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In this study, the thermal behaviour of SOFCs within an accelerating vehicle is investigated.  

The inlet velocities and temperatures of the reactant gases are altered and simulated within a 3-D 

model.  When the temperatures of the gases were equal to the initial cell temperature, the inlet 

velocities have an inverse relation to the overall cell temperature.  Both the flow channels and gas-

electrode contact surfaces decreased in temperature when the velocity of the reactant gases 

increased.  The inlet velocities and temperature increase of the cell were shown to be proportional 

to each other.  The second half studied the thermal behaviour within a drive cycle.  The greatest 

temperature difference was experienced during the initial stage, where the vehicle accelerated from 

rest.  The most favourable condition occurred when the inlet temperatures and the initial cell 

temperatures were equal where the smallest fluctuations in temperature was encountered, while 

the electrodes operated within tolerable conditions.  
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Chapter 1 Introduction 

Fossil fuels are one of the most widely used sources of energy.  It has provided around 82% of 

the United States’ primary energy use in 2015 for buildings, industries and transportation sectors 

[1].  Despite fossil fuels being a finite resource, the demand and usage of fossil fuels within the 

nation will not be decreasing anytime soon.  There have been proven oil reserves found, increasing 

the total amount of available reserves from 2010 to 2014 by over 60% in the United States [1].  

This will increase the potential amount of oil to be recovered from 3.5 to 5.7 trillion litres [1].  The 

significant increase resulted from the new method of recovering oil and gas from unconventional 

resources such as shale within the last decade.  The production of oil and gas has risen in 

production by 40%, increasing from 11.6 x 1018 Joules to 16.9 x 1018 Joules annually [1]. 

Despite the advancements with the technology of automobiles throughout the years, only 25% 

of the total fuel inputted to the vehicle is used within the combustion process when operating [2].  

The remaining 75% of the fuel is wasted in the form of heat, noise and pollutants that are released 

into the air.  Thus, there have been significant improvements made to the functionality of 

automobiles to try and increase the fuel efficiency of current vehicles.  Examples include the 

development of hybrid and electric cars and vehicles that run on unconventional types of fuel such 

as biodiesel and natural gas.  Fuel cells are another form of alternative energy that can provide 

clean methods of transportation with minimal effects on the environment.  

Recently, manufactured electric and hybrid vehicles have been successfully tested and 

developed within the automotive industry.  This has allowed society to become more aware of 

alternative methods to use other forms of energy sources.  Allowing them to use and experience 

the various forms of energy besides the use of fossil fuels illustrates how these sources can be 

incorporated and replace conventional means of transportation.  Both electric and hybrid vehicles 

run with the use of a rechargeable battery that powers an electric motor.  One of the main problems 

encountered with these vehicles is the ability to discard the battery after its prolonged use.  There 

is also the question of how the electrical power within the batteries will be stored without the use 

of non-renewable sources. 
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1.1  Fuel Cell Technology 

Fuel cells have gained significant interest due to the promising and reliable energy production.  

They can convert chemical energy into electrical energy and water with the use of electrochemistry 

[3], [4].  Due to fuel cells being operated completely by chemical reactions, there is no need for 

mechanical components to be involved within this device.  This allows fuel cells to be low 

maintenance and have a significantly lower risk of failing due to physical mechanical problems 

some vehicles currently in use may encounter.  It is comprised of three parts: an anode, a cathode 

and an electrolyte between the two.  Depending on what type of fuel cell is being investigated, the 

electrolyte material will vary.   

Proton exchange membrane fuel cells (PEMFCs) are a well-known alternative power 

generating source.  These fuel cells are used within the popular “fuel cell vehicles” that are 

operating on the roads today.  With the use of pure hydrogen, PEMFCs generate electrical power 

when hydrogen is diffused through the electrolyte membrane.  PEMFCs have been successful due 

to their compact size, range of use and little emissions being produced [5].  Large automobile 

manufacturers such as GM, Hyundai, Chrysler and the like have installed on-board PEMFCs 

within their vehicles.  Their vehicles were driven 410 km with only one re-fuelling within a 6-hour 

time frame [5]. 

Solid oxide fuel cells (SOFCs) are another type of fuel cell that is gaining interest, working 

similarly to PEMFCs.  This type of fuel cell may be more favourable than PEMFCs due to its 

higher current and power density, as well as greater performance efficiency than PEMFCs [6].  

The SOFCs also allow larger range of fuels to be used during operation, thus allowing the hydrogen 

infrastructure problem to be bypassed.  The ability to avoid this problem allows society to save the 

large upfront cost required to implement a new infrastructure.  SOFCs operate at high 

temperatures, usually within the range of 700 to 1000 ℃, allowing a wider range of fuel to be used 

besides pure hydrogen.  Thus, some types of fuel that can be used include hydrocarbons such as 

carbon monoxide, natural gas and methane [7] - [9].  Additionally, SOFCs allow cost effective 

ceramic material catalysts and nickel to be used unlike the PEMFCs, which require platinum.   

The high operating temperature range of SOFCs has made these fuel cells become favourable 

for use in stationary power and heat generation systems, where large amounts of power are required 
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to be produced [10].  They are also used within auxiliary power units within vehicles and can also 

be integrated with gas turbine and gasification systems [11].  By using SOFCs for stationary 

applications, the thermal changes within the fuel cell become minimal, allowing any challenges 

and material failures to be avoided.  The high temperatures have made it difficult for SOFCs to be 

used within transportation applications when compared to PEMFCs.  However, this does not imply 

that SOFCs could not be considered for transportation applications. 

The hydrocarbons that can be used within SOFCs are those that are rich in hydrogen and can 

be reformed from various gas resources listed earlier.  Implementing reforming methods allow a 

bridge between the conventionally used fuels with the developing of hydrogen infrastructure. 

Steam reforming, partial oxidation reforming and autothermal reforming are three main methods 

of reforming that are commonly used, where hydrogen and carbon oxides are produced from each 

method [12].  Although the carbon oxides that are produced within these reforming methods may 

pose a problem to some fuel cells, the higher operating temperatures of the SOFCs allow the 

products to be used without the requirements of additional reactions and scrubbing techniques 

[12].  The heat released from the SOFCs has also been able to aid in providing heat for partial 

oxidation reforming reactions. With the use of an internally reforming SOFC, studies considering 

pre-reformed compounds of gasoline look promising in improving the economical and 

environmental impacts of SOFCs, particularly for automotive applications [10], [13], [14]. 

PEMFCs use platinum as a catalyst, and at the anode and cathode [15].  The problem with the 

use of platinum is the high expense, as it is a precious metal. The platinum used in PEMFCs are 

expensive and would account for approximately 17% of the manufacturing cost for an 80 kW 

PEMFC [16].  One of the main drawbacks of PEMFCs is the requirement of pure hydrogen. The 

process to acquire hydrogen and the cost to implement a hydrogen storage and distribution system 

are expensive [5].  To date, there is no method of hydrogen storage available that is comparable to 

the convenience and availability of gasoline [17].  Additionally, the catalyst has been prone to be 

poisoned by carbon monoxide, sulfur and ammonia when operating at 80 ℃, decreasing the 

performance capability of the PEMFC [12].   

As discussed previously, methods of hydrogen reforming have been researched and 

implemented for both PEMFC and SOFC purposes.  However, with carbon monoxide being 
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present within reformed hydrocarbons, the ability to use the reformed fuel within PEMFCs poses 

to be a large problem that must be overcome.  These complications cause PEMFCs to be more 

difficult to adapt and accept as a main method of transportation.  Thus, SOFCs may be more viable 

alternative for mass production due to the ability to lower manufacturing costs, as well as the 

ability to use a larger range of supplied fuel.  It is hoped that SOFCs may be able to replace the 

PEMFCs that are currently being used for transportation methods.  Doing so will allow a greater 

chance for fuel cells to become more adaptable to the current infrastructure, and thus allow society 

to have an easier transition to use this method for transportation. 

The advantages of SOFCs are desirable and may seem more reliable than PEMFCs to society. 

However, the research of SOFCs must be further developed and tested in less than ideal and more 

realistic operating conditions.  Much more analyses should be conducted before SOFCs are 

deemed to be an acceptable and reliable form of alternative energy to be used by the public.  

Performance uncertainty poses a major problem for current research of SOFCs, as the research and 

published papers are mainly comprised of theoretical assumptions, calculations and computer 

simulations.  The unknown effects of the inlet gases and conditions of the initial state of the fuel 

cell are two major parameters that have yet to be studied.  The thermal changes produced when a 

vehicle is in motion will be affected by the inlet gas velocities and temperatures, where the effects 

on the overall performance of the fuel cell is still not widely known.  More experimental studies 

should be analyzed and considered before SOFCs can be stated to become a reliable form of 

technology, particularly for automotive applications.   

1.2 Objectives 

The objective of this study is to establish a further understanding how SOFCs behave when 

placed in transient conditions where the fuel cell will encounter varying load parameters.  The 

study specifically considers the thermal behaviour of SOFCs under these circumstances.  

Answering whether or not a SOFC is capable of meeting the power requirements of a vehicle, as 

well as investigating the thermal response to the power requirements are the main objectives of 

this study.  By altering the inlet velocities of the reactant gases, as well as changing the initial 

temperature of the fuel cell, the thermal effects at various locations within a cell are investigated.  

Answering whether or not the SOFC can tolerate subsequent thermal differences within a cell is a 

key aspect to study when considering high operating temperature fuel cell used for vehicle 
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purposes.  Gaining knowledge within this area may provide better insight on the applicability of 

SOFCs to be used for automobile applications. 

Chapter 2 Description of the System 

2.1 Electrochemical Reactions 

All types of fuel cells use an ion gradient across a porous membrane to generate electricity.  

For SOFCs, warmed air enters the cathode and is mixed with steamed water to produce reformed 

fuel.  This fuel is then passed through the anode side of the fuel cell.  The reformed fuel on the 

anode side attracts the oxygen ions from the cathode, causing a migration effect across the 

electrolyte.  Once migrated, the oxygen ions bond with the fuel, creating water, electrical power 

and small amounts of carbon dioxide, depending on the fuel.  The water vapour that is produced 

is then recycled to heat the fuel and create reformed fuel once again.  The layout of a single SOFC 

channel structure can be seen in Figure 2.1.  A cell represents multiple channels that are aligned 

beside one another as shown in Figure 2.2, and a cell stack is depicted within Figure 2.3, where 

cells are stacked upon one another to increase the power output. 

Steam reforming and water-gas shift reforming are two popular methods to reform fuel for fuel 

cell purposes.  Steam reforming utilizes an external heat source to aid in reactions to take place 

that converts steam and methane into hydrogen and carbon monoxide [18].  The water-gas shift 

reforming method uses carbon monoxide and steam to produce hydrogen and carbon dioxide [19].  

Using these fuel reforming methods allows hydrogen to be extracted and be used for fuel cell 

applications.  The reformates produced within these processes can also be used as fuel within 

SOFCs [20].  However, for this study, hydrogen will be used as the fuel source.   

The amount of heat that is produced within a SOFCs will depend on the reaction rate of the 

hydrogen and oxygen.   The anodic reaction is as follows: 

  eHH 222  (1) 

Whereas the cathodic reaction with oxygen is the following reaction: 
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The product (2) is conducted through the electrolyte from the cathode to the anode, forming 

Equation (3): 

OHOH 2

22  
 (3) 

 

Figure 2.1:  Single SOFC Channel Layout 

 

Figure 2.2: One Cell Structure [8] 
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Figure 2.3: Stack Configuration [21] 

2.2  Thermodynamics 

The maximum amount of work, Wmax, a fuel cell performs relates to the change in Gibb’s 

free energy, ΔG, that is in correspondence with the reactions that are taking place for the given 

situation.  In turn, Gibb’s free energy is directly related to the electrochemical potential, E, for the 

reaction.  The relationship between the maximum work and Gibb’s free energy, as well as the 

relationship between Gibb’s free energy and electrochemical potential are portrayed in Equation 

(4) and (5), respectively.  

Wmax = -ΔG (4) 

ΔG = -neFE (5) 

In Equation (5), the total number of electrons that are released within a reaction ne and 

Faraday’s constant representing the total number of coulombs per mole of electron released F are 

considered.  Faraday’s constant is valued at 96, 485 coulombs per mole (C/mol).   

The reversible cell potential, ER, is defined to be the measured electrode potential in 

equilibrium state.  Using the example of a fuel cell running on hydrogen and oxygen to produce 

water, a fuel cell operating in standard conditions, meaning at 25 ℃ and atmospheric pressure 

(1 atm) will produce a reversible potential of 1.229 V.  In addition to the electrochemical reaction, 

the temperature and pressure also influences the reversible potential of the cell.  When the fuel cell 
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is not working in standard operating conditions, the following relations are applied to the reversible 

potential. 
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Equations (6) and (7) above portray the relation between the reversible cell potential with the 

temperature and pressure.  Within Equation (6), ΔS represents the change in entropy and ΔV’ in 

Equation (7) represents the change in volume that are resulted from the temperature and pressure 

changes. 

When considering the hydrogen, oxygen and water reaction, the entropy is seen to be inversely 

proportional to the temperature per Equation (6).  This means the reversible cell potential will 

decrease as the temperature rises within the given reaction as seen in Figure 2.4.  Observing 

Equation (7), the negative change in volume is inversely proportional to the pressure, meaning an 

increase in pressure will in turn increase the reversible potential of the cell.  

 

Figure 2.4: Temperature Effects on Reversible Potential [22] 
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2.3 Effects of Concentration 

The equations of (6) and (7) calculate the reversible cell potential, assuming the gases involved 

in the reaction are in its purest form with little to no impurities.  Utilizing gases within its pure 

form for vehicular applications is not ideal as it would be difficult to keep the gases from becoming 

contaminated, as well as limiting the total amount of available gases to be used within the fuel cell.  

The impurities of the gases used within SOFCs will therefore influence the reversible cell potential.  

The effect of the impurity on the potential is portrayed within the Nernst equation portrayed in 

Equation (8). 

)ln(K
Fn

RT
EE

e
OR   (8) 

The equation above signifies Eo as the equilibrium potential, R as the universal gas constant 

and K as the equilibrium constant.  The value of K is equal to the ratio of the activity, A, of the 

products and reactants involved within the reaction that is taking place within the fuel cell to 

produce the electrical output. The value of A is approximately equalled to 1 for solids and liquids. 

tsreac

products

A

A
K

tan

  (9) 

Utilizing the equation that involves hydrogen (H2) and oxygen (O2) as the reactants to produce 

water (H2O), the equilibrium constant in Equation (9) can be calculated as the following in 

Equation (10). 

5.0
22

2

OH

OH

AA

A
K   (10) 

If there is no concentration within the reactants, the reversible cell potential will become 

infinite and thus the cell voltage will be equalled to zero.  To prevent the concentration from 

reaching zero, there will need to be 5 to 10% excess gas concentration involved within the fuel 

cell to ensure there is a voltage being produced.  When calculating the total amount of fuel and air 
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to be inputted into the fuel cell, the fuel utilization rate and oxygen utilization rate are also 

considered. 

2.3.1 Oxygen Utilization Rate 

The oxygen utilization rate (OUR) within a fuel cell may be defined as a ratio of oxygen that 

is reacted within the cell to the total number of moles of oxygen fed into the fuel cell.  The total 

amount of electrical output a SOFC will depend on the total number of successful reactions that 

occur within the fuel cell.  Yokoo et al. [23] discuss OURs to be approximately 70% for a SOFCs 

stack operating around 1273 K from experimental analyses.  For this study, the OUR is estimated 

to be around 60% for air.  

2.3.2 Fuel Utilization Rate 

Like the OUR, the fuel utilization rate (FUR) is described to the ratio of the number of moles 

of fuel reacted to the total number of moles of fuel inputted into the channel.  From previous 

experiments, it has been concluded for SOFCs to have an average FUR range of 80% to 90% for 

a cell operating at a voltage of 0.75 V to 0.8 V respectively per Muller et al. [24] and 

Sidwell et al. [25].  As the studied model operates at 0.75 V, the FUR was set to equal 80% for 

this study.  

2.4 Polarization Losses 

Losses encountered within a fuel cell will become more prominent as more current is drawn 

from the system.  Thus, reversible conditions only exist when the circuit of the fuel cell is in an 

open circuit.  There are three main irreversible losses, or polarization, encountered within all types 

of fuel cells.  These include activation, concentration and ohmic polarization losses.  Each loss 

plays a vital role in overall fuel cell performance.  Figure 2.5 portrays the effects the cell current 

has on the cell potential. 
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Figure 2.5: Loss in Cell Voltage due to Polarization Losses [22] 

The operating voltage of the fuel cell is calculated to be the difference in total reversible cell 

potential, V, with the polarization losses that take place when the cell is operating.  The resulting 

overall operating cell voltage can be written in Equation (11): 

ocaR  -  -  - E = V   (11) 

Where ηa, ηc, ηo represent the activation, concentration and ohmic polarization losses respectively.  

The losses encountered within the fuel cell while running will influence the overall cell 

performance as seen within the Equation (11).  Optimizing the design of the fuel cell to minimize 

the polarization losses is therefore an important aspect of research and development within this 

field.  

2.4.1 Activation Polarization 

The activation polarization loss can be observed to be the first type of loss a fuel cell 

encounters in Figure 2.5.  This loss is due to the inability for the reactions to take place until enough 

energy is built-up to overcome the activation energy barrier.  The slower reactions are often 

attributed to the larger activation energy barrier that must be overcome, whereas a faster reaction 

will have a lower barrier.  Within a fuel cell, the factors that greatly affect the reaction rate may be 

from the adsorption of a reactant onto the electrode surface, the charge transfer or the result from 

desorption when the product is formed.  The inability for the reaction to take place causes an 
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increase in the amount of heat that is lost and cannot be recovered from the electrochemical 

reactions.  For this study, the charge transfer coefficients were equated to 1.4 and 0.6 for the anode 

and cathode, respectively, where these values were also used within Chaisantikulwat et al. [8] and 

Costamagna et al. [26]. 

The value of the activation polarization, ηa, is defined to be the additional amount of voltage 

that is required to offset the slow reaction rate.  This value can be written in relation to the current 

density, J, with the Butler-Volmer in Equation (12). 
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In Equation (12), Jo represents the exchange current density, α to be the charge transfer 

coefficient, T for temperature and n as the total number of transferred electrons involved with the 

reactions.  The charge transfer coefficient can be defined as the total amount of electrical energy 

required to change the rate of the electrochemical reaction.  When no current density is applied to 

the cell, the exchange current density is the rate of reversible electrochemical reactions.  The 

exchange current density signifies the ability for a surface to have a higher or lower activation 

overpotential value.  A surface with a higher exchange current density will require a higher reaction 

rate and thus a higher activation overpotential value. 

If the fuel cell encounters a large activation polarization, the right-hand side of the equation can 

be approximated to 0, thus allowing the Butler-Volmer equation to be rewritten as the Tafel 

Equation represented by Equation (13). 
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Conventionally, the Tafel Equation is written as the following: 

o

a
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Where β is defined to be a constant that is related to the electrode material and the type of reaction 

the fuel cell encounters.  For SOFCs, the reaction rates are normally high enough due to the high 

operating temperature.  This causes the activation polarization value to be equal to a small value 

and not have a significant effect. 

2.4.2 Concentration Polarization 

Concentration polarization losses occur when there is an imbalance between the rate of reaction 

and the rate particles can diffuse through a porous membrane of a fuel cell.  The imbalance between 

the two rates cause the number of reactants available at the reaction sites to become limited, 

causing a concentration gradient to be formed along the flow channels.  The slower diffusivity of 

the particles along the more concentrated regions of the flow channels become more prone for heat 

to build up and not be able to be cooled down as fast.  This type of polarization can result from the 

following: 

• Slow diffusion of reactant in the gas phase into the electrode pores 

• Solution of reactants into the electrolyte layer 

• Diffusion of reactants through the electrolyte to the reaction sites 

• Product diffuses away from the reaction site 

• Dissolution of products out of the electrolyte 

To attempt to defy the concentration polarization losses within SOFCs, the cathode and anode 

material should try and have large pores to increase the diffusivity of the reactants and products.  

Other than the porosity, the temperature, pressure, concentration of the reactant gases and the 

electrode properties will all influence the concentration polarization.  This polarization is 

dependent on the limiting current.  The limiting current can be defined to be the value of the current 

density when the potential energy of the fuel cell begins to drop rapidly due to the rate of diffusion.  

From this relation, the concentration polarization of a fuel cell with negligible activation 

polarization losses may be written as Equation (15). 
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Where JL, the limiting current density is calculated within Equation (16). 


Bz FCD

J L   (16) 

Dz in the Equation (16) represents the ability to diffuse for the reactant species, z, the term CB 

represents the uniform bulk concentration and δ is the thickness of the concentration gradient [27].  

The concentration polarization can be observed to be proportionally related to the conversion rate 

of the reactant.  It can also be determined that the limiting current is inversely proportional to the 

concentration polarization, thus an increase in the limiting current will overall decrease the 

polarization loss related to the concentration. 

2.4.3 Ohmic Polarization 

The last polarization loss observed is the ohmic polarization loss.  This loss can be related to 

the potential loss resulting from the resistances encountered by ionic and electronic conductive 

materials, as well as from the contact resistance observed at the surfaces of the electrodes and 

electrolytes, represented by RT in Equation (17).  The resistivity of the electron and proton flow 

within both the electrical and ionic conductive materials cause heat to be generated from ohmic 

polarization.  For SOFCs, ohmic polarization will attribute to large amounts of potential loss due 

to the low ionic conductivity the electrolyte is made from.  High operating temperatures and 

applying an anode supported cell to the structure to lower the electrolyte thickness are a couple of 

ways that have been investigated to combat this major loss within SOFCs [28].  

To JR  (17) 

Chapter 3 Literature Review 

3.1 SOFC Structure 

SOFCs have two main configurations that are popularly considered within recent papers: 

tubular and planar.  Both configurations provide their own advantages and disadvantages, 

depending on the purpose of their use and applications.  Tubular SOFCs contains an outer tube 
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and an inner tube where the anode and cathode are located within these two tubes, respectively.  

At the contact surface of the two tubes lies the solid oxide electrolyte, as portrayed by Figure 3.1.  

 

Figure 3.1: Tubular SOFC from Hajimolana et al. [29] 

The inner tube has an air injection tube that guides preheated air to the cathode.  Fuel is within 

the outer tube, where the oxygen ions can pass through the electrolyte and react with the fuel on 

the anode side of the fuel cell.  A major advantage with the tubular SOFCs has been able to 

successfully operate for long durations, over tens of thousands of hours, with little to no 

maintenance required during operation [30].  However, a disadvantage with this configuration is 

the major Ohmic losses compared to a planar SOFC encountered due to the longer path the current 

must flow.  

Planar SOFCs are built so there is a positive electrode, electrolyte and then a negative electrode 

with an interconnect surrounding the top and bottom layer of the stack.  Due to the low 

manufacturing cost and large amounts of production yield, planar SOFCs are a popular type of 

configuration for automobile applications.  Planar structures can produce high power densities as 

the cells are capable of easily being stacked on top of each other.  Planar SOFCs also do not have 

to be large, where SOFCs that are 10 cm by 10 cm in size can produce high enough power outputs 

to power a small facility.  One of the problems encountered with planar geometries is the inability 

to obtain a mechanically stable structure when placed in high operating temperature conditions.  

The thin layers of ceramic that are used to create the components of the SOFCs have been found 

to be a major problem encountered when the fuel cell is operating due to thermal stresses within 

the material during operation. 

Interconnect 
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3.2 SOFC Heat Transfer Models 

The high operating temperatures make SOFCs susceptible to large amounts of thermal stress 

when in use.  These stresses may arise from residual stresses, as well as the varying thermal 

expansion coefficients from the non-uniform materials used within components of the fuel cell, 

oxidizing properties within certain materials, and any external mechanical loading [31].  Many of 

these stresses endured by the fuel cell will depend solely on the material properties, operating 

conditions and the composition of the fuel cell.  The mismatch of the thermal expansion 

coefficients within the materials as well as the variation in Young’s modulus have been found to 

result in material degradation and failures [32].  The stresses produced from thermal changes 

interferes with the chemical activity within the cell, lowering the ability for the gases to efficiently 

react and thus, lower the overall power output of the fuel cell [33].  

Thermal degradation was not thought to have a significant impact on the performance of 

SOFCs earlier within the research and development, where many of the earlier published papers 

assumed an isothermal system within the models created by Xie et al., Izzo et al., Jin et al., 

Suwanwarangkul et al., Zhu et al., Nam et al., Lenhert et al., Ni et al., Xue et al., Monder et al., 

Shi et al., and Martinez et al. [6], [34] - [44].  A review of recently published thermal effects on 

SOFCs written by Hajimolana et al. [29] provides an extensive comparison between the differing 

results for when a model assumes isothermal conditions compared to non-isothermal models.  It 

was distinguished that a model with isothermal conditions allows the voltage response to be 

achieved at a higher rate than non-isothermal conditions.  This can be observed due to the large 

heat capacity values of the solid materials, causing a slower response for non-isothermal 

conditions.   The studied results portrayed how temperature affects the overall performance of a 

SOFC, thus an isothermal condition is not an accurate assumption.  The concluding remarks of 

Hajimolana et al. [29] shows it is best for the fuel cell system to account for the energy balances 

involved within the SOFC analyses.  

As a result, understanding the temperature differences of the SOFCs and their effects on 

performance are an important aspect to consider.  Observing the effects of thermal changes on the 

performance of SOFCs will aid in material selection for the fuel cell components, as well as the 

ability to develop an optimal design configuration for fuel cells that will be beneficial during 
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operation.  The ability to foresee these measures will allow prevention of material damages that 

may occur under operation. 

Convection and conduction are two types of heat transfer that is constantly applied to a heat 

transfer model for fuel cells.  As illustrated in Figure 3.2, convection is seen to occur where an 

exchange in heat between the gases flowing within both the anode and cathode side encounters the 

fuel channel walls.  Conduction heat transfer is applied to surfaces that encounters heat to be 

transferred between the solid structures of the fuel cell, typically applied within the electrolyte and 

contact surface of the solid portion of the porous electrodes.   

 

Figure 3.2: Convection and Conduction Heat Transfer Locations within a SOFC 

The effects on the change of the coefficient and constant values utilized within the heat transfer 

equations have been heavily investigated.  The thermal conductivity, convective heat transfer 

coefficient, viscosity of the fluid being investigated, as well as the enthalpy and specific resistivity 

of the gases are some examples that have been investigated by papers in the past by 

Hajimolana et al., Ji et al., and Qi et al. [29], [45], [46].  As these factors are affected by the effects 

by temperature, the stated literature considers these values to be a function of temperature.  The 

portrayal of the temperature relation is done by writing the equations as a function of temperature 

rather than being a constant value.  Additionally, Sanchez et al. [47] looks at the effects a transient 

state has on the convective heat transfer coefficient.  The concluding remarks found the 

comparison between a constant and transient coefficient values have a large effect on the produced 

temperatures along the channels of the cell.  

Radiation is a third type of heat transfer that is constantly discussed within recent papers, where 

it has been controversially discussed whether the application of radiation to studied models has an 

effect or not.  The effects of radiation in high operating temperatures of the SOFCs are believed to 
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play a vital role in the effect of heat transfer per some authors.  Those who consider this theory 

within study, such as Costamagna et al. (1998) and (2004), Hajimolana et al., Xue et al., Damm et 

al., Aguiar et al. (2004) and (2005), Iora et al., Jia et al., Achenbach (1994) and 

Achenbach et al. (1994), Burt et al., Stiller et al., Nagata et al., Suwanwarangkul et al. (2006) and 

(2007), Nehter, Dokamaingam et al., Besset et al., and Salogni [26], [29], [41], [48] - [64], discuss 

how radiation affects the overall temperature difference produced within the fuel cell.  Those who 

do not include radiation did so due to either the assumption of a uniform temperature distribution 

within the cell, such as Virkar [65], or because the effects of radiation was much lower than other 

forms of heat transfer witnessed within a cell as per Wang et al., and Yakabe et al. [66], [67]. 

The effects of radiation are summarized to depend on two parameters of the model, per 

Hajimolana et al. [29], who concluded from reading Calise et al. and Campanari’s papers [68], 

[69].  The first parameter that results in the effects of radiation is based on the temperature of the 

triple phase boundary (TPB) layer.  The second parameter was resulted from the thickness of the 

TPB layer.  Both authors studied the effects of radiation heat transfer within tubular SOFC models.  

Calise et al. [68] concludes radiation has an overall increase in temperature by up to 70% within 

their study.  It is concluded that a higher cell temperature as well as thicker electrode and 

electrolyte layers will observe a greater effect from radiation on the overall heat transfer of the fuel 

cell.  The heat produced from the radiation is considered to affect the components that contact the 

gas flow channels, which include the electrodes, interconnects and the channel walls where the 

heat would try and dissipate to the surrounding temperatures.  However, Hajimolana et al. [29] 

concluded the knowledge and understanding on whether radiative heat transfer has a large impact 

on the overall system is still unknown and would require further investigation. 

There is a limited number of papers discussing experimental research and analyses compared 

to the numerical and theoretical analyses of SOFCs.  With SOFCs in the early stages of 

commercialization, authors are finding the research and development of SOFCs to be hard to 

distinguish which assumptions within these analyses are deemed to be reliable and true when 

placed in real life scenarios.   Many papers that consider thermal analyses of SOFCs within their 

study, do so for steady state conditions.  Steady state conditions are typically encountered in power 

generation applications where there is a constant power output being applied to the system [7], 

[70].  SOFC systems with a constant power output can produce a power range of 1 – 200 kW.  
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They can generate an efficiency of 48 to 52%, depending if the SOFC system is used by itself or 

within hybrid conditions, respectively [71].  Fuel cells operating under these conditions have 

consistent amounts of electrical loading and gas flow rates supplied, thus allowing these types of 

systems to be considered a steady state.  Allowing these parameters to be applied simplifies the 

analyses for thermal modelling greatly. 

Temperature distribution studies and their effects on performance within SOFCs have been 

solved numerically numerous times and their results have been tested in the past.  Papers published 

in the earlier years tend to focus on numerical analyses and results of heat transfer, as per 

Damm et al., Daun et al., Garcia-Camprubi et al., and Kulikovsky [48], [72] - [74], whereas more 

recent papers have begun to use and rely more on computer simulation data such as 

Selimovic et al., Lin et al., and Zhang et al. [71], [75], [76].  The result of SOFCs discussed by 

multiple papers published in the past have been found to develop inconsistent concluding remarks 

for similar analyses done in various methods.  Inconsistencies include the location of the highest 

heat production within the fuel cell.  As discussed earlier, the inclusion of radiation is controversial 

based on various studies conducted by Virkar, Wang et al., and Yakabe et al. [65] - [67].  There 

have also been discussions based on which specific activation losses influence the overall heat 

transfer of the fuel cell. 

Only a handful of papers provide analyses determined from experimental results and placed in 

non-favourable operating conditions as discussed by Dillig et al., Leone et al., and Robinson et al. 

[77] - [79].  However, the ability to test fuel cells by placing them in practical applications can be 

costly and time consuming.  Computer simulations are a way to counter this problem in reducing 

both the cost and time of researchers, providing further insight to be gained regarding the structural 

and performance behaviour. 

There has been greater interest in the use of computer simulations within a few published 

papers that consider the study of thermal stresses when fuel cells are operated under standard 

driving conditions.  The start-up, shut-down and steady state conditions when a vehicle is running 

have been investigated by Selimovic et al. [71] and Lin et al. [75], where steady state conditions 

were assumed.  The higher operating temperature of 1000 ℃ allows greater power densities to be 

produced within the fuel cell, however, tends to pose a problem in performance efficiency.  To 
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attempt to maintain this ideal temperature, the design of this insulation should be considered to try 

and minimize the heat losses within the system. 

When the SOFC is running, the operating temperature has a great effect on the performance of 

a SOFC.  If the cell encounters a 10% decrease in operating temperature, a 12% decrease in overall 

cell efficiency is said to occur [29].  The internal resistance for the oxygen ions to flow becomes 

higher, thus decreasing the total amount of reactions to be able to occur when a decrease in 

temperature is observed.  To reach and maintain this desired temperature of 1000 ℃, authors have 

considered various methods to attempt to try and retain this heat to prevent any losses while the 

fuel cell is operating [80]. 

3.3 Automotive Applications 

As research for SOFCs placed in automobile applications are in the mid-stages of development, 

some researchers have considered imitating successful models produced for PEMFCs.  PEMFCs 

have been able to gain great strides in development and applications within vehicular purposes.  

This means there have been multiple published papers and experimental analyses that have 

considered transient states and have had success with their findings and concluding remarks.  

Additionally, this means differing results from computer simulations to real life applications has 

also been tested for PEMFCs.  The similar functionality of PEMFCs and SOFCs provides a great 

advantage for those investigating and developing a model for SOFCs.  Utilizing the concluding 

remarks that have been established from these papers considering transient models paves a path 

for possible methods to model the SOFCs in a similar matter. 

Although PEMFCs do not operate at a temperature nearly as high as SOFCs, temperature poses 

an issue for PEMFCs.  A main issue that comes across PEMFCs are the effects that humidity has 

on the overall performance.  PEMFCs encounter two major problems that result from temperature 

effects: drying and flooding.  Drying is a major problem within PEMFCs as they affect the 

hydration of the polymer membrane.  This in turn affects the ion conductivity [81].  Flooding 

occurs when excess amounts of water is formed on the cathode side of the PEMFC.  The 

overproduction results in water filling the pores of the gas diffusion and catalyst layer, reducing 

the cell operating efficiency [82].  The two impose a great issue to the durability and reliability of 
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PEMFCs and their performance, resulting in a necessity for research and development to be made 

within the cooling designs and devices.   

Transport effects of thermal gradients within transient systems have been reviewed by Yan et 

al. [83].  The study had stated there was a benefit to increasing the knowledge about temperature 

behaviour to prevent failures from occurring due to irreversibility that had resulted from the heat 

production.  Since this finding, Biyikoglu [81] had been able to summarize several amounts of 

works and experimental analyses that have been presented within the academic field, portraying 

the effects of temperature variances within fuel cells at all stages of operation.   

To maintain equilibrium, or to keep the fuel cell at a desired temperature, the heat produced 

from the PEMFCs must be equal to the rate of heat being released.  The ability for the PEMFCs to 

adapt to the varying heat production encountered from the transient mobile application is an 

important design criteria to consider.  This criterion should then be controlling the heat produced 

with some form of a feedback system.  This feedback system will change the required amount of 

cooling aid in response to the changed surroundings the PEMFCs encounter.  Despite the PEMFCs 

having a higher thermal efficiency of 40% than an internal combustion engine at 33%, the total 

fuel energy being rejected into the coolant is higher within PEMFCs [84].  PEMFCs require greater 

amounts of coolant to lower the heat transfer within the exhaust.  This is portrayed in Figure 3.3 

graphically.  

 

Figure 3.3: Total Amount of Fuel Energy Required within the Average PEMFC and Internal Combustion Engines [84] 

To model the required amount of cooling required for PEMFCs, there seems to be two main 

methods to calculate the requirements.  The first method, as used by Fly [84], is to observe the fuel 

cell as a 0-D geometry, meaning the whole cell is assumed to be one large system where heat is 
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transferred in and out of the system.  From there, the total amount of energy that is being inputted 

and outputted is calculated.  The difference between the outputted heat and the inputted heat will 

be the total amount of cooling that is required to keep the PEMFCs from overheating.   

The other method considers different components of the fuel cell, breaking down how each 

section will vary the heat distribution effects.  The fuel cell is broken down into multiple 

components including mass transport and momentum effects that include diffusivity and material 

conductivity for both ionic and electronic components of the material beings used.  These 

components are thought to have some form of an effect on the thermal changes produced within 

fuel cells.  The papers that consider heat being sourced from the subcomponents of the fuel cell 

can be modeled as 1, 2, and 3-dimensional (3-D) geometry.  Authors, Singh et al., [85] and 

Guaru et al. [86] consider a theoretical model and analyze a 2-D geometry to study and improve 

the transport processes of the heat and water management within PEMFCs. The concluding results 

indicated that 2-D simulations portray greater amounts of the effects on the water management of 

the PEMFCs, as well as the cell performance. 

Similarly, there are multiple ways to consider SOFCs when observing the thermal distribution.  

Papers that consider SOFCs analyzed as multi-dimensions have been discussed in the past, where 

each dimension portrayed advantages and disadvantages from each study.  Some authors conclude 

the thermal gradients to behave differently, depending on the given conditions.  These include the 

different flow configurations of air and gas by Achenbach (1994), Selimovic et al., and 

Colpan et al., [53], [71], [87], geometries of SOFCs, by Hall et al., and Bessette II et al., [88], [89], 

and the distribution and concentrations of the inlet gases Xie et al., [6]. 

Different dimensional studies that model the behaviour and performance effects have also been 

studied.  A 0-D model is found to be used when a fuel cell is part of a single component within a 

bigger model, where a general operating behaviour and or performance of a fuel cell is being 

investigated Campanari, Costamagna et al., (2001) and Bove et al., [69], [90], [91].  As mentioned 

earlier, Fly [84] considers the PEMFC to be a 0-D system where the heat transfer in and out of the 

system is the prime focus of the paper.  The total amount of heat being released was in relation to 

the total amount of power required for a vehicle in motion.  The power requirements could be met 
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accordingly with the use of a PID controller, which allowed the required current density to be 

produced by the PEMFC. 

Typically, if spatial variations in physical and chemical variables include gas concentrations, 

temperature, pressure and current density effects, these are modelled in 1-D, 2-D and 3-D 

configurations.  Aguiar et al., Costamagna et al., (2004), Magistri et al., Jiang et al., Zhang et al., 

and Sorrentino et al., considering 1-D geometry for their fuel cell tend to only look at the layers of 

the interconnects, air channels, electrodes, electrolyte and fuel channels [50], [55], [92] - [95].  

These models often neglect the physical variation among the vertical axes and assume the gas inlet 

flow to be constant within the simulations and are numerically solved.  One paper by Damm et al., 

[48] tries to optimize the operating conditions of the SOFC and the temperature of the inlet gas by 

calculating the gas flow in each channel.  The calculations were done with extensive heat transfer 

equations where the mass and energy conservations were used, and the flow as then calculated by 

integrating the conservation equations from the inlet to the outlet of the channel. 

A 2-D configuration can be solved by either mathematical or computer simulations.  This type 

of simulation model was investigated by Chnani et al., [96] who modelled and investigated the gas 

flows and thermodynamic behaviours within a fuel cell stack.  The partial pressure of the chemical 

species was calculated with the development of a fluidic model.  Similarly, Selimovic et al., [71] 

used a 2D model to investigate the dynamic model which coupled thermal and structural analysis 

to provide insight on the structural response to varying design parameters.  The studied cases 

focused on the structural analyses of both metallic and ceramic interconnects during the heat up, 

start up and shut-down processes. 

Lastly, 3-D geometries allow simulations of the internal behaviour of a fuel cell to be modeled, 

specifically regarding information with the temperature and gas distribution in the three spatial 

orientations.  Wang et al., Yakabe et al., Ferguson et al., and Recknagle et al., investigate these 

models, where models built within this configuration are simplified to present the effects of the 

various parameters being investigated on either the flow channels or the different configurations 

on the cell [66], [67], [97], [98]. 

An approach that Recknagle et al., [98] considered was to include all the components that 

create a fuel cell stack, including the internal manifolds, interconnects, sealants, on top of the 
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typical anode, cathode and electrolyte within a 3-D configuration.  The study focused on the 

thermo-fluid behaviour either for cross or parallel gas flow configurations for a planar SOFC.  This 

study did not consider the effects of radiation as it was perceived to have a negligible effect on the 

total heat being released within the model.  For this study, a 3-D dynamic model for a single 

component of the SOFC has been modelled.  This dimension was chosen to observe the effects of 

thermal behaviour has on the performance and physical properties on the SOFCs without any 

limitations on the dimensions as one may find in the 1 and or the 2-D configurations. 

There are few published papers that consider the study of thermal stress within a fuel cell that 

is operating in transient state, or under standard driving conditions.  The start-up and shut-down 

conditions before a vehicle begins to run has been heavily investigated by multiple papers such as 

Damm et al., Selimovic et al., Lin et al. and Pekson et al., [48], [71], [75], [99] where thermal 

gradients have been observed in 3-D geometries.  The electrolyte thickness and electrode layers 

were deemed to be the prime susceptible locations for material failure to occur.  However, there 

have been different concluding remarks regarding where the greatest amount of thermal stress 

occurs on the SOFCs for the two stated cases by Selimovic et al., Lin et al., Petruzzi et al., and 

Khaleel et al., [71], [75], [100], [101].  Designing the fuel cell to be able to start up in an optimal 

method and to decrease the total amount of time required to heat the fuel cell to the desired 

operating temperature is another aspect that is currently amid development.  It is important to 

consider these situations in studies that will be encountered outside of a laboratory controlled 

environment to establish a strong foundation on how these fuel cells will behave when placed in 

real life segments. 

The discussed papers indicate majority of available papers heavily focused on steady state 

operating conditions, as well as on the thermal gradients and effects of the start up and shut down.  

There are little to no consideration of observing the behavior of SOFCs within an accelerating 

vehicle.  When a vehicle is accelerating from rest, or a given speed, the inlet velocities of the gases 

are expected to change accordingly.  The effects of the changing velocities of the inlet gases to the 

overall operating temperature of the fuel cell, as well as the effects it has on the reaction rates 

within the SOFCs have not been able to be fully developed. 



25 

 

3.4 Dynamic Response Models 

Xie et al., Chaisantikulwat et al., and Nakajo et al., [6], [8], [33], have considered the effects 

of a change in vehicle acceleration, simulates the change by altering the current density, assuming 

this will be the altering variable that would be affected in this situation.  When SOFCs are placed 

within running vehicles, these fuel cells will encounter fluctuating electrical and resistive loads to 

the system, where the inlet velocities of the reactant gases will be constant while the fuel cell is 

operating.  This will affect the behaviour and performance in uncertain ways.  There are current 

papers by Chaisantikulwat et al., Menon et al., and Nakajo et al., [8], [9], [33], that consider the 

effects controllers have when SOFCs are placed in inconsistent loading conditions.  These papers 

consider the cell voltage to be kept at a constant value, then investigate the behaviour of a control 

system that would output a specific current density that is affected from the change in velocity the 

vehicle encounters. 

The stated papers are heavily focused on the control designs and optimising the feedback the 

controls outputs that would deliver the required power when the vehicle is in motion.  One of the 

earlier investigated paper by Nakajo et al., [33] demonstrated that physical properties such as the 

thermal conductivity, heat capacity and density, affected the total response time of the SOFC to 

the step response of a varying current density.  For a case of a current density reaching 300 mA 

for every square centimeter of area, the temperature of the SOFC was increased to 900 ℃ within 

200 seconds, and the response time for the cell to reach a steady state was approximated to be 900 

seconds. 

A decade after Nakajo et al.’s paper [33], multiple papers have been able build on top of its 

findings.  A dynamic model portrayed by Sedghisigarchi et al., [102] combined the transient heat 

transfer analyses by Achenbach [53] with another dynamic model discussed by 

Padullés et al., [103] where the species transport effects on the thermal gradient of the fuel cell 

was modeled.  The concluding model from Sedghisigarchi [102] assumes lumped systems along 

the fuel and air channels and does not consider any transport processes along the TPB layer of the 

SOFC. 

A simulation study by Qi et al., [46] studies a dynamic model that focused on the diffusion of 

the reactants through the porous electrodes.  This study consisted of a step input of a current 
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density, like the previously mentioned studies, and observed the time it took for the reactants to 

diffuse through the porous material.  The dynamic behaviour of the gas consumption rates could 

be studied, where it was found that the thickness of the diffusion layers had a great effect on the 

consumption rate. 

The properties of the inlet gases and their effects on the performance of a planar SOFC has 

been investigated by a couple of papers, where the compositions of the fuel cell, quality of the 

gases and temperatures of the inlet gases have been found to be of interest.  

Piroonlerkgul et al., [104] studies three different biogas-fuelled SOFC systems, where they 

include a steam-fed SOFC, air-fed SOFC and a co-fed SOFC system.  The conducted study 

involves a mathematical model that incorporates the reactions taking place within the three listed 

systems, which then is modelled within a CFD simulation software.  The study observes the effects 

of the varying inlet temperatures of both the fuel and air within the varying bio-gas fuelled SOFC 

systems.  However, the purpose of the study was to determine a suitable reforming method to be 

used within biogas-fuelled SOFC systems, resulting in little to no concluding remarks regarding 

the effects of the inlet temperature gases to the overall SOFC performance. 

The overall effect on performance efficiency the inlet gases have with these varying 

parameters has been considered by a couple of papers, one being published in 2013 by 

Djamel et al., [105].  The overall effects of the inlet gases within a planar, SOFC operating on its 

own without the consideration of a reformer, has not been mentioned in the past.  Within 

Djamel et al.’s paper [105], the temperature of the inlet gases and their effects on the overall heat 

transfer within three different configurations of a 2-D SOFC model.  These include an anode 

supported, cathode supported and electrolyte supported SOFC.  The paper considers two effects, 

where the inlet gases were equal, and another where the fuel source was hotter than the air supply.  

It was concluded that the equality of inlet temperatures observes the highest temperature within 

the gas channels and both the effects of the total heat source applied to the model, as well as the 

SOFC configuration are negligible.  A discrepancy in equality of the inlet temperatures causes the 

anode side of the fuel cell to encounter the maximum temperatures and the cathode is seen to 

dissipate the heat.  The electrolyte supported fuel cell was seen to have a greater rise in temperature 

than the cathode and anode supported SOFCs. 
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A paper presented by Hafsia et al., [106] utilizes mass and energy transport mathematical 

models to investigate the thermal behaviour of an anode-supported SOFC.  Varying gas 

temperatures of the fuel and air were investigated, observing the effects of the heat sources and the 

temperature values within the cell.  Within the paper, the concentration, ohmic and activation heat 

sources are studied, as well as the heat produced from the electrochemical reactions.  The effects 

of each heat source observed within their model were found to vary depending on the temperatures 

of the inlet gases.  Specific locations of the electrodes, electrolyte and interconnects were studied.  

However, the inlet velocities of the reactant gases were not considered on the thermal effects 

witnessed within their model.  

The purpose of this study is to model the effects inlet gases have on the overall cell 

temperature, specifically when a vehicle is accelerating to a desired velocity.  The effects of the 

inlet velocities, as well as the effects that inlet temperatures have on the cell will be investigated.  

Earlier discussed papers that consider the change in velocity of gases entering the fuel cell do so 

in either a 2-D or 3-D configuration.  The velocity of the gases was changed based on a current 

controller within the studies, and the effects these controllers and feedback responses had on the 

overall SOFCs.  The studied papers, however, do not consider collecting the power requirements 

from an energy balance perspective calculated from a 0-D configuration, nor do they consider the 

effects of both the inlet temperatures and velocities of the reactant gases.  The calculated values 

from the net energy output is then worked in unison with the calculation of the inlet velocities of 

the gas flows entering the fuel cell modeled in a 3-D configuration.  The temperatures of the 

reactant gases are also varied from the initial operating temperature of the fuel cell.  The effects 

the inlet gases based on these two parameters have on the overall cell thermal gradient is then 

studied. 

The results of this report are from studying the thermal behaviour within a SOFC based on the 

net energy loss encountered by a vehicle.  Incorporating different gas temperatures at the inlets of 

the cell, as well as varying the inlet velocities of the gases, will allow a different and new 

perspective on the performance behaviour to be studied within the cell.  The ability to investigate 

the thermal parameters and kinetics of the inlet gases will aid the research and development field 

in the requirements of the inlet gases while the vehicle is operating.  It is hoped that the ability to 

study the effects of the high operating temperature fuel cell from this perspective will enhance the 
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understanding of the behaviour in vehicular application purposes.  The change of inlet velocities 

calculated from the 0-D model are used to exemplify an accelerating and decelerating vehicle 

within a given drive cycle.   Gaining knowledge within this area may provide better insight on the 

design and layout of the SOFC, aiding in the cooling and heating processes.  It is also hoped to 

gain knowledge within the accuracy of using the inlet velocities calculated from a power 

requirement equation.  The results will then be applied within a fuel cell simulation model, rather 

than using step inputs from a controller, to control the input velocities entering within the channels 

of the cell. 

The study within this thesis uses COMSOL Multiphysics.  COMSOL allows the user to 

conduct a thermal analysis on the developed geometry and model created from the multiple physics 

applied.  This program has been used throughout this study as it allows the user to define any 

parameter and variables used within the given equations.  The development and analysis of the 

model in this study will allow further understanding on the thermal behaviour the SOFCs may 

encounter when placed in similar conditions.  It is hoped this paper will provide information to be 

used for future experimental uses involving the discussion of the effects of mass flow rates and 

inlet temperatures SOFCs are exposed to. 

Chapter 4 Modeling Approach 

The model to be studied focuses on one channel of an anode supported SOFC, where it entails 

the anode, electrolyte and cathode components, which will be referred to as the TPB layer.  

Mathematical equations were then applied to each boundary and domain layers within the model.  

The transport, mass, momentum and energy equations were considered at each location.  The 

thermal behaviour encountered within the cell model was then observed and analyzed. 

4.1 Assumptions 

The velocity of the fuel and air inlets are assumed to be constant and laminar for every channel 

of the cell.  To ensure laminar flow was encountered within the flow channels, Reynolds number 

was calculated for the air inlet velocities used within the study.  The inlet velocities of the air were 

much faster than the fuel velocities, thus were used to calculate Reynolds number.  The calculated 
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values were in the range of 300 or less, compared to the critical value of 2040 before becoming 

turbulent flow.  This validates the inlet gases to be laminar within the channels [107].  These values 

are shown within Appendix A – Reynolds Number Calculations.  The inlet velocity of the whole 

stack is also assumed to be the same velocity encountered at each inlet of the cells.  Additionally, 

there is an assumption that each cell will create the same amount of power, assuming there are 

minimal losses within the interconnects that connect the cells together, producing a stack.  To 

calculate the molar rate of fuel and air reacted, an OUR as well as a FUR have been assigned and 

are assumed to stay at a constant rate while the fuel cell is operating.  The values of these utilization 

rates may be seen in Section 2.3 Effects of Concentration, as well as Appendix B – Required Power 

Calculations for calculation purposes.  Lastly, it is assumed that there is a local thermal equilibrium 

between the solid and fluid phases in the porous matrices of the porous material used within this 

model.  

4.2 Mathematical Calculations 

The calculations demonstrated within this paper portrays the relation between the total amount 

of power required from a vehicle powered by a fuel cell to the total amount of fuel and air intake 

velocities.  Fly [84] utilizes the following equation to calculate the total amount of power required 

by a vehicle running on a PEMFC to overcome the losses encountered when being driven.  This 

equation considers the acceleration, a of the vehicle to the desired velocity, V, to the drag 

coefficient, CD and tire losses, α and β, as seen in Equation (18): 

 VmgaVACmaF frontalDairTrac  5.0  (18) 

The power required by the vehicle is then able to be calculated by multiplying the Tractive 

Effort, FTrac, value calculated from Equation (18) with the desired velocity.  For this study, three 

varying cases have been considered.  The first case considers the vehicle from rest to a desired 

speed of 30, 50 and 80 kilometers per hour (km/h) at varying accelerating rates, where these 

velocities are reached within a range of 1 to 10 seconds.  For the study being conducted, the time 

of 6 seconds was chosen for the vehicle to reach the desired velocity.   The total power calculated 

from Equation (18) was then used to calculate the total inlet velocities of the reactant gases.  The 
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calculated velocities were used in relation to the reaction rate of particles flowing through the fuel 

cell, all with respect to time.  

These three velocities were chosen as many vehicles driving within cities commonly 

encounter these velocities.  School and children-at-play locations will have a speed limit of 

30 km/h or less, whereas municipalities would have a widely-enforced speed of 50 km/h to be 

followed in neighbourhood areas.  Lastly, streets in rural areas have a speed limit of around 

80 km/h or so.  Thus, these three velocities were considered within the study.  Each different 

acceleration rate will vary the total amount of fuel and air intake within each channel of the stack.  

The calculated values of these flow rates may be seen within Appendix C – Inlet Velocity of 

Reactant Gases Calculations. 

Utilizing Fly’s [84] Tractive Effort equation, it is assumed the voltage created within the fuel 

cell will remain constant due to the voltage controller the stack will be connected to.  As the power 

of a fuel cell may vary accordingly to the current and voltage, having a constant voltage will allow 

the current to be the only variable to influence the power output.  With the current being the only 

varying factor within the system, it will allow the calculations for the power requirements to be 

simplified.  For this application, the voltage has been assumed to be 0.75 V.  It has also been 

assumed that the stack being considered contains 50 cells, as well as 20 channels within every cell.  

The total amount of power that was calculated with Equation (18) was divided by the given number 

of cells and the total surface area was multiplied by the number of channels within a cell.   

The inlet velocities of the fuel and air are assumed to be constant for every channel of the cell.  

Additionally, there is an assumption that each cell will create the same amount of power, assuming 

there are minimal losses within the interconnects that connect the cells together, producing a stack.  

To calculate the molar rate of fuel and air reacted, an OUR as well as a FUR have been assumed.  

Using both values allowed the total amount of air and fuel intake rate in moles per second.  The 

relation between the molar mass and molar flow rate allows the mass flow rate to be calculated.  

With the use of density, the total amount of velocity required for the given acceleration rate was 

given.   

The amount of gas consumed by a vehicle heavily depends on how long it takes to reach a 

desired speed [108].  It is assumed within this investigation that a driver achieving a desired speed 
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at a faster rate will require a faster inlet velocity through the electrode portions of the SOFCs.  To 

achieve this correlation, a relationship had to be developed with the inlet velocity rates of both the 

fuel and air at the channels, with the desired acceleration and or velocity rate of a given vehicle. 

4.3 COMSOL Modeling Approach 

The dimensions of the geometry used for the fuel cell approximates an anode supported SOFC.  

The size of the stack of the fuel cell will depend on the total amount of power required, where the 

model used within this model is assuming a 10 cm by 10 cm cell is used.  A commercial size 

PEMFC used within vehicle applications is assumed to be around 16 cm by 16 cm [109].  The 

stack being considered is assumed to contain 50 cells, with 20 channels within every cell.  Using 

the cathode to anode and cathode to electrolyte dimensions from the given values in 

Chaisantikulwat’s paper [8], half of the channel was modelled, assuming the inlet velocity for both 

the gas and air would not be affected throughout the whole stack.  Half of the geometry was only 

used to help reduce the run time when the software running the simulations and the length of the 

SOFC was shortened, assuming all locations of the fuel cell will be reaching similar thermal 

behaviours along the length of the fuel cell. The dimensions used are listed in Table 4.1. 

Table 4.1: Dimensions used for Computer Simulation 

Parameter Measurement 

Air and Gas Channel Height 0.5x10-3 m 

Air and Gas Channel Width 7.5x10-4 m 

Cathode Height 50 x 10-6 m 

Anode Height 700 x 10-6 m 

Electrolyte Height 10 x 10-6 m 

Anode, Cathode and Electrolyte Width 1.0 x 10-3 m 

Length of SOFC 1.0 x 10-2 m 

Using the values listed in Table 4.1, Figure 4.1 was created to study the simulation produced 

on COMSOL Multiphysics. 
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Figure 4.1: Geometry utilized within Computer Simulation, Figure on Right from Chaisantikulwat [8] 

Fuel cells require multiple transport equations to successfully model the electrical potentials 

of the SOFCs, the concentration of the anode and cathode species, various flow behaviours within 

the fuel cell, as well as the temperature changes encountered while running.  Although the model 

utilized within this paper was for a dynamic purpose of study, it is assumed that the electronic and 

ionic transports are in steady state.  This has been proven to be an accurate assumption by Haynes 

[110], which concluded both phenomena to be instantaneous.  The transient equation was only 

applied to the mass, momentum and heat transport portions of the study.  Various boundary 

conditions were applied to the model to solve the partial differential equations accurately for each 

section of the SOFCs. 

The model used within this paper utilizes the following Multiphysics available through the 

COMSOL module: 

• Fuel Cell and Battery Applications 

• Heat Transfer Module 

Within the Fuel Cell and Battery Applications module, partial differential equations listed in 

Section 4.4 are used.  
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4.4 Transport Equations 

Transport equations were required to model this simulation to properly account for the 

electron transport within the SOFC.  The transport equation utilized within these equations 

contributes to the created potential energies, species concentration effects including the diffusivity 

and reaction rates of the gases, as well as the flow profiles of the gas and the temperature change 

profiles.  The development of these transport equations, along with the application of boundary 

conditions at specific locations on the 3-D model plays a vital role on creating an accurate result.  

Figure 4.2 shows the applied equations and boundary conditions on the studied geometry.  

 

 

4.4.1 Ionic Charge Transport 

The ionic charge transport equation considers the charges that are transferred from the 

electrode-electrolyte boundary and the contributions this has on the developed current density 

within the model.  Within the equation, the ionic conductivity of the electrodes and electrolyte, as 

well as the ionic potential created at the contact surface are considered.  This equation is portrayed 

in Equation (19).  Areas where there were no transfers of ionic-charges were specified to equal a 

value of zero within the model. 

  0 ionicionic E  (19) 

The normal ionic current density at the electrode-electrolyte boundary was set equal to the Butler-

Volmer current density.  

Figure 4.2: Transport Equations, Domain and Boundary Conditions Placements 
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4.4.2 Electronic Charge Transport 

Like the ionic charge transport, the electronic charge transport considers the electronic charges 

travelling through the electrode-electrolyte boundary.  The difference between the two charges, 

however, is the electronic charge flows in an opposing direction of the ionic charge.  The 

magnitude of the normal current density was set equal to the Butler-Volmer current density, 

similarly to the ionic charge transport equation.  It is portrayed within Equation (20).  

  0 eleccelec E  (20) 

The conductivity of the materials was specified at the electrolyte, cathode and anode layers of 

the model, where the values were exponentially related to the temperature.  The calculations of 

these values can be seen in Equation (21), (22) and (23).  These values were gathered from 

Ferguson et al. [97], and has been utilized by other sources such as Chaisantikulwat et al. [8]. 
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4.4.3 Mass Transport 

Mass transport within fuel cells consists of the gases being transported through the flow 

channels and diffusing through the porous materials to allow chemical reactions to occur on both 

the anode and cathode side.  The gas transport will greatly affect the performance of the fuel cell, 

where diffusion that takes place within the electrodes.   

If mass transport is not considered, the results were found to not be accurate to those that 

considered the transport equations, as summarized by Hajimolana et al. [29], which mentions how 

some papers in the past had done.  Those models that did consider the mass transfer of the fuel cell 

were observed to have a more accurately behaved model in comparison to the experimental 

analyses.  Per Hajimolana et al. [29], the Maxwell-Stefan model was deemed to be a reliable model 
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to use to predict the diffusion activity between hydrogen and oxygen to produce water particles.  

The Maxwell-Stefan model is a commonly used model to calculate the diffusion of the gases 

flowing through the electrodes of the fuel cell and has been utilized for this study.  

The equation to portray the mass transport in the porous electrodes, as well as the flow 

channels, is shown by the continuity equation in Equation (24). 
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This equation accounts for the density, mass fraction, wi, of the species, i, the mass flux, ji, and the 

inlet velocity of the gases, u.  The mass flux value considers the molecular interactions between 

the two gases while flowing through the fuel cell composition, and can be calculated with the 

Maxwell-Stefan model as seen in Equation (25).  
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COMSOL has published an article that considers the use of the Maxwell-Stefan diffusion 

model used within a fuel cell, where calculation of Fick’s diffusivity, DiK, is found in detail [111].  

In this Maxwell-Stefan model, DiK represents the Fick-analogous Maxwell-Stefan diffusion 

coefficient for species i and k. The calculation of the diffusivity coefficient considers the 

temperature, pressure, molar diffusion volume, as well as the mass fraction. Additionally, xk 

represents the mole fraction of species k, P represents the pressure within the equation.  The value 

of xk is calculated in the following way.  
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The values of both the mass fraction and the molar mass of the given elements within the 

gases are set to the following values, portrayed within Table 4.2. 
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Table 4.2: Mass Fractions used within Model 

Variable Name Value (g/mol) Description 

Mh2 2 Molar mass, H2 

Mo2 32 Molar mass, O2 

Mn2 28 Molar mass, N2 

Mh2o 18 Molar mass, H2O 

 

4.4.4 Momentum Transport 

Momentum transport is applied as the velocity of the particles will influence the heat transfer 

coefficients to both the anode and cathode electrodes within a fuel cell.  The velocity of the 

particles will affect the reactions occurring, mass transfer and thus the total amount of heat that is 

released when the SOFC is operating.  There are some papers published in the past that do not 

consider the conservation of momentum within their study.  However, when compared with 

models that do consider this phenomenon, such as Bhattacharyya’s [21] model, the change in 

velocity observed within the cathode side of the fuel cell was affected greatly.  This was concluded 

to occur due to the concentration of oxygen to remain higher when momentum is conserved on the 

cathode side of the channel.  This allowed a higher concentration of oxygen to remain at the TPB 

layer.  

To account for the momentum transport within the model, the flow within the gas channels 

and the porous electrodes applied the Navier-Stokes equation to the said boundaries in 

Equation (28).  The term, T, in Equation (28) is referring to temperature of the fluid, and µ refers 

to the viscosity of the working fluid, along with the continuity equation shown by Equation (29). 
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The electrodes within a fuel cell are made from porous material, allowing the atoms to flow 

through for the reactions to occur.  Within the porous layers of the electrodes, Darcy’s Law was 

calculated applied to the porous materials within the SOFC electrodes.  Darcy’s Law is represented 

in Equation (30). 
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 (30) 

Equation (30) is seen to account for the permeability of the electrodes, κ, in relation to the 

viscosity of the fluid to calculate the speed of the gases flowing through this section of the cell.  

At the two outlets of the SOFC, the pressure was assumed to be at atmospheric pressure and back 

flow was suppressed.  The velocity that was calculated using Fly’s [84] equation was specified at 

the inlets of the channels. It is assumed that these inlets encounter laminar flows from the gases 

and the velocities are uniform at the inlets.  

The velocity at the electrode-electrolyte boundaries were assumed to be varied in relation to 

the reaction rate, where the reactants being consumed and products being produced were 

considered at these layers.  The relation of the velocity with the reaction rate of the gases are 

portrayed in Equation (31). 
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Equation (31) distinguishes n as the unit normal vector, a’ to be the stoichiometric coefficient, 

J, as the current density of the cell as calculated from Equation (12), discussed in Section 2.4.1 

Activation Polarization. The density value was modelled so the results of the transport of the 

particles within the electrodes were used within the density value of the Navier-Stokes equation.   

4.5 Heat Transfer Equations 

The heat transfer within the SOFC model was an important component to include, as much of 

the components were temperature dependent.  To account for the various heat effects of each 

component, various heat transfer physics were applied to the domains of the model.  Applying the 

different heat transfer to each component of the model allowed a detailed analysis of thermal 

behaviour within the fuel cell to be developed and summarized.  
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4.5.1 Conductive and Porous Media Heat Transfer 

The conductive heat transfer model was used in conjunction with the heat transfer in porous 

media within this model.  It should be reiterated that local thermal equilibrium between the solid 

and liquid phases are assumed within the study.  The heat transfer was applied to the solid 

electrolyte within the model as well as the porous electrodes within the observed computer 

simulation.  The solid heat transfer equation considers the specific heat capacity, density and the 

effective thermal conductivity of the material where the equation applies.  The effective thermal 

conductivity allows the porosity of the porous electrodes to be considered within the equation, 

where it distinguishes the thermal conductivity of both the fluid and solid properties within the 

porous material.  

Within the conductive heat transfer equation, there are two main heat sources that contribute 

within the SOFCs due to material resistances the current encounters and irreversible heat loss from 

electrochemical reactions.  Both heat sources are discussed in detail in Section 4.5.2 Heat Source.  

The considered heat sources have been applied within the computer simulation to the necessary 

boundaries of the model.  Equation (32) considers the conductive heat transfer, with the addition 

of the heat source value at the end. 

     QTkTC
t

effp 



  (32) 

The given equation considers the density of the material, ρ, specific heat source, Cp, the 

effective thermal conductivity of the material, keff. To consider the porous solid structure within 

the model, effective thermal conductivity utilized within this equation considers the thermal 

conductivity of both the fluid and solid portions of the material.  This is seen within Equation (33). 

sfeff kkk )1(    (33) 

Equation (33) above uses the symbols f and s to denote the fluid and solid portions of the porous 

materials, respectively, and φ portrays the porosity of the electrode material.  

The velocity and pressure used within the Porous Media Heat Transfer study was coupled 

with the velocity and pressure produced from the Momentum Transport section.  Coupling is a 



39 

 

function within COMSOL which allows values that had been produced within one section of the 

study to be used as the input value within another study.  As a result, two sections within the study 

can work in conjunction with each other.  

4.5.2 Heat Source 

The term, Q, discussed in the prior section that is applied to the solid and porous heat transfer 

equation is broken into the following equation. 

actohm QQQ   (34) 

Where Qohm in Equation (34) illustrate the heat produced from the ohmic concentration losses, and 

Qact is the heat produced from the activation over potential loss. Both heat sources were coupled 

in the heat transfer module with the current density produced within the current distribution study. 

Ohmic heat is created from the resistivity of the electron and proton flow within the electrical 

and ionic conductive materials.  The resulting resistances are found to be from the gas diffusion 

layer, bipolar plates as well as the current collectors.  This heat source is applied to the domains 

of the porous electrodes and electrolyte where electrical current can conduct through.   

Recalling back to Section 2.4 Polarization Losses, the activation polarization is caused from 

the inability of the reactants to react due to the activation barrier required to overcome before a 

reaction can take place.  The inability for the reactants to react causes an increase in the amount of 

irreversible heat loss that cannot be recovered from the electrochemical reactions.   The amount of 

energy required to overcome the activation barrier is determined by the activation over potential, 

where this is related to the charge transfer coefficient (CTC) and the internal current density. 

Within the model, the following equation was used to show the relation between the current 

density and the thermal conductivity of the applied material.  



2J
Qohm   (35) 

The activation polarization was applied to only the contact surface of the electrode and electrolyte 

on both the anode and cathode boundary layers of the fuel cell.  At this boundary, the irrecoverable 
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heat loss from the electrochemical reactions was subtracted from the reversible potential value of 

the reaction taking place.  The exchange current density is much higher at the cathode than at the 

anode, meaning that the cathode activation overpotential value is much larger than the anode [112], 

[113].  The varying exchange current density values signify that the anode and cathode each have 

different rates of which the reversible reactions occur at within the two electrodes.  Thus, the heat 

loss subtracted from the reversible potential value at the cathode is valued at 0 within the studied 

model.  

To portray the relation between the current density and the activation over potential loss, the 

following equation was applied to the electrode-electrolyte interface layers. 

aact JQ   (36) 

Equation (36) shows the relation between activation over potential value that is encountered at this 

boundary layer with the current density.  The calculation of the activation loss is portrayed by the 

following equation.  

Rioniceleca EEE   (37) 

The subscripts elec and ionic in the equation above represents the electronic property and ionic 

property potentials that are created within the SOFC circuit, and the last term, ER represents the 

Nernst potential, or the thermodynamically reversible open circuit over potential for the given fuel 

cell.  

The concentration polarization loss within this study is assumed to be accounted for in the 

mass transport equation and is included within the reversible cell potential, electronic potential 

and ionic potential as the electrode-electrolyte contact surface.  This assumption has also been 

used by Chaisantikulwat et al., Bhattacharyya et al., Ho et al., Janardhanan et al., Danilov et al., 

and Wang et al., [8], [21], [80], [114] - [116].  The concentration loss was therefore not physically 

depicted to be a parameter applied as a heat source within this study.  
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4.5.3 Fluid Heat Transfer 

The fluid heat transfer equation was applied to the gas channels of the model, where the mass 

transport and diffusivity were considered.  This velocity of the gases within the flow channels have 

been coupled with the velocity resulting from the mass and momentum transport section.  It should 

be recalled that the laminar inflow velocity was specified at the inlets of the channels within this 

study.  The model has assumed the inlet temperature of the fluid to be at a constant temperature of 

both 873 K and 1073 K.  It is assumed that the gases utilized has been already been pre-heated 

before conducting this study.  The heat equation for the working fluid within the SOFC model is 

portrayed as the following in Equation (38). 
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Equation (38) shows the relation between the density, specific heat capacity of the working fluid, 

thermal conductivity and velocity of the gases to account for the convective heat transfer value in 

the model.   

4.5.4 Radiative and Convective Heat Transfer 

As discussed within the literature review, radiation has been concluded to play a vital role 

when investigating the thermal behaviour of a SOFC due to the high operating temperatures 

encountered.  Within the model, the radiation and convective heat transfer was applied to the 

contact surface of the flow channel with the porous electrodes.  The physics was placed at this 

location to account for the heat produced from the TPB layer, radiating to the flow channels of the 

fuel cell.  In Equation (39), the radiative and convective heat transfer equations are shown. 

     44
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Within Equation (39), the convective heat transfer coefficient, h, was equal to 50 W m-2 K-1.  This 

value was chosen based on the free convection cooling value used within COMSOL [111].  

Although the convective heat transfer value may be higher than the conventional value, it was 

justified by the extra convection induced from the mass transfer involved within the fuel cell.  The 
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emissivity, ε, Stefan-Boltzmann constant,
~

, and the radiative view factor, F’, are used within this 

equation.  The convective heat transfer was assumed to dominate within the flow channels, 

resulting in the heat flux developed within the flow channels to be purely convective.  The 

conductive heat flux was therefore set to have no effect within the channels.  

4.6 Meshing 
 

Depending on the size and type of meshing, the results of the model will vary.  Quadrilateral 

meshing was incorporated within the model, where it was swept in the direction of the channel.  

This has been recommended by COMSOL [117] for similar geometry and studies.  To focus more 

on the heat transfer encountered at the edges as well as the contact surfaces of each boundary 

condition, an edge node meshing technique, as well as finer meshing was used.  The size of the 

mesh was automatically applied by COMSOL.  By using quadrilateral meshing rather than the 

common tetrahedral, the flow of the particles along the channels and across the fuel cell are more 

accurately modelled.  Along the flow channel walls, coarser meshing was used to shorten the 

simulation time, as these locations encountered only fluid heat transfer sources. 

Chapter 5 Results and Discussion  

5.1 Power Requirement 

The total amount of power required by the vehicle was expected to vary throughout a given 

driving segment.  The results plotted in Figure 5.1 used Equation (18) to calculate the total amount 

of power required by the vehicle, as stated in Section 4.2.  The calculated power values portrayed 

by the graph in Figure 5.1 can be seen in Appendix B – Required Power Calculations. 
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Figure 5.1: Graph of Power Required by a Vehicle vs. Time to Reach Desired Speed 

Figure 5.1 illustrates the correlation between the power required by the vehicle and the total 

change in time to reach the desired speed.  When the car begins to accelerate, greater amounts of 

fuel are shown to be required.  Thus, a higher acceleration rate is viewed to require greater amounts 

of air and fuel flow within the flow channels.  The inlet velocities used was at 6 seconds for each 

of the studied segments.  A time of 6 seconds was chosen as popular cars currently being driven 

reached the desired velocity around 6 seconds, as per a car review from Toyota [118].  The power 

requirements were 301 W, 1100 W and 2113 W for 30, 50 and 80 km/h, respectively.  The required 

inlet velocities for the three acceleration rates are graphed in Figure 5.2. 
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Figure 5.2: Inlet Velocity of Reactant Gases at Each Acceleration Rate within a 6 second Time Frame 

Figure 5.2 demonstrates the total required inlet velocities of the fuel and air to reach the 

desired vehicle speeds in each segment.  An inversely proportional relation between the velocity 

of the fuel required flowing through to the total length of time it takes to reach the desired velocities 

is shown.  This also indicates the total inlet velocity of the fuel and air to be proportional to the 

total amount of power required by the vehicle when accelerating.  It is expected for the mass flow 

rate of the gases to increase as more power is required by the vehicle, to produce the required 

electrical output from the SOFC. This also means the inlet velocities of the gases are believed to 

increase as the total power requirement is increased.  Thus, the calculated values and the equation 

used from Fly’s [84] paper can be deemed to be reliable.   

Lastly, Figure 5.2 shows the amount of oxygen required to flow through the SOFC is almost 

four times the amount of hydrogen fuel required for the same acceleration rate.  The high amounts 

of air required to flow through within the channels are due to the lower OUR (60%) than the FUR 

(80%), as discussed in Section 2.3.  The higher amounts are also due to the low concentration of 

23.3% of oxygen by mass within the weight of air [119].  Nitrogen is mostly comprised within the 

air, causing greater amounts of air required to obtain the required amounts of oxygen particles.  

The calculations of the two intake values can be seen in detail in Appendix C – Inlet Velocity of 

Reactant Gases Calculations. 

30 km/h 

30 km/h 

50 km/h 

50 km/h 

80 km/h 

80 km/h 
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5.2 Computer Simulations 

Utilizing the values that were calculated in Section 5.1, the inlet velocities of the gases were 

inputted as a variable for the simulated model.  For this model, the inlets of the anode and cathode 

gas channels were on opposing ends of the cell.  The opposing inlets and the flow of the two gases 

are represented in Figure 5.3, where the air is entering within the top channel, shown in red, and 

the fuel entering at the bottom channel, shown in blue.  Figure 14 also indicates the anode and 

cathode electrodes to be on the top and bottom, respectively.  

 

Figure 5.3: Portrayal of Inlet Velocities of the Reacting Gases 

The acceleration rate, power requirement, and the inlet velocities of the gases for the studied 

segments are summarized in Table 5.1.  The given velocities were inputted as parameters within 

the mass and momentum transport equations of the model.  The thermal effects on the fuel cell 

from the changing velocities were then observed and discussed later within this report. 

Table 5.1: Inlet Velocity Values for Calculated Power Requirements 

Velocity 

km/h 

Acceleration  

m/s2 

Power Required per 

Cell W 

Inlet Velocity of 

Hydrogen m/s 

Inlet Velocity of 

Air m/s 

30 1.389   301.9 0.45 1.74 

50 2.315 825.2 1.23 4.75 

80 3.704 2113 3.15 12.17 

The required inlet velocities for the reactant gases are listed in Table 5.1.  The thermal effects of 

these results are inputted into the simulation model and are then discussed in further detail within 

the following sections. 

Cathode 

Electrolyte 

Anode 
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It is noted for these models that an external flow controller is not considered within the studies.  

This results in the model encountering an instantaneous change of fuel and air inlet velocities.  

Chaisantikulwat et al. [8], and Ho et al. [70] who study the controller aspects of the model expect 

some form of a feedback delay to be observed when these changes occur.  A controller was not 

considered within this model as the focus of this paper is to observe the overall thermal effect the 

inlet gases have on the fuel cell.  The short period for the fuel cell to reach steady state within this 

model is believed to be from the lack of a controller, as well as the relatively thin geometry of the 

fuel cell channel.  Within fuel cells, a controller is used to regulate the FUR and OUR when varying 

load changes are encountered.  However, the sudden changes of load pose a risk of damage to 

electrical equipment.  To avoid these sudden changes in load, the controller allows the fuel cell to 

smoothly adjust the inlet rates of the reactant gases [70].  Although the controllers being studied 

are currently trying to achieve the desired power within an ideal duration of time, placing a 

controller within the SOFC system increases the time it takes to reach the required power output.  

The PID controller studied within Chaisantikulwat et al., [8] for example, had an average lag time 

of 400 seconds for every change in current density.  

5.3 Case Study Simulations  

There are four different cases that were investigated within the first half of the study, all 

relating to the velocities and inlet temperatures of the gases.  The four investigated cases are:  

1. Inlet temperatures of the gases and the initial cell temperature are equal (1073 K) 

2. Inlet temperatures are less than the initial SOFC temperature of 1073 K 

3. Inlet temperatures are greater than the initial SOFC temperature of 873 K 

4. Inlet temperatures are greater than the initial SOFC temperature of 1073 K 

Cases 3 and 4 both study the effects of the inlet temperatures being greater than the initial cell 

temperature, however, Case 3 considers the temperatures of the initial cell and reactant gas 

temperatures to be at 873 K and 1073 K respectively, whereas Case 4 studies the temperatures of 

both the inlet and reactant gases to be at 1073 K and 1273 K respectively.   

The second half of the study considers the thermal behaviours encountered within a fuel cell 

when placed under typical driving conditions.  The drive cycle investigated includes various 

acceleration rates to reach different desired velocities as well as decelerating conditions.  For this 
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study, the inlet gas temperatures and the initial cell temperature were both set to equal 1073 K.  

The thermal behaviours experienced within the SOFC model is observed and analyzed to gain 

further knowledge regarding the fuel cell when placed under driving conditions.  Further 

discussion on the modeling approach for this study is discussed later in the report (See Section 5.5).  

Table 5.2 portrays the summary table for the different cases and segments being investigated 

within this section. 

Table 5.2: Summary Table of Cases and Segments 

Case or 

Segment 

Number 

Title Page Number 

Case 1 
Inlet Gas Temperatures and Initial Cell Temperatures Equal 

(Tin = To) 
49 - 57 

Case 2 
Inlet Temperature Less than Initial Cell Temperature 

(Tin < To) 
57 - 70 

Case 3 
Inlet Temperature at1073 K Greater than Initial Temperature 

of 873 K (Tin > To) 
70 - 75 

Case 4 
Inlet Temperature at 1273 K Greater than Initial 

Temperature at 1073 K (Tin > To) 
76 - 80 

 Case 1 to 4 Concluding Remarks 80 - 83 

 European Drive Cycle Study Introduction 83 - 87 

Segment 1 0 to 70 km/h (Tin = To) 87 - 92 

Segment 2 70 to 50 km/h (Tin = To) 92 - 97 

Segment 3 50 to 70 km/h (Tin = To) 97 – 101 

Segment 4 70 to 100 km/h (Tin = To) 101 – 105 

Segment 5 100 to 120 km/h (Tin = To) 105 - 110 

Segment 6 120 to 0 km/h (Tin = To) 110 - 115 

 Segment 1 to 6 Concluding Remarks 115 - 117 

The effects each case on the overall heat distribution of the cell are analyzed and discussed 

within each section. Probes have been placed within the simulation model to gather the required 

information for each of the studied segments.  The probes placed within the model allow the 

desired boundary layers and or domains to be observed.  For this study, the thermal effects of the 

inlet velocities and thermal parameters of the model were studied with the placement of these 

probes.  The results collected from the placed probes are then observed and the findings are 

summarized within each study, accordingly.   
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There are five probes placed within the study, meaning five various locations are considered.  

The first two probes were placed on the flow channel domains on both the anode and cathode 

sides.  These probes were placed to calculate the average temperatures developed within this 

domain and to portray the convective heat transfer that occurs within the gases.  Doing so 

illustrated the effects the inlet gas temperatures and the velocities of the gases have on the heat 

transfer within these domains.  Further thermal behaviour will thus be elucidated within this 

region.   

Another two probes were placed at the gas-electrode contact layer on the anode and cathode 

sides.  These probes placed on the contact surface investigate the heat transfer behaviours between 

the reactant gases and the porous electrodes.  Earlier within the paper (See Section 4.5.2), the 

activation heat source was placed at the electrode and electrolyte contact surface.  Placing the 

probes within this area allowed the thermal behaviour of the heat transfer in porous media to 

correspond with the convective heat transfer involved.  With the anode being much thicker than 

the cathode, the thermal behaviours encountered at these locations are of interest.  The placement 

of the probes at this location was expected to portray the different effects of the heat sources within 

the TPB layer for each of the studied segments.  The heat produced within the TPB layer, as well 

as the temperatures encountered within the flow channels, were believed to create large amounts 

of thermal changes for some of the studied cases. 

The last probe was placed on the electrolyte domain to calculate the average temperature at 

this layer.  This probe was placed to show the conductive heat transfer that is encountered within 

the cell when operating, as well as observing how the inlet velocities influenced the total amount 

of heat generated at this location.  There were no probes placed at the electrode-electrolyte contact 

surfaces of where the activation heat sources were placed.  Due to the thinness of the electrolyte 

layer, it was expected for the thermal behaviour encountered at the electrode-electrolyte interface 

to experience similar results to what was experienced at the electrolyte domain.  To ensure this 

assumption was deemed to be accurate, a test run study was performed to observe the results of 

the thermal data at the electrolyte and the electrode-electrolyte contact surface.  The test run results 

verified the assumption that the electrode-electrolyte encountered minimal changes to the electrode 

domain layer.  Thus, no probes were placed on the electrode-electrolyte contact layer. 
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It should be reiterated that all the studies assume the inlet temperature and velocities of the 

gases are uniform prior to entering the cell.  The initial temperature is also uniform throughout the 

entire cell.  The SOFC model is assumed to be operating under atmospheric pressure and is kept 

at a constant voltage of 0.75 V. Any back flow of the gases has also been supressed at the outlets 

of the flow channels.  

5.3.1 Case 1: Inlet Gas Temperatures and Initial Cell Temperature Equal (Tin = To) 

For this study, the inlet temperatures of the reactant gases were set to be equal to the initial 

cell temperature, where both equated to a temperature of 1073 K.  Figure 5.4, Figure 5.5 and Figure 

5.6 all portray the thermal change that is experienced within the fuel cell channel for the vehicle 

accelerating from rest to 30, 50 and 80 km/h respectively.  All the figures in Case 1 show the 

thermal behaviour of the fuel cell when the vehicle accelerated for a 6 second period.   

 

 

Figure 5.4: Thermal Distribution when Accelerating from 0 to 30 km/h when Tin = To 

 

 

Figure 5.5: Thermal Distribution when Accelerating from 0 to 50 km/h when Tin = To 
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Figure 5.6: Thermal Distribution when Accelerating from 0 to 80 km/h when Tin = To 

The majority of the heat transfer occurs within the TPB layer, where the exothermic reactions 

on the anode side of the electrode occurs.  The figures show the flow channels on the anode side 

to experience greater amounts of heat leaving the channel than the cathode channel.  The anode 

electrode is also seen to encounter a greater temperature range than the cathode, which may be due 

to the thicker dimensions of the anode electrode.  Observing the inlet of the anode flow channel, 

the fuel entering at the given temperature is seen to travel further along the channel as the inlet 

velocity of the fuel is increased for each study.  Similarly, along the cathode flow channels, higher 

inlet velocities are shown to decrease the thermal difference that is produced along the channel 

and electrode contact surface.  The overall change in temperature along the flow channels are seen 

to increase slightly from its initial value of 1073 K at the outlets of the electrodes.   

The average temperatures at each of the studied locations are shown in Figure 5.7 for each of 

the studied acceleration rates.  Each of the locations are discussed in further detail, where the 

thermal behaviour at the flow channels, gas-electrode contact surfaces, as well as the electrolyte 

for each acceleration rate when Tin = To.  
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Figure 5.7: Average Temperature at Studied Locations when Tin = To 

Case 1.A – Flow Channel Thermal Study 

Case 1.A demonstrates the thermal behaviour encountered at the flow channels for both the 

anode and cathode sides.  The temperatures recorded within this study represent the average 

temperatures of the flow channels.  Shown in Figure 5.4, Figure 5.5 and Figure 5.6, the gases 

leaving the channels are shown to be at a higher temperature than at the inlet.  It is expected for 

both the cathode and anode flow channels to experience an increase in temperature when the 

vehicle begins to accelerate due to an increase in temperature created at the TPB layer.  Figure 5.7 

plots the collected data for each given acceleration study. 
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Table 5.3 lists the average temperatures achieved at the anode and cathode flow channels.  

Table 5.3: Summary of Maximum Average Temperatures Reached at Anode and Cathode Flow Channel Domain Layer 

Change in Velocity 
Average Anode Temperature 

(K) 

Average Cathode 

Temperature (K) 

0 to 30 km/h 1085.8 1079.9 

0 to 50 km/h 1083.8 1077.3 

0 to 80 km/h 1080.2 1075.8 

Figure 5.7 depicts the flow channels to increase in temperature from its initial temperature of 

1073 K for all considered studies.  However, the average temperatures for both anode and cathode 

sides are shown to decrease as the inlet velocities are increased.  The cooler temperatures 

experienced entering the channels at a faster velocity is shown to create a cooling effect on either 

side of the flow channels.   

When the fuel cell begins to operate, heat is continuously produced within the TPB layer due 

to the electrochemical reactions and is dissipated throughout the fuel cell.  When the reactant gases 

enter the cell, the gases enter the channels at a cooler temperature than what the cell is experiencing 

during operation.  This results in a cooling effect.  The cooling effect encountered at the flow 

channel is distinctly shown within the anode flow channel of Figure 5.6.  The cathode flow channel 

encounters greater amounts of cool temperature at the outlet of the channel due to the higher inlet 

velocity of air.  Similar results were concluded by Hafsia et al. [106], where reactant gases have 

been shown to have a cooling effect for the fuel cell.   

Additionally, the anode side of the fuel cell can be seen to reach a much higher temperature 

than the cathode for majority of the time of acceleration.  This is expected as the reactions 

occurring within the anode side of the fuel cell are exothermic reactions, whereas the cathode side 

experiences the endothermic reactions.  The results portray the heat being released from the 

exothermic reactions at the outlets of the flow channel on the anode side of the cell.  The 

temperatures reached for every second of operation are shown in Appendix D – Case 1 

Temperature Results. 
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Case 1.B – Gas-Electrode Thermal Study 

The thermal difference plots in Figure 5.4 to Figure 5.6, as well as within Figure 5.7, presents 

the cathode electrode to experience hotter temperatures at the gas-electrode contact surface 

compared with the anode side.  However, the anode is shown to encounter a wider range in thermal 

variance within the electrode due to its thicker geometry.  Although the cathode undergoes the 

endothermic reactions, the thinness of the cathode, as well as the higher activation polarization 

losses encountered on this side causes higher temperatures to be reached than the anode.  Similar 

results were also observed within Hafsia et al.’s [106] paper.  They had found that reactant gases 

at higher temperatures (1173 K) experienced negligible effects from the ohmic heat source and the 

activation overpotential heat source has a greater effect at these temperatures.  With the cathode 

being warmer than the anode, it may suggest an error with the given modelling approach.  

However, similar results are shown within the 3-D model developed by Chaisantikulwat et al., [8] 

where it portrays the cathode to endure the same, if not hotter, temperatures than the anode side of 

their model.  

 

The maximum average temperatures encountered at the gas-electrode boundary layer for each 

change in velocity is summarized within Table 5.4.  The thermal values of the anode and cathode 

are seen to reach a steady state, maximum value at roughly the same time of around 3 seconds.  

Table 5.4: Summary of Maximum Temperatures Reached at Anode and Cathode at Gas-Electrode Boundary Layer 

Change in Velocity Cathode Temperature (K) Anode Temperature (K) 

0 to 30 km/h 1097.0 1086.7 

0 to 50 km/h 1096.2 1085.9 

0 to 80 km/h 1095.1 1084.5 

The three varying acceleration rates studied within Case 1.B show the velocity of the gases to 

be inversely related to the overall temperature of the cell at the gas-electrode interface when both 

inlet gas and initial temperatures of the fuel cell are equivalent.  The increased flow within the 

channels is seen to carry out the heat that was produced within the TPB layer to the outlet.  The 

cooling effect that was seen within Case 1.A is observed to influence the cell at this boundary 

layer.  
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Comparing the results gathered from Case 1.A and comparing it to Case 1.B, the cathode side 

of the fuel cell is observed to deal with a greater thermal difference than the anode.  For the first 

acceleration study of 0 to 30 km/h, the average temperature within the cathode flow channel was 

1079.9 K and the gas-electrode contact surface was 1097.0 K.  This results in a 17.1 K difference 

in temperature, experienced from the bottom of the cathode, to the outer surface layer of the 

cathode.  Although the cathode channel reached a higher temperature point, the thermal 

distribution at the anode channel and at the gas-electrode contact surface layer only experiences a 

small difference of 0.9 K for the first acceleration study.   

Case 1.C – Electrolyte Thermal Study 

The last probe being investigated for Case 1 considers the thermal behaviour encountered at 

the electrolyte domain.  The electrolyte is exposed to the heat sources at the electrode-electrolyte 

contact layer, as well as the heat produced from the electrochemical reactions.  With the electrolyte 

being exposed to all sources of heat, as well as having such a thin geometry, the electrolyte is 

shown to reach the highest temperatures experienced within the cell in Figure 5.7.    

The electrolyte encountered the highest temperatures within the fuel cell, as distinguished 

within Table 5.5, where the temperatures of the electrolyte is similar to the cathode temperature. 

This supports the above comment regarding the thickness of the anode and cathode layers being 

important influences on the temperature change in Section 5.3.1 Case 1.B.  The greatest thermal 

variance from the initial cell temperature of 1073 K is when the vehicle accelerated from rest to 

30 km/h.  Figure 5.7 also shows the average electrolyte temperature to decrease as the inlet 

velocities are increased.  The maximum average temperature of the electrolyte for each studied 

segment is summarized in Table 5.5.  

Table 5.5: Summary of Maximum Average Temperature at Electrolyte 

Change in Velocity Average Electrolyte Temperature (K) 

0 to 30 km/h 1097.4 

0 to 50 km/h 1096.7 

0 to 80 km/h 1095.8 

Higher velocities of the reactant gases will mean the particles would enter the fuel cell with 

greater amounts of kinetics.  This would mean the activation and ohmic polarization would 
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decrease as the velocity of the particles increased.  Slower inlet velocities entering the fuel cell are 

shown to have greater amounts of heat produced from the activation and ohmic overpotential 

losses.  A higher inlet velocity of the reactant gases is also expected to dissipate the heat produced 

within the fuel cell at a faster rate than the gases entering at a lower velocity.  

To conclude the results from Case 1, if the inlet temperatures of the reactant gases are 

operating at an equivalent temperature to the initial cell temperature, the overall cell temperature 

will decrease at all locations due to the faster inlet velocity.  The acceleration rate from rest to 30 

km/h are shown to produce the highest temperatures at all studied locations. 

To verify the relation between the inlet velocities and temperatures of the fuel cell, the FURs 

and OURs were altered by either increasing or decreasing its value.  Lowering the utilization rates 

of both fuel and oxygen would require greater amounts of gas to flow through, as lower amounts 

of reactions would take place within the cell.  Conversely, increasing the utilization rates would 

lessen the amount of gas flowing through. Figure 5.8 illustrates the changing inlet velocities 

encountered for a vehicle accelerating from 0 to 30 km/h with various FURs and OURs.   

Figure 5.8: Change in 30 km/h Fuel Inlet Velocities for Various FURs and OURs 

The results indicate faster inlet velocities of fuel and air are required for lower utilization rates, 

as less amounts of reactant gases are reacting within the fuel cell.  Prior results in Case 1 showed 
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the temperatures of the flow channels to produce lower amounts of heat as the inlet velocities 

increased.  To further confirm this effect, the inlet velocities calculated from the different FUR 

and OUR values were inputted within the model.  The inlet velocities are summarized in Table 

5.6. 

Table 5.6: Inlet Velocities for Various FURs and OURs when Vehicle Accelerates from 0 to 30 km/h 

Title 
Original 

30 km/h 

Decrease FUR and OUR by 

30%: 

Increase FUR by 10% and OUR by 

20%: 

FUR 80% 50% 90% 

OUR 60% 30% 80% 

Fuel Inlet 

(m/s) 
0.45 0.72 0.40 

Air Inlet 

(m/s) 
1.40 3.48 1.30 

When the FURs and OURs were set 30% less than the original values of 80% and 60%, 

respectively, graphs within Figure 5.9 show slight changes to be encountered at all studied 

locations.  Figure 5.9 indicates the gas channels to undergo greater rates of cooling than the other 

two locations.  This was predicted as the channels would be directly affected by the changes 

encountered from the varying inlet velocities. 

 

Figure 5.9: Average Temperature at Studied Locations when OUR and FUR Changed 
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Despite the results not largely differing within Figure 5.9, the temperatures are shown to be 

slightly higher than the original thermal values at all locations when the URs are increased.  The 

minimal change is due to the small variance in inlet velocity that is encountered with the 10% and 

20% increase in utilization rates.  Greater differences in the inlet velocities have been proven to 

cause the temperatures of the fuel cell to increase at larger rates in Case 1.  The results of Figure 

5.9 verify the inversely proportional relationship between the inlet velocities and the temperature 

of the model. 

5.3.2 Case 2: Inlet Temperature Less Than Initial Cell Temperature (Tin < To) 

The second case investigates the thermal behaviour of a SOFC when the temperatures of the 

reactant gases are less than the initial temperature of the cell.  Both the temperatures of fuel and 

air were set to equal 873 K.  The initial cell temperature of 1073 K is the same temperature as in 

Case 1.  The temperature distributions in Figure 5.10, Figure 5.11 and Figure 5.12 illustrate the 

thermal behaviour of the SOFC model at the flow channels, gas-electrode contact surface and the 

electrolyte, at varying acceleration rates. 

 

Figure 5.10:Thermal Distribution when Accelerating from 0 to 30 km/h when Tin < To 
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Figure 5.11: Thermal Distribution when Accelerating from 0 to 50 km/h when Tin < To 

 

Figure 5.12: Thermal Distribution when Accelerating from 0 to 80 km/h when Tin < To 

The cooler gases entering the SOFC affects the overall thermal distribution within the gas 

channels of the cell, similarly to Case 1.  The anode gas channel encounters wider ranges in 

temperature than the cathode side.  As the inlet velocities of the gases increase, depicted within 

Figure 5.10, cooler gas temperatures are seen to leave the anode outlets, illustrated in Figure 5.12.  

On the contrary, the cathode flow channel is less affected by the warmer cell temperature than the 

anode.  Less heat is dissipated along the cathode and gas contact surface, where lower amounts of 

heat are transferred to the cathode outlet as the inlet velocities increased.  Similar results were 

observed to occur in Case 1.  

The temperatures encountered within the anode are more prominently shown due to its thicker 

geometry.  The anode shows a darker red hue that had been plotted near the middle of the TPB 

layer than the ends of the electrodes and electrolyte within the model.  The darker red hue indicates 

a warmer temperature at the central location of the TPB layer.  This can clearly be seen within the 
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thermal plots of Figure 5.10 to Figure 5.12.  It is encased between the lighter red colours observed 

at the ends.  The temperature behaviour at each location is shown to experience much different 

results than what was experienced within Case 1.  The average temperatures reached for the studied 

locations are shown in Figure 5.13 and are discussed in further detail within this section. 

 

Figure 5.13: Average Temperature at Studied Locations when Tin < To 

Case 2.A – Flow Channel Thermal Study 

Within Figure 5.13, the average temperatures reached by the anode flow channel for all 

acceleration rates are shown to experience a higher temperature than the cathode for all three 

acceleration rates.  The flow channels on the cathode side, however, experiences a greater thermal 

variance from its initial temperature of 1073 K.  To further investigate this case in detail, the 

average temperatures in relation to the operating time is plotted in Figure 5.14 and Figure 5.15. 
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Figure 5.14: Average Cathode Channel Temperatures when Tin < To 

 
 

Figure 5.15: Average Cathode Channel Temperatures when Tin < To 

Figure 5.14 and Figure 5.15 show a sudden decrease in temperature from the initial operating 

temperature of 1073 K when the cell begins to run.  The instantaneous change in temperature is 

believed to occur due to the lack of controller being present within the model.  Recalling back to 

the modelling assumptions, it was noted that a controller is not considered within this study, 

resulting in an instantaneous change of fuel and air inlet velocities from its initial state.  

Additionally, the relatively thin geometry of the fuel cell components is believed to also contribute 

to the sudden change in temperature.  When the model begins to run, the reactant gases entering 
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the cell will result in the temperatures encountered at this location will be altered with little to no 

delay.  After a lowered temperature, steady state is reached at a lower thermal value for all 

considered studies.  The final average temperatures for each change in velocity are shown within 

Table 5.7. 

Table 5.7: Summary of Maximum Temperatures Reached at Anode and Cathode at Flow Channel Domain Layer when Tin < To 

Change in Velocity 
Average Anode Temperature 

(K) 

Average Cathode 

Temperature (K) 

0 to 30 km/h 1055 932.0 

0 to 50 km/h 1026 909.5 

0 to 80 km/h 976.0 896.1 

Both average temperatures at the anode and cathode channels are shown to be inversely 

proportional to the inlet velocities of the gases.  The lower temperature was expected for this study 

since the inlet temperatures were lower than the cell temperatures.  However, the gases leaving the 

flow channels within both the anode and cathode show marginal amounts of heat to be transferred 

to them in Figure 5.10.  The temperatures of gases at the outlets are shown to be more than the 

initial 873 K.  The heat that has been produced at the TPB layer dissipates into the flow channels, 

allowing some relief to the total amount of heat being produced within the cell.  Increasing the 

velocity of the cooler reactant gases allowed the cooler temperature to travel a farther distance than 

those with a slower velocity.  This results in the anode and cathode flow channels to experience 

lower temperatures than the reactant gases moving at a slower rate.   

The cathode channel experienced the highest thermal change when comparing the initial cell 

temperature to its final average temperature.  The greatest change was approximately 177 K at the 

cathode, compared to 97 K at the anode channel within Case 1.A.  The initial cell temperature 

being greater than the inlet temperatures of the gases resulted in larger thermal differences than 

Case 1 to be experienced within the flow channels.  

Case 2.B – Gas-Electrode Thermal Study 

The thermal behaviour at the gas-electrode contact surface is studied.  It is known for the 

ohmic heat source to have a greater effect on the TPB layer at lower reactant gas temperatures, as 

discussed by Hafsia et al., [106].  This would mean the gas-electrode interface should experience 
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greater amounts of heat from the TPB layer.  However, the cooler reactant gases entering the fuel 

cell are expected to increase the activation overpotential losses, decreasing the overall heat 

produced from the reactions occurring as less reactions would be able to occur.  The results shown 

will further illustrate which heat source will have a greater effect on the overall temperature of the 

cell, whether it be the activation, ohmic or electrochemical reactions.  The plots shown within 

Figure 5.16 and Figure 5.17 are the average temperatures encountered at the gas-electrode contact 

surface for the various acceleration rates.  

 

Figure 5.16: Average Cathode Temperatures at Gas-Electrode Surface when Tin < To 

 

Figure 5.17: Average Anode Temperatures at Gas-Electrode Surface when Tin < To 
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Figure 5.16 and Figure 5.17 show varying thermal behaviours at the gas-electrode contact 

surfaces.  Each study will therefore be studied individually to further discuss the thermal 

behaviours at each acceleration rate.  Within the first case of 0 to 30 km/h, the temperature 

decreases on the anode side of the cell for a moment in time.  The lowest temperature the anode 

reaches is 1066 K.  Once this point is reached, the temperature increases until a steady temperature 

is achieved.  The cathode side is also shown to steadily become warmer until steady state is 

attained.  A summary of the data points plotted in Figure 5.16 for both the anode and cathode 

locations are listed in Table 5.8 and Table 5.9. 

Table 5.8: Summary of Temperature Behaviour within Anode at Gas-Electrode Boundary Layer when Tin < To for 0 to 30 km/h 

Point in Graph Average Anode Temperature (K) 

Starting Point 1071 

Lowest Temperature 1066 

Constant Temperature 1068 

Table 5.9: Summary of Maximum Temperature Reached within Cathode at Gas-Electrode Boundary Layer when Tin < To for 

0 to 30 km/h 

Change in Velocity Average Cathode Temperature (K) 

0 to 30 km/h 1077 

The varying results at the anode and cathode contact layers may be due to the large variation 

in thermal difference experienced at both the flow channels and electrodes of the model.  

Observing Figure 5.10, the cathode electrode experiences little changes in temperature compared 

with the anode.  The cathode flow channel is also seen to experience larger amounts of cooler 

gases leaving the channel.  The warmer temperature at the cathode will dissipate its heat to the 

cathode flow channel.  Due to the thinner cathode electrode structure, as well as the heat produced 

from the activation heat source, the gas-electrode contact surface is shown to be greatly affected, 

causing an overall increase in temperature at this layer.  This causes an overall increase of 4 K on 

the cathode side. 

The contact surface on the anode side experiences a slightly different thermal behaviour than 

the cathode.  For a moment, the gas-electrode interface experiences a decrease in temperature until 

it begins to increase to a steady temperature of 1068 K.  The anode side of the fuel cell is known 

to experience large amounts of heat produced from the electrochemical reactions.  When the fuel 
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cell first begins to operate, the reactions are not able to produce high amounts of heat to instantly 

be dissipated across the anode electrode to reach the studied location.  This is caused from the 

higher activation overpotential loss encountered as the cell encounters lower temperatures.  The 

low temperatures of the reactant gases decrease the kinetics of the reactant particles.  Once the cell 

operates for a longer duration, the heat produced from the electrochemical reactions is shown to 

be able to travel further across the anode electrode.   

The latter two cases studied show the overall cell temperature at the gas-electrode contact 

layer to decrease over time until steady state is reached.  The decrease in temperature at this 

location may be due to a few factors encountered while operating.  The faster inlet velocities of 

the cooler reactant gases were shown to dissipate the heat encountered within the channels at a 

faster rate in Case 2.A.  With the inlet gases entering the channels more quickly, the ohmic losses 

are expected to decrease, causing the overall ohmic heating encountered at the TPB layer to have 

little to no effect for faster inlet velocities.  Additionally, the greater velocity the particles flow 

through the fuel cell will lower the activation polarization losses as more reactions are able to 

occur.  Lastly, the faster inlet velocities will allow greater amounts of cooling to occur within the 

fuel cell, lowering the overall temperature at all studied locations.  The steady state temperatures 

of the two studies are therefore cooler than the temperatures reached when the vehicle accelerated 

from 0 to 30 km/h.  The steady state values of the temperatures at both the anodes and cathodes 

are summarized within Table 5.10. 

Table 5.10: Summary of Steady State Temperatures Reached at Anode and Cathode at Gas-Electrode Boundary Layer when 

Tin < To 

Change in Velocity Average Anode Temperature (K) Average Cathode Temperature (K) 

0 to 50 km/h 1058 1069 

0 to 80 km/h 1040 1057 

Like what was witnessed earlier within Case 2.A, the inlet temperatures of the reactant gases 

being lower than the initial temperature of the SOFC has caused greater thermal changes to be 

experienced at the gas-electrode boundary layer from its initial starting temperature.  When 

comparing the thermal differences at this location, the cathode side experiences a drop of 15 K.  

The change in temperature is greatest at the anode gas-electrode boundary layer, where a difference 

of 32 K is experienced.  However, it is interesting to note that the difference in temperature at the 
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gas-electrode contact surface is much less than the results from Case 1.B.  A 5 K temperature 

difference was encountered for vehicles travelling at 30 km/h for Case 2.B, compared to 24 K 

within Case 1.B.   

From the results, it can be concluded that a fuel cell operating with cooler inlet gases will have 

a greater thermal effect from the ohmic heat source within the TPB layer when moving at slower 

velocities, correlating with the results concluded by Hafsia et al. [106].  The further distribution of 

the cooler temperatures from the faster velocities has been shown to lower the kinetics of the 

electrochemical reactions, lowering the overall heat encountered at the gas-electrode boundary 

layer.  The anode side of the fuel cell at this layer will be susceptible to a greater thermal change 

when a vehicle accelerates from rest to a high velocity, such as 80 km/h.  However, the anode will 

not encounter as great of a difference when the vehicle accelerates to lower velocities.  Although 

the overall temperatures that were reached within Case 1.B were lower than Case 2.B, similar 

temperature differences were reached for both cases. 

Case 2.C – Electrolyte Thermal Study  

The average temperature produced at the electrolyte of the SOFC model is investigated for 

this study.  The results at the electrolyte are expected to have varying behavioural patterns that 

were witnessed within Case 2.B.  With the slower inlet velocities, greater amounts of ohmic and 

activation heat are expected to be produced, affecting the electrolyte more than the other studied 

locations.  The electrolyte is expected to produce the highest temperatures within the fuel cell.  For 

this case study, the behaviour of the electrolyte will be observed to see if it will correlate with this 

theory.  Figure 5.18 portrays the temperatures the electrolytes experience for the varying 

acceleration rates.  
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Figure 5.18: Average Temperature at Electrolyte Domain when Tin < To 

Figure 5.18 portrays the inconsistent thermal behaviours encountered at the electrolyte for 

each study.  The model is seen to behave in various ways for each acceleration study.  A car 

accelerating from 0 to 30 km/h experiences and exponential increase at the electrolyte until a 

steady state temperature is achieved, portrayed by Figure 5.18.  When the vehicle is accelerating 

from rest to 50 km/h on the other hand, the electrolyte experiences a brief and small thermal 

increase, which then decreases to an average, steady temperature.  The temperature that is reached 

is slightly higher than the initial temperature.  Contrary 30 km/h, 80 km/h shows a drop in average 

temperature that is experienced at the electrolyte domain.  The steady state temperatures for each 

of the given segments are listed in Table 5.11. 

Table 5.11: Summary of Steady State Average Temperature at Electrolyte 

Change in Velocity Electrolyte Temperature (K) 

0 to 30 km/h 1080.4 

0 to 50 km/h 1073.4 

0 to 80 km/h 1062.8 

The differing thermal behaviours witnessed at the electrolyte boundary are the result of the 

effects previously discussed.  With the inlet velocity of the gases at 30 km/h being slower than the 
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other two studies, the heat produced from the particle movement and electrochemical reactions are 

shown to affect the electrolyte greatly.  Like the prior studies, it is assumed the ohmic heat source 

has little to no effect on the overall heat being produced within the cell at higher inlet velocities.  

The faster velocities of the cooler gases entering the channels are shown to lower the total amount 

of reactions taking place within the cell, due to the activation polarization loss.  Comparing Figure 

5.10 to Figure 5.12, greater thermal distribution of the cooler temperature is more prominently 

seen when the vehicle accelerates at a faster rate.   

When the vehicle accelerates from 0 to 50 km/h, illustrated within Figure 5.18, the steady state 

temperature of the electrolyte is not significantly altered from its initial temperature of 1073 K.  A 

slight increase of 1.4 K can be witnessed within the figure for the first few tenths of a second of 

the study, before reaching the steady state value.  The steady state value can be seen to have a 

slight increase of 0.4 K.  As the velocity of the inlet gases are slightly increased from the first 

acceleration study, the cooler reactant gases are shown to affect the number of reactions occurring 

within the TPB layer. 

 

Interestingly, the inlet velocities of the gases and the cooler temperature of 873 K seem to 

allow the maximum temperature of the electrolyte to operate within an ideal condition for this 

acceleration rate.  Small fluctuations in temperature are seen to be encountered.  This would allow 

the electrolyte to be less susceptible to material failure due to thermal stresses that may be 

developed on the electrolyte layer.  

 

The overall effect of the inlet temperatures being less than the initial cell temperatures were 

examined within this study.  Thermal behaviours at the channels and gas-electrode surfaces are 

compared in Figure 5.19, where inconsistent thermal behaviours are shown to occur, depending 

on the desired velocities.   
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(a) 

(b) 

(c) 

(d) 
 

Figure 5.19: All Average Temperatures (K) at Studied Acceleration Rates at: (a) Cathode Flow Channel, (b) Anode Flow 

Channel, (c) Cathode Gas- Electrode and (d) Anode Gas Electrode when Tin < To 

Heat produced from the electrochemical reactions affected the thermal behaviours at the gas-

electrode and electrolyte layers greatly.  The cooler inlet temperatures caused large thermal 

changes to be experienced at the flow channels of the cell.   The cathode channel experienced the 

greatest change, where a drop of 177 K within the channel from its initial thermal value had 

occurred when the vehicle accelerated from rest to 80 km/h.  The heat released from the 

electrochemical reactions was greatly affected by the cooler gases entering the fuel cell.   

The gas-electrode layers on the anode side for lower acceleration rates of 30 km/h and 50 km/h 

were kept at a relatively consistent temperature, illustrated within Figure 5.19.  Heat was released 

to the gas-cathode contact surface the most when the vehicle was reaching the desired speed of 

30 km/h.  This means the total amount of electrochemical heat produced within TPB layer was 

greater than the endothermic reactions that were occurring within the cathode layer.  However, at 

higher inlet velocities, lower amounts of heat were produced.  As larger amounts of cooler gases 

would travel through the cell, the cell temperature would decrease.  Thus, the ohmic and activation 

overpotential losses encountered by the cell would increase.  This would cause fewer reactions to 
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take place.  The increase in activation overpotential losses resulted in higher amounts of heat 

produced from the activation heat source.  With the cell operating at higher temperatures, the 

ohmic heat is assumed to have little to no effect on the overall heat transfer for this model, based 

on the concluding remarks Hafsia et al. [106] had claimed.   

Figure 5.20 illustrates the thermal behaviour of the electrolyte for all three studied acceleration 

rates.  The greatest thermal difference experienced from the initial temperature of 1073 K was 

when the vehicle began accelerating from rest to 80 km/h.   

 

Figure 5.20: Average Electrolyte Temperatures (K) for All Studied Accelerations when Tin < To 

The greatest difference of 10.2 K occurred, where the electrolyte encounters a decrease in 

temperature from the initial temperature when the vehicle accelerated to 80 km/h.  It is interesting 

to observe the thermal behaviour at the electrolyte and the gas-cathode contact surface within 

Figure 5.19 and Figure 5.20.  The electrolyte temperature shows to remain constant when the 

vehicle accelerates from 0 to 50 km/h, yet, the temperature at the gas-electrode layer drops at a 

faster rate.   However, a greater thermal difference was experienced within Case 1.C.  The 

electrolyte within Case 1.C was shown to encounter a thermal change of 22.8 K for the same 

acceleration rate. 

Case 2 showed inconsistent thermal behaviours to be encountered at all studied locations when 

the inlet velocities of the reactant gases were changed.  The change in thermal behaviour could 
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pose a problem for the material selection process if inconsistent behaviours are encountered by the 

fuel cell, depending on the acceleration of the vehicle.  These varying patterns could pose a risk to 

hot and cool spots to form within the cell, posing a higher risk for materials to be susceptible to 

material failure caused from thermal stresses encountered within the cell. 

5.3.3 Case 3: Inlet Temperature Greater than Initial Temperature (Tin > To) 

The third case considers the thermal behaviours at various points of a SOFC when the inlet 

gas temperatures are more than the initial operating temperature.  With the initial temperature of 

the cell valuing at 873 K, the ohmic and activation heat sources are expected to have a greater 

impact on this study.  As greater amounts of heat will be transferred throughout the cell while 

operating, the heat produced from electrochemical reactions was expected to increase, while the 

ohmic and activation heat sources would decrease.  The overall thermal behaviour witnessed 

within the model is illustrated in Figure 5.21, Figure 5.22 and Figure 5.23.  These figures present 

the inlet temperatures for this case to equal 1073 K and the initial operating temperature was set 

to 873 K.  

 

Figure 5.21: Thermal Distribution when Accelerating from 0 to 30 km/h when Tin > To 
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Figure 5.22: Thermal Distribution when Accelerating from 0 to 50 km/h when Tin > To 

 

Figure 5.23: Thermal Distribution when Accelerating from 0 to 80 km/h when Tin > To 

Like Case 1 and Case 2, the anode side of the flow channel experienced greater thermal change 

than the cathode channel.  The gases leaving the outlet of the cathode are at a higher temperature 

than the anode outlet.  It is noticed within Figure 5.21 to Figure 5.23 the minimum temperature on 

the colour scale is increasing for each study.  The TPB layer for each acceleration study 

experiences higher temperatures as the inlet velocities of the reactant gases increase.  The average 

temperatures reached at each of the studied locations are plotted within Figure 5.24. 
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Figure 5.24: Average Temperature at Studied Locations when Tin > To 

Case 3.A – Flow Channel Thermal Study 

With the gases entering the fuel cell at a warmer temperature than the initial temperature, the 

results along the channel were expected to transfer the heat within the cell and create large amounts 

of thermal changes along the flow channels.  Within Figure 5.24, the average temperatures of the 

cathode channel reach a higher average temperature than the anode.  Although the anode side of 

the fuel cell encounters the heat from the exothermic reactions, the anode channel is significantly 

lower in average temperature that is reached along the channel.  A summary of the steady state 

temperatures is represented in Table 5.12. 

Table 5.12: Summary of Maximum Temperatures Reached at Anode and Cathode at Flow Channel Domain Layer when Tin > To 

Change in Velocity Cathode Temperature (K) Anode Temperature (K) 

0 to 30 km/h 1030.4 921.23 

0 to 50 km/h 1046.8 945.13 

0 to 80 km/h 1056.4 986.53 
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When warm air enters a cold room, the temperature of the room will rise.  However, the final 

temperature of the room will be lower than the initial temperature of the warm air entering the 

room.  Similarly, the same patterns of results are shown within Case 3.A.  With the initial 

temperature of the cell representing the cold room, and the reactant gases being warmer than the 

cell, the gases passing through the cell are expected to drop in temperature while the cell is 

operating.  The average temperatures of the channels are lower than the initial inlet temperature of 

1073 K, but are greater than the initial cell temperature of 873 K.  The inlet temperatures being 

warmer than the cell causes the overall temperatures of the flow channels to increase in 

temperature as the inlet velocities become faster for each study.  This was not seen within Case 

1.A and Case 2.A, where parts of the cell encountered lower temperatures with a faster inlet 

velocity for both cases. 

Referring to Figure 5.21 to Figure 5.23, the cathode channel reaches higher temperatures at 

the outlet than the anode.  The anode channel has a greater thermal difference along the channel, 

where it experiences cooler temperatures at the outlet than the cathode.  With the anode 

experiencing exothermic reactions, it is interesting to note the thermal behaviour observed for this 

case.  The heat being released from the electrochemical reactions at the TPB layer, despite it being 

much cooler than the initial temperature of the reactant gas, will alter the anode channel more 

greatly than the cathode.  The lower temperature heat that is released from the electrochemical 

reaction therefore is shown to lower the temperature of reactant gases leaving at the anode outlet.   

On the contrary, with the cathode side experiencing the endothermic reactions, it is expected 

for the cooler products to cool the gases leaving at the outlet of the cathode channel.  When 

comparing the outlet temperature of Figure 5.21 to Figure 5.22 and Figure 5.23, the cooler 

temperatures are shown to be transferred more at the slower inlet velocities.  However, the figures 

also portray the cathode outlet to not be as greatly altered from its initial temperature of 1073 K.  

The small change in the average temperature of the cathode suggests the temperature of the 

products formed on the cathode side to not be as heavily affected as the anode.  

The greatest thermal difference within the channels is experienced when the vehicle is 

accelerating from 0 to 80 km/h.  The difference from the steady state temperature to the initial cell 

temperature was 182 K on the anode side.  The cathode side experienced a difference of 112 K.  
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The flow channels within Case 3 showed the greatest thermal changes to be experienced when the 

inlet temperatures are more than the initial cell temperature.  

Case 3.B – Gas-Electrode Thermal Distribution 

Figure 5.24 plots of the average temperatures at the gas-electrode contact surfaces where an 

overall increase in temperature at both the anode and cathode sides of the cell.  The cathode contact 

surface has a higher thermal output at the gas-electrode location compared to the anode for all 

three studies.  The steady state values depicted from Figure 5.24 are portrayed within Table 5.13. 

Table 5.13: Summary of Steady State Temperatures Reached at Anode and Cathode at Gas-Electrode Boundary Layer when 

Tin > To 

Change in Velocity Cathode Temperature (K) Anode Temperature (K) 

0 to 30 km/h 927 910 

0 to 50 km/h 933 918 

0 to 80 km/h 942 933 

Table 5.13 indicates the gas-electrode boundary layer to undergo an increase in temperature 

as the inlet velocities of the gases are increased.  The faster inlet gases at a higher temperature 

entering the fuel cell will increase the kinetics of the reactant gases, lowering the activation 

overpotential loss and increasing the reaction rates.  The heat produced from the electrochemical 

reactions will increase the temperature within the TPB layer.  This causes an increase within the 

overall heat being produced.  With the lower initial temperature of the cell the temperature of the 

reactant gases decrease as they diffuse through the electrodes.  The lower temperature of the gases 

allows the ohmic heat source to have a greater effect than the two prior case studies as per 

Hafsia [106]. 

The cathode contact layer is shown to experience slightly higher temperatures than the anode.  

The reasoning for the higher temperature was mentioned within the flow channel thermal study.  

Due to the high temperatures of the reactant gases, as well as the endothermic reactions the cathode 

side of the fuel cell experiences, the heat produced from the TPB layer is at a lower temperature 

than the temperature of the flow channel.  The heat produced at this layer will not be able to 

dissipate into a warmer temperature flow channel, resulting in the cathode experiencing little to no 

thermal difference along the channel. 
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The gas-electrode contact surface on the cathode side experiences a higher thermal change 

than the anode when compared to the initial cell temperature of 873 K, valued at 69 K. This also 

indicates a thermal difference of 131 K that is experienced from the inlet of the channel to the 

average temperature calculated at the gas-electrode boundary layer.   

Case 3.C – Electrolyte Thermal Study  

The final study for Case 3 considers the thermal behaviour encountered at the electrolyte layer.  

Figure 5.24 indicates the electrolyte temperature to increase from its initial value of 873 K.  The 

steady state values are summarized in Table 5.14. 

Table 5.14: Summary of Steady State Average Temperature at Electrolyte when Tin > To 

Change in Velocity Electrolyte Temperature (K) 

0 to 30 km/h 925 

0 to 50 km/h 930 

0 to 80 km/h 938 

The electrolyte temperatures increase as the inlet velocities of the reactant gases become 

faster.  With the reactant gases losing some of its heat while travelling through the TPB layers, the 

activation, ohmic and electrochemical heat sources provide a rise in temperature at the electrolyte 

layer.  Table 5.14 concludes higher temperatures are achieved when the inlet gases enter at a faster 

rate.  A faster velocity allows greater rates of reactions to occur due to the lower activation 

overpotential and ohmic losses experienced within the cell than the other two acceleration rates.   

Comparing the results of Figure 5.24, the vehicle accelerating from rest to 80 km/h generates 

the greatest amount of heat within the fuel cell.  Thus, it can be concluded that the fuel cell 

temperature is proportionally related to the inlet velocities of the reactant gases when the inlet 

temperatures are greater than the initial cell temperature. The cathode flow channel is shown to 

experience higher temperatures than the anode, as greater amounts of heat are being transferred to 

the cathode region. 
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5.3.4 Case 4: Inlet Temperatures at 1273 K and Initial Cell Temperature at 1073 K 

Lastly, Case 4 considers a short study of the reactant gases to entering the fuel cell at a 

temperature of 1273 K, while the initial cell temperature was set to 1073 K.  Similar results as 

Case 3 (Tin > To) were expected to be seen within the channels, gas-electrode interfaces and 

electrolyte of the model.  The thermal distribution plots for Case 4 at 30, 50 and 80 km/h are 

portrayed within Figure 5.25, Figure 5.26 and Figure 5.27, respectively.  

 

Figure 5.25: Thermal Distribution when Accelerating from 0 to 30 km/h when Tin = 1273 K 
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Figure 5.26: Thermal Distribution when Accelerating from 0 to 50 km/h when Tin = 1273 K 

 

Figure 5.27: Thermal Distribution when Accelerating from 0 to 80 km/h when Tin = 1273 K 

The results shown in Figure 5.25 to Figure 5.27 are similar to the results of Case 3 shown in 

Figure 5.21 to Figure 5.23. To further prove the similarity between the two cases, the results of 

both cases were plotted next to each other to observe the correlation between the two.  The 

comparisons are shown in Figure 5.28, Figure 5.29 and Figure 5.30. 
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Figure 5.28: Comparison of Case 3 and Case 4 for Studied Locations when Vehicle Accelerates from 0 to 30 km/h 

 

Figure 5.29: Comparison of Case 3 and Case 4 for Studied Locations when Vehicle Accelerates from 0 to 50 km/h 
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Figure 5.30: Comparison of Case 3 and Case 4 for Studied Locations when Vehicle Accelerates from 0 to 80 km/h 

Figure 5.28 to Figure 5.30 show similar thermal patterns to Case 3 at the gas channels of the 

fuel cell, however, greater thermal variances are shown at the gas-electrode contact surfaces and 

the electrolyte layers.  The final average temperatures reached is shown in Table 5.15. 

Table 5.15: Difference in Initial Temperature (K) to Final Temperatures (K) from Initial Time to Steady State within Case 3 and 

Case 4 

Case No. 
Initial Cell 

Temperature 
Acceleration 

Cathode 

Channel 

Anode 

Channel 

Anode 

Gas-

Electrode 

Cathode 

Gas-

Electrode 

Electrolyte 

Case 3 873 K 

0 to 30 km/h 156 46.5 35.4 52.8 51.5 

0 to 50 km/h 172 70.4 43.8 58.7 56.6 

0 to 80 km/h 181 112 58.3 67.7 64.6 

Case 4 1073 K 

0 to 30 km/h 155 43.2 31.9 44.3 41.4 

0 to 50 km/h 170 66.7 39.2 49.6 47.1 

0 to 80 km/h 180 109 54.5 59.4 55.9 

The difference in temperatures from the initial time to steady state for each case are summarized 

in Table 5.15.  The values indicate greater thermal changes to be experienced within Case 3 

(Tcell = 873 K) than Case 4 (Tcell = 1073 K) at all locations.  Comparing the two cases with each 

other, the cathode gas-electrode interface encountered the greatest difference with the vehicle 

accelerating from rest to 80 km/h, where Case 3 was 8.3 K hotter than Case 4.  Thus, warmer 
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reactant gases were shown to decrease the overall thermal differences experienced within the 

studied fuel cell components. 

It is interesting to note how both Case 3 and Case 4 considers similar cases, but Case 3 

encounters greater temperature differences than Case 4.  This indicates that a fuel cell operating at 

warmer temperatures will encounter less thermal stresses encountered from the thermal variances, 

suggesting the chances of material failure to be less.  The lowered risk of material failure from 

thermal changes is an important aspect to consider when designing SOFCs within a varying load 

application, especially at the electrolyte, where the greatest temperature normally occurs. 

5.4 Concluding Remarks of Case 1 to 4 

A summary table, where the final average temperatures reached at each location of the model 

are compared, are listed in Table 5.16. 

Table 5.16: Final Average Temperatures Reached (K) from Case 1 through to Case 4 

Case No. 
Initial Cell 

Temperature 

Inlet Gas 

Temperature 
Acceleration 

Cathode 

Channel 

Anode 

Channel 

Anode 

Gas-

Electrode 

Cathode 

Gas-

Electrode 

Electrolyte 

Case 1 1073 1073 

0 to 30 km/h 1080 1086 1097 1087 1097 

0 to 50 km/h 1077 1084 1096 1086 1097 

0 to 80 km/h 1076 1080 1095 1085 1096 

Case 2 1073 873 

0 to 30 km/h 932 1055 1077 1068 1080 

0 to 50 km/h 909 1026 1058 1069 1073 

0 to 80 km/h 896 976 1057 1040 1063 

Case 3 873 1073 

0 to 30 km/h 1030 921 910 927 925 

0 to 50 km/h 1047 945 918 933 930 

0 to 80 km/h 1056 987 933 942 938 

Case 4 1073 1273 

0 to 30 km/h 1228 1116 1105 1117 1114 

0 to 50 km/h 1245 1141 1114 1124 1120 

0 to 80 km/h 1256 1184 1129 1134 1129 

 

The temperatures reached at each location operate within a tolerable range of 700 ℃ to 

1000 ℃ as per Juhl et al., [120] and 850 ℃ to 1000 ℃ by Mogensen et al., [121].  These ranges 

were concluded by each author to indicate no measurable degradation occurred while operating 



81 

 

under these conditions.  The highest average temperatures reached within all locations are shown 

to occur within Case 4, where the reactant gases entered the cell at 1273 K.  Table 5.16 also 

indicates Case 3 to encounter the lowest temperatures out of all studied cases, where the initial 

temperature of the cell was less than the considered cases.  Recalling back to the study of Case 2, 

the electrolyte encountered minimal changes throughout this study.  However, the final 

temperatures reached at each location are shown to behave in a consistent manner as the 

acceleration rates increased. 

Case 4 produced the highest power densities within the fuel cell, where Mogensen et al., [121] 

concluded having the anode at approximately 1000 ℃ to be a favourable operating temperature.  

The high temperatures were found to help lower the polarization resistances encountered by the 

reactant and product particles, allowing for higher power densities to be produced.  However, 

materials within higher temperatures were also more susceptible to mechanical and material failure 

from the formation of cool and hot spots within the cell.  The greater the difference in temperature 

at varying locations of the cell, the larger the possibility of material failure.  Thus, the difference 

in temperatures reached was considered.  To compare the differences from the final average 

temperature to the initial cell temperature, Figure 5.31 to Figure 5.33 were developed. 

Figure 5.31: Difference in Temperatures (K) from Initial Time to Steady State for Case 1 through to Case 4 for 0 to 30 km/h 
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Figure 5.32: Difference in Temperatures (K) from Initial Time to Steady State for Case 1 through to Case 4 for 0 to 50 km/h 

 

Although Case 3 and 4 would produce the highest power density out of all considered cases, 

the change in temperature from its initial temperature are greatest for the two cases.  The best 

Figure 5.33: Difference in Temperatures (K) from Initial Time to Steady State for Case 1 through to Case 4 for 0 to 80 km/h 
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operating condition of the fuel cell appears to be Case 1, where Figure 5.31 to Figure 5.33 indicates 

the anode and cathode channels to experience the smallest thermal change from its initial 

temperature compared to the other three cases.  Additionally, unlike Case 2, a consistent thermal 

behaviour is witnessed to occur, where all components of the fuel cell increased to its final values.  

The cathode flow channel in Case 2 showed the greatest drop in temperature, where a change of 

175 K from its initial cell temperature is witnessed to occur.  It also is below the tolerable range 

that was discussed within both Juhl et al., [120] and Mogensen et al., [121].  On the contrary, the 

cathode flow channel within Case 3 undergoes the greatest increase in thermal change, where the 

temperature increased by 181 K.  In Case 4, the unsteady thermal behaviour and the large drop in 

temperature poses a large problem to any materials meeting the cathode due to the large changes 

in temperature that is experienced at this location. 

The large fluctuations in temperature encountered at the cathode flow channels for Case 2, 3 

and 4 raises concern regarding the performance ability and its capability to withstand these 

changes.  Cases 3 and 4 indicated a large rise in temperature at the cathode channel.  With the 

cathode side experiencing the endothermic reactions, it is assumed that the high temperature that 

are reached at the cathode channel to affect the performance efficiency of the cell.  Additionally, 

the inconsistent thermal behaviour encountered within Case 2 raises concern as well, as this could 

cause cool and hot spots to form within the cell.  The results of Case 1 listed within Table 5.16 and 

Figure 5.31 to Figure 5.33 demonstrates small increases in temperature to be encountered 

throughout the cell, while the anode and cathode operate within tolerable conditions listed by 

Juhl et al., [120] and Mogensen et al., [121]. 

5.5 European Drive Cycle Simulation Study 

Within this study, the model was set to encounter various acceleration and deceleration rates, 

given by the Vehicle and Fuel Emissions Testing, Dynamometer Drive Schedules [122].  The data 

collected from the second part of the Economic Commission for Europe Dynamometer Operating 

Cycles was used to operate within the model.  The drive cycle modelled within this study is 

portrayed in Figure 5.34 [122]. 
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Figure 5.34: Drive Cycle to be Studied [122] 

This cycle was studied due to its simplistic, yet realistic segment a driver may encounter when 

driving.  The cycle shows the vehicle to accelerating from rest to a desired velocity within a given 

period, as well as being driven at a constant velocity and decelerating from one velocity to another.  

Like the previous study, the inlet velocities of the air and fuel were calculated from the Tractive 

Effort Force, utilizing Equation (18).  The velocities of the gases were then inputted into the 

simulation model, as had been done in the previous studies.  The thermal behaviour within the cell 

was plotted with the use of the probes from the prior study.  The results were portrayed within the 

thermal distribution graphs, showing the thermal differences encountered in the SOFC with the 

use of various hues of colour.  The inlet gas and the initial temperature of the cell were both equal, 

valuing at 1073 K.   

Within Fly’s [84] paper, it is noted that when a vehicle is decelerating, the fuel cell was 

assumed to encounter no inlet flows of the gases, thus no power was required from the vehicle for 

the cell to operate.  This assumption was only applied to the last portion of the study, where it is 

seen within Figure 5.34 that the desired velocity reaches 0 km/h from the initial velocity of 

120 km/h.  However, within the other circumstances where the vehicle is seen to decelerate to a 

speed that was not 0 km/h, the power equation resulted in a negative value due to the final velocity 

being less than the initial velocity.  When a vehicle is decelerating to a velocity greater than 0 

km/h, it was assumed that the vehicle would not have gases entering within the fuel cell, resulting 
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in the reactions to still take with the remaining gases within the fuel cell when the vehicle 

decelerates.   

It was assumed the power required would not equate to zero within these circumstances, 

however, would result in a lower power requirement from the vehicle.  This power value resulting 

from the deceleration of a vehicle was assumed to be the total amount of power that was not 

required from the previous power requirement calculation.  When the vehicle required less power 

from its previous state, the total amount of gas particles entering the fuel cell would decrease.  It 

is thus assumed the inlet velocity will decrease with lower amounts of gas particles entering the 

fuel cell when the vehicle decelerated. 

Figure 5.34 shows the vehicle to accelerate and decelerate to various velocities and stay at a 

constant velocity for a short duration.  When the vehicle is moving at a constant speed, the reactant 

gases are assumed to enter the fuel cell at a steady rate during that period.  Thus, the thermal 

behaviour witnessed at the end of an acceleration or deceleration period is assumed to remain the 

same for when the vehicle is moving at a constant speed.   

Table 5.17 summarizes the different driving conditions the vehicle encounters when placed 

within the cycle of Figure 5.34.  The power required by the vehicle for each given segment is 

calculated from Equation (18).  It can also be seen how the power requirement decreases in 

Segment 2, where the velocity of the vehicle decreases from 70 to 50 km/h.  Segment 6 portrays 

no power required by the vehicle, as the vehicle is coming to rest from the prior speed. 

Table 5.17: ECE Drive Cycle Segment Summary 

Segment 
Change in Velocity 

(km/h) 

Change in 

Time (s) 

Acceleration 

(m/s2) 
Power of Vehicle per Cell (W) 

1 0 to 70 41 0.474 325.57 

2 70 to 50 8 -0.694 147.73 

3 50 to 70 13 0.427 302.68 

4 70 to 100 35 0.238 391.69 

5 100 to 120 20 0.278 590.24 

6 120 to 0 40 -0.833 0 

From the power requirements seen within Table 5.17, Table 5.18 portrays a summary of the 

fuel and air inlet velocities required for the vehicle when placed under the various circumstances. 



86 

 

Table 5.18: Inlet Velocities Required for Given Segments 

Segment Fuel Inlet Velocity (m/s) Air Inlet (m/s) 

1 0.483 1.869 

2 0.219 0.845 

3 0.451 1.743 

4 0.583 2.256 

5 0.879 3.400 

6 0 0 

The calculated inlet velocities of the gases show the velocities do not vary greatly between each 

segment.  This is due to the long duration of time it takes for the vehicle to reach the desired 

velocity, resulting in little change to the inlet velocities of both gases.  As a result, the thermal 

changes within the fuel cell are expected to not vary greatly whilst in operation for the given 

segments.  The only exception to this is within Segment 6, where the fuel and air will not be 

entering the fuel cell at all to allow the vehicle to reach a desired velocity of 0 m/s. 

To model each segment of the drive cycle, there was a major adjustment made to the model 

that was not applied to the prior cases, involving the initial conditions of the studied model.  The 

initial condition for the first segment was not changed, as the initial temperature of the cell and the 

inlet temperatures of the gases were all set to 1073 K.  The inlet velocities and mass transport 

equation conditions were also set to 0 to begin.  When conducting the study for Segment 2 and the 

studies done afterwards, the results of the thermal differences, mass and momentum transports, as 

well as the ionic transport physics, are used as the initial condition of the second segment.  A flow 

chart showing how the initial conditions were assigned for the first three segments is displayed in 

Figure 5.35. 
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5.5.1 Segment 1 – 0 to 70 km/h 

The first segment studies the fuel cell behaviour when a vehicle accelerates from rest to 

70 km/h within a 41 second time frame.  Figure 5.36 portrays the thermal differences observed 

within the fuel cell at the last second. With the longer duration to reach the final velocity, both the 

air and fuel inlet velocities are lower than that was calculated within the prior studies.  The overall 

thermal behaviour of the cell is illustrated in Figure 5.36. 

Assigned 
Initial 

Conditions
Run Study 1 Results 1

Results 1 
used as initial 

conditions
Run Study 2 Results 2

Results 2 used 
as initial 

conditions
Run Study 3 Results 3

Figure 5.35: Flow Chart of Initial Condition Assignment 



88 

 

 

Figure 5.36: Temperature Distribution for Segment 1 (0 to 70 km/h) 

As observed within the prior study of Case 1, the anode and cathode sides of the fuel cell 

shows different thermal behaviours to be encountered from each other.  With the inlet gas 

temperatures and initial cell temperature both being at 1073 K, the cathode flow channel shows a 

greater range of temperature, but not as widely distributed at the outlet, compared to the outlet at 

the anode channel.  The electrolyte and electrodes experience the highest temperature within the 

fuel cell.  Like Case 1, the anode electrode shows a greater range of thermal distribution than the 

cathode.  For this segment, the vehicle reaches its final desired speed of 70 km/h within a 41 second 

period.  With the parameter of this study being like the prior studies, the results were expected to 

be comparable to Case 1.  However, the longer duration of the time to reach the desired speed 

causes the inlet velocities of both gases to be much lower than what was studied within Case 1. 

Segment 1.A - Flow Channel Thermal Study 

With the inlet gas temperatures being equivalent to the initial cell temperature of 1073 K, the 

thermal behaviour was expected to be like Case 1.A.  The result of the temperature distributions 

for both the anode and cathode flow channels are portrayed within Figure 5.37, where the data 

points portray the average temperatures experienced at each side of the fuel cell.  
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Figure 5.37: Average Temperature Experienced at Flow Channels for Segment 1 (0 to 70 km/h) 

Figure 5.37 shows the thermal behaviours encountered at the anode and cathode flow channels 

while the vehicle is accelerating from 0 to 70 km/h.  The figure portrays an overall temperature 

reached by the anode channel to be 1086 K and the cathode to be 1080 K.  The temperatures for 

the anode and cathode flow channels increase until steady is reached at around 13 seconds and 

21 seconds, respectively.  As predicted, the resulting temperatures of the flow channels correlate 

with the results witnessed within Case 1.A.    

Similar results were seen within Case 1.A correlated with the results in Segment 1.A, where 

the cathode channel reached a lower average temperature than the anode.  The activation and 

electrochemical heat sources were concluded to contribute significantly to the heat released within 

the flow channels.  The anode channel undergoes greater amounts of heat produced due to the 

exothermic reactions occurring within the fuel cell. However, like what was encountered within 

Case 1.A, the cathode channel is hotter than the anode for the first few seconds of operation.  The 

discrepancy in the temperature within the anode and cathode may be due to the thickness of the 

electrodes as suggested within the prior studies, as well as from the lack of heat produced from the 

electrochemical reactions during the initial moments.  The data points of the temperatures collected 

at this location are used as the initial condition for the next segment study.  
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Segment 1.B – Gas-Electrode Thermal Study 

The thermal behaviours at the gas and electrode contact surfaces were studied within 

Segment 1.B.  Again, the results from Case 1.B were expected to be seen within this study, where 

the cathode reached a higher temperature than the anode.  The thinner cathode layer was the cause 

of the higher temperature within Case 1.B.    

 

Figure 5.38:  Thermal change experienced at Gas-Electrode Contact Surface Layer for Segment 1 (0 to 70 km/h) 

Figure 5.38 shows the cathode reaching a higher average temperature than the anode at the 

gas-electrode boundary layer.  Like what was discussed within the Case 1.B, the activation and 

electrochemical heat sources have a large impact on the heat produced within the TPB layer.  

Although the cathode endures the endothermic reactions within the cell, the thin geometry of the 

cathode shows that a lot of the heat produced within the TPB is transferred through to the cathode 

layer.  However, the outlet at the cathode channel shows that cooler gases are leaving than on the 

anode side, suggesting that the endothermic reactions are still occurring on this side.  Similarly, 

the thick anode causes lower amounts of heat to be transferred through, despite the exothermic 

reactions occurring at this layer.  The temperatures of both the anode and cathode increase while 

the vehicle begins to accelerate, before steady state is reached.  The steady state temperatures of 

the anode and cathode were 1087 K at 20 seconds and 1097 K at 17 seconds, respectively.  The 
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temperature points at the gas-electrode boundary layer are used as the initial condition for these 

location points for the next segment study.  

Segment 1.C – Electrolyte Thermal Study 

The last study of Segment 1 considers the thermal behaviour at the electrolyte.  It was 

witnessed within Case 1.C that the electrolyte experienced the greatest amounts of heat.  The 

results of this study were expected to be similar with Case 1.C.  Recalling back to the results of 

Case 1.C, the electrolyte experienced an overall increase in temperature when the inlet gases and 

initial cell temperatures were the same.  The results are plotted within Figure 5.39. 

 

Figure 5.39: Average Temperature at Electrolyte for Segment 1 (0 to 70 km/h) 

An increase in overall temperature at the electrolyte boundary layer is witnessed within Figure 

5.39.  A steady state temperature of 1097.4 K is reached at around 25 seconds of when the vehicle 

was accelerating.  Like the prior two probe locations of this study, the overall temperature at the 

electrolyte is similar to what was experienced within Case 1.  Although this segment experienced 

lower inlet velocities, the greater duration to reach the desired speed allowed for more heat to be 

produced within the electrochemical reactions and from the higher amounts of activation heat 
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sources at the TPB layer due to the velocities of the gases.  The slower inlet velocities may also 

increase the ohmic heat produced, despite the operating temperature to be at 1073 K.  

5.5.2 Segment 2 – 70 to 50 km/h 

The second segment considers the vehicle decelerating from 70 to 50 km/h, over an 8 second 

duration.  Using the thermal points experienced at 41 seconds from the prior segment, the initial 

conditions of Segment 2 were set to equal these values.  The result of Segment 2 is portrayed 

within Figure 5.40.  Since the previous studies did not consider the thermal behaviour of the cell 

when the vehicle was decelerating, the overall behaviour of the cell could not be predicted.  The 

total time to reach the desired speed of 50 km/h for this segment is much lower than Segment 1.  

This section will consider the thermal behaviours at the same locations as the previous studies.   

 

Figure 5.40: Temperature Distribution for Segment 2 (70 to 50 km/h) 

The temperature distribution shows the outlet of the cathode flow channel to undergo higher 

amounts of heat than what was previously plotted within Figure 5.36.  The highest temperatures 

are shown to be experienced within the TPB layer, portrayed by the darker hue of red.  It is known 

from prior studies that a lower inlet velocity of the gases results in greater amounts of heat to be 

produced.  The thermal plot of the model in Figure 5.40 correlate with the prior results, where 

higher thermal points are reached within the cell.  With the final plotted parameters from Segment 
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1 used as the initial conditions for this segment study, the flow channels, gas-electrode contact 

surface and electrolyte layers are studied based on their thermal behaviours.  

Segment 2.A – Flow Channel Study 

As the vehicle decelerates from one speed to another, the total amount of gas intake will also 

decrease.  With a lower amount of total gas entering the cell, it is assumed that the inlet velocities 

of the gases will decrease when a vehicle decelerates within a given cycle.  The resulting effect of 

the deceleration encountered by the flow channels are discussed within this study.  The channels 

of the fuel cell are expected to increase in temperature as the slower inlet velocities will allow 

greater amounts of heat to be dissipated.  The overall temperatures encountered at the anode and 

cathode flow channels are graphed within Figure 5.41.  

 

Figure 5.41: Average Temperature at Flow Channels for Segment 2 (70 to 50 km/h) 

The plot within Figure 5.41 portrays the average temperatures encountered at the flow 

channels when the vehicle begins to decelerate.  The initial point of the graph portrays the final 

temperature of the prior study.  The results shown afterwards simulates the temperatures 

experienced when a decrease in inlet velocity is encountered.  A sudden increase in temperature at 

the flow channel is witnessed within Figure 5.41, where the decrease in inlet velocity takes an 

effect on the flow channel temperature within seconds the velocity is changed.  It should be 
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recalled that the model being investigated does not consider a controller, resulting in the sudden 

change the fuel cell encounters when the velocities of the inlet gases are changed.  

The anode encounters a higher average temperature throughout the channel than the cathode, 

although the cathode experiences a greater difference in temperature.  The overall steady state 

temperature reached at the anode and cathode is seen to reach 1086.4 K and 1082.9 K, respectively.  

Comparing these values to what the initial temperatures at the flow channels of 1085.7 K at the 

anode and 1079.7 K at the cathode, the difference in temperatures at the two within the 8 second 

period is only 0.7 K on the anode side, but 3.2 K on the cathode side.   

The resulting temperatures of the anode flow channel show little change in temperature when 

the vehicle decelerates for a short period.  If the vehicle decelerates for a longer duration of time, 

a greater difference in temperature is expected to occur as it would slow down the reactant gases 

entering the cell.  This would mean less amounts of cooler reactant gases will enter the flow 

channels, lowering the average temperatures of the channels.  Thus, an overall increase in 

temperature occurs due to lower inlet velocities of the gases encounter when the vehicle begins to 

decelerate.  Referring to Table 5.18, the inlet velocity of Segment 2 is seen to be half of what 

Segment 1 had entering the fuel cell.  It was also witnessed within Case 1.A that the overall 

temperature is inversely proportional to the inlet velocity at the flow channel when the inlet 

temperatures and initial cell temperature were equal. 

The higher thermal difference experienced within the cathode flow channel is due to the 

slower inlet velocity of oxygen.  As discussed within Case 1.A, the slower inlet velocities allowed 

greater amounts of heat produced from the TPB layer to dissipate into the flow channel.  With the 

cathode electrode being thinner than the anode, previous studies showed the cathode flow channel 

to experience greater thermal changes than the anode.  The lower volume of cool air entering the 

cathode channel appears to cause the endothermic reaction products to have negligible effect on 

the temperature of the channel.  The heat produced within the TPB layer seems to transfer greater 

amounts of heat within this layer.  The smaller difference observed on the anode side of the flow 

channel can therefore be the result of the thickness of the electrode.  However, the overall higher 

temperature of the anode is the result of the exothermic heat produced from the electrochemical 
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reactions occurring on the anode side.  The thermal changes experienced at the flow channel on 

either side of the fuel cell is lower than what was experienced within Case 1.A.  

Segment 2.B – Gas-Electrode Thermal Study 

From previous plots, the initial temperature at the gas-electrode contact surface at both the 

anode and cathode sides of the fuel cell were 1086.7 K and 1096.9 K, respectively.  The flow 

channel temperatures were seen to within Segment 2.A, thus the gas-electrode contact layer on 

both sides of the fuel cell were expected to also increase.  The temperatures experienced at the gas-

electrode contact surfaces for both the anode and cathode sides are displayed within Figure 5.42. 

 

Figure 5.42: Thermal change experienced at Gas-Electrode Contact Surface Layer for Segment 2 (70 to 50 km/h) 

The temperatures experienced when the vehicle was decelerating for 8 seconds has little to no 

change from the previous results.  The total difference at the anode and cathode gas-electrode 

contact surfaces were 0.3 K and 0.4 K, making it a negligible change than what was experienced 

within Segment 2.A. From Figure 5.42, the thermal difference at the gas-electrode contact layers 

experienced minimal changes can be concluded.  The change in temperatures at both the anode 

and cathode were small enough to assume the thermal behaviour to remain constant after the initial 

warming up phase when the vehicle initially begins to operate.  
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The cathode remains to be at a higher temperature than the anode at this contact layer.  This 

does not differ from the thermal behaviour seen at this location for the initial segment being 

investigated.  The slower inlet velocities of the reactant gases still affect the activation and ohmic 

heat sources within the electrode-electrolyte contact layers.  With a slower inlet velocity, the total 

amount of heat produced from the reactions is shown to have little effect on the thermal behaviour 

of both the anode and cathode sides.  The little to no difference in temperature when the vehicle 

begins to decelerate, allows the behaviour witnessed within the prior study to be presumed to 

occur. 

Segment 2.C – Electrolyte Thermal Study 

With the slower inlet velocities and the overall thermal behaviours of this study to be 

increasing, the electrolyte study for Segment 2 was expected to follow a similar behavioural 

pattern.  The temperatures experienced at the electrolyte are plotted within Figure 5.43. 

 

Figure 5.43: Average Temperature at Electrolyte for Segment 2 (70 to 50 km/h) 

The average electrolyte temperature is seen to increase by 0.4 K from the previous temperature 

of 1097.3 K from Segment 1.C.  As discussed earlier within the report, the slower inlet velocities 
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of the reactant gases caused an overall increase in electrolyte temperature.  This was due to the 

larger possibility of the reactant gases successfully reacting within the fuel cell, as well as greater 

amounts of heat transferred to the channels because of the slower inlet velocities.  The minimal 

changes encountered at the electrolyte can be a positive aspect when considering thermal stresses 

and material degradation at this location.  With the electrolyte encountering the highest 

temperatures within the fuel cell, minimal changes within the electrolyte may aid in the material 

selection process if SOFC were to be used for vehicular application purposes.   

5.5.3 Segment 3 – 50 to 70 km/h 

The third segment considers the vehicle reaching a desired velocity of 70 km/h again, from 

50 km/h, within a 13 second time frame.  The final values reached within the prior study are used 

as the initial conditions for this segment.  Within this segment study, the thermal behaviour 

experienced within the fuel cell when the vehicle begins to accelerate to a higher velocity is 

witnessed.  A temperature plot of the fuel cell at its final thermal values is depicted in Figure 5.44. 

 

Figure 5.44: Temperature Distribution for Segment 3 (50 to 70 km/h) 

Similar results of the thermal distribution displayed within Figure 5.44 were shown when the 

vehicle reached 70 km/h in Segment 1.  The increased velocity of the reactant gases from its 

previous segment study is observed. 
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Segment 3.A – Gas Channel Thermal Study 

The temperature distribution of the gas channels within Segment 3 was expected to decrease 

as the inlet velocity of the reactant gases increased.  The cooling effect that was witnessed within 

Case 1.A was expected due to the higher inlet velocities of the 1073 K reactant gases.  Referring 

to Table 5.18, the inlet velocity of the reactant gas was increased to 0.45 m/s and 1.74 m/s for 

hydrogen and oxygen, respectively.  This was more than double the speed of the gases when the 

vehicle was decelerating within Segment 2.  The average temperatures of the flow channels for 

Segment 3.A is plotted in Figure 5.45. 

 

Figure 5.45: Average Temperature Experienced at Flow Channels for Segment 3 (50 to 70 km/h) 

Figure 5.45 shows the flow channels to encounter lower average temperatures than its initial 

states.  This was expected as the inlet velocities of the gases were increased from the previous 

study to accommodate for the higher power required by the vehicle.  The difference between the 

initial plot to the final steady temperatures were 0.6 K and 3.0 K, for the anode and cathode 

channels, respectively.  Comparing this to Segment 1, the thermal difference produced from 50 to 

70 km/h is much less than what was experienced when the vehicle accelerates from rest.  

Interestingly, when these differences were compared to Segment 2, it was found the fuel cell to 

produce greater amounts of heat when the vehicle was decelerating than when accelerating.  



99 

 

Although the difference between Segment 2 and Segment 3 are within a tenth of the values, this 

implies that a vehicle decelerating will result in greater thermal changes within the flow channels 

of the fuel cell.   

Segment 3.B – Gas-Electrode Thermal Study 

From Segment 2.B, the initial temperature at the gas-electrode contact surface at both the 

anode and cathode sides of the fuel cell were at 1087.0 K and 1082.9 K, respectively.  Segment 

2.A showed the flow channels to undergo a slight decrease in average temperature.  Thus, the 

anode and cathode sides of the fuel cell at the gas-electrode surfaces were expected to behave 

similarly.   The average temperatures experienced at the gas-electrode contact surface for both the 

anode and cathode sides is displayed within Figure 5.46. 

 

Figure 5.46: Thermal change experienced at Gas-Electrode Contact Surface Layer for Segment 3 (50 to 70 km/h) 

Figure 5.46 illustrates the minimal change in temperature the contact layer between the gas 

channels and electrodes of both the anode and cathode sides encounters when accelerating from 

50 km/h to 70 km/h.  The increased inlet velocity of the reactant gases showed the flow channels 

to experience an overall decrease in average temperature.  Additionally, the cathode remains to be 

hotter than the anode, where similar results were shown within prior studies.  Within the 13 second 
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time frame, the anode and cathode contact layer only dropped by 0.3 K at both probe locations.  

The difference from the initial condition to the final thermal value is almost negligible when 

discussing any significant change in thermal differences at these locations compared to Segment 

1.  Figure 5.46 concludes the thermal changes experienced at the gas-electrode contact surface to 

be minimal, indicating the heat sources and electrochemical reactions to not have a significant 

impact within the given situation.  

Segment 3.C – Electrolyte Thermal Study  

With the prior study for this segment experiencing minimal thermal changes, it was expected 

for the electrolyte to undergo similar changes, where the electrolyte would encounter a lower 

temperature than its prior state.  The average temperatures experienced at the electrolyte is plotted 

within Figure 5.47. 

 

Figure 5.47: Average Temperature at Electrolyte for Segment 3 (50 to 70 km/h) 

Observing Figure 5.47, the average temperature at this boundary layer undergoes minimal 

changes when the vehicle begins to decelerate from 70 km/h to 50 km/h.  The final temperature 

reached is 1097.4 K, being a 0.3 K difference from what was produced within the prior study when 

the vehicle was initially operating.  The average electrolyte temperature is also noticed to 

experience similar behaviour changes witnessed at the cathode gas-electrode contact layer of 
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Segment 3.B.  The final temperature at the gas-electrode contact layer was 1097.0 K, making the 

electrolyte experience 0.4 K higher than the contact layer.  The similar results between the two are 

because of the thinness of the cathode.   

The decrease in electrolyte temperature is thought to most likely be from the lower amounts 

of electrochemical reactions occurring within the TPB layer.  Greater amounts of gases entering 

the channels at the anode and cathode sides would cause more of a cooling effect to occur.  From 

prior studies, an increase in inlet velocity slightly decreased the temperature at the electrolyte layer.  

The results show the fuel cell to encounter greater amounts of heat when the vehicle is decelerating, 

compared to when it is accelerating. 

5.5.4 Segment 4 – 70 to 100 km/h 

The second last phase of the drive cycle experiences another acceleration period.  The vehicle 

reaches a desired velocity of 100 km/h from its initial 70 km/h, within a 35 second period.  This 

results in an overall fuel and air inlet velocity of 0.58 m/s and 2.26 m/s respectively, as listed in 

Table 5.18.  An increasing inlet velocity from prior studies indicated an overall lower temperature 

to be encountered within the SOFC model.  However, with the time to accelerate being almost 6 

times longer than what was portrayed within the results of Segments 1 and 3, the change in thermal 

behaviour will be discussed in comparison to the two prior segments.  Figure 5.48 portrays the 

final thermal points reached for Segment 4. 
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Figure 5.48: Temperature Distribution for Segment 4 (70 to 100 km/h) 

Figure 5.48 shows little to no change in temperature when compared to the temperature 

distribution portrayed within Segment 3.  Despite the faster inlet velocities of the gases, with the 

vehicle reaching the desired speed of 100 km/h in a longer duration of time, the model shows the 

thermal changes within the model to encounter limited change in thermal behaviour.  The longer 

period to reach the desired velocity has caused the flow rate of the reactant gases to be slower than 

when the vehicle accelerated for a shorter duration.  Recalling back to Table 5.18, the inlet 

velocities of the reactant gases are seen to be a 0.13 m/s and a 0.51 m/s difference from the 

previously studied segment.  Further investigations on the three probe locations are investigated 

regarding the effect that the time has on the thermal behaviour of the SOFC.  

Segment 4.A – Flow Channel Thermal Study 

Due to the slight increase in inlet velocities encountered for Segment 4, the flow channels of 

the SOFC were predicted to have a lower temperature.  With the small difference in velocity 

witnessed within Segment 3, the change in temperature was expected to also be minimal and not 

be significantly changed from its prior state.  Figure 5.49 shows the temperatures encountered at 

the flow channels when the vehicle accelerates from 70 km/h to 100 km/h within a 35 second time 

frame. 
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Figure 5.49: Average Temperature Experienced at Flow Channels for Segment 4 (70 to 100 km/h) 

As anticipated, Figure 5.49 demonstrates the temperatures of both the anode and cathode flow 

to experience small changes from its initial conditions.  The anode gas channel shows a drop of 

0.3 K from its prior value, equating to a temperature of 1085.5 K.  The cathode channel indicates 

a larger drop of 0.8 K, reaching a temperature of 1079.1 K.  The longer span to reach the desired 

velocity confirms the flow channels to experience small changes in temperature.  When compared 

to the initial results of Segment 1, the temperatures encountered at the flow channels are shown to 

have minimal amounts of fluctuations from the final temperatures reached in the first study.  

Consistent with the concluding remarks of the previous studies, the initial operating condition 

seems to display the largest amounts of fluctuations in temperature from its initial conditions 

within the studied locations.  These results are favourable as it would mean limited amounts of 

change are experienced when the fuel cell is operating.   

Study 4.B – Gas-Electrode Thermal Study 

At the gas-electrode contact layer, the temperature of the anode and cathode sides are expected 

to illustrate similar results as Study 4.A.  The overall average temperatures of the boundary layers 

were expected to decrease but not by a substantial amount.  As the inlet velocities of the gases are 

not significantly different from the previous inlet velocity, the temperature of the gas-electrode 
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interface is expected to remain consistent for the duration of this study.  The results are plotted in 

Figure 5.50.  

 

Figure 5.50: Thermal change experienced at Gas-Electrode Contact Surface Layer for Segment 4 (70 to 100 km/h) 

The final values of temperature reached at the gas-electrode contact layers represented in 

Figure 5.50 were 1096.8 K on the cathode side and 1086.6 K on the anode side.  This results in a 

0.2 K and 0.1 K difference at the cathode and anode sides, respectively.  The longer the time for 

the vehicle to accelerate has little to no effect on the overall thermal behaviour at the gas-electrode 

interface.  Although the limited fluctuation in temperature portrays an ideal condition for the SOFC 

to operate in, it should be kept in mind the total time to reach the desired speed of 100 km/h from 

70 km/h may not be ideal for some drivers.   

Segment 4.C – Electrolyte Thermal Study 

The electrolyte domain has been proven to experience the highest temperature within the 

entire SOFC from prior studies.  Within Segment 3.C, the average temperature of the electrolyte 

domain was shown to undergo very little change.  Similar results were expected for Segment 4.C.    

The average temperatures at the electrolyte layer when the vehicle accelerates from 70 km/h to 

100 km/h are plotted within Figure 5.51.  
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Figure 5.51: Average Temperature at Electrolyte for Segment 4 (70 to 100 km/h) 

Figure 5.51 shows the electrolyte temperature to experience no change from its initial to final 

temperatures, where a drop of only 0.1 K is observed to occur.  The longer period to reach the 

desired velocity of 100 km/h shows little to no effect on the thermal differences encountered within 

the model.  If a driver were to drive under these conditions, it would suggest the fuel cell to undergo 

the least amount of fluctuations in temperature.   

Prior studies suggested an increase in inlet velocities of the reactant gases would cause a 

cooling effect on the overall cell.  However, Segment 4 demonstrated if the total amount of time 

to reach the desired speed was extended, the overall thermal changes distributed among the fuel 

cell could be greatly reduced.  The greatest difference witnessed within the fuel cell within 

Segment 4 dropped a mere, 0.8 K at the cathode gas channel.  Out of all the studies that were 

investigated, Segment 4 seems to portray the least amount of thermal stress the fuel cell encounters. 

5.5.5 Segment 5 – 100 to 120 km/h 

The last segment before the vehicle decelerates to rest is investigated.  Within this segment, 

the vehicle accelerates from 100 km/h to 120 km/h in a 20 second time.  The acceleration is only 

0.04 m/s2 greater than the previous acceleration rate, equating to 0.278 m/s2.  The inlet velocities 

of the fuel and air are increased to 0.88 m/s and 3.34 m/s, respectively, to reach the desired speed 

of 120 km/h.  With the lower period to reach the final velocity, the inlet velocities of the reactant 

gases are entering at a faster rate than the last segment.  The increased speed of the gases is 
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expected to have a greater thermal behaviour effect than the previous study.  Figure 5.52 shows 

the temperature distribution at 20 seconds.  

 

Figure 5.52: Temperature Distribution for Segment 5 (100 to 120 km/h) 

From Figure 5.52, it is hard to distinguish any difference in thermal differences that are 

experienced from Segment 4 to Segment 5.  With the faster inlet velocities, the temperatures at 

each location was expected to slightly decrease, if it were to follow the same behavioural pattern 

as the previous studies.  With further investigation, the temperature effects of each location are 

studied within this section. 

Segment 5.A – Flow Channel Thermal Study 

The flow channels of the prior study experienced a decrease in temperature when the inlet 

velocities increased.  Figure 5.52 depicts the greatest thermal differences from its initial values 

occurs within the cathode flow channel.  It is expected for the flow channels to experience a lower 

temperature than the prior segment due to the higher inlet velocities.  The plotted results of the 

temperatures reached within the 20 second time frame are portrayed in Figure 5.53.  
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Figure 5.53: Average Temperature Experienced at Flow Channels for Segment 5 (100 to 120 km/h) 

Figure 5.53 illustrates both flow channels to experience a lower temperature when the vehicle 

accelerates from 100 to 120 km/h for a 20 second time frame.  The cathode flow channel shows a 

greater drop in temperature than the anode, where the average temperature of the cell settles at 

1078.0 K.  This is a drop of 1.1 K, which may be due to either the higher amounts of cooler reactant 

gases entering the flow channels, and or the total amounts of endothermic reactions occurring 

within the cell.  The anode flow channel experiences a drop of 0.8 K, where the final temperature 

reached is 1084.7 K.  The anode experiences a higher temperature than the cathode, but encounters 

a smaller difference in temperature.  

Segment 5.B – Gas-Electrode Thermal Study  

The contact layers at the gas channels and electrodes of the fuel cell experiences the cool inlet 

gas temperatures, as well as the heat produced from the various contributing sources.  However, 

the pattern witnessed from the prior segment studies indicated a faster inlet velocity would lower 

the overall temperature experienced at the gas-electrode surfaces.  The cathode side experienced 

higher temperatures than the anode due to the thinner electrode layer despite the endothermic 

reactions occurring on the cathode side, shown from previous studies.  Similar results are expected 
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for this segment, where the temperatures of both the anode and cathode would decrease.  The 

thermal behaviour experienced at the gas and electrode interface is plotted in Figure 5.54. 

 

Figure 5.54: Thermal change experienced at Gas-Electrode Contact Surface Layer for Segment 5 (100 to 120 km/h) 

Figure 5.54 convey the average temperatures at the gas-electrode contact surface, where it 

experiences minimal amounts of thermal change for the 20 second duration.  The slightly lower 

temperature is due to the higher inlet velocities experienced at the flow channels, where the overall 

temperature of the channels decreased.  The heat produced at the TPB layer from the 

electrochemical reactions and the applied heat sources counteract the temperatures experienced at 

the flow channels.  The results within Figure 5.54 show a constant temperature of 1086.3 K and 

1096.5 K to be experienced at the anode and cathode interfaces, respectively.  Both interfaces 

result in a 0.3 K drop from its initial temperatures.   

Segment 5.A discussed how a longer duration for the vehicle to reach the desired speed 

showed to have minimal effect on the thermal differences produced within the cell.  The thermal 

stresses experienced within the fuel cell seem to remain constant for much of the drive cycle.  

Comparing the thermal changes experienced from Segment 5 to Segment 1, the temperatures 

reached in Segment 1 have a greater difference from its initial conditions than any of the other 

studied segments.   
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Segment 5.C – Electrolyte Thermal Study 

The final study within Segment 5 investigates the thermal behaviour encountered at the 

electrolyte.  Prior studies showed the electrolyte to decrease in temperature as the inlet velocities 

of the reactant gases increased.  Thus, the overall electrolyte temperature was expected to also 

decrease due to the cooling effect encountered by the cell.  The plot in Figure 5.55 represents the 

average temperatures reached by the electrolyte for Segment 5. 

 

Figure 5.55: Average Temperature at Electrolyte for Segment 5 (100 to 120 km/h) 

Within Figure 5.55, the average temperatures are shown to slightly decrease in temperature.  

From 1097.3 K, the temperature is seen to reach a steady value of 1097.0 K at around 3 seconds 

throughout the entire 20 second duration.  The insignificant change correlates with the minimal 

changes experienced within Segment 5.A and 5.B.  The cooler reactant gases entering the channels 

at a faster rate are seen to cause an overall drop in temperature.  A cooler cell is thought to 

experience higher amounts of activation overpotential losses, as well as lower rates of reactions 

occurring within the TPB layer.  This results in the electrochemical reactions to decrease, lowering 

the temperature of the electrolyte.   
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The electrolyte has been proven to experience the hottest points from prior studies.  The 

temperature of the electrolyte has been shown to be inversely proportional to the inlet velocities 

of the reactant gases.  This is possibly due to the greater amounts of activation overpotential losses 

that are encountered, where the probability of the gases reacting at higher inlet velocities were 

decreased.  The inlet temperatures being less than the initial cell temperature has also seen to create 

a cooling effect on the fuel cell from the segment studies.  Recalling back to the temperature 

relation to the overall cell performance, a fuel cell operating at higher temperatures will allow 

more reactions to occur.  However, with the increased velocity of the cooler reactant gases, the 

overall cell temperature decreases by a slight amount.  The two competing effects are essentially 

balanced resulting in a negligible change in temperature within the electrolyte. 

5.5.6 Segment 6 – 120 to 0 km/h 

The final segment considers the vehicle coming to rest from the previous velocity of 120 km/h.  

For this drive cycle, the vehicle decelerates for 40 seconds.  Within Segment 2, the deceleration 

was witnessed to cause the inlet velocities of the reactant gases to decrease.  For Segment 6, the 

vehicle is coming to rest at the end of the drive cycle.  Thus, the inlet velocities of both fuel and 

air were equated to be 0 m/s and the heat sources were also equated to 0.  This suggests no air or 

fuel to enter the fuel cell while the vehicle decelerates to rest.  By equating the inlet velocities for 

both gases to be 0 m/s, Segment 6 will encounter the greatest change in inlet velocities of fuel and 

air from all the other studied cases.  The thermal behaviour witnessed within the fuel cell is 

therefore expected to vary greatly from the previous segment results.  The final behaviour of the 

temperatures from the fuel cell when the vehicle comes to a stop is portrayed within Figure 5.56. 
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Figure 5.56: Temperature Distribution for Segment 6 (120 to 0 km/h) 

A drastic change in temperature behaviour is shown within Figure 5.56 from previously 

observed studies.  To further investigate what happens to the model, Figure 5.57 to Figure 5.59 

show the thermal behaviour of the fuel cell encountered from its initial state to its steady state 

value.  

 

Figure 5.57: Thermal Distribution at Initial Condition of Segment 6 
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Figure 5.58: Segment 6 Thermal Distribution at 5 seconds 

 
Figure 5.59: Segment 6 Thermal Distribution at Steady State (40 seconds) 

With no reactant gases entering the fuel cell, the heat produced at the TPB layer is shown to 

dissipate over to the cathode outlet and anode inlet side of the model.  Focusing on the thermal 

legend at the bottom of each figure, the legend indicates the fuel cell to encounter a temperature 

around 1090 K at all locations for this segment.  The varying colours within the plots indicate 

minimal variances encountered at the fuel cell and thus show the range of colours to be plotted 

within the figures. 



113 

 

Segment 6.A – Flow Channel Thermal Study 

Figure 5.60 shows the cathode flow channel dissipating large amounts of heat within this 

location.  With no gases entering the flow channels of the fuel cell, the heat produced by the fuel 

cell is shown to be greatly affected when the vehicle comes to a rest from a high velocity of 

120 km/h.  The results of the temperature encountered at the flow channels of the anode and 

cathode sides of the fuel cell are represented in Figure 5.60.  

 

Figure 5.60: Average Temperature Experienced at Flow Channels for Segment 6 (120 to 0 km/h) 

Figure 5.60 indicates the heat produced at the TPB layer is dissipated into the flow channels 

of both the anode and cathode side.  As there are no reactant gases flowing through the cell, the 

cell shows the steady state temperature at all locations to reach the same temperature of 1091.8 K 

The cathode channel increases greatly from its initial average value of 1078 K, resulting in a 

different of 13.8 K.  The anode channel increases by 7.1 K from its initial average temperature of 

1084.7 K.   
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Segment 6.B – Gas-Electrode Thermal Study 

With the cathode being so close to the electrolyte, the gas-electrode boundary layer on this 

side showed to experience hotter temperatures than the anode side.  With all areas of the fuel cell 

coming to an equilibrium temperature around 1090 K, the cathode and anode sides of the studied 

locations were expected to decrease and increase accordingly to meet the equilibrium temperature. 

The temperatures experienced at the gas and electrode contact surfaces are plotted within Figure 

5.61. 

 

Figure 5.61: Thermal change experienced at Gas-Electrode Contact Surface Layer for Segment 6 (120 to 0 km/h) 

Despite the cathode gas channel portraying a large increase in temperature within 

Segment 6.A, the temperatures experienced at the gas-electrode interface are not as greatly 

affected.  The gas-electrode contact surface on the cathode side dropped in temperature by 4.7 K, 

reaching a steady state temperature of 1091.8 K.  The anode side is seen to increase by 5.5 K from 

its initial condition, reaching the same temperature at the end.   

Segment 6.C – Electrolyte Thermal Study 

The final study of the drive cycle investigates the temperatures encountered at the electrolyte.  

With no reactant gases entering the fuel cell while the vehicle decelerates to rest, the electrolyte 
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was expected to reach thermal equilibrium like the other sections of the fuel cell.  The plot within 

Figure 5.62 exemplifies the temperatures encountered at the electrolyte over a 40 second time 

frame. 

 

Figure 5.62: Average Temperature at Electrolyte for Segment 6 (120 to 0 km/h) 

Figure 5.62 shows the electrolyte to reach the thermal equilibrium value of 1091.8 K at around 

5 seconds.  With no reactants entering the fuel cell, thus resulting in no reactions occurring, the 

electrolyte is shown to reach a cooler temperature until it comes to steady state.  

The thermal difference experienced at the gas channels were the greatest within Segment 6.  

With no in flow of reactant gases and no heat sources applied to the model, the fuel cell is shown 

to reach a thermal equilibrium state at all locations.  Depending on the initial temperature at each 

studied location, the heat was shown to either be dissipated, or gained, to reach the thermal 

equilibrium value of 1091.8 K.  

5.6 Concluding Remarks of Segments 1 to 6 

Figure 5.63 displays the temperatures reached throughout the SOFC, along with the 

acceleration rates of the vehicle, all with respect to time.  The data illustrates how the temperatures 

are affected for every change in inlet velocity.  The electrolyte reached the highest temperatures 

out of all the studied locations.  The small changes in temperatures at the electrolyte indicate that 
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the varying velocities of the reactant gases entering the fuel cell will not alter the reaction rate 

greatly.   

Additionally, Figure 5.63 indicates the close relation the cathode gas-electrode contact surface 

is to the electrolyte.  The thinness of the cathode electrode is believed to be the cause of this 

correlation.  Despite the high temperature, the cathode channel experienced temperatures that were 

significantly lower for most of the segment than the gas-electrode surface.  The ideal thermal range 

for the cathode was concluded to be from 700 ℃ to 1000 ℃ by Juhl et al. [120], where the cathode 

operates within those ranges as presented in Figure 5.63.  The anode has been proven to perform 

between 850 ℃ to 1000 ℃ with no measurable degradation while operating by Mogensen et al. 

[121].  Again, Figure 5.63 indicates the anode to perform within the tolerable range.  All locations 

of the studied model are shown to rise in temperature when the vehicle decelerated from a given 

velocity. 

Figure 5.63: Temperatures Reached within SOFC Model Compared to Acceleration Rates 

The results of the studied segments indicate positive outcomes for SOFCs to be used within 

vehicle applications.  Minimal thermal fluctuations lower the possibility of material failure within 
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this high operating temperature fuel cell, where the changes in temperature is a major concern to 

be used for SOFCs within non-steady state uses.  The results showed the single cell being 

investigated to encounter the greatest change when the vehicle either starts or comes to a stop.  The 

ability to distinguish when and where these differences occur allows the design of the SOFCs to 

be improved to meet the demands and requirements for practical applications.  Doing so will 

expand the potential of SOFCs used within vehicular applications, allowing them to compete 

strongly with the currently available sustainable energy sources. 

Chapter 6 Conclusion 

The thermal effects of the inlet velocities and temperatures of the reactant gases on an 

operating fuel cell were studied and discussed.  The first half of the study considered the inlet gas 

temperatures to be the same, greater than and less than the initial cell temperature, at different rates 

of acceleration.  When the temperatures of the reactant gases were equal to the initial cell 

temperature, the inlet velocities were shown to have an inversely proportional relation to the 

overall cell temperature.  The reactant gases cooled the fuel cell down at a greater rate when the 

speed of the inlet gases increased.  The second case when the inlet temperatures were less than the 

initial cell temperatures greatly affected the thermal behaviour of the electrolyte.  Both the flow 

channels and gas-electrode contact surfaces decreased in temperature when the velocity of the 

reactant gases increased.  Lastly, when the gas temperatures were greater than the initial cell 

temperature, an increase in temperature was observed at all locations of the cell.  The velocities of 

the reactant gases and temperature increase of the cell were shown to be directly proportional to 

each other. 

Study 1 indicated the greatest thermal variance to occur within all locations of the fuel cell 

within Case 3, where the reactant gas temperatures were equal to 1073 K and initial cell 

temperature was equal to 873 K.  Interestingly, when similar conditions were applied within Case 4, 

but at an overall higher temperature of the reactant gases and initial cell temperature, lower 

temperature changes were observed at all locations of the fuel cell.  Case 4 showed the second 

largest change in temperature from its initial state.  Case 2 was the only case where the temperature 

of the fuel cell decreased from its initial state, and also showed to encounter inconsistent thermal 

behaviours depending on the acceleration of the vehicle.  This could pose a large issue with 
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creation of hot and cool spots forming within various locations of the fuel cell, making it more 

susceptible for material failure to occur.  Case 1 was concluded to show minimal fluctuations in 

temperature at all locations of the fuel cell when the vehicle is running.  However, it may be 

difficult to maintain an equal temperature of the reactant gases with the initial cell temperature, 

especially when many forms of reactant gases used within SOFCs are reformed from high 

operating temperature conditions.  Thus, if SOFCs were to be used within non-ideal conditions, 

Case 4 was shown to be better suited for automotive operations, where the reactant gases were 

equal to 1273 K and initial cell temperature was set to 1073 K.  

The second half of the study observed the thermal behaviour of the cell when placed within a 

drive cycle provided by the Vehicle and Fuel Emissions Testing, Dynamometer Drive Schedules.  

The greatest temperature difference was experienced during the initial driving stage, where the 

vehicle accelerated from rest.  The study assumed both the cell and inlet temperatures were at 

1073 K.  When the vehicle surpassed this stage, only small fluctuations in temperature were 

witnessed at each studied location.  The flow channel of the cathode experienced the greatest 

amount of thermal change for all the studies, except for Segment 1, where the gas-electrode 

interface on the cathode side showed the greatest change.   

A decelerating vehicle was found to produce greater amounts of heat at all locations than when 

accelerating as the inlet velocities of the gases were slower than the prior state.  When the vehicle 

came to rest from 120 km/h, all locations of the cell showed to reach a thermal equilibrium value 

as no reactants entered the cell.  The reactant gases acted as a cooling aid for the fuel cell while 

operating, where higher inlet velocities were shown to decrease in temperature within the studied 

segments.   

The cathode side showed small amounts of heat from the heat sources dissipate within the 

flow channels and cathode, due to the higher inlet velocities of air, as well as the lower 

temperatures encountered from the endothermic reactions.  However, with the anode experiencing 

exothermic reactions, as well as encountering lower inlet velocities of fuel entering, the outlet of 

the anode channel showed more heat to be leaving than the outlet of the cathode.  The thick anode 

showed to not be as heavily influenced as the cathode from the heat sources.  The activation heat 

source was also shown to have a greater influence on the cathode than the anode.     
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The inlet velocities used within the model were calculated based on the power requirements 

of a vehicle from Equation (18) [84].  By altering the inlet velocities of the reactant gases, the 

study was conducted assuming these changes in parameter of the reactant gases will project similar 

results when a vehicle is accelerating or decelerating from a given velocity.  The results portray 

the electrochemical reactions to have greater effects than the heat sources within the gas channels 

and the heat sources to affect the TPB layer more.  Similar concluding remarks were shown to be 

reached with Hafsia et al.’s [106] results regarding the varying heat source effects and the inlet 

temperatures of the reactant gases.  The ohmic heat was shown to have a greater influence when 

the inlet temperatures were lower than the initial cell temperature, and the electrochemical 

reactions showed greater amounts of heat to be released on the anode side of the cell. 

Chapter 7 Recommendations and Future Work 

It is recommended for any future theoretical and experimental studies to consider investigating 

the relation between the speed of the reactant gases to the reaction rate of the SOFC in further 

detail.  The activation heat source at the electrode-electrolyte boundary of the cathode should be 

investigated in further detail, to see if the activation heat source does not dissipate within the 

cathode boundary layer to the extent that it did within this study.  Creating a model that considers 

the interconnect, as well as the entire stack of the fuel cell is also recommended to be studied 

within future work.   

The thermal behaviour of the SOFC may be different when considering the entire stack, 

compared to one component of a cell that was used within this study.  Another consideration would 

be to change the geometry of the electrodes and observe its effects on temperature and 

performance.  The relatively thin geometry of the cathode and electrolyte showed the thermal 

behaviour to be changed almost suddenly within some sections.  Future models should also 

consider the inclusion of a controller to allow the inlet velocities to be changed over gradually, 

rather than instantaneously, to observe the effects on the thermal behaviour of the fuel cell.  By 

changing the geometry and including the controller, it is believed the thermal changes witnessed 

within the cell to be more gradual rather than the sudden changes that were witnessed within this 

study. 
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Additionally, experimental procedures should be conducted to ensure the results of the 

computer simulations within this report represent correct analyses and outcomes to further 

investigate the thermal characteristic behaviour of SOFCs when operating.  The material 

composition and the manufacturing methods have also been proven to have a great effect on the 

overall performance of a fuel cell.  Those carrying on the project should experiment with the 

varying material compositions and manufacturing methods to observe its thermal effects and 

outcome.  Future work should be conducted within both experimental and actual settings before 

being placed within vehicles to be used for public use.   
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Chapter 9 Appendix A – Reynolds Number Calculations 

The air inlet velocities of a vehicle accelerating from 0 to 80 km/h show they are the fastest 

velocities out of all the studies.  

Table 9.1: Constant Values Used to Calculate Reynolds Number 

Density of Air at 

1073 K (kg/m3) 

Channel 

Height (m) 

Channel 

Width (m) 

Hydraulic 

Diameter (m) 

Dynamic 

Viscosity of air at 

1073 K (kg /m‧s) 

0.31 0.5x10-3 7.5x10-4 6.0x10-4 4.3x10-5 

Table 9.2: Reynolds Number for 0 to 80 km/h Air Inlet Velocities 

Air Velocity (m/s)  Reynolds number 

69.06 298.7 

34.93 151.1 

23.55 101.9 

17.86 77.26 

14.45 62.49 

12.17 52.65 

10.55 45.62 

9.328 40.35 

8.380 36.25 

7.622 32.97 
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Chapter 10 Appendix B – Required Power Calculations  

Table 10.1: Constant Values Used for Equation (18) 

Table 10.2: Continuation of Table 10.1 

Table 10.3: Power Calculations for 0 to 30 km/h 

Delta t (s) a (m/s2) Desired V (m/s) Power of vehicle per cell (W) 

1 8.333 8.333 1,690.80 

2 4.167 
 

857.47 

3 2.778 
 

579.69 

4 2.083 
 

440.80 

5 1.667 
 

357.47 

6 1.389 
 

301.91 

7 1.190 
 

262.23 

8 1.042 
 

232.47 

9 0.926 
 

209.32 

10 0.833 
 

190.80 

 

Mass (kg) Tire Coefficient Drag Coefficient 
Density of std air  

(kg/m3) 
Vehicle Frontal Area (m2) 

1200 0.01 0.3 1.18 2.2 

Gravity 

(m/s2) 
OUR FUR 

Cell Voltage 

(V) 

Density 

H2 

(kg/m3) 

Density 

O2 

(kg/m3) 

Ac Cathode 

(m2) 

Ac Anode 

(m2) 

9.8 60% 80% 0.75 89.9 1429 9.60E-05 1.29E-04 
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Table 10.4: Power Calculations for 0 to 50 km/h 

Delta t (s) a (m/s2) Desired V (m/s) Power of vehicle per cell (W) 

1 13.889 13.889 4,683.27 

2 6.944  2,368.45 

3 4.630  1,596.85 

4 3.472  1,211.05 

5 2.778  979.57 

6 2.315  825.24 

7 1.984  715.02 

8 1.736  632.34 

9 1.543  568.04 

10 1.389  516.60 

Table 10.5: Power Calculations for 0 to 80 km/h 

Delta t (s) a (m/s2) Desired V (m/s) Power of vehicle per cell (W) 

1 22.222 22.222 11,989.96 

2 11.111  6,064.04 

3 7.407  4,088.73 

4 5.556  3,101.08 

5 4.444  2,508.48 

6 3.704  2,113.42 

7 3.175  1,831.23 

8 2.778  1,619.59 

9 2.469  1,454.99 

10 2.222  1,323.30 

Table 10.6: Power Requirements for Drive Cycle Study 

Segment Change in Velocity (km/h) Time (s) Acceleration (m/s2) Power of vehicle (W) 

1 0 to 70 41 0.474 325.57 

2 70 to 50 8 -0.694 147.73 

3 50 to 70 13 0.427 302.68 

4 70 to 100 35 0.238 391.69 

5 100 to 120 20 0.278 590.24 

6 120 to 0 40 -0.833 0 
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Chapter 11 Appendix C – Inlet Velocity of Reactant Gases Calculations 

Table 11.1: Inlet Velocities of Reactant Gases for 0 to 30 km/h 

Change in Velocity (m/s) Change in time (s) Total m/s Fuel Total m/s Air 

8.333 1 2.518 9.738 
 2 1.277 4.939 
 3 0.863 3.339 
 4 0.657 2.539 
 5 0.532 2.059 
 6 0.450 1.739 
 7 0.391 1.510 
 8 0.346 1.339 
 9 0.312 1.206 
 10 0.284 1.099 

 

Table 11.2: Inlet Velocities of Reactant Gases for 0 to 50 km/h 

Change in Velocity (m/s) Change in time (s) Total m/s Fuel Total m/s Air 

13.889 1 6.976 26.973 
 2 3.528 13.641 
 3 2.379 9.197 
 4 1.804 6.975 
 5 1.459 5.642 
 6 1.229 4.753 
 7 1.065 4.118 
 8 0.942 3.642 
 9 0.846 3.272 
 10 0.769 2.975 
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Table 11.3: Inlet Velocities of Reactant Gases for 0 to 80 km/h 

Change in Velocity (m/s) Change in time (s) Total m/s Fuel Total m/s Air 

22.222 1 17.859 69.056 
 2 9.032 34.926 
 3 6.090 23.549 
 4 4.619 17.861 
 5 3.736 14.448 
 6 3.148 12.172 
 7 2.728 10.547 
 8 2.412 9.328 
 9 2.167 8.380 
 10 1.971 7.622 

 

Table 11.4: Inlet Velocities of Reactant Gases for Drive Cycle Study 

Segment Fuel inlet m/s Air Inlet m/s 

1 0.483 1.869 

2 0.219 0.845 

3 0.451 1.743 

4 0.583 2.256 

5 0.879 3.400 

6 0.000 0.000 
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Chapter 12 Appendix D – Case 1 Temperature Results 

Table 12.1: Temperature Results for Case 1 - 0 to 30 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 1073 1073 1073 1073 1073 

0.006 1073.7 1073 1073.1 1073 1073.9 

0.012 1074.4 1073 1073.3 1073 1074.6 

0.024 1075.7 1073 1073.6 1073 1075.8 

0.048 1077.8 1073.2 1074.2 1073.1 1077.9 

0.096 1080.9 1073.9 1075.2 1073.7 1081 

0.192 1085.2 1076.1 1076.5 1075.7 1085.4 

0.288 1088 1078.6 1077.3 1078 1088.2 

0.48 1091.9 1082.1 1078.4 1081.4 1092.2 

0.864 1094.5 1084.6 1079.2 1083.8 1094.9 

1.248 1095.8 1085.7 1079.6 1084.8 1096.2 

1.848 1096.5 1086.4 1079.8 1085.5 1096.9 

2.448 1096.8 1086.6 1079.9 1085.7 1097.2 

3.048 1096.9 1086.7 1079.9 1085.8 1097.3 

3.648 1097 1086.7 1079.9 1085.8 1097.4 

4.248 1097 1086.7 1079.9 1085.8 1097.4 

4.848 1097 1086.7 1079.9 1085.8 1097.4 

5.448 1097 1086.7 1079.9 1085.8 1097.4 

6 1097 1086.7 1079.9 1085.8 1097.4 
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Table 12.2: Temperature Results for Case 1 -  0 to 50 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 1073 1073 1073 1073 1073 

0.006 1073.7 1073 1073.1 1073 1073.9 

0.012 1074.4 1073 1073.2 1073 1074.6 

0.024 1075.7 1073 1073.5 1073 1075.8 

0.048 1077.8 1073.2 1073.8 1073.1 1077.9 

0.096 1080.8 1073.9 1074.4 1073.6 1081 

0.192 1085.1 1076.1 1075.2 1075.4 1085.3 

0.288 1087.8 1078.4 1075.7 1077.4 1088.1 

0.48 1091.6 1081.8 1076.4 1080.2 1092 

0.864 1094 1084 1076.9 1082.1 1094.5 

1.248 1095.2 1085 1077.1 1083 1095.7 

1.848 1095.8 1085.6 1077.2 1083.5 1096.3 

2.448 1096.1 1085.8 1077.3 1083.7 1096.6 

3.048 1096.2 1085.9 1077.3 1083.7 1096.7 

3.648 1096.2 1085.9 1077.3 1083.8 1096.7 

4.248 1096.2 1085.9 1077.3 1083.8 1096.7 

4.848 1096.2 1085.9 1077.3 1083.8 1096.7 

5.448 1096.2 1085.9 1077.3 1083.8 1096.7 

6 1096.2 1085.9 1077.3 1083.8 1096.7 
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Table 12.3: Temperature Results for Case 1 -  0 to 80 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 1073 1073 1073 1073 1073 

0.006 1073 1073.7 1073.1 1073 1073.9 

0.012 1073 1074.4 1073.2 1073 1074.6 

0.024 1073 1075.7 1073.3 1073 1075.8 

0.048 1073.2 1077.7 1073.6 1073.1 1077.9 

0.096 1073.9 1080.8 1074 1073.5 1081 

0.192 1075.9 1084.9 1074.5 1074.8 1085.2 

0.288 1078.1 1087.5 1074.8 1076.1 1087.9 

0.48 1081.1 1091.1 1075.3 1078 1091.6 

0.864 1083 1093.2 1075.5 1079.2 1093.9 

1.248 1083.8 1094.2 1075.7 1079.8 1094.9 

1.848 1084.3 1094.8 1075.7 1080 1095.5 

2.448 1084.4 1095 1075.7 1080.1 1095.7 

3.048 1084.5 1095.1 1075.8 1080.2 1095.7 

3.648 1084.5 1095.1 1075.8 1080.2 1095.8 

4.248 1084.5 1095.1 1075.8 1080.2 1095.8 

4.848 1084.5 1095.1 1075.8 1080.2 1095.8 

5.448 1084.5 1095.1 1075.8 1080.2 1095.8 

6 1084.5 1095.1 1075.8 1080.2 1095.8 
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Temperature Plots (K) in Relation to Time (s) for Case 1 

 
Figure 12.1: Average Temperature at Cathode Channel for Tin = To 

 
Figure 12.2: Average Temperature at Anode Channel for Tin = To 
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Figure 12.3: Average Temperature at Cathode Gas-Electrode for Tin = To 

 

 
Figure 12.4: Average Temperature at Anode Gas-Electrode for Tin = To 
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Figure 12.5: Average Temperature at Electrolyte for Tin = To 
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Chapter 13 Appendix E – Temperature Results of FUR and OUR 

Alterations 

Table 13.1: Temperature Results when FUR and OUR 30% less 

Time (s) 

Cathode 

Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 1073.0 1073.0 1073.0 1073.0 1073.0 

0.0059524 1073.7 1073.0 1073.1 1073.0 1073.9 

0.0119048 1074.4 1073.0 1073.2 1073.0 1074.6 

0.0238095 1075.7 1073.0 1073.5 1073.0 1075.8 

0.047619 1077.8 1073.2 1074.0 1073.1 1077.9 

0.0952381 1080.8 1073.9 1074.6 1073.7 1081.0 

0.1904762 1085.1 1076.1 1075.5 1075.6 1085.3 

0.2857143 1087.9 1078.5 1076.1 1077.8 1088.2 

0.4761905 1091.7 1082.0 1076.9 1081.0 1092.1 

0.8571429 1094.2 1084.3 1077.5 1083.2 1094.7 

1.2380952 1095.4 1085.4 1077.7 1084.2 1095.9 

1.8333333 1096.2 1086.0 1077.9 1084.8 1096.6 

2.4285714 1096.4 1086.3 1078.0 1085.0 1096.9 

3.0238095 1096.5 1086.4 1078.0 1085.1 1097.0 

3.6190476 1096.6 1086.4 1078.0 1085.1 1097.0 

4.2142857 1096.6 1086.4 1078.0 1085.1 1097.0 

4.8095238 1096.6 1086.4 1078.0 1085.1 1097.0 

5.4047619 1096.6 1086.4 1078.0 1085.1 1097.0 

6 1096.6 1086.4 1078.0 1085.1 1097.0 
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Table 13.2: Temperature Results when FUR 10% more and OUR 20% more 

Time (s) 

Cathode 

Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 1073.0 1073.0 1073.0 1073.0 1073.0 

0.006 1073.7 1073.0 1073.1 1073.0 1073.9 

0.012 1074.4 1073.0 1073.3 1073.0 1074.6 

0.024 1075.7 1073.0 1073.6 1073.0 1075.8 

0.048 1077.8 1073.2 1074.3 1073.1 1077.9 

0.096 1080.9 1073.9 1075.5 1073.7 1081.0 

0.192 1085.2 1076.2 1077.0 1075.8 1085.4 

0.288 1088.0 1078.6 1077.9 1078.1 1088.3 

0.48 1092.0 1082.1 1079.2 1081.5 1092.3 

0.864 1094.6 1084.6 1080.1 1083.9 1095.0 

1.248 1095.9 1085.8 1080.6 1085.0 1096.3 

1.848 1096.7 1086.5 1080.8 1085.7 1097.0 

2.448 1097.0 1086.7 1080.9 1085.9 1097.3 

3.048 1097.1 1086.8 1081.0 1086.0 1097.5 

3.648 1097.1 1086.8 1081.0 1086.1 1097.5 

4.248 1097.1 1086.8 1081.0 1086.1 1097.5 

4.848 1097.1 1086.8 1081.0 1086.1 1097.5 

5.448 1097.1 1086.8 1081.0 1086.1 1097.5 

6 1097.1 1086.8 1081.0 1086.1 1097.5 
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13.1 Temperature Plot (K) in relation to Time (s) for Varying OUR and FUR Values 

 
Figure 13.1: Thermal Plot (K) in relation to Time (s) when OUR and FUR are decreased at Flow Channels 

 
Figure 13.2: Thermal Plot (K) in relation to Time (s) when OUR and FUR are increased at Flow Channels 
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Figure 13.3: Thermal Plot (K) in relation to Time (s) when OUR and FUR are decreased at Gas-Electrode 

 
Figure 13.4: Thermal Plot (K) in relation to Time (s) when OUR and FUR are increased at Gas-Electrode 
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Figure 13.5: Thermal Plot (K) in relation to Time (s) when OUR and FUR are decreased at Electrolyte 

 
Figure 13.6: Thermal Plot (K) in relation to Time (s) when OUR and FUR are increased at Electrolyte 
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Chapter 14 Appendix F – Case 2 Temperature Results 

Table 14.1: Temperature Results of Case 2 - 0 to 30 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 1071.7 1071.3 1071.3 1071.3 1073 

0.000166 1071.8 1071.4 1070.4 1070.8 1073 

0.000331 1071.8 1071.4 1069.5 1070.3 1073.1 

0.000663 1071.8 1071.4 1067.7 1069.6 1073.1 

0.000994 1071.8 1071.4 1065.8 1068.9 1073 

0.001657 1071.8 1071.3 1062.2 1067.8 1073 

0.00232 1071.9 1071.2 1058.6 1066.8 1073 

0.003645 1071.9 1070.9 1051.6 1065.2 1073.1 

0.004971 1072 1070.7 1044.7 1063.9 1073.2 

0.007622 1072 1070.3 1031.7 1062 1073.3 

0.010274 1072.1 1070 1019.3 1060.4 1073.4 

0.012925 1072.1 1069.7 1007.4 1059.2 1073.6 

0.018227 1072.1 1069.2 986.89 1057.5 1073.8 

0.02353 1072.2 1068.7 970.11 1056.3 1074 

0.028832 1072.2 1068.4 957.25 1055.5 1074.2 

0.039437 1072.2 1067.8 943.13 1054.4 1074.6 

0.050042 1072.3 1067.3 936.16 1053.7 1074.9 

0.060648 1072.4 1067 933 1053.3 1075.1 

0.081858 1072.6 1066.5 931.31 1052.8 1075.6 

0.103068 1072.7 1066.2 930.95 1052.5 1076 

0.145488 1073.1 1066 930.93 1052.3 1076.5 

0.230328 1073.7 1066.1 931.09 1052.5 1077.3 

0.400008 1074.6 1066.6 931.36 1053.1 1078.2 

0.73938 1075.6 1067.4 931.67 1054 1079.2 

1.07874 1076.1 1067.9 931.84 1054.5 1079.8 

1.67874 1076.5 1068.2 931.96 1054.9 1080.1 

2.27874 1076.6 1068.4 932.01 1055 1080.3 

2.87874 1076.7 1068.4 932.03 1055.1 1080.4 

3.47874 1076.7 1068.4 932.04 1055.1 1080.4 

4.07874 1076.7 1068.4 932.04 1055.1 1080.4 

4.67874 1076.7 1068.4 932.04 1055.1 1080.4 

5.87874 1076.7 1068.4 932.04 1055.1 1080.4 

6 1076.7 1068.4 932.04 1055.1 1080.4 
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Table 14.2: Temperature Results of Case 2 - 0 to 50 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 1071.3 1071.7 1071.1 1071.3 1073 

6.94E-05 1071.4 1071.8 1070 1070.9 1073 

0.000139 1071.4 1071.8 1068.8 1070.6 1073 

0.000278 1071.4 1071.8 1066.6 1069.9 1073.1 

0.000555 1071.4 1071.8 1062.3 1068.8 1073.1 

0.000833 1071.3 1071.8 1058 1067.7 1073 

0.001388 1071.2 1071.8 1049.6 1065.8 1073 

0.001943 1071 1071.8 1041.3 1064.1 1073 

0.002498 1070.9 1071.8 1033.1 1062.5 1073 

0.003608 1070.6 1071.8 1017.2 1059.6 1073.1 

0.004718 1070.3 1071.7 1001.9 1057.1 1073.1 

0.005828 1070 1071.7 987.61 1054.8 1073.1 

0.008048 1069.4 1071.6 964.48 1051 1073.2 

0.010269 1068.9 1071.5 947.05 1047.9 1073.2 

0.012489 1068.4 1071.4 934.59 1045.3 1073.3 

0.01693 1067.5 1071.2 921.62 1041.5 1073.4 

0.02137 1066.7 1071.1 915.26 1038.7 1073.5 

0.025811 1066.1 1071 912.25 1036.6 1073.6 

0.034692 1065 1070.9 910.45 1033.9 1073.8 

0.043573 1064.1 1070.8 909.94 1032.2 1073.9 

0.061338 1062.8 1070.6 909.75 1030.4 1074.2 

0.096858 1061.2 1070.4 909.66 1028.7 1074.4 

0.16791 1059.7 1070 909.59 1027.3 1074.4 

0.310008 1058.7 1069.5 909.52 1026.5 1074.2 

0.594204 1058.1 1069 909.47 1026.2 1073.8 

0.8784 1057.9 1068.8 909.46 1026.1 1073.6 

1.44678 1057.8 1068.7 909.45 1026 1073.5 

2.04678 1057.8 1068.7 909.45 1026 1073.4 

2.64678 1057.8 1068.7 909.45 1026 1073.4 

3.24678 1057.8 1068.7 909.45 1026 1073.4 

3.84678 1057.8 1068.7 909.45 1026 1073.4 

4.44678 1057.8 1068.7 909.45 1026 1073.4 

5.04678 1057.8 1068.7 909.45 1026 1073.4 

5.64678 1057.8 1068.7 909.45 1026 1073.4 

6 1057.8 1068.7 909.45 1026 1073.4 
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Table 14.3: Temperature Results of Case 2 - 0 to 80 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1071.7 1071.3 1070.8 1071.2 1073 

4.58E-05 1071.7 1071.4 1068.8 1070.8 1073 

9.16E-05 1071.8 1071.4 1066.8 1070.3 1073 

0.000183 1071.8 1071.4 1063.1 1069.4 1073 

0.00055 1071.7 1071.3 1048.5 1065.9 1073.1 

0.000733 1071.7 1071.2 1041.2 1064.2 1073.1 

0.001099 1071.7 1071 1026.9 1061.1 1073 

0.001465 1071.7 1070.8 1012.8 1058.1 1073 

0.001832 1071.6 1070.6 999.2 1055.3 1073 

0.002565 1071.6 1070.1 975.36 1050.1 1073 

0.004763 1071.3 1068.8 929.55 1036.6 1073 

0.006228 1071.1 1067.9 916.13 1029.3 1072.9 

0.007694 1070.9 1067.1 908.3 1022.9 1072.9 

0.009159 1070.7 1066.3 903.77 1017.3 1072.9 

0.01209 1070.5 1064.8 900.1 1008.6 1072.9 

0.015021 1070.3 1063.5 898.66 1002.1 1072.9 

0.017952 1070.1 1062.3 898.1 997.39 1072.9 

0.023814 1069.7 1060.4 897.81 992.41 1072.9 

0.029675 1069.4 1058.8 897.71 989.76 1072.9 

0.041399 1069 1056.5 897.62 987.35 1072.9 

0.064848 1068.1 1053.5 897.49 984.97 1072.7 

0.111744 1066.6 1050 897.28 982.53 1072 

0.20553 1064.2 1046.5 896.99 980.27 1070.2 

0.299322 1062.4 1044.6 896.77 979.04 1068.6 

0.4869 1060.2 1042.6 896.51 977.81 1066.5 

0.86208 1058.2 1040.9 896.27 976.8 1064.5 

1.2372 1057.3 1040.2 896.17 976.35 1063.5 

1.8372 1056.8 1039.8 896.11 976.1 1063 

2.4372 1056.7 1039.7 896.09 976.02 1062.8 

3.0372 1056.6 1039.6 896.08 975.98 1062.8 

3.6372 1056.6 1039.6 896.08 975.98 1062.8 

4.2372 1056.6 1039.6 896.08 975.97 1062.8 

4.8372 1056.6 1039.6 896.08 975.97 1062.8 

5.4372 1056.6 1039.6 896.08 975.97 1062.8 

6 1056.6 1039.6 896.08 975.97 1062.8 
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Chapter 15 Appendix G – Case 3 Temperature Results 

Table 15.1: Temperature Results of Case 3 - 0 to 30 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 874.34 874.66 874.73 874.71 873.01 

7.34E-05 874.24 874.62 875.11 874.95 873.04 

0.000147 874.24 874.6 875.5 875.17 873.08 

0.000294 874.24 874.57 876.29 875.58 873.16 

0.000587 874.3 874.58 877.91 876.27 873.31 

0.001468 874.55 874.7 882.81 877.92 873.71 

0.002055 874.74 874.79 886.04 878.82 873.94 

0.003229 875.12 874.99 892.35 880.29 874.33 

0.006751 876.22 875.51 910.4 883.44 875.32 

0.0091 876.91 875.82 921.84 884.94 875.92 

0.011448 877.59 876.1 932.83 886.16 876.49 

0.016144 878.84 876.58 952.6 887.86 877.56 

0.020841 880.03 877 969.57 889.09 878.57 

0.025537 881.14 877.38 983.39 890.01 879.52 

0.03493 883.15 878.04 1000.3 891.19 881.27 

0.044323 884.96 878.67 1009.7 892.04 882.87 

0.053716 886.62 879.28 1014.6 892.73 884.35 

0.072504 889.47 880.52 1018.2 893.91 886.97 

0.09129 891.97 881.78 1019.7 895.04 889.31 

0.128862 896.07 884.27 1021.2 897.27 893.23 

0.204006 902.16 888.71 1023 901.3 899.21 

0.354294 910.04 895.18 1025.4 907.27 907.13 

0.504582 915.34 899.72 1026.9 911.51 912.5 

0.80514 920.92 904.57 1028.6 916.08 918.17 

1.10574 923.85 907.14 1029.4 918.5 921.16 

1.70574 925.98 908.99 1030 920.26 923.32 

2.30574 926.73 909.65 1030.3 920.88 924.08 

2.90574 926.99 909.88 1030.3 921.1 924.35 

3.50574 927.1 909.98 1030.4 921.2 924.46 

4.10574 927.13 910 1030.4 921.22 924.49 

5.30574 927.14 910.01 1030.4 921.23 924.5 

5.90574 927.14 910.01 1030.4 921.23 924.5 

6 927.14 910.01 1030.4 921.23 924.5 
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Table 15.2: Temperature Results of Case 3 - 0 to 50 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature (K) 

0 874.34 874.66 874.88 874.73 873.01 

0.00012 874.24 874.61 876.88 875.33 873.07 

0.000241 874.24 874.58 878.81 875.89 873.13 

0.000602 874.31 874.6 884.44 877.44 873.33 

0.000843 874.38 874.65 888.15 878.35 873.45 

0.001084 874.46 874.71 891.84 879.22 873.56 

0.001566 874.63 874.84 899.14 880.81 873.77 

0.002048 874.8 874.97 906.35 882.29 873.95 

0.003011 875.16 875.25 920.46 884.92 874.28 

0.003975 875.52 875.52 934.18 887.29 874.6 

0.004938 875.89 875.78 947.39 889.43 874.89 

0.006866 876.6 876.28 970.26 893.03 875.46 

0.008793 877.3 876.75 988.79 896.07 876 

0.01072 877.97 877.2 1003 898.67 876.53 

0.014575 879.21 878 1019.3 902.56 877.53 

0.018429 880.36 878.71 1028.2 905.52 878.46 

0.022283 881.43 879.36 1032.8 907.79 879.35 

0.029992 883.33 880.48 1036.2 910.73 880.97 

0.037701 885.06 881.46 1037.4 912.73 882.46 

0.053119 888.04 883.15 1038.3 915.11 885.09 

0.083952 892.86 886.1 1039.3 918.06 889.49 

0.145626 900.04 891.12 1040.7 922.36 896.31 

0.207294 905.64 895.4 1041.7 925.91 901.78 

0.330636 913.34 901.69 1043.1 931.12 909.5 

0.453978 918.78 906.27 1044.1 934.93 915.02 

0.70068 924.93 911.51 1045.3 939.3 921.31 

0.94734 928.42 914.48 1045.9 941.8 924.88 

1.44072 931.23 916.87 1046.4 943.82 927.76 

1.9341 932.34 917.81 1046.6 944.62 928.89 

3.1341 932.97 918.35 1046.8 945.07 929.53 

3.7341 933.03 918.41 1046.8 945.12 929.6 

4.3341 933.05 918.42 1046.8 945.13 929.62 

4.9341 933.06 918.43 1046.8 945.14 929.62 

5.5341 933.06 918.43 1046.8 945.14 929.62 

6 933.05 918.43 1046.8 945.13 929.62 
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Table 15.3: Temperature Results of Case 3 - 0 to 80 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 874.34 874.66 875.23 874.78 873.01 

3.95E-05 874.26 874.64 876.97 875.18 873.03 

0.000474 874.3 874.65 894.55 879.44 873.26 

0.000633 874.35 874.71 900.84 880.92 873.34 

0.001107 874.54 874.95 919.53 885.12 873.59 

0.001423 874.68 875.13 931.85 887.74 873.73 

0.001739 874.82 875.33 944.06 890.25 873.86 

0.002056 874.98 875.52 956.1 892.66 873.99 

0.003637 875.77 876.51 1006.4 903.42 874.58 

0.00427 876.09 876.9 1018.3 907.24 874.8 

0.0068 877.29 878.4 1040.6 920.4 875.67 

0.008065 877.84 879.12 1045.1 925.9 876.09 

0.00933 878.37 879.82 1047.3 930.8 876.49 

0.01186 879.36 881.15 1049 939.1 877.26 

0.01439 880.28 882.39 1049.1 945.59 877.98 

0.016921 881.15 883.52 1049 950.45 878.67 

0.01945 881.96 884.54 1048.9 953.81 879.33 

0.024511 883.49 886.25 1049 957.34 880.58 

0.029571 884.85 887.49 1049.2 957.84 881.71 

0.039692 887.3 889.52 1049.5 958.9 883.79 

0.059933 891.49 892.79 1050.1 961.1 887.44 

0.100416 898.22 897.95 1051 964.54 893.56 

0.18138 907.96 905.56 1052.2 969.4 902.87 

0.262344 915.29 911.38 1053.1 973.05 910.11 

0.424272 924.59 918.87 1054.3 977.72 919.55 

0.586206 930.6 923.72 1055 980.75 925.73 

0.74814 934.52 926.89 1055.5 982.73 929.78 

1.99584 941.46 932.48 1056.4 986.23 936.95 

2.59584 941.85 932.8 1056.4 986.43 937.36 

3.19584 941.99 932.9 1056.4 986.5 937.49 

3.79584 942.04 932.94 1056.4 986.53 937.55 

4.39584 942.05 932.95 1056.4 986.53 937.56 

4.99584 942.05 932.95 1056.4 986.53 937.56 

5.59584 942.05 932.95 1056.4 986.53 937.56 

6 942.05 932.95 1056.4 986.53 937.56 
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15.1 Temperature Plots (K) in Relation to Time (s) for Case 1 

 

Figure 15.1: Average Temperature at Cathode Channel for Tin > To 

 

 

Figure 15.2: Average Temperature at Anode Channel for Tin > To 
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Figure 15.3: Average Temperature at Cathode Gas-Electrode for Tin > To 

 

 
Figure 15.4: Average Temperature at Anode Gas-Electrode for Tin > To 
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Figure 15.5: Average Temperature at Electrolyte for Tin > To 
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Chapter 16 Appendix H – Case 4 Results 

Table 16.1: Temperature Results of Case 4 - 0 to 30 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1073 1073 1073 1073 1073 

8.73212E-05 1074.2 1074.6 1075.2 1075 1073 

0.000174642 1074.2 1074.6 1075.7 1075.3 1073.1 

0.000349279 1074.3 1074.6 1076.6 1075.7 1073.1 

0.000698546 1074.3 1074.6 1078.6 1076.5 1073.3 

0.001047819 1074.4 1074.6 1080.6 1077.2 1073.4 

0.001746423 1074.6 1074.8 1084.6 1078.4 1073.6 

0.002444969 1074.7 1074.9 1088.5 1079.4 1073.8 

0.003842061 1075.1 1075.1 1096.1 1081 1074.1 

0.005239211 1075.4 1075.3 1103.4 1082.3 1074.5 

0.008033571 1076.1 1075.7 1117.5 1084.3 1075 

0.010827754 1076.7 1076.1 1130.9 1085.8 1075.5 

0.013621938 1077.3 1076.4 1143.6 1087 1076 

0.019210305 1078.4 1076.9 1165 1088.7 1076.9 

0.024798673 1079.5 1077.4 1182 1089.8 1077.8 

0.030387626 1080.5 1077.8 1194.5 1090.7 1078.6 

0.04156436 1082.3 1078.6 1207.6 1091.7 1080.1 

0.052741095 1083.9 1079.3 1213.9 1092.6 1081.4 

0.063917244 1085.3 1080 1216.8 1093.3 1082.7 

0.086273056 1087.8 1081.3 1218.8 1094.5 1084.9 

0.108628867 1089.9 1082.6 1219.8 1095.6 1087 

0.153334635 1093.4 1085 1220.9 1097.8 1090.3 

0.242752025 1098.6 1089 1222.4 1101.4 1095.4 

0.421580951 1105.1 1094.4 1224.3 1106.4 1102 

0.600409876 1109.2 1098 1225.5 1109.7 1106.2 

0.958056016 1113.4 1101.5 1226.7 1113 1110.4 

1.31576071 1115.4 1103.2 1227.3 1114.7 1112.5 

1.901297941 1116.6 1104.3 1227.6 1115.7 1113.7 

2.486835171 1117.1 1104.7 1227.8 1116 1114.2 

3.072372402 1117.2 1104.8 1227.8 1116.2 1114.3 

3.657909632 1117.3 1104.9 1227.8 1116.2 1114.4 

4.243446862 1117.3 1104.9 1227.9 1116.2 1114.4 

4.828984093 1117.3 1104.9 1227.9 1116.2 1114.4 

5.414521323 1117.3 1104.9 1227.9 1116.2 1114.4 

6 1117.3 1104.9 1227.9 1116.2 1114.4 
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Table 16.2: Temperature Results of Case 4 - 0 to 50 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1074.3 1074.7 1074.9 1074.7 1073 

8.73212E-05 1074.2 1074.6 1076.1 1075.1 1073 

0.000174642 1074.2 1074.6 1077.3 1075.5 1073 

0.000349279 1074.2 1074.6 1079.6 1076.1 1073.1 

0.000698546 1074.3 1074.6 1084.2 1077.3 1073.2 

0.001047819 1074.4 1074.7 1088.8 1078.5 1073.3 

0.001746423 1074.5 1074.8 1097.7 1080.5 1073.5 

0.002444969 1074.7 1075 1106.5 1082.3 1073.7 

0.000032208 1075 1075.3 1123.6 1085.4 1074 

0.003842061 1075.4 1075.7 1139.9 1088.2 1074.3 

0.005239211 1075.7 1076 1155.3 1090.7 1074.6 

0.008033571 1076.4 1076.6 1180.2 1094.7 1075.1 

0.010827754 1077.1 1077.1 1198.8 1098.1 1075.6 

0.013621938 1077.7 1077.7 1212 1100.8 1076 

0.019210305 1078.9 1078.6 1225.4 1104.8 1076.9 

0.024798673 1079.9 1079.4 1231.9 1107.7 1077.8 

0.030387626 1080.9 1080.1 1235 1109.8 1078.5 

0.04156436 1082.6 1081.4 1237 1112.5 1079.9 

0.052741095 1084.2 1082.4 1237.7 1114.3 1081.3 

0.063917244 1086.9 1084.3 1238.3 1116.5 1083.6 

0.086273056 1091.2 1087.4 1239.2 1119.3 1087.5 

0.108628867 1097.6 1092.2 1240.4 1123.4 1093.6 

0.153334635 1105.9 1098.9 1241.9 1128.9 1101.8 

0.242752025 1111.4 1103.5 1242.9 1132.7 1107.4 

0.421580951 1117.3 1108.4 1244 1136.8 1113.4 

0.600409876 1120.4 1111 1244.5 1138.9 1116.5 

0.958056016 1122.6 1112.9 1244.9 1140.5 1118.9 

1.31576071 1123.4 1113.5 1245.1 1141.1 1119.7 

1.901297941 1123.7 1113.8 1245.1 1141.3 1120 

2.486835171 1123.8 1113.9 1245.2 1141.4 1120.1 

3.072372402 1123.8 1113.9 1245.2 1141.4 1120.1 

3.657909632 1123.9 1113.9 1245.2 1141.4 1120.1 

4.243446862 1123.9 1113.9 1245.2 1141.4 1120.1 

4.828984093 1123.9 1113.9 1245.2 1141.4 1120.1 

5.414521323 1123.9 1113.9 1245.2 1141.4 1120.1 

6 49.6 39.2 170.3 66.7 47.1 
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Table 16.3: Temperature Results of Case 4 - 0 to 80 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1074.7 1074.3 1075.2 1074.8 1073 

0.000184 1074.6 1074.2 1083.3 1076.7 1073.1 

0.000276 1074.6 1074.3 1087.2 1077.6 1073.1 

0.000367 1074.6 1074.3 1091 1078.6 1073.1 

0.000551 1074.7 1074.3 1098.7 1080.4 1073.2 

0.000735 1074.8 1074.4 1106.4 1082.1 1073.3 

0.001102 1075 1074.5 1121.4 1085.4 1073.4 

0.00147 1075.2 1074.7 1136.2 1088.5 1073.6 

0.001837 1075.5 1074.8 1150.4 1091.5 1073.7 

0.002572 1075.9 1075.1 1174.7 1096.9 1073.9 

0.003307 1076.4 1075.4 1194.1 1101.9 1074.2 

0.004042 1076.9 1075.8 1208.8 1106.5 1074.4 

0.005511 1077.8 1076.4 1226 1114.5 1074.8 

0.006981 1078.7 1076.9 1235.8 1121.5 1075.2 

0.008451 1079.5 1077.5 1241.5 1127.6 1075.6 

0.01139 1081.1 1078.5 1245.9 1137 1076.3 

0.014329 1082.5 1079.4 1247.7 1143.8 1077 

0.020209 1084.8 1081 1248.6 1151.3 1078.2 

0.026087 1086.6 1082.4 1249 1155.2 1079.3 

0.037845 1089.4 1085 1249.3 1158.4 1081.4 

0.049603 1091.5 1087.2 1249.7 1160.2 1083.2 

0.073119 1095 1091.1 1250.2 1162.7 1086.6 

0.120148 1100.2 1097.4 1251 1166.1 1092.3 

0.214212 1107.3 1106.3 1252.1 1170.6 1100.9 

0.308271 1112.6 1112.9 1252.9 1173.9 1107.4 

0.496393 1118.9 1120.8 1253.9 1177.8 1115.6 

0.684533 1122.8 1125.7 1254.5 1180.2 1120.6 

1.060766 1126.3 1130.1 1255 1182.4 1125.2 

1.437 1127.9 1132.1 1255.3 1183.4 1127.2 

2.007396 1128.7 1133.2 1255.4 1183.9 1128.3 

2.577793 1129 1133.5 1255.4 1184.1 1128.7 

3.148189 1129.1 1133.7 1255.5 1184.2 1128.8 

3.718585 1129.2 1133.7 1255.5 1184.2 1128.9 

4.288982 1129.2 1133.7 1255.5 1184.2 1128.9 

4.859378 1129.2 1133.7 1255.5 1184.2 1128.9 

5.429775 1129.2 1133.7 1255.5 1184.2 1128.9 

6 1129.2 1133.7 1255.5 1184.2 1128.9 
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Chapter 17 Appendix I - Comparison of Case 3 to Case 4 

 

Figure 17.1: Case 3 (left) vs. Case 4 (right) comparison of Cathode Channel 

 

 

Figure 17.2: Case 3 (left) vs. Case 4 (right) comparison of Anode Channel 

 

 

Figure 17.3: Case 3 (left) vs. Case 4 (right) comparison of Cathode Gas-Electrode Contact Surface 
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Figure 17.4: Case 3 (left) vs. Case 4 (right) comparison of Anode Gas-Electrode Contact Surface 

 

 

Figure 17.5: Case 3 (left) vs. Case 4 (right) comparison of Electrolyte
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Chapter 18 Appendix J - Comparison Chart of all Thermal Differences 

Encounters in Study 1 

Table 18.1: Difference in Temperatures (K) from Initial Time to Steady State for Case 1 through to Case 4 

Case No. Acceleration Cathode 

Channel 

Anode 

Channel 

Anode Gas-

Electrode 

Cathode Gas-

Electrode 

Electrolyte 

Case 1 0 to 30 km/h 6.9 12.8 24 13.7 24.4 

0 to 50 km/h 4.3 10.8 23 12.9 23.7 

0 to 80 km/h 2.8 7.2 22 12 22.8 

Case 2 0 to 30 km/h 5 -2.9 -139 -16.2 7.4 

0 to 50 km/h -162 -45.3 -14 -3 0.4 

0 to 80 km/h -175 -95.2 -15 -32 -10.2 

Case 3 0 to 30 km/h 156 46.5 35.35 52.8 51.5 

0 to 50 km/h 172 70.4 43.8 58.7 56.6 

0 to 80 km/h 181 112 58.3 67.7 64.6 

Case 4 0 to 30 km/h 155 43.2 31.9 44.3 41.4 

0 to 50 km/h 170 66.7 39.2 49.6 47.1 

0 to 80 km/h 180 109 54.5 59.4 55.9 



164 

 

Chapter 19 Appendix K – Segment 1 Temperature Results 

Table 19.1: Temperature Results of Segment 1 - 0 to 70 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1073 1073 1073 1073 1073 

0.040675 1073.7 1073 1073.1 1073 1073.9 

0.081349 1074.4 1073 1073.3 1073 1074.6 

0.162698 1075.7 1073 1073.6 1073 1075.8 

0.325397 1077.8 1073.2 1074.2 1073.1 1077.9 

0.650794 1080.9 1073.9 1075.1 1073.7 1081 

1.301587 1085.2 1076.1 1076.4 1075.7 1085.4 

1.952381 1088 1078.6 1077.1 1078 1088.2 

3.253968 1091.9 1082.1 1078.2 1081.3 1092.2 

5.857143 1094.5 1084.5 1079 1083.7 1094.9 

8.460317 1095.8 1085.7 1079.3 1084.8 1096.1 

12.52778 1096.5 1086.3 1079.6 1085.4 1096.9 

16.59524 1096.8 1086.6 1079.6 1085.6 1097.2 

20.6627 1096.9 1086.7 1079.7 1085.7 1097.3 

24.73016 1096.9 1086.7 1079.7 1085.7 1097.3 

28.79762 1096.9 1086.7 1079.7 1085.7 1097.3 

32.86508 1096.9 1086.7 1079.7 1085.7 1097.3 

36.93254 1096.9 1086.7 1079.7 1085.7 1097.3 

41 1096.9 1086.7 1079.7 1085.7 1097.3 
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Chapter 20 Appendix L – Segment 2 Temperature Results 

Table 20.1: Temperature Results for Segment 2 - 70 to 50 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1096.9 1086.7 1079.7 1085.7 1097.3 

0.007782 1097 1086.7 1080.4 1085.9 1097.3 

0.015564 1097 1086.7 1081 1086 1097.4 

0.031128 1097 1086.7 1081.8 1086.1 1097.4 

0.062257 1097 1086.8 1082.4 1086.1 1097.4 

0.124514 1097.1 1086.8 1082.8 1086.2 1097.4 

0.249027 1097.1 1086.8 1082.8 1086.2 1097.5 

0.498054 1097.2 1086.9 1082.9 1086.3 1097.5 

0.996109 1097.3 1087 1082.9 1086.4 1097.6 

1.774319 1097.3 1087 1082.9 1086.4 1097.7 

2.552529 1097.3 1087 1082.9 1086.4 1097.7 

3.330739 1097.3 1087 1082.9 1086.4 1097.7 

4.108949 1097.3 1087 1082.9 1086.4 1097.7 

4.88716 1097.3 1087 1082.9 1086.4 1097.7 

5.66537 1097.3 1087 1082.9 1086.4 1097.7 

6.44358 1097.3 1087 1082.9 1086.4 1097.7 

7.22179 1097.3 1087 1082.9 1086.4 1097.7 

8 1097.3 1087 1082.9 1086.4 1097.7 
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Chapter 21 Appendix M – Segment 3 Temperature Results 

Table 21.1: Temperature Results for Segment 3 - 50 to 70 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1097.3 1087 1082.9 1086.4 1097.7 

0.012646 1097.3 1087 1082 1086.3 1097.7 

0.025292 1097.3 1087 1081.2 1086.2 1097.7 

0.050584 1097.3 1087 1080.3 1086.1 1097.7 

0.101167 1097.3 1087 1080 1086.1 1097.6 

0.202335 1097.2 1086.9 1080 1086 1097.6 

0.404669 1097.2 1086.9 1080 1086 1097.6 

0.809339 1097.1 1086.8 1079.9 1085.9 1097.5 

1.618677 1097 1086.8 1079.9 1085.9 1097.4 

2.883268 1097 1086.8 1079.9 1085.8 1097.4 

4.14786 1097 1086.7 1079.9 1085.8 1097.4 

5.412451 1097 1086.7 1079.9 1085.8 1097.4 

6.677043 1097 1086.7 1079.9 1085.8 1097.4 

7.941634 1097 1086.7 1079.9 1085.8 1097.4 

9.206226 1097 1086.7 1079.9 1085.8 1097.4 

10.47082 1097 1086.7 1079.9 1085.8 1097.4 

11.73541 1097 1086.7 1079.9 1085.8 1097.4 

13 1097 1086.7 1079.9 1085.8 1097.4 
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Chapter 22 Appendix N – Segment 4 Temperature Results 

Table 22.1: Temperature Results for Segment 4 - 70 to 100 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1097 1086.7 1079.9 1085.8 1097.4 

0.034047 1097 1086.7 1079.6 1085.8 1097.4 

0.068093 1097 1086.7 1079.4 1085.7 1097.4 

0.136187 1097 1086.7 1079.2 1085.6 1097.4 

0.272374 1097 1086.7 1079.1 1085.6 1097.4 

0.544747 1096.9 1086.7 1079.1 1085.6 1097.4 

1.089494 1096.9 1086.7 1079.1 1085.6 1097.3 

2.178988 1096.9 1086.6 1079.1 1085.5 1097.3 

4.357977 1096.9 1086.6 1079.1 1085.5 1097.3 

7.762646 1096.8 1086.6 1079.1 1085.5 1097.3 

11.16732 1096.8 1086.6 1079.1 1085.5 1097.3 

14.57198 1096.8 1086.6 1079.1 1085.5 1097.3 

17.97665 1096.8 1086.6 1079.1 1085.5 1097.3 

21.38132 1096.8 1086.6 1079.1 1085.5 1097.3 

24.78599 1096.8 1086.6 1079.1 1085.5 1097.3 

28.19066 1096.8 1086.6 1079.1 1085.5 1097.3 

31.59533 1096.8 1086.6 1079.1 1085.5 1097.3 

35 1096.8 1086.6 1079.1 1085.5 1097.3 
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Chapter 23 Appendix O – Segment 5 Temperature Results 

Table 23.1: Temperature Results for Segment 5 - 100 to 120 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1096.8 1086.6 1079.1 1085.5 1097.3 

0.019455 1096.8 1086.6 1078.6 1085.3 1097.3 

0.038911 1096.8 1086.6 1078.3 1085.2 1097.3 

0.077821 1096.8 1086.5 1078 1085 1097.2 

0.155642 1096.8 1086.5 1078.1 1084.9 1097.2 

0.311284 1096.7 1086.5 1078.1 1084.9 1097.2 

0.622568 1096.7 1086.4 1078.1 1084.8 1097.2 

1.245136 1096.6 1086.4 1078.1 1084.8 1097.1 

2.490272 1096.6 1086.3 1078 1084.7 1097 

4.435798 1096.5 1086.3 1078 1084.7 1097 

6.381323 1096.5 1086.3 1078 1084.7 1097 

8.326848 1096.5 1086.3 1078 1084.7 1097 

10.27237 1096.5 1086.3 1078 1084.7 1097 

12.2179 1096.5 1086.3 1078 1084.7 1097 

14.16342 1096.5 1086.3 1078 1084.7 1097 

16.10895 1096.5 1086.3 1078 1084.7 1097 

18.05447 1096.5 1086.3 1078 1084.7 1097 

20 1096.5 1086.3 1078 1084.7 1097 
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Chapter 24 Appendix P – Segment 6 Temperature Results 

Table 24.1: Temperature Results for Segment 5 - 120 to 0 km/h 

Time (s) 

Cathode Gas-

Electrode 

Temperature 

(K) 

Anode Gas-

Electrode 

Temperature 

(K) 

Cathode Gas 

Channel 

Temperature 

(K) 

Anode Gas 

Channel 

Temperature 

(K) 

Electrolyte 

Temperature 

(K) 

0 1096.5 1086.3 1078 1084.7 1097 

0.038911 1096.6 1086.3 1079.6 1085.2 1097 

0.077821 1096.6 1086.4 1081 1085.6 1097 

0.155642 1096.6 1086.4 1083.2 1085.9 1097.1 

0.311284 1096.8 1086.5 1086.2 1086.1 1097.1 

0.622568 1096.9 1086.6 1089.9 1086.2 1097.2 

1.245136 1097.2 1086.8 1093.5 1086.3 1097.5 

2.490272 1097.6 1087 1096 1086.5 1097.7 

4.980545 1097.9 1087.2 1097 1086.8 1098 

8.871595 1098 1087.4 1097.3 1086.9 1098.2 

12.76265 1098.1 1087.4 1097.5 1087 1098.3 

16.6537 1098.1 1087.4 1097.5 1087 1098.3 

20.54475 1098.1 1087.5 1097.5 1087 1098.3 

24.4358 1098.1 1087.5 1097.5 1087 1098.3 

28.32685 1098.1 1087.5 1097.5 1087 1098.3 

32.2179 1098.1 1087.5 1097.5 1087 1098.3 

36.10895 1098.1 1087.5 1097.5 1087 1098.3 

40 1098.1 1087.5 1097.5 1087 1098.3 

 


