a cycle after which its 

performance begins to decline 

Two cycle schemes based on the cathode inlet air re-heating method for the hybrid 

GT/SOFC cycle is proposed and simulated. The combustor exhaust recirculated (CER) 

cycle is found to have a higher system efficiency at low pressure ratios than the 

recuperator heat exchanger (RHE) cycle. However, as the pressure ratio increases, 

the RHE cycle gave better system efficiencies. The effects of pressure ratio on the 

specific work output of various components in the hybrid system for both cycles were 

also investigated. 

The effect of fuel utilisation factor, turbine inlet temperature and the efficiencies of 

some plant components on the cycle energy efficiency were investigated and 

discussed. High fuel utilisation factors results in improved cycle efficiency while 

increasing turbine inlet temperature results in a drop in cycle efficiency for both cycles. 

The assessment of individual component efficiency indicate that the CER cycle 

efficiency is most sensitive to the heat exchanger recuperator effectiveness, while the 

RHE is most sensitive to the isentropic efficiency of the turbine. 

Exergy analysis were also carried out on both cycles to determine the amount of exergy 

destroyed in each component and in the entire cycle, this gives an indication of the 

irreversibility in the system.  It is observed that the SOFC, combustor, pre-reformer and 

the gas turbine contribute significantly to the total irreversibility of the entire system, 

contributing as much as 84% of the total irreversibility in the CER scheme and 73% in 
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the RHE scheme. Studies also show that the irreversibility’s increases as the system 

pressure and the turbine inlet temperatures increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



238 
 

CHAPTER8 : Conclusions and Future work 

8.1 Conclusions 

This thesis contributes to a better understanding of the physical, chemical and 

electrochemical processes in a SOFC and its integration with other energy systems. 

This developed model is expected to be useful in analysing the transport, chemical 

reaction, electrochemical reaction and integration processes involved in the operations 

of the fuel cell, with the primary aim of predicting its performance. 

 A mechanistic mathematical model of SOFC’s has been developed in this thesis. The 

model computes the various interlinked physical and chemical processes occurring 

simultaneously by prescribing algebraic and differential equations. Four important 

characteristics are outlined namely. 

1) The treatment of the electrodes; in which the electrochemical reactions are 

assumed to occur in a separate reaction layer (finite volume) consisting of void 

spaces, ionic and electronic conducting particles; in this layer, the micro modelling 

approach was used, however, the other part of the electrode was assumed to 

consist of electronic conducting particles and the void spaces; as such equations 

of charge, energy, transport and chemical reactions are considered in the region 

where electrochemical reaction occurs  

2) Based on the finite volume and micro-modelling consideration, the micro-structural 

properties of the cell e.g. porosity, specific area per unit volume, pore diameter, 

permeability, particle diameter are algebraically linked and calculated  

3) The models flexibility in choice of fuel, in addition to hydrogen, any hydrocarbon 

composed of multi-component mixture can be used and reformed within the cell. 

4)  A good number of the parameters used are functions of temperature, pressure, 

porosity and particle diameter. As such, the model is capable of performing several 

parametric studies at a variety of design and operating conditions; this analysis 

would normally be quite difficult to obtain by experiments. 

The developed isothermal SOFC model is validated with experimental and numerical 

data published in literature. The model predicts the performance of the different self-

supported structures. The anode supported SOFC, in which the anode layer was the 

thickest component was found to exhibit the best electrical performance amongst all 
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three support structures, and the most suitable for intermediate temperature operations 

due to its thin electrolyte layer, whereas the electrolyte supported SOFC are suitable 

only for high temperature operations. In anode supported SOFCs, the cathode 

overpotentials are quite significant especially its activation and ohmic components. 

Parametric studies were also carried to investigate the effect of key operating and 

design conditions, results obtained reveal that significant drop in performance is 

noticed when the temperature is reduced from 1073K to 873K, whereas, the 

performance improves when the operating pressure is increased, however constraints 

of material selection and mechanical rigidity would greatly limit the use of pressured 

SOFCs 

The model of the along the channel micro-scale non-isothermal model is presented. 

The model was validated with experimental data published in literature. The cell 

performance was compared using isothermal conditions, the difference was measured 

in terms of the potential gain due to temperature rising. The contribution of Joule 

heating, reversible heat sources and irreversible heat sources were evenly distributed. 

Velocity and pressure profiles inside the electrodes were also studied. Both the velocity 

and pressure profiles increased in the anode side due to the expansion of gases (as a 

result of the increasing temperatures) and generation of water from the oxidation 

reactions, while the profile on the cathode sides remained constant as the increased 

due to temperature rising was cancelled out by the decreased due to the consumption 

of oxygen in the reduction reaction 

A reformate mixture (30% reformed natural gas) was then introduced as fuel, the model 

was then used to predict the performance when reforming and water-gas shift 

reactions were considered in the anode electrodes, initial investigation to reveal the 

effect of the chemical reactions on cell performance showed significant improvement 

when the reactions are considered in the model. the chemical reactions aid in reducing 

the concentration overpotentials in the cell and that there is negligible temperature 

difference along the thickness of both diffusion and reaction layers 

Parametric studies on the micro-structural properties of the reaction layer were also 

carried out. Smaller particle diameter leadS to better cell performance due to the 

increased reaction area. This result is consistent at low current densities, at high 

current densities and for very low particle sizes, increased concentration polarisation 
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is noticed due to the Knudsen diffusion process been inhibited. The effect of porosity, 

volume fraction and tortuosity on cell performance was also investigated. 

The developed SOFC model is integrated in a gas turbine hybrid system. Both first and 

second law thermodynamics analysis was carried out for each component and for the 

entire cycle. Two cycle schemes based on cathode inlet-air reheating method for the 

hybrid system was proposed and simulated. The combustor exhaust recycle system 

(CER) was found to have higher efficiencies at low pressure ratios than that of the 

recuperator heat exchanger system (RHE). Effect of fuel utilisation factor, turbine inlet 

temperature and plant individual efficiencies were also investigated. tHE efficiency 

decreases with increasing turbine inlet temperatures but the specific work increases, 

also efficiency increases with increasing fuel utilisation factor. The difference in 

efficiency when the SOFC is integrated and when it wasn’t were compared and found 

to very significant. Exergy which measures the irreversibility’s in the system was also 

investigated. The SOFC, combustor, pre-reformers and gas turbine unit were the most 

significant contributors to the total system irreversibility’s contributing over 73% of the 

total. The effect of system pressure and turbine inlet temperatures on exergy loss was 

also studied. 

8.2 Recommendations for future works 

From the results obtained from the research and in order to improve the reliability of 

the model, some aspects for future research are suggested: 

 The computation domain included in the present study considered only the contact 

of the interconnect with the diffusion layer (accounting for the flow channels), In 

order to account for all the heat transfers and losses in the cell, the computational 

domain should include the interconnects 

 

 Steady state models for the isothermal, non-isothermal and hybrid models should 

be extended to dynamic simulations, which will be capable of predicting time-

dependent behaviour of the cells such as degradation, start up, shut down and 

control processes.  
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 The non-isothermal model should be extended to include heat losses which were 

not considered in this present model 

 

 The non-isothermal aspect of the model should be extended to include internal 

stress studies in other to determine the stress distribution within the cell. 

 

 The current two dimensional models can be extended to three dimensional models 

as they give better approximation of actual cell operations 

 

 The present single cell model can be extended to stack SOFC modelling 

 

 The present model only considered along the channel flow, future studies can be 

extended to include across the channel flow and their performances compare 
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