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Increased awareness of climate change and problems associated with environmental pollution have led to 

an international search for alternative fuel sources and methods of energy conversion. This includes 

innovating current transportation methods to be less reliant on fossil fuels and have reduced CO2 output. 

Automobiles currently rely on extremely inefficient internal combustion engines (ICEs). A popular 

alternative to ICE vehicles are fuel cell vehicles, which boast efficiencies two-to-three times higher than 

ICEs depending on the type of cell used and the operating temperature. This thesis is an investigation of 

the temperature changes at the gas-electrode interface of lanthanum strontium cobalt ferrite – gadolinium 

doped ceria (LSCF-GDC), a candidate material for the cathode of a solid oxide fuel cell. The 

observations from experiments indicated that the changes in temperature caused by changing the 

load and the flow rate were minimal compared to the overall cell temperature, and therefore their 

impact on cell structure and degradation is likely minimal as well. Furthermore, the cell, as 

measured from the side of the cathode, equilibrated relatively quickly, which is ideal in the 

application of SOFCs in mobile applications such as FCVs, where rapid changes in load demand 

are needed to shift the power of the vehicle. 
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1. Introduction and Research Objectives 

In 2013 the United Nations Environment Program announced that CO2 concentrations had 

exceeded 400 ppm in multiple global atmosphere watch stations, a much higher concentration 

than 350 ppm, which they considered to be a safe level.1 Now in 2019, as seen in Figure 1.1, CO2 

levels have gotten as high as 410ppm, and there’s no indication that these levels will stop 

increasing.2 Studies such as these have aided in the initiative to increase awareness of climate 

change and problems associated with environmental pollution caused by fossil fuel usage, which 

has led to an international search for alternative fuel sources and methods of energy conversion. 

Around 30% of CO2 emissions come from the transportation sector, thus there is much interest in 

innovating current transportation methods to be less reliant on fossil fuels, and have reduced CO2 

output.1  

Figure 1.1: Atmospheric CO2 concentrations (ppm) derived from in situ air measurements at 

Mauna Loa, Observatory, Hawaii. The seasonal adjustment is made to remove the quasi-regular 

seasonal cycle.2 
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Most automobiles currently rely on an internal combustion engine (ICE), a type of heat 

engine, to convert the chemical energy of a supplied fuel into the mechanical energy used to put 

the vehicle in motion. These ICEs are extremely inefficient, with the most modern ICEs of the 

past decade only using 20% - 30% of the energy in a gallon of gasoline to move the vehicle.1 A 

potential alternative to ICE vehicles are fuel cell vehicles (FCVs), which theoretically boast 

efficiencies as high as 60% - 80% depending on the type of cell used and the operating 

temperature.3 The high efficiencies of fuel cells can be explained by the fact that, since they are 

not heat engines, they are not subject to the Carnot limit, which defines the maximum efficiency 

of all heat engines. Fuel cell efficiency plotted with the Carnot limit can be seen in Figure 2. The 

Carnot limit for a heat engine can be calculated as follows: 

𝐶𝑎𝑟𝑛𝑜𝑡 𝑙𝑖𝑚𝑖𝑡 =
𝑇1−𝑇2

𝑇1
           [1.1] 

Here T1 is the maximum temperature of the heat engine, while T2 is the temperature at which the 

heated fluid is released.3 Fuel cells are not subject to this limit because they are able to directly 

Figure 1.2: Efficiency of fuel cells compared to heat engines subject to the Carnot limit. 

Adapted from Larminie et al.3 
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convert chemical energy into electrical energy, without any intermediary step involving 

transformation into thermal energy. Thus, one can see that replacing an automobile’s ICE at 

20% efficiency with a fuel cell at 60% efficiency could reduce that engine’s CO2 output to 1/3rd 

of the original. This of course assumes that the fuel cell utilizes gasoline as fuel, which is an 

option for some cells, but not possible for other types. Many fuel cells however, can utilize pure 

hydrogen as a fuel source, and a comparison amongst fuel sources could provide valuable insight 

into which may be a better option. In Figure 1.3 one can see a comparison of various fuel sources 

in terms of energy density (Wh/L) and specific energy (Wh/kg).4,5 

While the low mass of gaseous fuels such as hydrogen result in superior specific energy, 

liquid hydrocarbons are seen to have the highest energy density amongst fuel sources, while still 

having very high specific energy. However, there are other factors that one should consider when 

determining what may be the most economically and realistically viable option for a fuel source. 

One of the most important factors to consider is infrastructure. To create a compatible 

Figure 1.3: Comparing fuel sources by energy density and specific energy. Adapted and 

modified from Linden et al., and Thomas et al. 4,5 
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environment for FCVs utilizing pure hydrogen as fuel would require large investments in 

infrastructure to build hydrogen stations, a place where owners of FCVs could purchase and 

transfer hydrogen into their FCV. This is an extreme measure when compared to liquid 

hydrocarbon-compatible FCVs which could simply use infrastructure that has already been built. 

Furthermore, the idea that hydrogen-fueled FCVs have zero CO2 output is misleading because 

the main source of this hydrogen is the reforming of hydrocarbons, which results in greenhouse 

gas emissions.3 Therefore the use of liquid hydrocarbon-compatible FCVs is a much more 

realistic approach, while still having a very positive environmental impact.  

One type of fuel cell that is compatible with liquid hydrocarbons, as well as other 

potential fuel sources, is the Solid Oxide Fuel Cell (SOFC). The high operating temperatures of 

SOFCs (600-1000 oC) give it the advantages of the highest efficiencies (50-60% with methane as 

fuel and air as an oxidant), the capability for internal reforming, and cogeneration of power 

through recycling waste heat.6,7 However, these high operating temperatures combined with the 

brittle ceramics that make up the SOFC require relatively long warm-up and cool-down times. 

Furthermore, these temperature fluctuations can lead to structural degradation because of the 

mismatched thermal expansion coefficients (TECs) of the different cell components. 

Historically, this has limited the use of SOFCs in applications with rapidly fluctuating 

temperatures, such as a mobile power plants or FCVs, where varying accelerations will require 

varying power demands, which will require frequent changes in operating conditions in the cell. 

Thus, much of the SOFC literature and applications focus on stationary power plants, 

particularly SOFCs of the tubular geometry which have been used in multiple  > 100 kW power 

generation systems.8 An example of the varying load demands an SOFC for a FCV would 

undergo can be seen in Figure 1.4 below.9 This city driving cycle is one of a series of tests 
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defined by the United States Environmental Protection Agency to measure tailpipe emissions and 

fuel economy of passenger vehicles. Other tests include highway driving, aggressive driving and 

an optional air conditioning test. Unique drive cycles also exist for Europe and Japan. 

 To increase SOFC suitability for applications such as mobile power plants it is 

imperative that the operating temperature be brought down to the intermediate temperature (IT) 

range of 500 °C - 750 °C. More traditional materials for SOFC components tend to have 

significantly reduced conductivity at ITs. It is therefore important to investigate alternative 

materials such as lanthanum strontium cobalt ferrite (LSCF), which has superior ionic 

conductivity to lanthanum strontium manganite (LSM), the traditional cathode material, in the IT 

range. The objective of this research is to characterize the changes in temperature of SOFCs with 

LSCF-based cathodes caused by changes in operating conditions. This is done by altering the 
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Figure 1.4: EPA Federal Test Procedure 75, commonly referred to as FTP-75 for the city drive cycle. 

The duration is 31 minutes and 14 seconds, the distance is 11.04 miles (17.77 km), and the average 

speed is 21.19 mph (34.10 km/h). 

 



6 
 
load demand, as well as the flow rate of the fuel, and observing how these thermal variances 

differ when the cell operates at different initial temperatures. By collecting temperature data 

through the placement of a thermocouple at the gas-cathode interface one can gain insight into 

the magnitude of thermal variances and learn how these variances affect the overall performance 

of the cell.  
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2. Literature Review 

2.1 Fuel Cells 

First publicly demonstrated in 1839 by William Grove where it initially received the name gas 

battery, a fuel cell is a device that directly converts chemical energy into electrical energy.10 The 

most common implementation is based on the reaction: 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂     [2.1.1] 

As displayed in Figure 2.1, a fuel cell consists of three main components: the cathode, 

electrolyte, and anode. 

 

 

 

         

Beginning at the anode, hydrogen enters the cell where it is oxidized. These electrons that 

have been removed from the hydrogen then travel through the external circuit and into the 

cathode. The electrons then reduce oxygen molecules to O2- anions, which proceed to react with 

the oxidized hydrogen to form H2O.11 The formation of H2O can take place at either the cathode 

or anode side depending on the type of fuel cell.          

Fuel cells, which can be categorized into five main types, are distinguished by the species 

that migrates across the electrolyte, and what direction the migration is in, hence the 

categorizations are named after a quality of the electrolyte. These five main types are: alkaline 

cathode anode electrolyte 

electrons 

Oxygen Hydrogen 

 

Figure 2.1: Basic fuel cell diagram.   
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fuel cells (AFC), proton exchange membrane – sometimes also called polymer electrolyte 

membrane (PEM) fuel cells, phosphoric acid fuel cells (PAFC), molten carbonate fuel cells 

(MCFC), and solid oxide fuel cells (SOFC).3  

2.1.1 Thermodynamics 

In a fuel cell, it is the change in the Gibbs energy of reaction ∆𝑟𝐺, that is the difference in the 

Gibbs energy of the products and reactants, which generates the energy that will be converted to 

electrical work.3 Theoretically, if there were no losses in the fuel cell, then all of the Gibbs 

energy would be converted into electrical energy. Knowing this, one can derive a formula for the 

open circuit voltage (OCV) of a fuel cell:  

𝐸 = −
∆𝑟𝐺𝑚

2𝐹
      [2.1.2] 

Where E is the electromotive force, or open circuit voltage of the fuel cell, ∆𝑟𝐺𝑚 is the Gibbs 

energy per mole of reaction events, and the Faraday constant F is the charge of one mole of 

electrons. The 2 arises from the fact that two electrons are transferred in the reaction as written.3 

 To determine the efficiency of a fuel cell, a comparison of the electrical energy produced 

to the thermal energy that would be produced by burning the fuel is often made. Thus, the 

maximum efficiency for a fuel cell is a ratio of the change in the molar Gibbs energy of reaction 

over the change in molar enthalpy of reaction ∆𝑟𝐻𝑚: 

𝜂𝑚𝑎𝑥 =
∆𝑟𝐺𝑚

∆𝑟𝐻𝑚
× 100%    [2.1.3] 

It should be noted that for the burning of hydrogen there are two potential values for ∆𝑟𝐻𝑚. For 

the formation of steam, ∆𝑓𝐻𝑚(𝐻2𝑂(𝑔)) = −241.83 𝑘𝐽 𝑚𝑜𝑙−1, and if the product water is 

condensed back to liquid, ∆𝑓𝐻𝑚(𝐻2𝑂(𝑙)) = −285.84 𝑘𝐽 𝑚𝑜𝑙−1.3 The smaller value is known as 
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the lower heating value (LHV), while the larger value is the higher heating value (HHV). 

Suppose that 100% of the energy from the enthalpy of formation were transformed into electrical 

energy. If this were the case, the equation for the OCV would be:  

𝐸ℎ = −
∆𝑟𝐻𝑚

2𝐹
      [2.1.4] 

Now an efficiency based on the actual operating voltage Vop of a cell can be derived, with the 

addition of the fuel utilization coefficient 𝜇𝑓. This coefficient is a ratio of the mass of fuel 

reacted in the cell over the mass of fuel input to the cell, an important addition because at least 

10% of the fuel usually passes through the cell unreacted.3 

 𝜂𝑜𝑝 = 𝜇𝑓
𝑉𝑜𝑝

𝐸ℎ
× 100%    [2.1.5] 

Therefore, by using the above equation and a simple voltage measurement, a meaningful 

estimation of the fuel cell efficiency can be achieved.  

 The Gibbs energy of the reaction is not only affected by temperature, but the 

concentration and pressure of the reactant gases as well. Therefore, the OCV is affected by these 

parameters through their influence on the Gibbs energy. This can be expressed in the form of a 

Nernst equation, which allows the calculation of an OCV at a given temperature and pressure: 

𝐸 = 𝐸𝑜 +
𝑅𝑇

2𝐹
ln (

𝑃𝐻2 ∙𝑃𝑂2

1
2

𝑃𝐻2𝑂
 )      [2.1.6] 

Where Eo is the OCV at standard conditions for each reaction participant, while 𝑃𝐻2
, 𝑃𝑂2

, and 

𝑃𝐻2𝑂 are the partial pressures of each respective gas.3 With typical standard conditions, the above 

equation is for pressures given in bar.  



10 
 
2.1.2 Voltage Losses 

While the equations in section 2.1.1 can be used to determine theoretical OCVs, the operational 

voltage of a cell is often considerably lower due to multiple forms of voltage loss. These losses 

can be seen in the polarization curve of Figure 2.2.3,12 The voltage losses in the first region are 

known as activation losses. These are due to the reaction kinetics of the oxidation and reduction 

reactions taking place on both the anode and cathode surfaces. A portion of the generated voltage 

is used to drive these reactions.3 The linear ohmic losses in the second region are due to the 

internal resistances of the materials involved. The third region represents concentration losses. 

Here, the reaction rate has increased to the point where the reactants are being consumed faster 

than they are being supplied to the electrode surfaces, thus leading to a decrease in reactant 

concentration and a lower voltage.3    

2.1.3 Alkaline Fuel Cells 

Alkaline fuel cells were pioneered by F.T Bacon in the 1940s and 1950s, thus leading to their 

alternate name the Bacon cell.3,13 The electrolyte consists of an alkaline solution, often either 

sodium hydroxide or potassium hydroxide, and the electrodes are made from carbon with a 

V 

I 

VOC 

Activation 

 losses 
Ohmic losses Concentration 

losses 

Figure 2.2: Polarization Curve, illustrating three forms of voltage losses.  
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platinum electrocatalyst.11 While a common operating temperature is 70 oC, some AFCs operate 

up to 260 oC, such as the one used on the Apollo spacecraft.3,11  

Oxygen in the cathode reacts with the electrons and water produced at the anode to form mobile 

hydroxyl (OH-) ions:  

𝑂2 + 4𝑒− + 𝐻2𝑂 → 4𝑂𝐻−     [2.1.7] 

These hydroxyl ions travel through the electrolyte, where at the anode, they react with hydrogen, 

producing electrons, and water:3 

2𝐻2 + 4𝑂𝐻− → 4𝐻2𝑂 + 4𝑒−    [2.1.8] 

While AFCs are largely considered to have advantages in low cost, simplicity, and a wide range 

of operating temperatures, they require a very pure source of oxygen due to poisoning by both 

carbon monoxide and carbon dioxide.3,11 

2.1.4 Polymer Electrolyte Membrane Fuel Cells 

PEMs, sometimes called solid polymer fuel cells (SPFCs) were first developed in the 1960s by 

General Electric, to be used in NASAs first manned spacecraft.14 While their performance could 

not match that of the AFCs at the time and thus were not used in the Apollo lunar missions, by 

1996 enough improvements had been made in PEM technology that NASA decided to replace 

their existing Space Shuttle AFCs with PEMs. They cited an additional 8000 hours of life 

expectancy, 50% higher power generation, and improved system reliability as some of the 

reasons for the change.14,15 The electrolyte consists of a proton conducting polymer membrane, 

with a porous electrode on either side. Hydrogen fuel entering the anode is oxidized into protons 
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and electrons. These protons travel through the thin polymer electrolyte and into the cathode, 

while the electrons go towards the cathode through the external interconnect:  

2𝐻2 → 4𝐻+ + 4𝑒−     [2.1.9] 

At the cathode, the oxygen molecules react with the protons and electrons which originated from 

the anode, and form water:11 

𝑂2 + 4𝑒− + 4𝐻+ → 2𝐻2𝑂    [2.1.10] 

PEMs often operate around 80 oC, and similarly to AFCs, consist of carbon electrodes 

with a platinum electrocatalyst.11 PEMs are especially suitable for mobile applications because 

they can operate at low temperatures, and thus have a fast start up time.3 The main disadvantage 

of PEMs is the ease in which they are poisoned by carbon monoxide, thus requiring an expensive 

external fuel processor.11 

2.1.5 Phosphoric Acid Fuel Cells 

The PAFC was first described in a General Electric press release in 1963. This original PAFC 

consisted of a phosphoric acid electrolyte in between two platinum electrodes, and was capable 

of oxidizing a variety of fuels including methane, propane, and n-octane.16 PAFCs work 

similarly to PEMs, the reactions occurring at the anode and cathode for PAFCs are the same as 

equations 2.1.9 and 2.1.10 for PEMs, and both utilize a proton conducting electrolyte.3 They can 

have an operating temperature up to 200 oC, and due to the utilization of platinum 

electrocatalysts, as with PEMs, PAFCs are also susceptible to carbon monoxide poisoning.  
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2.1.6 Molten Carbonate Fuel Cells 

MCFCs can be traced back to the late 1950s from the work of Broers and Ketelaar at the 

University of Amsterdam who were investigating high temperature fuel cells described by 

Davtyan in 1946.17 The electrolyte is either composed of sodium lithium carbonate, or potassium 

lithium carbonate, with operating temperatures from 600 °C – 700 °C. The alkali carbonates 

form a conductive molten salt, while carbonate (CO3
2-) ions provide ionic conduction.3 Unlike 

other fuel cells, MCFCs require a carbon dioxide supply at the cathode, in addition to oxygen, 

for the following reaction to take place: 

𝑂2 + 2𝐶𝑂2 + 4𝑒− → 2𝐶𝑂3
  2−    [2.1.11] 

The mobile carbonate ions then travel through the electrolyte, to the anode, where hydrogen fuel 

is supplied. The carbonate ions react with hydrogen to form water, carbon dioxide and mobile 

electrons.  

2𝐻2 +  2𝐶𝑂3
  2− → 2𝐻2𝑂 + 2𝐶𝑂2 + 4𝑒−   [2.1.12] 

The electrons generated in equation 2.1.12 will then travel through the external circuit to 

the cathode to be utilized in equation 2.1.11 for the formation of the carbonate ions.3 The high 

operating temperatures of the MCFCs allow the possibility for internal fuel reforming, as well as 

higher system efficiencies compared to low temperature fuel cells. However, the high 

temperatures also give rise to problems of corrosion stability and lifetime of cell components.3  

2.1.7 Solid Oxide Fuel Cells 

The origin of SOFCs began in 1853 when Gaugain discovered galvanic solid electrolyte gas 

cells.18,19 His investigations, which involved cells composed of two tubes of glass, platinum 
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wires, air and alcohol vapour, led him to note a new source of electricity possessing the same 

characteristics of an aqueous-electric cell. In 1899 Nernst discovered solid oxide electrolytes, 

and was the first to describe zirconia as an oxygen ion conductor.20 In 1937, Baur and Preis were 

the first to demonstrate an SOFC with an yttria-stabilized zirconia (YSZ) electrolyte, which to 

this day remains one of the most common SOFC electrolytes.18,21  

SOFCs generally operate between 750-1000 oC and are composed of a solid ceramic 

inorganic oxide as the electrolyte. By internally reforming a hydrocarbon fuel within the cell 

they are able to run on a mixture of hydrogen and carbon monoxide, while using air as an 

oxidant to produce water vapour and carbon dioxide.11 A schematic of these reactions and the 

components of the SOFC can be seen in Figure 2.3. Oxygen molecules enter the cathode where 

they move towards the triple-phase boundary (TPB). The TPB, which will be discussed in more 

detail in section 2.2.3, refers to the boundary between the cathode, the electrolyte, and the 

gaseous oxygen molecules. Apart from mixed ionic electronic conductors (MIECs), which have 

an additional pathway for the oxygen reduction reaction (ORR), it is typically in this area where 

the oxygen molecules are reduced into anionic species. At the anode, hydrogen molecules are 

oxidized at a similar TPB at the anode-electrolyte interface, and their electrons travel through an 

external circuit and into the cathode.3,11 These electrons then react with the oxygen molecules at 

the TPB, reducing them into the aforementioned anions. From here, the oxygen anions are 

conducted through the electrolyte and into the anode, where they react with the now oxidized 

hydrogen to form water, and potentially also carbon monoxide to form carbon dioxide.3,11  
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The SOFC is conceptually simpler than other types of fuel cells because it only requires a 

solid and gas phase to be operational.3 Furthermore, unlike AFCs, PEMs, and PAFCs, SOFCs do 

not require an expensive electrocatalyst such as platinum, and are therefore not susceptible to 

carbon monoxide poisoning. This makes SOFCs most similar to MCFCs, however the lack of a 

need for carbon dioxide recycling and of course a molten carbonate electrolyte are the main 

differentiating factors between the two.3  

2.2 Solid Oxide Fuel Cell Components and Properties 

2.2.1 Geometries 

SOFCs are typically fabricated in one of two geometries: planar and tubular. These are pictured 

in Figures 2.4 and 2.5 respectively.8,22 The planar geometry consists of a positive-electrolyte-

negative electrode (PEN), an interconnect on both sides of the cell, and fuel and air channels. 

The air flow channel is located between the cathode and interconnect, while the fuel flow 

channel is between the anode and interconnect on the other side. 

Figure 2.3. Schematic of the components of a SOFC and the chemical reactions that take place 

within it, assuming hydrocarbon fuel as source, and not pure hydrogen. 
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 Planar SOFCs (PSOFC) have the potential to offer higher power densities than the 

tubular design. Due to its compactness, it can be stacked in a similar manner to a PEM cell to 

meet the power demands of a wide variety of applications. Furthermore, the PSOFC is relatively 

simple to fabricate and can be manufactured into various configurations. However, there are 

problems associated with the requirement for high temperature gas seals, and complications from 

the internal stresses in cell components caused by non-uniform temperature distributions can lead 

to increased manufacturing costs.23   

 Tubular SOFCs (TSOFC) consist of both an inner and outer tube. The outer tube, or cell 

tube, is made up of the anode on the outermost surface, the cathode on the inner surface, and the 

electrolyte between them. The inner tube, usually composed of alumina, is the air injection tube. 

Here, preheated air is injected into the bottom of the cell tube and flows over the cathode surface 

through the gap between the cell and inner tube. Fuel flows across the anode through the gap 

between separate cell tubes. TSOFCs are easier to manufacture as they do not require gas tight 

seals and they show promise to replace conventional heat engines. However, they have much 

higher ohmic losses due to the longer path for electron flow, and thus have lower power densities 

than PSOFCs.     

Figure 2.4. Structural diagram of a single repeating unit of a SOFC planar stack with cross 

flow geometry adapted from Bhattacharyya and Rengaswamy.22 
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2.2.2 Anode 

As previously mentioned, the anode of the SOFC is where hydrogen is oxidized, and 

subsequently reacts with anionic oxygen to form water. It must be porous enough to allow mass 

transport of reactant and product gases, as well as be electronically conductive.3 The reaction that 

occurs at the anode-electrolyte TPB is the two-step reaction leading to water vapour formation: 

𝐻2 → 2𝐻+ + 2𝑒−     [2.2.1] 

2𝐻+ + 𝑂2− → 𝐻2𝑂     [2.2.2] 

As well as the formation of carbon dioxide: 

𝑂2− +  𝐶𝑂 → 𝐶𝑂2 + 2𝑒−    [2.2.3] 

Material choices for the anode are generally limited to nickel, cobalt and the noble metals 

due to their resistance to oxidation at the elevated operating temperatures of the SOFC.11 Thus 

most SOFCs contain nickel-based anodes due to its low cost compared to the alternatives. 

However, the anodes are rarely made of nickel alone, and are most often a cermet made of nickel 

and YSZ. The cermet increases the reactive surface area by allowing regions with nickel 

Figure 2.5. Structural diagram of tubular SOFC adapted from Singhal.8 
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particles and neighbouring O2- ions in YSZ particles to react farther away from the TPB. 

Furthermore, YSZ is introduced to give the cermet a comparable thermal expansion coefficient 

(TEC) to that of the electrolyte, which is typically YSZ. The TEC is a material property that is 

indicative of the extent to which a material expands upon heating and is often defined as the 

fractional increase in length per unit rise in temperature. It is usually given in units of 10-6 K-1. 

Without similar TECs, the anode would have poor adhesion to the electrolyte, leading to 

cracking and degradation during fabrication, as well as temperature cycling during operation.11 

In more recent years, anodes of nickel/ceria cermets have been used in SOFCs with ceria-based 

electrolytes in order to improve electrical performance. Ceria has also been incorporated into 

some Nickel/YSZ cermets in YSZ-electrolyte based SOFCs for the same reason.11  

2.2.3 Electrolyte 

The electrolyte of the SOFC needs to be ionically conductive to facilitate the transport of oxygen 

anions to the TPB of the anode, as well as electronically insulating, or minimally electronically 

conductive, so that the cell is not short-circuited by having electrons travel directly between the 

anode and cathode. It is also important that the solid electrolyte is completely non-porous so the 

oxidant and reactant gas feeds do not mix.11 YSZ is the most widely used material for the 

electrolyte due to its excellent oxygen ion conductivity, as well as its stability in both the 

reducing and oxidizing environments.3,11 Zirconia is doped with yttria to stabilize it in the cubic 

fluorite structure from room temperature to its melting point of 2680 oC, and also to increase the 

number of oxygen vacancies in the lattice, thus increasing the ionic conductivity. The amount of 

yttria present in YSZ is usually around 8 mol%, a doping range that  has been found to produce 

higher ionic conductivities.11       
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 In more recent years, there has been much research searching for alternative electrolytes 

to YSZ. This is due in part to the operating temperature of the SOFC being governed by the 

nature of the electrolyte, and there is great interest in lowering the operating temperatures of 

SOFCs so that they may be more easily incorporated into portable applications like FCVs. The 

aforementioned YSZ-based SOFCs typically require operating temperatures above 850 oC, while 

bringing the operating temperature down to 700 oC and lower is ideal for IT-SOFCs.11 

Unfortunately, SOFC performance tends to drop rapidly as operating temperatures decrease, due 

to increased electrolyte and electrode resistances.24 This has led many researchers to study thin 

film electrolytes of doped ceria. Gadolinia-doped ceria (GDC) and samaria-doped ceria (SDC) 

are both very promising electrolyte materials, as they have much higher ionic conductivity than 

YSZ in the intermediate temperature range.24 The downside of doped ceria electrolytes is that 

their electronic conductivity reduces the open-circuit voltage (OCV) of the cell, and partial 

reduction of Ce4+ to Ce3+ in the reducing atmosphere that SOFCs operate in can lead to structural 

degradation.25 To combat these problems much research is being done to try and suppress or 

block the electronic conduction of doped ceria. This includes the use of ultra-thin layers of YSZ 

on the anode side of the electrolyte, as well as employing BaZr0.1Ce0.7Y0.2O3-δ (BZCY).25,26  

2.2.4 Cathode 

Like the anode, the cathode is generally a porous structure, allowing the mass transport of 

reactant gases.3 Furthermore, it must have high electronic conductivity under an oxidizing 

atmosphere, as well as a matched TEC and chemical compatibility with the electrolyte 

material.11,27 Lastly, it is important that the material acts as a catalyst for the ORR:11,27 

𝑂2 + 4𝑒− → 2𝑂2−     [2.2.4] 
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In Figure 2.6 one can see there are three distinct pathways for the ORR.28 While certain 

pathways are likely to be more dominant in certain materials, it is important to note that the ORR 

can occur simultaneously through all three pathways.28 Furthermore, the pathways can affect 

each other and the overall reaction rates. For example, the incorporation rate of oxygen into the 

cathode in the bulk path is directly influenced by the surface concentration of adsorbed oxygen 

in the cathode surface path.28 

The cathode surface path involves oxygen gas diffusion, adsorption onto the cathode 

surface and subsequent surface diffusion towards the TPB. At this point the ORR occurs, 

followed by ionic transfer into the electrolyte.28 This type of pathway is suitable for cathodes 

which are solely electronic conductors such as LSM.27  

The bulk path begins with oxygen gas diffusion, subsequent adsorption, dissociation, 

reduction and incorporation into the cathode, and lastly anionic transport through the cathode and 

into the electrolyte. Since this pathway involves ionic transport within the cathode itself, it is 

most suitable for an MIEC cathode such as LSCF.27 The bulk path is unique in that reduction of 

oxygen occurs within the bulk cathode, and not on the electrolyte surface as with the other two 

pathways.  

Figure 2.6: Three potential pathways for the ORR at the cathode-electrolyte TPB. Adapted and 

modified from Fleig.28 
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Last is the electrolyte surface pathway. Oxygen gas diffuses, adsorbs and is reduced all 

on the electrolyte surface, with the electrons being provided by the electrolyte, and is then 

directly incorporated into the electrolyte. Since most relevant electrolytes have minimal 

electronic conductivities, the active zone is a region very close to the TPB, making this pathway 

geometrically similar to the electrode surface path.28 This pathway is suitable for composite 

cathodes that employ a combination of an electronic conductor and an ionic conductor, such as 

LSM-YSZ.27    

 The most commonly used cathode material is LSM, a p-type semiconductor. Similar to 

the Nickel/YSZ cermets of the anode, LSM is often used in combination with YSZ to form a 

composite bilayer for the cathode to increase chemical compatibility between the cathode and the 

YSZ electrolyte and ensure similar TEC values.11,27 For LSM however, sintering is restricted to 

temperatures below 1200 oC because above this temperature the formation of zirconates at the 

cathode-electrolyte interface such as La2Zr2O7 and SrZrO3 can occur.11 This is an issue because 

these zirconates have much lower conductivities than LSM. For example, La2Zr2O7 has a 

conductivity over 100 times lower than LSM.11  

The push to lower the operating temperature of SOFCs has led to the pursuit of cathode 

materials which outperform LSM in the IT range. One such material is LSCF, which has a 

superior electrical conductivity to LSM under equivalent conditions.11 Unfortunately LSCF is 

much more reactive with YSZ, leading to the formation of zirconates, than LSM is. It is also 

much more susceptible to reduction at high temperatures, which can lead to issues of long term 

stability.11 For these reasons it is more often used in SOFCs with doped-ceria based electrolytes. 

However, the primary advantage of LSCF is the fact that it is an MIEC. Its ability to conduct 

oxygen anions leads to a dramatic increase in sites for the ORR to take place, leading to an 
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increase in overall cell performance.27 This is an important improvement because overall cell 

losses in IT-SOFCs are dominated by polarization losses for the ORR. These polarization losses 

can be as high as 65% of the total voltage loss in the cell.29 

2.3 Lanthanum Strontium Cobalt Ferrite and Gadolinia-doped Ceria 

2.3.1 Material Properties 

LSCF, like LSM, has the crystal structure of a perovskite. As seen in Figure 2.7, this consists of 

an ABO3 structure.30 The A cations occupy the larger spaces coordinated to 12 oxygen anions, 

while the B cations occupy the 6-fold coordinated octahedral spaces.30 The total charge of A and 

B cations is +6, and for the case of (n + m) < 6, the missing charge is made up for by the 

introduction of vacancies at the oxygen lattice sites.27 For LSCF, the A cations are represented 

by Sr and La, while the B cations are represented by Co and Fe. Fe and Co at the B-site readily 

change their oxidation states in response to electron transport and thus their concentrations 

directly influence the electronic conductivity. La and Sr do not readily change oxidation states, 

leading to the creation of oxygen vacancies to balance charge, and therefore their concentrations 

at the A-site directly influence ionic conductivity.27 While the TEC is mostly affected by the Co 

concentration, higher Sr content creates higher oxygen vacancy concentrations, thus contributing 

to a slightly higher TEC.27  

These trends can be observed in Table 2.1, where the compositions containing the lowest 

amount of Co and Sr, La0.8Sr0.2Co0.2Fe0.8O3−δ, have the smallest TEC values of 14.8 x10-6 K-1 and 

15.4 x10-6 K-1, while La0.6Sr0.4Co0.8Fe0.2O3−δ, has both the highest concentrations of Sr and Co, as 

well as the highest TEC value of 21.4 x10-6 K-1. Kostogloudis and Fitkos discovered that A-site 

deficient compositions based on the forms La0.6-zSr0.4Co0.2Fe0.8 and La0.6Sr0.4-zCo0.2Fe0.8 had even 
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lower TEC values than previously seen. In particular, La0.55Sr0.4Co0.2Fe0.8 and La0.6Sr0.2Co0.2Fe0.8 

with TECs of 14.2 x10-6 K-1 and 13.8 x10-6 K-1 respectively.31  

GDC exists in the cubic fluorite structure displayed in Figure 2.8.32,33 The undoped CeO2 is 

shown in the right cube. In the left cube, two of the cerium ions are replaced by gadolinium ions, 

represented by the dark spheres, between which an oxygen vacancy appears, indicated by a small 

sphere. The Ce and Gd cations make an 8-fold coordinated face-centered cubic lattice and the O2- 

ions occupy the 4-fold coordinated tetrahedral sites. In a similar manner to LSCF, when ceria is 

doped with lower valence cations such as Gd3+, oxygen vacancies are generated through charge 

compensation.34 The literature has inconsistent and contradictory experimental reports on what 

composition of GDC exhibits the maximum conductivity, including 10% (Steele), 15%   (Zha et 

al.), and 20% (Kudo & Obayashi) Gd.35–37 The variations in the measured data for the GDC 

compositions showing maximum conductivity can be attributed to the variation in sample 

preparation, sintering temperature , and various levels of reduction in the samples. Furthermore, 

the level of the purity of the ceramic also affects the conductivity since grain boundary resistivity  

Figure 2.7: Unit cell for the ABO3 perovskite structure, exhibiting cubic symmetry. Adapted 

from Boukamp.30 
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increases in impure samples.38 Hayashi et al. found that both the measured and calculated TECs 

of GDC linearly increase with the Gd content, stating that this agreement between the calculated 

and measured results implies that the increase of TECs with the increase of Gd content results 

from the reduction of the binding energy in GDC.44 

 

A common technique used to optimize the high conductivity and low TEC of the cathode 

is to make cathode-electrolyte composites. Xu et al. experimented with La0.6Sr0.4Co0.8Fe0.2O3−δ – 

Composition TEC  

(x10-6 K-1) 

T  

(oC) 

σe  

(S cm-1) 

Reference 

La0.8Sr0.2Co0.8Fe0.2O3−δ 20.7 600 1050 Tai et al.39 

La0.8Sr0.2Co0.8Fe0.2O3−δ 19.3 800 1000 Tai et al. & Petric et 

al.40,41 

La0.8Sr0.2Co0.2Fe0.8O3−δ 15.4 600 125 Tai et al.39 

La0.8Sr0.2Co0.2Fe0.8O3−δ 14.8 800 87 Ullmann et al.42 

La0.6Sr0.4Co0.8Fe0.2O3−δ 21.4 800 269 Sun et al.27 

La0.6Sr0.4Co0.5Fe0.5O3−δ 20.3 800 490 Petric et al. & Ullmann 

et al.41,42  

La0.6Sr0.4Co0.2Fe0.8O3−δ 17.5 800 302 Ullmann et al.42 

La0.6Sr0.2Co0.2Fe0.8O3−δ 13.8 700 166 Kostogloudis & Fitkos.31 

La0.58Sr0.4Co0.2Fe0.8O3−δ 14.6 700 (TEC), 

600 (σe) 

366 Li et al.43 

La0.55Sr0.4Co0.2Fe0.8O3−δ 14.2 700 380 Kostogloudis & Fitkos.31 

Table 2.1: Compositional variations of LSCF and its properties: TEC (x10-6 K-1), the 

temperature up to which the TEC is averaged (oC), and electronic conductivity σe (S cm-1). 
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Ce0.8Sm0.2O2−δ (LSCF-SDC) composite cathodes and found that adding 50 wt.% SDC was 

optimal for reaching the minimum electrical conductivity requirement (≥100 S cm-1) of a SOFC 

cathode, while the TEC of 14.4 kept it within the range of acceptable expansion compatibility of 

15% - 20%.45 Li et al. characterized La0.58Sr0.4Co0.2Fe0.8O3−δ – Ce0.8Gd0.2O2 composite cathodes 

with weight ratios of 50%, 70%, and 90% LSCF.43 They found that the conductivity increased 

from 140 S/cm – 366 S/cm at 600 °C and 112 S/cm – 314 S/cm at 800 °C as LSCF content 

increased from 50% – 100%.43 The TECs also increased from 13.9 – 14.6 at 700 °C and 12.7 – 

16.9 at 1000 °C for the same range in LSCF weight percentage. The composite cathode TECs 

can be seen in Table 2.2.    

One can see from Table 2.1 and Table 2.2 that the TEC for LSCF and LSCF – GDC 

composites can vary, usually anywhere between 14-22. However, only eight of these fourteen 

example compositions are within the required TEC range of the electrolytes that LSCF would 

typically be paired with, such as SDC or GDC, with TECs usually ranging from 12.0 to 12.8 

(Table 2.3).45,46 Furthermore, only seven of those (the A-site deficient and the composites) meet 

both the minimum required conductivity and fall within the range of the TEC compatibility 

limits. This further illustrates the amount of diligence that must be put into the design of a 

suitable cathode.  

Figure 2.8: The cubic fluorite structure of gadolinia doped ceria. Adapted from Schwarz32  
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The Goldschmidt tolerance factor t can be used to describe the stability limits of 

perovskites: 

𝑡 =
𝑅𝐴+𝑅𝑂

√2(𝑅𝐵+𝑅𝑂)
     [2.3.1] 

Composition TEC  

(x10-6 K-1) 

T  

(oC) 

σe  

(S cm-1) 

Reference 

50:50 

La0.58Sr0.4Co0.2Fe0.8O3−δ 

– Ce0.8Gd0.2O2 

13.9 700 (TEC), 600 (σe) 140 Li et al.43 

70:30 

La0.58Sr0.4Co0.2Fe0.8O3−δ 

– Ce0.8Gd0.2O2 

14.1 700 (TEC), 600 (σe 251 Li et al.43 

90:10 

La0.58Sr0.4Co0.2Fe0.8O3−δ 

– Ce0.8Gd0.2O2 

13.9 700 (TEC), 600 (σe 324 Li et al.43 

50:50 

La0.6Sr0.4Co0.8Fe0.2O3−δ 

– Ce0.8Sm0.2O2−δ 

14.4 730 116 Xu et al.45 

Composition TEC (x10-6 K-1) T (oC) Reference 

Ce0.8Sm0.2O2−δ  12.8 900 Xu et al.45 

Ce0.8Gd0.2O2 12.0 700 Li et al.43 

Ce0.9Gd0.1O2−δ  12.5 750 Steele.46 

8% YSZ 10.1 700 Hayashi et al.47 

Table 2.2: Compositional variations of LSCF-GDC and LSCF-SDC composite cathodes and 

their properties: TEC (x10-6 K-1), the temperature up to which the TEC is averaged (oC), and 

electronic conductivity σe (S cm-1). 

 

Composition TEC (x10-6 K-1) T (oC) Reference 

Ce0.8Sm0.2O2−δ  12.8 900 Xu et al.45 

Ce0.8Gd0.2O2 12.0 700 Li et al.43 

Ce0.9Gd0.1O2−δ  12.5 750 Steele.46 

8% YSZ 10.1 700 Hayashi et al.47 

 Table 2.2: Compositional variations of LSCF-GDC and LSCF-SDC composite cathodes and 

their properties: TEC (x10-6 K-1), the temperature up to which the TEC is averaged (oC), and 

electronic conductivity σe (S cm-1). 

Table 2.3: Compositional variations of YSZ, SDC, and GDC and their properties: TEC (x10-6 

K-1), the temperature up to which the TEC is averaged (oC). 
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Where RA, RB and RO are the ionic radii of the A, B and O2- ions, respectively.27 In general, 

perovskites are stable within the range of 0.75< t < 1.0, where a tolerance approaching 1 would 

represent the structure with cubic symmetry.27,48 The symmetry of LSCF is dependent on both 

dopant concentrations, as well as temperature. Tai et al. used XRD analysis to study LSCF 

samples of the composition La0.8Sr0.2Co1-yFeyO3 at 25 oC, from y = 0.0 to y = 1.0 with steps of 

0.1.39 They found that at room temperature La0.8Sr0.2Co1-yFeyO3 exhibited rhombohedral phase 

symmetry for 0.0 ≤ y ≤ 0.7, and orthorhombic phase symmetry for 0.8 ≤ y ≤ 1.0. For the three 

compositional variations that exhibited orthorhombic phase symmetry at room temperature, they 

found that each underwent a phase transition from orthorhombic to rhombohedral. For y = 0.8 

the transition occurred below 60 oC, between 110 – 160 oC for y = 0.9, and 200 – 300 oC for y = 

1.0.39 The compositions 0.0 ≤ y ≤ 0.7 were stable between room temperature and 1000oC.  

When using XRD to study the crystal structure of LSCF-GDC composite cathodes 

Vargas et al. and Li et al. both confirmed the presence of the LSCF and GDC single phases as 

perovskite and fluorite respectively, with no second phase detected in the composites. While the 

GDC fluorite symmetry was cubic in both studies despite different compositions, the symmetries 

and composition of the LSCF phases were different for each group. Vargas et al. studied 

La0.6Sr0.4Co0.2Fe0.8O3- δ – Ce0.9Gd0.1O1.95 sintered at 1100 °C and observed the orthorhombic 

symmetry.49 However, Li et al. claimed to observe the cubic perovskite structure for 

La0.58Sr0.4Co0.2Fe0.8O3−δ – Ce0.8Gd0.2O2 composites sintered at 1000 °C, 1100 °C, and 1200 °C.  
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2.3.2 Conductivity 

Both the electronic and ionic conduction mechanisms of LSCF can be understood by looking at 

LaCoO3 and LaFeO3. In both compounds, since transition metals can exist with multiple 

valencies, equal numbers of n-type and p-type carriers are formed, based on the equation: 

2𝑀3+ = 𝑀2+ + 𝑀4+     [2.3.2] 

where M = Fe, or Co.41 This results in high conductivity at high temperatures. When one then 

dopes the La A-sites with Sr, the Sr2+ ions act as acceptors, and the reaction 𝑀3+ →

𝑀4+dominates. This results in LSCF behaving as a p-type semiconductor with holes acting as 

the charge carriers.41 The Sr substitution also promotes ionic conductivity through the creation of 

oxygen vacancies. To understand the ionic conduction mechanism of LSCF, it is useful to use 

Kröger-Vink notation. The ORR of equation 2.2.4 in Kröger-Vink notation would be written as 

follows: 

𝑂2 + 2𝑉𝑜   ̈ + 4𝑒− → 2𝑂𝑜
×    [2.3.3] 

where 𝑉𝑜   ̈ is a vacant oxygen site, and 𝑂𝑜
× is an oxygen anion on an oxygen lattice site.29 Petrov 

et al. proposed a defect model associated with La1-xSrxCoO3-δ (LSC), with the electroneutrality 

condition:50    

𝐶𝑜𝐶𝑜 ̇ + 2𝑉𝑜   ̈ = 𝑆𝑟𝐿𝑎
′      [2.3.4] 

where 𝐶𝑜𝐶𝑜 ̇ represents Co4+ and 𝑆𝑟𝐿𝑎
′  represents Sr2+ in a La3+ lattice site. Furthermore, the 

relationship between 𝐶𝑜𝐶𝑜 ̇ and 𝑉𝑜   ̈ can be expressed by the following defect reaction: 

2𝐶𝑜𝐶𝑜
̇ + 𝑂𝑜

× → 2𝐶𝑜𝐶𝑜
× + 𝑉𝑜   ̈ +

1

2
𝑂2(𝑔)   [2.3.5] 
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And the equilibrium: 

[𝑉𝑜  ̈ ][𝐶𝑜𝐶𝑜
× ]2 = 𝐾𝑉𝑜  ̈ [𝐶𝑜𝐶𝑜

̇ ]
2

[𝑂𝑜
×]𝑃𝑜2

−
1

2    [2.3.6] 

where 𝐶𝑜𝐶𝑜
×  represents Co3+, 𝐾𝑉𝑜  ̈ is the equilibrium constant and 𝑃𝑂2

 is the oxygen partial 

pressure.29,50 From these equations, one can see that in order to maintain electrical neutrality with 

the substitution of Sr2+ into La3+ sites, the formation of equivalent positive charges takes place in 

the form of Co3+ becoming Co4+ and the creation of oxygen vacancies.  

The relationship between multiple Fe valencies and oxygen vacancies in strontium-doped 

lanthanum ferrite (LSF) can be expressed in a similar way as equation 2.3.5: 

  2𝐹𝑒𝐹𝑒
̇ + 𝑂𝑜

× → 2𝐹𝑒𝐹𝑒
× + 𝑉𝑜   ̈ +

1

2
𝑂2(𝑔)   [2.3.7] 

Where 𝐹𝑒𝐹𝑒
̇  represents Fe4+ and 𝐹𝑒𝐹𝑒

×  represents Fe3+.27 Therefore, one might presume that in 

LSCF both equations 2.3.5 and 2.3.7 occur concurrently throughout the lattice, however this is 

not necessarily the case. A study of La0.6Sr0.4Co0.2Fe0.8 using in situ x-ray adsorption 

spectroscopy by Itoh and Nakayama showed that oxygen vacancies were preferentially localized 

around Co ions.51 While there will be slight variance depending on the relative amounts of Co 

and Fe present, the charge disproportionation reaction on the B-site will largely be dominated by 

Co ions, i.e. equation 2.3.5.51 One may wonder why the incorporation of Fe into the material is 

important, as opposed to simply using LSC. First, LSF is more stable than LSC, due in part to the 

stable 3d5 electronic configuration of the Fe3+ ion.27 Furthermore, ferrite-based perovskites have 

TECs closer to the range of those expected in electrolytes, while as seen in table 2.1, high cobalt 

concentration leads to a high increase in TEC. Thus, incorporating both iron and cobalt helps 
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bring a balance between high conductivity, low TEC, and improved thermodynamic stability 

compared to the likes of LSM, LSC, or LSF.   

 The conductivity of GDC can be expressed in a similar fashion: 

𝐺𝑑2𝑂3 + 2𝐶𝑒𝑂2 → 2𝐺𝑑𝐶𝑒
′ + 3𝑂𝑜

×  + 𝑉𝑜   ̈    [2.3.8] 

Where 𝐺𝑑𝐶𝑒
′  represents Gd3+ in a Ce4+ lattice site. In GDC, Gd substitutes Ce in the same lattice 

position, creating a charge defect. Since Gd and Ce cations are not equally charged, oxygen 

vacancies are created to balance the net charge of the system.52  

The conductivity mechanism of LSCF and LSCF-GDC composites has been shown to 

follow the small polaron hopping model, expressed by the equation: 

𝜎 =
𝐴

𝑘𝑇
𝑒−

𝐸𝑎
𝑘𝑇    [2.3.9] 

Where A is a material constant, k is the Boltzmann constant, Ea is the activation energy for 

hopping conduction, and T is the absolute temperature.40,43 This equation shows the temperature 

dependence of electrical conductivity in LSCF. The maximum conductivity can be found at Tmax 

= Ea/k, where the pre-exponential terms begins to dominate the outcome of equation 2.3.9.40 By 

plotting ln 𝜎𝑇 versus 1/T, the slope of the resulting graph will yield the activation energy for 

small-polaron conduction. Since LSCF is a p-type semiconductor, hole mobility can be 

expressed by the following equation: 

𝜇𝑝 =
𝜎

𝑞𝑝
    [2.3.10] 

Where 𝜇𝑝 is hole mobility, p is hole density, and q is the elementary charge.53 As with electronic 

conductivity, similar equations have been derived for ionic conductivity: 
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𝜎𝑖 =
𝐴

𝑘𝑇
𝑒−

𝐸𝑎
𝑘𝑇    [2.3.11] 

and ionic mobility: 

𝜇𝑖 =
𝜎𝑖

𝑛𝑣𝑁𝑞𝑖
    [2.3.12] 

Where nv is the fraction of vacant oxygen sites, N is the number of normal sites per unit volume, 

and qi = 2e is the lattice charge of an oxygen vacancy.12  

2.4 SOFC Thermal Properties 

2.4.1 Heat transfer models 

Understanding the temperature distribution within an SOFC is vital in optimizing cell 

performance because it directly affects the reaction kinetics and electrochemical model, with the 

magnitude of the temperature influencing the voltage, polarization losses, and heat generation 

within the cell. There is very little experimental data available in this area, with the majority of 

the following information being provided by studies using mathematical modeling and computer 

simulations. The sensitivity of cell performance to temperature was studied by Ho et al. in a 

numerical analysis of a planar anode-supported SOFC with composite electrodes which found 

that a 10% decrease in temperature can lead to a 12% drop in cell performance because of higher 

internal resistance to the flow of oxygen ions.54 It’s been well-documented by Santarelli et al., 

Atkinson et al., and by Fischer et al. that the degradation of SOFC materials is enhanced by hot-

spots and temperature gradients.55–57 Furthermore, the TEC mismatch between the anode and 

electrolyte has been reported as the main cause of thermochemical failure in SOFCs.58,59  
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Thermal conduction and convection are the two main types of heat transfer that are 

consistently applied to SOFC heat transfer models. The locations that these transfers take place 

are displayed in Figure 2.9. Recall that the electrolyte is intentionally non-porous to prevent the 

mixing of the oxidant and reactant gas feeds, thus we only see convection occurring within the 

porous anode and cathode where the gasses flow in on both sides. Conductive heat transfer is 

observed in all solid components of the cell. While radiative heat transfer affects the components 

in contact with the gas flow channels, such as the electrodes, interconnects and flow channel 

walls, whether its effects are relevant or negligible in SOFC heat transfer models has been a 

much-discussed topic. 

In the spectral radiative heat transfer analysis done by Damm & Fedorov, they found that 

the effects of thermal radiation in PSOFC are minimal and can safely be neglected in heat 

transfer models.60 Daun et al. (2006) evaluated the importance of thermal radiation in the 

electrode and electrolyte layers within PSOFCs using a 2D numerical approach and likewise 

Figure 2.9: General diagram of heat transfer locations in a SOFC.  

 

Figure 2.9: General diagram of heat transfer locations in a SOFC.  
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concluded that the minor effect thermal radiation has on the temperature field is negligible.61 

Furthermore, Yakabe et al. found in their 3D model calculations that radiative heat transfer in the 

fuel and air channels of a PSOFC also has a minor effect on the overall temperature distribution 

within the cell relative to other modes of heat transfer.62 Following these past studies, more 

recent work on PSOFC modeling, like the work by Ho et al. on transport, chemical and 

electrochemical process modeling, have chosen to leave out radiative heat transfer in their 

models.63 

In a review of the mathematical modeling of SOFCs, Hajimolana et al. concluded that the 

magnitude of thermal radiation depends upon the temperature, as well as the thickness of the 

electrodes and electrolyte. At higher temperatures and with thicker layers, radiative heat transfer 

becomes more significant compared to the other heat transfer components.23 Per some authors, 

the inclusion of radiative heat transfer is important, particularly in TSOFCs. In a simulation of a 

TSOFC through finite volume analysis, Calise et al. found that radiative heat transfer contributed 

up to 70% of the radial heat transfer between the SOFC tube and its air injection tube.64 

Hajimolana et al. compared the cell temperature distribution of three different heat transfer 

models for TSOFCs by Ota et al. and Suwanwarangkul et al.23,65,66 In the model including 

conduction, convection, radiation, electrochemical heating, and diffusional heating by Ota et al., 

the difference between the maximum and minimum temperature along the length of the cell was 

87 K.23,65 In the models by Suwanwarangkul et al. the aforementioned difference was 85 K in the 

model including convection, conduction, and radiation, and 145 K in the model with only 

convection and conduction.23,66 While the literature certainly suggests there may be a distinction 

in the importance of radiative heat transfer between TSOFCs and PSOFCs, Hajimolana et al. 
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concluded in their review that the knowledge of the effects of radiative heat transfer on the bulk 

and contact surfaces of SOFCs is still incomplete and should be investigated further.23     

2.4.2 Heat Sources and Voltage Losses  

Recall that the driving reaction of energy conversion in a SOFC is the oxidation of hydrogen 

shown previously in equation 2.1.1. During this reaction, the amount of energy generated 

corresponds to the enthalpy change ∆𝑟𝐻𝑚, which can only partly be converted into electrical 

work. This is displayed below.         

    ∆𝑟𝐺𝑚 = ∆𝑟𝐻𝑚 − 𝑇 · ∆𝑟𝑆𝑚     [2.4.1] 

The difference of −𝑇 · ∆𝑟𝑆𝑚 is the entropic energy contribution as a result of the electrochemical 

reaction (2.1.1) and is released as heat.67 Applying the assumption that the reaction sites are 

infinitely thin layers, the heat flow per unit area at the electrodes 𝑄′′can be expressed as  

𝑄′′ =
𝑗

2𝐹
· (−𝑇 · ∆𝑟𝑆𝑚)    [2.4.2] 

 for both the cathode and anode TPBs, where j is the current density. It is important to note that 

the values of 𝑄𝑚
′′  will be different at either electrode even though a common modeling practice is 

to assign equation 2.4.2 to a single reaction site.67 Furthermore, this particular heat source is a 

result of thermodynamic principles and therefore cannot be reduced by cell optimization. Unlike 

the reversible single-electrode reactions however, the energy lost from the concentration, 

activation, and ohmic polarization losses is irreversible, and can therefore be reduced by cell 

optimization.67 

 During the operation of a fuel cell the flow of reactants is associated with a concentration 

gradient. The higher the current density, the lower the partial pressure of the reactants at both the 
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cathode and anode TPBs, while simultaneously the partial pressure of the products increases. 

This increases the entropy term in the oxidation of hydrogen, and thus decreases the Gibbs 

energy. Using the Nernst equation 2.1.6 one can then derive terms for the concentration 

polarizations 𝜂𝑐𝑜𝑛𝑐 associated with each electrode. The cathode term being 

𝜂𝑐𝑜𝑛𝑐
𝑐 = −

𝑅𝑇

4𝐹
ln (

𝑃𝑂2
𝑏

𝑝𝑂2
𝑇𝑃𝐵 )       [2.1.6] 

where the superscripts c, b, and TPB, refer to the cathode, bulk flow, and triple phase boundary 

respectively. Similarly, the term for the anode, represented by the superscript a is  

𝜂𝑐𝑜𝑛𝑐
𝑎 = −

𝑅𝑇

2𝐹
ln (

𝑃𝐻2𝑂
𝑇𝑃𝐵 · 𝑃𝐻2

𝑏

𝑃𝐻2𝑂
𝑏  · 𝑃𝐻2

𝑇𝑃𝐵 )      [2.1.7] 

The heat produced from these polarization losses at the two electrode TPBs can then be 

expressed as 

𝑄𝑐𝑜𝑛𝑐
′′𝑐 = 𝑗 · 𝜂𝑐𝑜𝑛𝑐

𝑐  and 𝑄𝑐𝑜𝑛𝑐
′′𝑎 = 𝑗 · 𝜂𝑐𝑜𝑛𝑐

𝑎    [2.1.8] 

Despite it being more convenient to express the heat produced from concentration losses in terms 

of electric quantities, one should remember that these losses are a result of the energy lost by the 

change in entropy of gaseous species. 

 The activation overvoltages, which are losses due to the limitation of charge transfer at 

the electrodes, can be expressed by the Tafel equation 

       𝜂𝑎𝑐𝑡 = −
𝑅𝑇

𝑛𝛼𝐹
ln (

𝑗

𝑗𝑜
 )       [2.1.9] 

where n is the number of electrons transferred per mole, the charge transfer coefficient α, is the 

proportion of applied electrical energy that is used to change the rate of the electrochemical 
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reaction, and the exchange current density jo can be thought of as the current density at which the 

overvoltage begins to move from zero.3 A surface with a higher exchange current density will 

require a higher reaction rate, and will therefore have higher activation loses. The heat generated 

at the electrode reaction sites by these activation losses can be expressed as 

𝑄𝑎𝑐𝑡
′′𝑐 = 𝑗 · 𝜂𝑎𝑐𝑡

𝑐  and 𝑄𝑎𝑐𝑡
′′𝑎 = 𝑗 · 𝜂𝑎𝑐𝑡

𝑎                         [2.1.10] 

Last is the heat produced from the ohmic polarization losses, often referred to as joule 

heating or the joule effect in the literature.67–69 The resistance in the solid components of the cell 

to both ion and electron flow contribute to further irreversible losses and thus heat generated 

within the cell. This local heat source per unit volume   𝑄𝑜ℎ𝑚
′′′  is determined by the local current 

density j and the material conductivity σ. 

𝑄𝑜ℎ𝑚
′′′ =

1

𝜎
· 𝑗2    [2.1.11] 

A comparison between the ohmic heat generated in PSOFCs and TSOFCs was carried 

out by Zhang et al. in a numerical study on electric characteristics of SOFCs.70 They discovered 

that the distribution of ohmic heat was similar for both electrodes in the PSOFC, of which the 

magnitude was dependant on the current density. In the TSOFC however, most of the ohmic heat 

was generated within the cathode due to its high electric resistance combined with the very long 

path for the current flow. Overall the ohmic heat accounted for 3% of the total heat generated in 

the PSOFC and 8% for the TSOFC. Conversely, in a more recent study by Ho et al. it was found 

that ohmic heat contributed up to 14.1% of the total heat produced by their PSOFC model. They 

suggested that the reason for this may have been anode-supported structure of the PSOFC having 

a thicker anode, and thus the endothermic reforming process proceeds at a faster rate, consuming 

more heat. Also, their cell was working at a higher average current density.69  
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3. Results & Discussion   

3.1 Experimental Procedure 

All experiments were performed on the electrolyte-supported Fiaxell 2R-CellTM displayed in 

Figure 3.1 where the black inner-circle is the 1.54 cm2 cathode. The anode consisted of Ni and 

8% YSZ. The electrolyte was made up of 8% YSZ, with a Ni and 8% YSZ layer interposed 

between the electrolyte and the cathode to supress the degradation of LSCF due to Sr migration. 

Lastly, the cathode was composed of a LSCF – GDC composite of the form 60% 

La0.6Sr0.4Co0.2Fe0.8 – 40% Gd0.20Ce0.80O1.95 for high ionic conductivity and a single layer of pure 

LSCF on top for high electronic conductivity and current collection.  

A cross-sectional scanning electron microscopy (SEM) image of the cell with thickness 

measurements of the different components can be seen in Figure 3.2. Figure 3.3 shows the 

different sections that were analyzed using energy-dispersive X-ray spectroscopy (EDX). The 

EDX results can be seen in Table 3.1 where the orange cells represent the elements detected, the 

blue cells represent the spectrum number, and the white cells represent the atomic percentage. 

 

Figure 3.1: Electrolyte-supported Fiaxell 2R-CellTM with 1.54 cm2 cathode. 

 

Figure 3.1: Electrolyte-supported Fiaxell 2R-CellTM with 1.54 cm2 cathode. 
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A top-loading electric Kittec® SQUADRO kiln, pictured in Figure 3.4, was used to heat 

the cell to the desired temperature. The Open FlangesTM test fixture supplied by Fiaxell sits on 

top of the kiln, with spring-compressed metal plates, pictured in Figure 3.5 holding the button 

cell inside the kiln. A simplified schematic of all the equipment used for the following 

experiments is displayed in Figure 3.6. A k-type thermocouple sat on top of the cathode adjacent 

to the air flow channel, connected to a Measurement Computing USB-TC-AI DAQ to collect and 

record temperature measurements. A GW Instek PSP-2010 programmable power supply was 

used to control the cell load and measure the current, while a Fluke 85 multimeter was used to 

measure voltage. A Brooks Instrument GF40 mass flow controller was used to control the flow 

of hydrogen gas to the anode through a program in LabVIEW, while an OMEGA 5850S flow  

Figure 3.2: SEM cross-section image of the Fiaxell 2R-CellTM. 

 

Figure 3.2: SEM cross-section image of the Fiaxell 2R-CellTM. 
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 1 2 3 4 5 6 7 8 9 10 

La   14.288 5.493    10.701   

Sr   7.339 3.781    5.698   

Co   4.468 2.023    4.043   

Fe   19.675 8.270    15.036   

Gd    2.905    2.273   

Ce   1.698 13.973    10.123   

Ni  53.162   29.460  40.044  2.227 2.844 

Y 1.421 1.423   1.508 1.838 2.207  3.629 1.878 

Zr 34.613 9.398   19.885 34.183 13.151  24.757 32.142 

O 63.967 36.016 52.532 63.554 49.147 63.979 44.598 52.126 49.388 63.136 

Figure 3.3: SEM cross-section image of the Fiaxell 2R-CellTM with EDX spectra. 

 

Figure 3.3: SEM cross-section image of the Fiaxell 2R-CellTM with EDX spectra. Table 3.1: EDX results from the cross-sectional SEM image. The orange cells represent the 

elements, the blue cells represent the spectrum number, and the white cells represent the 

atomic percentage (%). 

 

Table 3.1: EDX results from the cross-sectional SEM image. The orange cells represent the 

elements, the blue cells represent the spectrum number, and the white cells represent the 

atomic percentage (%). 



40 
 
 meter was used to control the flow of air to the cathode. 

Figure 3.4: Picture of the kiln and the multiple gas-supply tubes and electrical connections.  

 

Figure 3.4: Picture of the kiln and the multiple gas-supply tubes and electrical connections.  

Figure 3.5: Close-up picture of the components that sit inside the kiln. The button cell is 

situated between the two pieces of alumino-silicate felt.  

 

Figure 3.5: Close-up picture of the components that sit inside the kiln. The button cell is 

situated between the two pieces of alumino-silicate felt.  
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Taking the maximum power density that was achieved in the following experiments of 

0.781W/cm2 for the 1.54 cm2 cell and applying it to a 100 cm2 cell would generate 78 W/cell, 

therefore one would need 64 cells for a 5 kW stack. Eight of these stacks would produce 40 kW. 

Since the interconnect plate, pictured in Figure 3.7, is approximately 2.00 mm thick and the cell 

is approximately 0.35 mm thick, a repeating unit thickness of 0.235 cm is used. Multiplying this 

thickness by the 64 cells in the stack results in a stack thickness of 15.04 cm. Multiplying this by 

the 100 cm2 area results in a stack volume of 1504 cm3. Lastly, multiplying this by the 8 stacks 

Figure 3.6: Simplified schematic of the experimental equipment displayed in Figure 3.4 and 

Figure 3.5, and additional equipment and pictured.  

 

Figure 3.6: Simplified schematic of the experimental equipment displayed in Figure 3.4 and 

Figure 3.5, and additional equipment and pictured.  
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needed to achieve 40 kW results in a total volume of 12032 cm3 or 12.032 L for the complete 

fuel cell stack system.  

While most cars with ICE engines can produce over 100 kW, this power is only needed 

in extreme situations. A more common amount of power needed would be that of cruising at 

highway speeds. Many electric cars, such as the Tesla Roadster, require approximately 20 kW 

when cruising at highway speeds.71,72 A target for the SOFC of 40 kW is able to keep up with 

cruising demands, be able to recharge following high power consumption events, such as 

acceleration, and provide additional power to run auxiliary power needs, such as lights, 

computer, sound system, and more. 

An example of the temperature data collected can be seen in Figure 3.8. For all 

experiments the sampling rate of the DAQ was one point per second. One can see that there are 

periodic temperature fluctuations ranging from 0.5 °C – 0.7 °C peak-to-trough, approximately 

every 30 seconds. These are caused by the kiln turning on-and-off at a thirty second interval 

which was its controller’s method for maintaining a thermal setpoint. Attempts were made to 

remove or minimize these oscillations in the data, but these efforts proved unsuccessful. One 

Figure 3.7: 2.0 mm thick metal interconnect plate.  

 

Figure 3.7: 2.0 mm thick metal interconnect plate.  



43 
 
attempt involved subtracting out the fluctuations by subtracting a long-term (usually 1 hour) data 

set collected under similar conditions. This proved successful in some cases, but overall was 

irreproducible, presumably because of the inconsistent phase and amplitude of the fluctuations. 

A second attempt was made with the use of a Fourier transform, but again, the phase shift 

between the first half of a data set compared to the second half made this task difficult, and 

ultimately unsuccessful.      

 To characterize the data, an exponential fit of the form 

𝑦(𝑡) = 𝐴 − 𝐵(1 − 𝑒−𝑐𝑡)    [3.1.1] 

was used. Here A represents the starting temperature, B represents the magnitude of decay and C 

represents the rate of decay. A graph of the associated exponential fit for the temperature drop in 

Figure 3.8 can be seen in Figure 3.9 where it is superimposed over the measured temperature 

data. This technique was used in the characterization of all the following experiments. 
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3.1.1 Mean Absolute Deviation 

The error in the following measurements were calculated using the mean absolute deviation 

(MAD), instead of the standard deviation (SD). While reviewing the 105-year-old debate on 

which technique is better suited for determining appropriate deviations, the SD has proven much 

more popular. In an elucidating discussion on this debate, Gorard has explained how many 

supporters of the MAD argue that the popularity of the SD is an example of convenience for 

mathematical manipulation over-riding pragmatism, since the main benefit of SD is that squares 

and square-roots are much easier to manipulate than absolute values.73,74 Porter has also claimed 

that the mathematical pedigree of SD is mostly a social construct and a product of history, and 

Hampel has stated that the disappearance of the MAD from statistical practice shows a stronger 

belief in isolated pieces of mathematical theory proved under unwarranted assumptions than on 

empirical facts and observations.73,75,76  

Figure 3.9: Exponential fit of the measured temperature data. 
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This debate began in 1914 when Eddington decided to use MAD instead of SD in his 

pioneering work on astronomy, his reason being that the act of squaring velocities in SD 

exaggerates the effect of a few exceptional velocities.77 Indeed, strict normality is a basic 

assumption in the proof of efficiency of SD as well as the assumption that no measurements or 

observations were made in error.73,78 Since these assumptions are unlikely to hold in a real-life 

setting, and the contents of this thesis involve empirical research, it was decided that the use of 

MAD would be a more appropriate choice than SD, despite the wide-spread use of the latter.  

3.2 Load Changes 

3.2.1 Power Densities and Voltages at Different Temperatures 

To ensure proper performance of the cell, IV-measurements and power density measurements 

were made at increasing temperatures from 725°C – 800°C, displayed in Figure 3.10 and Figure 

3.11 respectively. As mentioned previously, the conductivity of both YSZ and LSCF-GDC 

increase in the range of 725°C – 800°C, and as such, the increase in performance with each 

subsequent increase in temperature displayed in Figure 3.11 and Figure 3.12 was expected. The 

black triangles on each figure represent 22%, 42%, 62%, and 78% H2 fuel utilization from left to 

right respectively. The following experiments consist of adjusting the load so that these 

utilization percentages are achieved. These measurements were taken in order of increasing 

utilization percentage. These specific utilization percentages were chosen because they were 

evenly spaced, except for 78%, which had to be chosen because 82% fuel utilization could not be 

achieved below 800 °C. Constant flow rates of 35 ml/min and 200 ml/min were used for H2 and 

air respectively. Each change in load was done five times to obtain average values and minimize 

error.  
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Figure 3.11: Power densities at different temperatures with lines approximating the average 

regions of activation, ohmic, and concentration losses. 
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regions of activation, ohmic, and concentration losses. 

Figure 3.10: Polarization curve at different temperatures with lines approximating the 

average regions of activation, ohmic, and concentration losses. 

 

 

Figure 3.10: Polarization curve at different temperatures with lines approximating the 

average regions of activation, ohmic, and concentration losses. 
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3.2.2 800°C Load Changes 

A visual representation of how the temperature changed over time with increasing fuel utilization 

is displayed in Figure 3.12. Comparing these runs shows that larger jumps in fuel utilization 

generally resulted in larger changes in temperature, except for 62% to 78%, in which case the 

former became cooler than the latter. An example of the deviations between runs can be seen in 

Figure 3.13, where all five runs for the change to 42% utilization are displayed. This group had 

the largest deviations amongst them for the four experiments done at 800 °C. The average time 

taken to reach a new thermal equilibrium and the average final temperature reached for each 

subsequent fuel utilization percentage are displayed in Figure 3.14.  

While initially it may seem more intuitive to plot Figure 3.14, and subsequent charts at 

different initial temperatures, in terms of current density instead of hydrogen utilization 

percentage, the decision to do the latter was made for two reasons. Since the conductivity of the 

cell changes at different initial temperatures, different current densities had to be applied to 
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Figure 3.12: Temperature changes from run 1 at subsequent fuel utilizations starting 

at approximately 800 °C.  
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achieve the same hydrogen fuel utilization percentages. Therefore, while the applied current 

densities were not consistent across the range of temperatures that experiments were performed 

at, the utilization percentage of the fuel was. Furthermore, it is the effect of the increases in 

utilization percentage that causes the observed decreases in temperature due to increasing the 

amount of the endothermic oxygen reduction reaction that takes place at the cathode side of the 

cell where the thermocouple is placed, therefore plotting the graphs in this manner was more 

appropriate.  

Taking approximately two minutes, the average change to 22% utilization was notably 

slower than the changes to 42%, 62%, and 78%, which all took approximately one minute to 

reach a new thermal equilibrium. This difference is likely related to the difference in reaction 

rates at different utilization percentages. Presumably, the slower reaction rate at 22% fuel 

utilization leads the system to a slower response to the associated thermal changes, and therefore 

it takes longer to reach a new equilibrium than at higher fuel utilization percentages. This effect 

seems minimal past 42% fuel utilization though, as the average times to reach a new thermal 

equilibrium are within twelve seconds of each other and overlap in error. It is also likely that the 

increase in heat produced from increased ohmic losses at higher utilizations, as well as the 

increase in exothermic reactions at the anode and associated thermal dissipation to the cathode 

side, overlaps with the expected decrease in temperature from the endothermic reactions at the 

cathode, thereby minimizing the observed magnitude of the change in temperature and the time 

taken to reach a new thermal equilibrium. While the average final temperature was observed to 

linearly decrease with increasing fuel utilization, it is important to note that the magnitude of the 

change in temperature is a more relevant number for the characterization of these experiments. 
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That data reveals that the change in temperature at 62% may be larger than at 78% but is overall 

inconclusive due to overlapping error. This will be discussed in more detail in section 3.3.4. 

Figure 3.13: All five runs for the change of 0 – 42% fuel utilization. This group had the 

largest deviations amongst them for the four experiments done at 800 °C 
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Figure 3.14: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 800 °C load change experiments. 
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3.2.3 775°C Load Changes 

A visual representation of how the temperature changed over time with increasing fuel utilization 

is displayed in Figure 3.15. Like the experiments at 800 °C, comparing these runs shows that 

larger jumps in fuel utilization generally resulted in larger changes in temperature, except for 

62% to 78%, in which case the former became cooler than the latter. An example of the 

deviations between runs can be seen in Figure 3.16, where all five runs for the change to 42% 

utilization are displayed. This group had the largest deviations amongst them for the four 

experiments done at 775 °C. The average time taken to reach a new thermal equilibrium and the 

average final temperature reached for each subsequent fuel utilization percentage are displayed 

in Figure 3.17. As with the experiments at 800 °C, the average change to 22% utilization took 

approximately two minutes, and was notably slower than the changes to 42%, 62%, and 78%, 

which all took less than one minute to reach a new thermal equilibrium. Again, this difference is 

likely related to the difference in reaction rates at different utilization percentages. Presumably, 

the slower reaction rate at 22% fuel utilization leads the system to a slower response to the 

Figure 3.15: Temperature changes from run 1 at subsequent fuel utilizations starting at 

approximately 775 °C.  
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associated thermal changes, and therefore it takes longer to reach a new equilibrium than at 

higher fuel utilization percentages. 

This effect seems minimal past 42% fuel utilization though, as the average times to reach 

a new thermal equilibrium are within ten seconds of each other and overlap in error. It is also 

likely that the increase in heat produced from increased ohmic losses at higher utilizations, as 

well as the increase in exothermic reactions at the anode and associated thermal dissipation to the 

cathode side, overlaps with the expected decrease in temperature from the endothermic reactions 

at the cathode, thereby minimizing the observed magnitude of the change in temperature and the 

time taken to reach a new thermal equilibrium. The decrease in average final temperature with 

increasing fuel utilization was less linear this time. It is likely that the increase in ohmic heat 

production from an increased resistance at lower temperatures contributes to this observation. 
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Figure 3.16: All five runs for the change of 0 – 42% fuel utilization. This group had the 

largest deviations amongst them for the four experiments done at 775 °C 
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3.2.4 750°C Load Changes 

A visual representation of how the temperature changed over time with increasing fuel utilization 

is displayed in Figure 3.18. Unlike the experiments at 800 °C and 775 °C, comparing these runs 

doesn’t provide any discernable pattern for the drop in temperature, as there does not seem to be 

any correlation with fuel utilization percentage. However, the length of time required to reach a 

new thermal equilibrium does increase with increasing fuel utilization percentage. An example 

of the deviations between runs can be seen in Figure 3.19, where all five runs for the change to 

78% utilization are displayed. This group had the largest deviations amongst them for the four 

experiments done at 750 °C. The average time taken to reach a new thermal equilibrium and the 

average final temperature reached for each subsequent fuel utilization percentage are displayed 

in Figure 3.20.  
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Figure 3.17: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 775 °C load change experiments 
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Figure 3.18: Temperature changes from run 1 at subsequent fuel utilizations starting at 

approximately 750 °C 
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Figure 3.19: All five runs for the change of 0 – 78% fuel utilization. This group had the 

largest deviations amongst them for the four experiments done at 750 °C 

 

 

Figure 3.19: All five runs for the change of 0 – 78% fuel utilization. This group had the 

largest deviations amongst them for the four experiments done at 750 °C 
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Unlike the experiments at 800 °C and 775 °C, where the average change to 22% 

utilization took approximately two minutes, the change to the same utilization at 750 °C took 

over three-and-a-half minutes. This longer time to reach a new thermal equilibrium is likely due 

to the lower cell conductivity at 750 °C, and thus a slower rate of reaction. The changes to 42% 

and 62% utilization took slightly longer than a minute, with negligible difference between them. 

Interestingly, the change to 78% utilization at 750 °C was the fastest experiment to reach a new 

thermal equilibrium across the three temperature ranges, taking an average of just thirty-three 

seconds. This is likely since the parameters of 750 °C and 78% fuel utilization will result in the 

maximum ohmic heat produced of all load change experiments done, from the combination of 

the lowest operating temperature and the highest fuel utilization. It is also interesting to note that 

the lowest final temperature was no more than half a degree lower than the average starting 
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Figure 3.20: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 750 °C load change experiments. 
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temperature, unlike at 800 °C and 775 °C, which saw maximum drops just under 2 °C. This is 

also likely due to the high ohmic heat being produced, minimizing the drop in temperature that 

would otherwise be observed, as well as the high reaction rate associated with a high fuel 

utilization. 

3.2.5 725 °C Load Changes 

The original intention of the load change experiments was to characterize the load changes at 

four different starting temperatures: 800 °C, 775 °C, 750 °C and 725 °C. However, there were no 

observable changes in temperature at 725 °C that could conclusively be stated to be a result of a 

change in load. Instead, the regular temperature fluctuations caused by the kiln continued as they 

normally would have if there were no load adjustments made, as seen in Figure 3.21. While it 

may appear that the average temperature after the load change is higher than the average 

temperature at OCV, these modest changes in temperature are completely normal in this system 

over large periods of time, so even if the change in load had a role in this change in temperature, 

it is not possible to be certain of this possibility.  It had previously been demonstrated that the 

conductivity of both YSZ and LSCF-GDC increase in the range of 725°C – 800°C, and as such, 

it was expected that the magnitude of the changes in temperature from changes in load would 

become smaller with decreasing temperature.79,80 This means that there will be less of a 

noticeable drop in temperature from the endothermic reaction at the cathode because of the lower 

conductivity, and thus lower rate of reaction, at lower temperatures, as well as the increased heat 

produced from ohmic losses. Taking all of this into account, it is understandable that at a certain 

operating temperature, the heat produced from ohmic losses would cancel out, and potentially 

overtake, the heat lost from the endothermic reaction at the cathode. Whether this begins 

happening at 725 °C, or at a different temperature between 750 °C and 725 °C is unknown. 
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3.2.6 Summary of Load Changes 

Another way of characterizing the previously discussed data is by analyzing the values of B and 

C from equation 3.1.1. Looking at Figure 3.22 one can see that for a given fuel utilization, a 

higher starting temperature resulted in a larger drop in temperature. This is likely related to the 

higher conductivity at higher temperatures, invoking more cooling from the endothermic ORR. 

Here, we also get a clearer look at how the magnitude of the change in temperature was affected 
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the magnitude of the drop in temperature from 62 % to 78 %. While this cannot be concluded for 

726.5

726.6

726.7

726.8

726.9

727

727.1

727.2

727.3

727.4

727.5

0 2 4 6 8 10 12

Te
m

p
er

at
u

re
 (

°C
)

Time (min)

62% Fuel UtilizationOCV (0% Fuel Utilization)
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the experiments at 800 °C, where the two values overlap in error, it was observed at 775 °C. It is 

important to note that at 78 % H2 fuel utilization, the effects of concentration losses become 

relevant, which is not the case at the lower utilization percentages. Knowing this, it is possible 

that excess heat produced from concentration losses reduces the magnitude of the drop in 

temperature at 78 % utilization more than the heat produced from ohmic losses does at 62 % 

utilization. This could explain why there was a small decrease in the magnitude of the change in 

temperature from 62% to 78% at both 800 °C and 775 °C. 

The exponential rate of decay for the exponential fits of the previously discussed 

experiments can be seen in Figure 3.23. There is an increase in C with increasing fuel utilization 

from 22% to 42% and possibly a very modest one from 42 % to 78 % across all temperatures. It 

is possible that the changes at 775 °C were faster than at 800 °C, but all four data points overlap 

in error, making this inconclusive.  

Figure 3.22: Magnitude of exponential decay (B parameter) at different starting temperatures. 
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Overall, any increase in load was observed to produce a drop in temperature at the 

cathode side. The drop is significantly smaller for the 750 °C starting temperature, and not 

measurable at 725 °C. These changes took anywhere from 30 seconds to 4 minutes to adjust to a 

new thermal equilibrium across all temperatures and utilization percentages tested. Furthermore, 

all measured changes in temperature were small (less than 2 °C), suggesting load variations will 

not adversely affect cell performance. Interestingly, larger demands in load did not take more 

time to reach a new thermal equilibrium, and in some cases equilibrated faster than at lower load 

demands. This is likely due to the increase in the rate of reaction with increasing load, causing 

the system to equilibrate faster even if the magnitude of change is higher.  
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3.4 Flow Rate Changes 

The second set of experiments involved decreasing the H2 flow rate from 45 ml/min to 35 

ml/min, 25 ml/min and 15 ml/min. These will be discussed in terms of the magnitude of the 

change in flow rate to make easier comparisons to the magnitude of the changes in temperature. 

Therefore, the change from 45 ml/min to 35 ml/min is referred to as -10 ml/min, from 45 ml/min 

to 25 ml/min is -20 ml/min, and from 45 ml/min to 15 ml/min is -30 ml/min. A constant flow 

rate of 200 ml/min was used for air. The experiments began at OCV and then a load was applied 

to generate a current of approximately 500 mA, yielding a current density of approximately 325 

mA/cm2. Unfortunately, the flow rate was unable to be isolated as the sole parameter changing 

during these experiments. The experimental setup and procedure led to a slight change in current 

density after the flow rate changes. The load on the cell remains constant, but an increase or 

decrease in flow rate will cause the cell to produce a higher or lower current for a given load. 

The observed changes are likely a combination of changes in reaction rate, anode convective 

cooling, and the redistribution of current flow through the cell. However, these observations will 

provide insight into the timeframe during which these changes take place and the magnitude of 

these changes which will be helpful in the design of future SOFC systems. 

When attempting to characterize the data collected during the flow rate change 

experiments, the fit of equation 3.1.1 was found to be unsatisfactory. Instead, a second term was 

added to equation 3.1.1 to give the form 

𝑦(𝑡) = 𝐴1 − 𝐵1(1 − 𝑒−𝑐1𝑡) − 𝐵2(1 − 𝑒−𝑐2𝑡)   [3.4.1] 
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which was used for these experiments. Here A1 represents the starting temperature, B1 represents 

the magnitude and C1 represents the rate of decay of the faster process. Similarly, B2 represents 

the magnitude and C2 the rate of decay of the slower process. One can see from Figure 3.24 that 

the “double exponential fit” of equation 3.4.1 gives a more accurate representation of the 

collected data for the flow rate change experiments than the single exponential fit of equation 

3.1.1.  

3.4.1 800 °C Flow Rate Changes 

A visual representation of how the temperature changed over time with decreasing flow rate is 

displayed in Figure 3.25. Comparing these runs shows that larger decreases in flow rate resulted 

in larger changes in temperature. An example of the deviations between runs can be seen in 

Figure 3.26, where all five runs for the change of 10 mL/min are displayed. This group had the 

largest deviations amongst them for the four experiments done at 800 °C. While the time taken to 

Figure 3.24: Comparing the single and double exponential fits to the measured temperature 

data for a flow rate change experiment starting at approximately 775 °C 

 

 

Figure 3.24: Comparing the single and double exponential fits to the measured temperature 
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reach a new thermal equilibrium varied by over a minute between runs, they all settled very 

closely to a final temperature of approximately 798.5 °C. The average time taken to reach a new 

thermal equilibrium and the average final temperature reached for each subsequent change in 

flow rate are displayed in Figure 3.27. 
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Figure 3.25: Temperature changes from run 1 at subsequent flow rates starting at 

approximately 800 °C.  
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Figure 3.26: All five runs for the change of 10 mL/min. This group had the largest deviations 

amongst them for the four experiments done at 800 °C. 

 

 

Figure 3.26: All five runs for the change of no mL/min. This group had the largest deviations 

amongst them for the four experiments done at 800 °C. 
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   The average final temperatures decreased with larger decreases in flow rate, like how 

larger increases in load lead to larger drops in temperature in the previous experiments. The 

deviations between runs was minimal, as the error bars fall within the data point markers. It is 

important to note that the voltage dropped by an average of 6 mV, 16 mV, and 35 mV for the 

decreases in flow rate of 10 mL/min, 20mL/min, and 30 mL/min respectively. This occurs 

because the decrease in flow rate causes a decrease in concentration of H2 molecules. 

Specifically, the distribution of these molecules across the anode changes, and the reaction sites 

will gather closer to the H2 fuel inlet. Since the distribution of the reaction sites has changed, the 

distribution of heat will change as well. A depiction of this can be seen in Figure 3.28.  

Since the reaction at the anode is exothermic, the anode becomes hottest at the center of 

the H2 fuel inlet, with fewer exothermic reactions sites the farther one gets from the center of the 

H2 fuel inlet. The endothermicity at the cathode from the ORR remains constant because of the 

constant air flow rate, but the change in the thermal gradient at the anode directly affects the 

Figure 3.27: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 800 °C flow rate change experiments. 

 

 

 

Figure 3.27: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 800 °C flow rate change experiments. 

 

 

0

1

2

3

4

5

6

796

797

798

799

800

801

802

803

0 5 10 15 20 25 30 35

Ti
m

e 
to

 e
q

u
ili

b
ra

ti
o

n
 (

m
in

)

Te
m

p
er

at
u

re
 (

°C
) 

Δ H2 Flow Rate (mL/min)

Average Final Temperature Average Time



63 
 
cathode through thermal conduction. This means that at the cathode side, the cell will become 

hotter towards the center of the cell and colder towards the edges. Since the thermocouple is 

adjacent to the edge of the cathode this section of the cell appears to cool down. It is 

hypothesized that if a thermocouple were placed at the center of the cathode and air inlet, then an 

increase in temperature would have been observed because the thermal conduction from the 

increase in exothermicity at the center of the anode would have affected the central area of the 

cathode. As the flow rate becomes lower, the heating continues to move towards the center of the 

cell, and therefore one would expect to see the cooling at the thermocouple to increase, which is 

exactly what can be seen in Figure 3.27.  

A plot of this effect is displayed in Figure 3.29 where the x-axis shows the position 

relative to the centre of the cell at zero. Points along the x-axis with higher H2 fuel utilization 

will be generating more heat because of the exothermic anode reaction, and so Figure 3.29 

displays a broader distribution of reaction sites at a flow rate of 45 ml/min. When the flow rate is 

45 mL/min 25 mL/min 

Thermocouple on 
cathode side 

H2 inlet 

Air inlet 

Anode 

Figure 3.28: Example of the theorized change of the thermal gradient as a consequence of the 

redistribution of reaction sites when decreasing the flow rate.  
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decreased to 25 ml/min the centre of the cell will become warmer, however the point where the 

thermocouple is located will become cooler since the reactions sites move inward. 

These drops in temperature are also much larger than those observed during the load 

change experiments. The largest drop in temperature for the 800 °C load change experiments 

was approximately 2 °C, at 78% utilization, while the smallest drop in temperature for the 800 

°C flow rate change experiment was approximately 3.5 °C. It is interesting that these small 

changes in H2 flow rate resulted in much greater drops in temperature than anything observed 

during the load change experiments, and it reinforces the idea that the heat generated from the 

high ohmic losses at high current densities suppresses the cooling caused by the endothermic 

45 ml/min

25 ml/min

Cathode 

thermocouple 

position

X (mm) 

Figure 3.29: Plot of the theorized redistribution of reaction sites relative to the centre of the 

cell (0) when decreasing the flow rate.  
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ORR, or changes in the thermal gradient. For example, during the load change experiments at 

800 °C the drop in temperature at 22% utilization was less than 1 °C, while the drop in 

temperature for the 800 °C flow rate change of 30 mL/min was over 5 °C. One of the main 

differences between these 2 cases is the current density of 584 mA/cm2 for the former and 296 

mA/cm2 for the latter, therefore the difference in ohmic heat production at different current 

densities likely played a role in the large difference in the magnitude of the decrease in 

temperature.  

 Ranging from approximately 3.5 min to 5.5 min, the average times taken to reach new 

thermal equilibria were all relatively long compared to the 800 °C load change experiments, 

which all settled in under 2.5 min. This is likely related to the slower rate of the endothermic 

ORR at these lower current densities. Interestingly, there was little-to-no difference in the 

average times taken to reach new thermal equilibria between the different H2 flow rates, though 

there were large deviations of over 1.5 min at any given flow rate. While the load change 

experiments suggest that one may expect smaller increases in fuel utilization percentage to take 

more time to reach a new thermal equilibrium, nothing amongst these three experiments suggests 

that large changes in flow rate have an impact on the amount of time taken to reach new thermal 

equilibria. The relationship of the times taken to reach new thermal equilibria with changes in H2 

flow rate will be discussed in more detail in section 3.4.5 because it requires analyzing the C1 

and C2 parameters and the effects responsible for their values, though it is likely related to the 

change in current density that accompanies the change in flow rate. 
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3.4.2 775 °C Flow Rate Changes 

A visual representation of how the temperature changed over time with decreasing H2 flow rate 

is displayed in Figure 3.30. As with the experiments at 800 °C, comparing these runs shows that 

larger decreases in H2 flow rate resulted in larger changes in temperature. An example of the 

deviations between runs can be seen in Figure 3.31, where all five runs for the change of 30 

mL/min are displayed. This group had the largest deviations amongst them for the three 

experiments done at 775 °C. While the times taken to reach new thermal equilibria varied by 

over a minute between runs, they all settled very closely to a final temperature of approximately 

767.3 °C. The average times taken to reach new thermal equilibria and the average final 

temperature reached for each subsequent change in H2 flow rate are displayed in Figure 3.32. 

Figure 3.30: Temperature changes from run 5 at subsequent changes in H2 flow rate starting 

at approximately 775 °C. 

 

 

Figure 3.29: Temperature changes from run 5 at subsequent changes in H2 flow rate starting 

at approximately 775 °C. 
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The average final temperatures decreased with larger decreases in H2 flow rate, which is 

consistent with the 800 °C flow rate change experiments. As with the flow rate change 

experiments at 800 °C, the deviations between runs was minimal, as the error bars fall behind the 

data points. As with previous experiments, this decrease in average final temperature with larger 

decreases in H2 flow rate is likely caused by the impact of the change in the thermal gradient at 

the anode side of the cell, heating areas towards the center of the cell on the cathode side through 

thermal conduction, and cooling areas farther out from the center. This effect continues as 

decreasing the H2 flow rate continues to lower the concentration of H2 and the reaction sites 

move further inward towards the center of the cell. These drops in temperature are also much 

larger than those observed during the load change experiments. During the 775 °C load change 

experiments, all temperature drops were less than 2 °C in magnitude, while these ranged from 
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Figure 3.31: All five runs for the change of 30 mL/min. This group had the largest deviations 

amongst them for the four experiments done at 775 °C. 

 

 

Figure 3.30: All five runs for the change of 30 mL/min. This group had the largest deviations 

amongst them for the four experiments done at 775 °C. 
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approximately 4 °C to 6 °C. As discussed in the previous section, these larger drops in 

temperature are likely related to the lower ohmic heat generation at lower current densities.  

The average times to reach new thermal equilibria were between 3.5 min and 4.0 min for 

both the 10 mL/min and 20 mL/min flow rate decreases, however the 30 mL/min decrease took 

nearly double the time at approximately 7 min. Like the 800 °C flow rate change experiments, no 

trend of lower or higher times to reach new thermal equilibria with decreasing H2 flow was 

observed. This could be related to the lower rate of ORR at lower current densities, and to the 

changes in current density that accompany the changes in flow rate, which will be discussed in 

more detail in section 3.4.5. 

 

Figure 3.32: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 775 °C flow rate change experiments. 
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 3.4.3 750 °C Flow Rate Changes 

A visual representation of how the temperature changed over time with decreasing H2 flow rate 

is displayed in Figure 3.33. As with the experiments at 800 °C and 775 °C, comparing these runs 

shows that larger decreases in H2 flow rate resulted in larger changes in temperature. An example 

of the deviations between runs can be seen in Figure 3.34, where all five runs for the change of 

30 mL/min are displayed. This group had the largest deviations amongst them for the three 

experiments done at 750 °C. The times taken to reach new thermal equilibria varied by only a 

minute between runs at most, and they all settled very closely to a final temperature of 

approximately 744.9 °C. The average times taken to reach new thermal equilibria and the 

average final temperatures reached for each subsequent decrease in H2 flow rate are displayed in 

Figure 3.35. 

Figure 3.33: Temperature changes from run 4 at subsequent decreases in H2 flow rate starting 

at approximately 750 °C. 

 

 

Figure 3.32: Temperature changes from run 4 at subsequent decreases in H2 flow rate starting 

at approximately 750 °C. 
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The average final temperatures decreased with a decrease in H2 flow rate, which is 

consistent with the observations from the previous flow rate change experiments. As with the 

flow rate change experiments at 800 °C and 775 °C, the deviations between runs was minimal, as 

the error bars fall behind the data points, except for the 2% change which had slightly larger 

deviations than the other runs. As with previous experiments, this decrease in average final 

temperature with larger decreases in H2 flow rate is likely caused by the impact of the change in 

the thermal gradient at the anode side of the cell, heating areas towards the center of the cell on 

the cathode side through thermal conduction, and cooling areas farther out from the center. This 

effect continues as decreasing the H2 flow rate continues to lower the concentration of H2 and the 

reaction sites move further inward towards the center of the cell. These drops in temperature are 

also much larger than those observed during the load change experiments. During the 750 °C 

load change experiments, all average temperature drops were less than 0.5 °C in magnitude, 

while these ranged from approximately 4.5 °C to 6.0 °C. As discussed in the previous section, 
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Figure 3.34: All five runs for the change of 30 mL/min. This group had the largest deviations 

amongst them for the four experiments done at 750 °C. 

 

 

Figure 3.33: All five runs for the change of 30 mL/min. This group had the largest deviations 

amongst them for the four experiments done at 750 °C. 
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these larger drops in temperature are likely related to the lower ohmic heat generation at lower 

current densities. 

The average times to reach new thermal equilibria were approximately 4.0 min for both 

the 20 mL/min and 10 mL/min decreases in H2 flow rate, however the 30 mL/min decrease took 

approximately 6 min. Like the 800 °C and 775 °C flow rate change experiments, these 

experiments did not follow a trend of lower or higher times to reach new thermal equilibria with 

larger decreases in H2 flow rate, unlike the trend that was seen in the load change experiments. 

This could be related to the smaller current densities used in these experiments, and to the 

changes in current density that accompany the changes in flow rate, which will be discussed in 

more detail in section 3.4.5. 
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Figure 3.35: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 750 °C flow rate change experiments. 

 

 

Figure 3.34: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 750 °C flow rate change experiments. 
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3.4.4 725 °C Flow Rate Changes 

A visual representation of how the temperature changed over time with decreasing H2 flow rate 

is displayed in Figure 3.36. As with all previous experiments, comparing these runs shows that 

larger jumps in fuel utilization resulted in larger changes in temperature. An example of the 

deviations between runs can be seen in Figure 3.37, where all five runs for the change of 30 

mL/min are displayed. This group had the largest deviations amongst them for the three 

experiments done at 725 °C. The times taken to reach new thermal equilibria varied by up to 3 

minutes, and while it looks like the final temperatures for a given change in flow rate varied by 

more than other experiments, this difference was less than 0.1 °C between the highest and lowest 

final temperature for that change in flow rate. The average times taken to reach new thermal 

equilibria and the average final temperatures reached for each subsequent decrease in H2 flow 

rate are displayed in Figure 3.38. 

Figure 3.36: Temperature changes from run 2 at subsequent decreases in H2 flow rate 

approximately 725 °C. 

 

 

Figure 3.35: Temperature changes from run 2 at subsequent decreases in H2 flow rate 

approximately 725 °C. 
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The average final temperatures decreased with larger decreases in H2 flow rate, which is 

consistent with the observations from all previous flow rate change experiments. While the 

deviations between runs was a little larger than those at 800 °C, 775 °C, and 750 °C, they were 

still minimal. As with previous experiments, this decrease in average final temperature with a 

decrease in H2 flow rate is caused by the impact of the change in the thermal gradient at the 

anode side of the cell, heating areas towards the center of the cell on the cathode side through 

thermal conduction, and cooling areas farther out from the center. This effect continues as 

decreasing the H2 flow rate continues to lower the concentration of H2 and the reaction sites 

move further inward towards the center of the cell. Recall that it was reasoned that no 

temperature drops were observed during the attempted 725 °C load change experiments due to a 

combination of lower conductivity decreasing the cooling effect of the endothermic ORR, and 

the increased ohmic heat generated at higher current densities. Knowing this, it is understandable 

that small drops in temperature can be observed at 725 °C at much lower current densities, since 

there would be less ohmic heat overtaking the endothermic cooling from the ORR at the cathode. 

The average times to reach new thermal equilibria were all long, from approximately from 5 min 

to 8 min, with large deviations between runs. Because of these large deviations it is not possible 

to draw any conclusions about the relationship between the average times to reach new thermal 

equilibria and the change in H2 flow rate at 725 °C. 
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Figure 3.37: All five runs for the change of 30 mL/min H2 flow rate. This group had the 

largest deviations amongst them for the four experiments done at 725 °C 

 

 

Figure 3.36: All five runs for the change of 30 mL/min H2 flow rate. This group had the 

largest deviations amongst them for the four experiments done at 725 °C 

 

Figure 3.38: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 725 °C flow rate change experiments. 

 

 

Figure 3.37: Average times taken to reach new thermal equilibria and the average final 

temperatures reached for the 725 °C flow rate change experiments. 
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3.4.5 Summary of Flow Rate Changes 

Analyzing the B1, C1, B2, and C2 values of equation 3.4.1 for the flow rate change experiments 

can provide further insight into the previously discussed observations. Specifically, it allows one 

to determine if there are different mechanics behind the initial, fast and large drop in 

temperature, and the slower and smaller drop in temperature. Figure 3.39 displays the magnitude 

of the initial drop in temperature, B1. There are two main takeaways from this graph: First, at 750 

°C and above, the magnitude of the measured temperature drops increases from approximately 3 

°C to 5 °C with increasing H2 flow rate drops from 10 mL/min to 30 mL/min. Second, the 

temperature drops in experiments performed at 725 °C are negligible for all changes in H2 flow 

rate.  This initial drop in temperature is caused by the impact of the change in the thermal 

gradient at the anode side of the cell, heating areas towards the center of the cell on the cathode 

side through thermal conduction. The current densities for the flow rate change experiments were 

approximately half as much or less than the load change experiments. Therefore, it is likely that 

one of the reasons for the larger drops in temperature during these experiments is that less heat is 

being produced from the ohmic losses at these lower current densities.  

The load change experiments revealed that for a given change in H2 fuel utilization 

percentage, a higher starting temperature resulted in a larger drop in temperature, possibly 

because of the higher conductivity at higher temperatures, resulting in a higher rate of cooling 

from the endothermic ORR. However, the results displayed in Figure 3.39 portray something 

different. For the 10 mL/min and 20 mL/min decreases in H2 flow rate from 750 °C to 800 °C, 

higher starting temperatures resulted in smaller drops in temperature, instead of larger. This was 

not the case for the 30 mL/min decrease in H2 fuel utilization, where the values are too close in 

proximity and overlap in error to such a degree where no conclusions can be drawn from these 
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results. Interestingly, the 725 °C experiments did fit the trend of the lowest starting temperature 

having the smallest drops in temperature, with no significant difference across the different 

changes in H2 flow rate, which is very similar to what was observed in Figure 3.20 for the 750 

°C load change experiments, in terms of fuel utilization percentage. As with those experiments, 

this is likely related to the poorer conductivity at lower temperatures, where higher heat 

produced limits larger drops in temperature from being observed. 

The initial exponential rates of decay for the flow rate change experiments can be seen in 

Figure 3.40. From the load change experiments, an increase in C was observed with increasing 

H2 fuel utilization percentage, likely due to the increase in the rate of the endothermic ORR 

caused by increasing the current density. A similar trend was observed in the C1 values of Figure 

Figure 3.39: Initial magnitude of exponential decay (B1 parameter) at different starting 

temperatures. 

 

 

Figure 3.38: Initial magnitude of exponential decay (B1 parameter) at different starting 

temperatures. 
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3.40, where C1 increases with larger decreases in H2 flow rate. Although the increases are very 

small, likely because the changes in current density here only range from 10 mA/cm2 – 40 

mA/cm2, compared to the load change experiments where they consecutively increased by 

approximately 500 mA/cm2 with increasing H2 fuel utilization percentage.  

One can see that for the experiments with lower starting temperatures, the initial 

exponential rates of decay were higher. While the 725 °C C1 values appear to fit this trend, the 

deviations are much too large to conclusively state that that is the case, though these large error 

bars are simply a result of the very small temperature changes observed in Figure 3.40. Also, the 

higher conductivities at higher temperatures would work against these observations, as it would 

lead to a higher rate of cooling at higher temperatures, which is the opposite of what was 

observed. Further investigation would be required to draw additional conclusions on the matter. 

Figure 3.40: Initial rate of exponential decay (C1 parameter). 

 

 

Figure 3.39: Initial rate of exponential decay (C1 parameter). 
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The magnitudes of exponential decay from the slower process can be seen in Figure 3.41. 

There is very little that can be concluded from any type of comparison across H2 flow rate 

changes or starting temperature due to the lack of any perceivable pattern as well as the large 

deviations. One thing that is certain is that these succeeding drops in temperature are much 

smaller in magnitude than any of the initial drops in temperature, with the largest drop being 

only -1.24 °C. Regardless, it seems that this process does not change with starting temperature. 

Recall that with these changes in flow rate there is a small accompanying change in 

current density. Specifically, these decreases in flow rate result in decreases in current density 

ranging from 10 mA/cm2 to 50 mA/cm2. It is likely that the fast and large initial drops in 

temperature are a result of the change in the distribution of reaction sites, and the slow and small 

drops in temperature are a result of the decreasing current density, which continually decreases 

Figure 3.41: Magnitude of exponential decay from the slower process (B2 parameter) at 

different starting temperatures. 

 

 

Figure 3.40: Magnitude of exponential decay from the slower process (B2 parameter) at 

different starting temperatures. 
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while the temperature is decreasing, causing it to decrease further. If this was in fact the cause of 

the small and slower drop in temperature, one would expect B2 to increase as the magnitude of 

the change in H2 flow rate increased, since the larger changes in H2 flow rate were measured to 

have a larger accompanying change in current density. While this appears to be the case across 

some starting temperatures and H2 flow rates, the deviations are too large and not enough of the 

data fits this trend to draw these conclusions from B2 values alone.  

The values of the rate of exponential decay for the slower process, C2, do support this 

idea however. One can see from Figure 3.42 that there is a general trend of decreasing C2 with an 

increase in the change in H2 flow rate, which is what one would expect to see since larger 

decreases in current density occurred from the larger changes in flow rate. It is not possible to 

Figure 3.42: Slow process rate of exponential decay (C2) Parameter). 

 

 

Figure 3.41: Slow process rate of exponential decay (C2) Parameter). 
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conclude how this was affected by the initial starting temperature as the deviations are too large, 

and interestingly, three of the four experiments for the 30 mL/min decrease in H2 flow rate 

converge at approximately 0.27 min-1. Further investigation is required to minimize the 

deviations in B2, and C2, and to see if the expected B2 trend of increasing with increasing changes 

in H2 flow rate can be achieved. 

Overall, the flow rate change experiments took anywhere from 3.5 min to 8.0 min to 

reach new thermal equilibria, with most taking over 4.0 min, and the overall magnitudes ranged 

from 4 °C to 6 °C. However, most of the total drop in temperature takes place in the first 0.5 min 

to 1.0 min, as with the load change experiments. The only case where this was not observed was 

for the 725 °C experiments where B2 was larger than B1. This would suggest that the decrease in 

current that accompanied the decrease in flow rate had more of an impact on the change in 

temperature than the redistribution of H2 reaction sites and cooling from the rearrangement of the 

thermal gradient did.  

 The observations from both the load change experiments and the flow rate change 

experiments are promising because they indicate that the changes in temperature caused by 

changing these parameters are minimal compared to the overall cell temperature. This means 

their impact on cell structure and degradation is likely minimal. Furthermore, the cell, as 

measured from the side of the cathode, equilibrated relatively quickly, which is ideal in the 

application of these SOFCs in FCVs, where rapid changes in load demand are needed to shift the 

power of the vehicle. We recognize that more complete fuel cell structures, such as short stacks 

and ultimately complete 5 kW stacks, will have different thermal transport properties. 

Nevertheless, we believe that these observations and conclusions are promising and warrant 

continued development and study of these more sophisticated systems as a next step. 
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4. Conclusions 

Understanding the temperature distribution within an SOFC is vital in optimizing cell 

performance because it directly affects the reaction kinetics and electrochemical model, with the 

magnitude of the temperature influencing the voltage, polarization losses, and heat generation 

within the cell. There is very little experimental data of thermal variations arising from large, 

rapid changes of operating conditions, with most of the literature reviewed within this thesis 

having used mathematical modeling and computer simulations. The experimental work 

performed within this thesis was an important first step in providing more experimental data in 

this area.  

The changes in temperature of SOFCs with LSCF-based cathodes caused by changes in 

operating conditions were characterized. This was done by altering the load demand, as well as 

the flow rate of the fuel, and observing how these thermal variations differed when the cell 

operated at different initial temperatures. By collecting temperature data through the placement 

of a thermocouple at the gas-cathode interface, insight was gained into the magnitude of thermal 

variations how they affect the overall performance of the cell. 

Changes in fuel utilization caused by increases in load took anywhere from 30 seconds to 

4 minutes to adjust to a new thermal equilibrium across all temperatures and utilization 

percentages tested. Furthermore, all measured changes in temperature were less than 2 °C. 

Interestingly, larger demands in load did not take more time to reach a new thermal equilibrium, 

and in some cases equilibrated faster than at lower load demands. This was likely due to the 

increase in the rate of reaction with increasing load, causing the system to equilibrate faster even 

if the magnitude of change was higher. 
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The flow rate change experiments took anywhere from 3.5 min to 8.0 min to reach new 

thermal equilibria, with most taking over 4.0 min. However, most of the total drop in 

temperature took place in the first 0.5 min to 1.0 min, as with the load change experiments. The 

only case where this was not observed was for the 725 °C experiments where B2 was larger than 

B1. This would suggest that the decrease in current that accompanied the decrease in flow rate 

had more of an impact on the change in temperature than the redistribution of H2 reaction sites 

and cooling from the rearrangement of the thermal gradient did. 

 The observations from both the load change experiments and the flow rate change 

experiments were promising because they indicate that the changes in temperature caused by 

changing these parameters were minimal compared to the overall cell temperature, and therefore 

their impact on cell structure and degradation is likely minimal as well. Furthermore, the cell, as 

measured from the side of the cathode, equilibrated relatively quickly, which is ideal in the 

application of these SOFCs in mobile applications such as FCVs, where rapid changes in load 

demand are needed to shift the power of the vehicle. While the experimental setup used was 

many iterations behind the 5-kW stack one may want to develop and analyze, these results are 

encouraging, and suggest that further development of an SOFC-based power plant for mobile 

applications is warranted.  
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5. Future Work 

There are many areas and methods in which the work done within this thesis can be expanded 

upon and improved. First, the equipment used limited the use of the thermocouple to the cathode 

side alone. Being able to probe the temperature at the anode and electrolyte would provide 

further insight into temperature distribution of the cell, and how the different cell components are 

affected by different parameter changes. Furthermore, being able to place multiple 

thermocouples at different regions on both the anode and cathode side of the cell could help with 

the characterization and analysis of the change in the thermal gradient that accompanies these 

parameter changes. The characterization methods can be be further iterated by looking at smaller 

deviations between higher fuel utilization percentages, such as 50% - 55%, or 65% - 75%, by 

changing the flow rate. This would either require the use of a mass flow controller that can 

control lower flow rates than the one used, or a larger cell that requires higher flow rates for a 

given utilization percentage, but the information those experiments could provide would be very 

useful.  

Performing the load change experimments at a variety of different flow rates could also 

provide valuable information on how a given flow rate affects the rate and magnitude of the 

change in temperature caused by changes in load. Lastly, as the development of these systems 

are scaled up, further experiments should be performed on short stack configurations containing 

for example two, four, and eight cells, with temperature measurements at either side of the stack, 

and in the middle. In addition to providing the previously discussed information for a new 

system, it would also provide experimental data on how the amount of cells used affects the 

temperature distribution of different areas of the stack. 
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