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Abstract

Solid Oxide Fuel Cells (SOFCs) are promising energy conversion devices that offer high ef-

ficiency and low environmental impact. In order to understand and accurately estimate the

SOFCs performance, advanced modeling techniques are required due to SOFCs complicated

multi-physics nature and complex fluid flow patterns. This thesis focuses on adopting a com-

putational fluid dynamics (CFD) analysis approach to study the performance of SOFCs in terms

of electrical power output, thermal gradients across the cell, and fuel and oxidant consumption

through the cell’s gas channels.

Two different three-dimensional models were developed and experimentally validated for

tubular and planar SOFCs. The effect of the cell’s operating conditions and structure properties

on its performance was studied. Additionally, the planar cell thermal gradients as a function

of the operating conditions were studied.

The results show the effect of operating temperature on cell performance and the hydrogen

and oxygen mass fraction across the fuel and air channels, respectively, for both tubular and

planar models.

Finally, a parametric analysis was conducted to study the effect of the cell’s structure

parameters, such as anode porosity, anode thickness, and electrolyte thickness, on the tubular

and planar cells’ performance. Additionally, the effect of changing operating parameters such

as the inlet temperature and flow rate of fuel and oxidant on the thermal gradient across the

planar cell
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Chapter 1

Introduction

Nowadays, energy security and strengthened climate policies present the biggest global chal-

lenges. Based on the International Energy Agency's (IEA) World Energy Outlook 2022, the

global energy consumption has grown between 2010 and 2019 by an average rate of 1.4% per

year. Due to the COVID-19 pandemic, the energy consumption reduced by 3% in 2020. The

global economic recovery played a great role in increasing the consumption by about 5% in 2021

and 2.1% in 2022 to cause about 11.8 Gtoe. These led to 6.3% increase in CO2 emissions in

2021 and 1.9% increase in 2022, causing about 28.3 GtCO2 [1]. A large number of studies have

been conducted to develop and enhance power generation technologies. Fuel cells supplied by

green hydrogen have gained signi�cant attention because of their great potential for electricity

generation with high e�ciency and the decarbonization of global energy systems.

1.1 Fuel Cell Background

A fuel cell is an energy conversion device. It converts energy from one form to another. More

speci�cally, a fuel cell converts the chemical energy stored in the fuel to electric and thermal

energy without combustion. Over 150 years ago, fuel cells were �rst developed. The British

chemist Humphry Davy was the �rst person who described the fuel cell scienti�c concepts in

1801 [2]. Then the German-Swiss chemist Christian Friedrich described the electrochemical

reaction between hydrogen and oxygen inside the fuel cell in 1838 [3]. In 1842, the Welsh

chemical physicist William Robert Grove was the �rst to use platinum electrodes, hydrogen,

and oxygen to produce electricity; this fuel cell prototype was called a gas voltaic battery [4].
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In 1889, Charles Langer and Ludwig Mond were the �rst to introduce the term \fuel cell" by

developing a fuel cell fed by air and industrial coal gas [5].

In the 1930s, the British chemical engineer Francis Bacon resumed Langer and Ludwig's

work and developed a 5 KW alkaline fuel cell in 1950. After that, NASA used the �rst alka-

line fuel cell on Apollo space missions in the 1960s [6]. In 1959, Willard Thomas Grubb and

Leonard Niedrach invented the proton exchange membrane fuel cell, the commonly used fuel

cell type nowadays [7]. In 1966, General Motors invented the �rst concept car powered by a

fuel cell; it was called the Electrovan [8]. In the 1970s and 1980s, formidable e�orts were made

to reduce the reliance on imported petroleum. The United States Navy considered using fuel

cells in submarines because of their high e�ciency, zero emissions, and near-silent operation

[9]. In the 1990s, attention turned to fuel cell technology to be used in supplying energy to

residential micro-combined heat and power systems.

In the 2000s, fuel cells started to spread in various transportation applications in di�erent

vehicle types, such as trains, buses, forklifts, boats, and motorcycles. In 2014, Toyota intro-

duced the �rst commercial fuel cell car that used hydrogen as its fuel. Toyota named this car

Mirai, which is a Japanese word that means \future" [10].

Fuel cells are classi�ed based on the kind of electrolyte they use. This classi�cation not

only speci�es the type of electrochemical processes that occur in the cell, but also the types of

catalysts that are needed, the fuel cells' operating temperature range, the fuel required, and

other factors. These properties have an impact on the applications that these cells are best

suited for.
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The following is a list of the �ve most common types of fuel cells:

ˆ Polymer Exchange Membrane Fuel Cell (PEMFC)

ˆ Alkaline Fuel cell (AFC)

ˆ Solid Oxide Fuel Cell (SOFC)

ˆ Phosphoric Acid Fuel Cell (PAFC)

ˆ Molten Carbonate Fuel Cell (MCFC)

Figure 1.1: Fuel cell types' power range and suitable applications.

Figure 1.2 shows the products, reactants, and operation temperatures of di�erent fuel cell

types and how charge carriers transfer through their electrolytes [11]. As a result of solid oxide

and molten carbonate fuel cells' signi�cant high operating temperature, they have di�erent

operating principles and have diverse applications. Typically, pure hydrogen is used as the fuel

in low temperature fuel cells, which means that all fuel must �rst be converted to hydrogen
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before being supplied into the low temperature fuel cells such as the PEMFCs. Compared to

low-temperature fuel cells, one of the advantages of high-temperature fuel cells such as SOFCs

and MCFCs is that they have the ability to internally convert CO or other hydrocarbon fuels

to hydrogen.

Figure 1.2: Comparison of the �ve types of fuel cells.
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1.2 Solid Oxide Fuel Cell (SOFC)

The solid oxide fuel cell earned its name, because it is a solid-state device and all of its compo-

nents are solid by nature. The issues of corrosion, electrolyte management, and transportation

are signi�cantly reduced with the elimination of liquid electrolyte. SOFC is an electrochemical

energy-conversion technology that holds great potential for producing clean, e�cient electricity

while also o�ering major environmental advantages when it comes to fuel 
exibility [12]. As

mentioned before, SOFC is a high-temperature technology; the current operating temperature

of the SOFC is between 500 and 1000°C. The high operating temperature provides a combina-

tion of challenges and bene�ts. Issues with cell interconnect, sealing, and stack hardware are

among the challenges. Moreover, the cells have a high degradation rate, mechanical instability,

and thermal expansion matching problems. On the other hand, it has a number of bene�ts, in-

cluding high e�ciency, the ability to use waste heat for heating applications, and fuel 
exibility

[13]. Table 1.1 shows the advantages and disadvantages of SOFC:

Table 1.1: Advantages and disadvantages of SOFCs.

Advantages Disadvantages

ˆ Solid-state ˆ High degradation rate

ˆ No need for precious metals, corrosive
acids, or molten, materials

ˆ Sealing problems

ˆ Fuel 
exibility, the cell can be supplied
with natural gas or hydrogen

ˆ Thermal expansion compatibility problems

ˆ High-quality waste heat for heating
applications because its high operating

temperature > 500°C

ˆ Long start-up time
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1.2.1 SOFC principles

SOFC contains a dense electrolyte layer that is placed between two porous electrodes as shown

in �gure 1.3, the anode and cathode. Fuel, typically hydrogen, is fed to the anode side where the

hydrogen oxidation reaction takes place while the oxidant, typically air, is fed to the cathode

where the oxygen reduction reaction takes place. The electrodes are solid porous structures

that permit the di�usion of fuel and air to the electrolyte as well as the di�usion of the by-

products of the electrochemical reaction on the anode side away from the electrolyte. The

oxygen ions produced from the oxygen reduction reaction at the cathode side migrate through

the electrolyte to the anode side, where they react with the hydrogen molecule to produce

water vapour and release electrons that produce electricity when they are transported through

an external circuit [14]. Figures 1.3 and 1.4 show SOFC components and how molecular 
ows

through the cell.

The chemical reactions of SOFC are [15]:

Overall reaction:

H2 + 1=2 O2 ! H2O (1.1)

Hydrogen oxidation reaction:

H2 + O2� ! H2O + 2e� (1.2)

Oxygen reduction reaction:

1=2 O2 + 2e� ! O2� (1.3)
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Figure 1.3: Operating principle of SOFC.

Figure 1.4: SOFC reactions and electrons transfer.
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1.2.2 SOFC classi�cations

From a geometrical point of view, SOFC con�gurations can be classi�ed into planar or tubular

types. Although both types have the same operating concepts, each geometry type has its

own advantages and disadvantages. The planar cell provides a relatively simple design and

higher volumetric power densities; however, it has more sealing problems, a thermal expansion

mismatch, and cracking potential. The tubular cell design is mechanically robust, can withstand

thermal stresses, and has better sealing; on the other hand, it has a longer current path, which

increases the ohmic resistance [16]. Figure 1.5 illustrates the two types of SOFC geometry

con�gurations:

(a) Planar

(b) Tubular

Figure 1.5: Schematic diagrams of (a) Planar and (b) Tubular type geometries of SOFCs.
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SOFC are classi�ed according to whether they are self-supporting or externally supported.

This study focuses only on the self-supporting SOFC. In a self-supporting SOFC, the electrolyte,

anode, or cathode represent the supporting element. Figure 1.6 illustrates the schematic for

the three di�erent SOFC supporting components. The electrolyte-supported (ES) design has a

relatively thicker electrolyte, which increases the cell's strength and decreases the probability of

mechanical failure; however, the thick electrolyte layer increases the internal resistance sharply

[17]. The cathode-supported (CS) cell is not commonly used because it has a relatively low

power density, but it has better phase stability [18]. Lastly, the anode-supported (AS) design is

considered in this study for experiments and modeling. It has a cheaper design and relatively

high conductivity. However, it has some signi�cant issues, such as anode re-oxidation and the

limitation of the transfer of gases because of the thick anode layer [19]. Table 1.2 presents some

of the advantages and disadvantages of SOFC with di�erent self-supporting elements [20].
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Table 1.2: SOFC with di�erent self-supporting elements features.

SOFC Supporting Type Advantages Disadvantages

Electrolyte-Supported (ES)

ˆ Relatively stronge
structure

ˆ Less failure probability
due to anode reoxida-
tion

ˆ High ohmic resistance

ˆ Needs to be operate
at higher temperature
(above 800°C)

Cathode-Supported (CS)

ˆ No oxidation problems

ˆ Low operating temper-
ature (from 800 °C to
1000°C)

ˆ Mass transport limita-
tion

ˆ Low conductivity

Anode-Supported (AS)

ˆ Higher conductivity

ˆ Lower operating tem-
perature (below 800°C)

ˆ Mass transport limita-
tion

ˆ Anode reoxidation
problems

Figure 1.6: Schematics of di�erent types of self-supporting components in SOFCs.
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1.2.3 SOFC materials

SOFC material selection for the electrodes and electrolyte has been extensively studied since

1960s. Because its high operating temperature, the main goal of material selection studies is to

�nd the materials that can provide a cheaper cost, better stability, and less degradation rate.

In 1966, General Electric studies and designed a SOFC cell with ZrO2 � CaO or ZrO2 � Y2O3

tubular electrolyte, carbon anode, and impregnated liquid silver cathode with porous zirconia.

This cell was supplied with CH4 as its fuel [21]. In 2002, Dokiya investigated the development

of cheap, compact size, reduced temperature, and the feasibility of anode supported SOFCs

by investigating the usage of four di�erent electrolyte types: SSZ, YSZ, CRO, and LSGM

[22]. In 2005, Kendall discussed the progress in solid oxide fuel cell materials as materials

become more widely available; anodes composed mostly of ceramics made of nickel and yttria-

stabilized zirconia (YSZ). To reduce its internal resistance, this cermet anode is now frequently

utilised as the support material and has a thin coating of YSZ printed on it [23]. In 2015,

Mahato et al considered the ceria-impregnated Ni-YSZ as the best choice of anode material

because it has a high melting point (1453°C) and is immune to sulfur poisoning caused by

using hydrocarbon fuels [24]. In 2020, Hussain and Yangping published a report to review the

most recent used materials for anode, cathode, and electrolyte SOFCs manufacturing and the

importance of developing nanostructure which can reduce the SOFC operating temperature

and the operating cost as well [25].

Microstructure properties of SOFCs has been studied extensively throughout the last two

decades. In 2003, Lee et al investigated the impact of anode substrate microstructure on the

SOFC electrical conductivity, gas permeability, polarization loss, and power-generating char-

acteristics [26]. Zhenjun Jiao et al explained SOFC Ni-YSZ Anode microstructure degradation

how it increases anode-reference polarization impedance and ohmic resistance [27].
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1.3 SOFC research goals and modeling importance

Although SOFC has great potential, it still has many limitations and challenges. The main

reason for these limitations and challenges is the high operating temperature. The thermal

management, the mass and current transport across the cell, and reducing the operating tem-

perature represent the main challenges. The United States Department of Energy (DOE) has

set a number of goals to track the progress toward achieving SOFC design development. These

goals are listed below [28]:

ˆ Achieve SOFC e�ciency1 up to 60%

ˆ Achieve a proven lifetime of 40,000 hours or more

ˆ Achieve degradation rate less than 0.2 percent per 1,000 hours

ˆ Achieve SOFC stack cost lower than$225/kilowatt

Mathematical and computational models provide a powerful tool for designing, predicting,

and evaluating the performance of SOFCs. The importance of the models comes from the fact

that they can avoid costly design changes, expensive experimental evaluation techniques, and

increase the con�dence of the design phase. For example, after the model is validated, we can

run the model at various operating conditions and evaluate the cell performance with much less

time and cost compared to the experimental methods; moreover, the models can be used to

study the e�ectiveness of design changes before consuming time and resources to apply them

in reality.

1The cell's electrical e�ciency without applying the carbon capture techniques
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The main goals of this CFD model are to predict the products and reactants concentration

distributions, heat and mass transfer across the cell, the current density distribution, the tem-

perature distribution, and the polarization curve. Two di�erent models have been developed in

this thesis: one is for anode-supported tubular SOFC fabricated in-house, and the other is for

planar commercial anode-supported tubular SOFC. These models are used to carry out para-

metric analysis for various structure and operation parameters to optimise the SOFC design,

which could provide better performance and a lower degradation rate.

1.4 Literature review

This section seeks to highlight current research, signi�cant �ndings from earlier literature, and

how this thesis can provide a fresh perspective on understanding SOFC. This thesis literature

review is based on two main streams: experimental research and modeling research, which is

divided into zero-dimensional modeling (0-D) and multi-dimensional modeling (2-D and 3-D).
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1.4.1 Zero-dimensional modeling (0-D)

This section provides an overview of works on the zero-dimensional mathematical modeling of

tubular and planar designs of solid oxide fuel cells (SOFCs). Both con�gurations are broken

down into four subsystems in this work, and internal operations including mass, energy, and

momentum transfer, di�usion via porous media, electrochemical reactions, and polarisation

losses are discussed. The zero-dimensional mathematical modeling considers the system as one

point; although it does not take into account the system geometry, unlike the multi-dimensional

models, it is fast and could be used for control applications and real-time fault diagnostics.

Izzo Jr et al. [39] investigated the di�usion of gas through the porous anode of an anode-

supported tubular SOFC and the subsequent gas 
ow across it. The di�usion equations for

the porous anode layer depend on the experimentally determined micro-structural parameters

porosity, tortuosity, and e�ective di�usion coe�cients. The results showed the di�usion rate in

the anode layer plays a crucial part in how well a tubular SOFC performs. Also demonstrated

a low concentration of hydrogen and a high concentration of water at the reactive triple phase

boundary (TPB), where the ion-conducting phase of the electrolyte, the electron-conducting

phase, and the gaseous fuel phase come together in the fuel stream, causing a low cell output

voltage. Meng Ni et al. [40] used mathematical modeling to conduct a parametric analysis

to determine the activation, concentration, and ohmic overpotential relationships with the cell

microstructures (porosity and pore size) and operational parameters (temperature, pressure,

and gas composition). Moreover, they discussed how the cell's performance could be improved

by increasing the hydrogen content in the fuel stream and the operating pressure. Yang et al.

[41] tested a 10 x 10 cm2 anode-supported SOFC for working temperatures 750‰, 800‰, and

850 ‰ to obtain the I-V curves at each operating temperature. After that, a mathematical

model was developed to investigate how structural and operational parameters a�ect the per-

formance of cells. The result of the model shows that the anode-supported cell's performance

is dominated by the activation overpotential. Despite the thin electrolyte, which makes the

ohmic overpotential less signi�cant than the activation overpotential, the ohmic overpotential

is still essential. The majority of the voltage loss was caused by the ohmic overpotential and
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activation overpotential. Additionally, they described the e�ect of structural parameters such

as electrolyte thickness, electrode thickness, TPB length, and porosity on cell overpotentials

and cell performance. Moreover, the e�ect of operation parameters such as the operating tem-

perature and pressure on cell activation, ohmic, and concentration losses. Yahya et al. [42] used

mathematical modeling not only to investigate the dependence of the ohmic, activation, and

concentration overpotentials on the operating temperature, but also the e�ect of fuel dilution

with nitrogen and water vapour on the cell's anodic activation and the e�ect of hydrogen molar

fraction and fuel 
ow rate on the cell's performance.

1.4.2 Multi-dimensional modeling (2-D and 3-D)

Due to the signi�cant advances in CFD modeling and how it provides a powerful tool to help

with understanding SOFCs working principles and the complicated 
uid 
ow and heat transfer

processes that occur inside the cell, a huge number of publications have adopted CFD modeling

for SFOCs.
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Figure 1.8: Major SOFC CFD modeling in literature, including timeline and items investigated.
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Achenbach [31] developed a 3D and time-dependent SOFC stack model with internal methane-

steam reforming, anode gas recycling, and conductive, convective, and radiative heat transfer.

This study discussed the e�ect of di�erent 
ow con�gurations such as cross-
ow, co-
ow, or

counter-
ow on the cell performance. The results show for counter-
ow, the highest cell e�-

ciency is obtained, while co-
ow has the most uniform current density distribution, and cross-


ow was responsible for the highest temperature gradients. Ferguson et al. [32] developed a

3D model which allows the computation of the local distributions of the electrical potential,

temperature and concentration of the chemical species. The numerical �ndings illustrate how

the potential, temperature, and current distributions behave when di�erent electrolyte mate-

rials, cell geometry, and channel temperature are changed. Ackmann el al. [29] developed

two-dimensional simulations for SOFCs using partially prereformed methane as the anode and

cathode substrates. They modeled mass transfer through di�usion and the distribution of tem-

perature in the porous structure using ANSYS FLUENT and MATLAB. Their model made

it possible to �gure out the temperature and concentration pro�les in a SOFC's porous sub-

strates; therefore, they assume that their model is useful for conducting sensitivity analysis of

operating and structural parameters to optimise the mass transport inside the electrodes by

changing the structural parameters.

Recknagle et al. [33] developed a tool for modeling a planar SOFC which combines a veri�ed

electrochemistry calculation approach with the versatility of a commercial computational 
uid

dynamics simulation. The main objective of this model is to predict temperature and current

distribution, fuel utilisation, fuel 
ow and distribution at the anode and oxidant distribution at

the cathode. Also, the design geometry and the 
ow con�guration were studied, and the results

show the co-
ow con�guration had the most uniform temperature distribution and the smallest

thermal gradients, which signi�cantly reduced the cell thermal stresses. Huang et al. [34]

investigated 
ow homogeneity in various interconnects and how it a�ects a planar SOFC's cell

performance. Their results of numerical analyses show that Reynolds's number has a signi�cant

impact on cell performance and Reynolds's number values that are appropriate for the anode

and cathode sides have been identi�ed in order to achieve a reasonable peak power density

while maintaining an economical fuel utilisation rate and minimising temperature gradients in
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the single-cell stack. Mollayi Barzi et al. [30] developed a 2-D numerical model to predict and

evaluate the performance of an anode-supported SOFC button cell. The model has two main

functions: �rstly, it allowed to study the e�ect of various fuel 
ow rates and humidi�cation on

the button cell SOFC performance. The results show that the activation overpotential increases

while increasing the inlet vapour concentration. Secondly, it allowed to study the e�ect of the

anode thickness on the cell's performance.

Hosseini et al. [35] developed a CFD model to investigate the combined impacts of the anode

di�usion layer's macro and micro structural characteristics and 
ow �eld design. The study

discussed how the anode di�usion layer thickness, porosity, and pore size in
uence cell perfor-

mance. Khazaee et al. [36] studied the e�ect of the interconnect, rectangular duct gas 
ow

channels, gas di�usion electrodes, and electrolyte layer on the performance of a planar SOFC.

Additionally, the paper studied various fuel cell channel geometries, from being rectangular to

triangular and trapezoidal shapes, ensuring that each cell's active area and other operating con-

ditions are the same. According to the results, the rectangular channel design performs better

when compared to the trapezoidal channel design in terms of cell performance. Chellehbari et

al. [37] developed a 3D CFD model for a planar SOFC; in this work, equations associated with

mass, energy, and momentum transport are simultaneously solved in order to better understand

electrochemical reactions. The main functions of the model were, �rstly, to investigate how var-

ious fuel channel designs and the number of obstacles across them a�ect fuel cell performance.

Secondly, investigations were conducted on the e�ects of operating conditions on the SOFC's

electric output, including integrated transport phenomena and electrochemical reactions, inlet

gas velocity in anode and cathode channels, and electrode porosity and permeability. Khaled

et al. [38] introduced a novel tubular SOFC current collector design and numerically analysed

its performance using CFD simulation. The 
ow channel in the new current collector design

has a trapezoidal structure. The impacts of several channels, including four, eight, and twelve,

on cell performance were investigated and compared. The results show the current collector

design with twelve channels has the best cell performance among the other designs; however, it

has a higher hydrogen concentration at the outlet compared to the designs with four and eight

channels.
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1.5 What this thesis o�ers

This thesis aims to study and analyse tubular and planar anode-support solid oxide fuel cells.

The thesis not only investigates the e�ect of various operating and structural parameters on

the SOFCs performance but also their e�ect on cells temperature pro�le and thermal gradients,

which have a signi�cant impact on SOFCs lifetime. To achieve that, this thesis depends not only

on CFD modeling but also building an experimental setup to validate the tubular and planar

SOFCs models and provide a limited range of experimental analysis. The main outcomes from

this thesis are listed as follows:

ˆ Experimental analysis:

{ Building the experimental setup and design of experiments: An experimental setup

was designed and built under Dr. Sajad Vafaeenezhad supervision. These include

fuel and oxidant supply systems, temperature control systems, and data gather-

ing systems. The design of experiments was performed to develop the test scheme

required for models validation and SOFC experimental studies.

{ Measuring cell temperature distribution: An innovative way was designed to in-

stall thermocouples across the tubular anode-support SOFC to provide a better

understanding of the cell temperature pro�le at di�erent operating conditions. The

temperature measurements were then used for thermal management analysis of the

cell.

ˆ Zero-dimensional modeling (0D):

{ Modeling SOFC at various operating temperatures: A computationally-e�cient 0D

model was designed to simulate the e�ect of various operating temperatures on

tubular anode-support SOFC performance in real-time.

{ Predicating the cell overpotentials: Activation, ohmic, and concentration cell overpo-

tentials are predicted based on the 0D model, and their relationship with operating

temperatures is studied.
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ˆ CFD modeling (3D):

{ Design and validation of the CFD model: A CFD model is designed and experimen-

tally validated for both tubular and planar SOFCs.

{ Modeling the 
uid 
ow and heat transfer: The developed CFD model can describe

the complex 
ow distribution and heat transfer processes taking place within the

SOFC system. To this end, the model takes into account the processes of heat

exchange, species transportation inside the electrodes, and reactant gas 
ow.

{ Modeling various operating conditions: Examined how the SOFC system performs

under various operating conditions, such as varying operating temperatures, fuel

compositions, and geometrical arrangements.

{ Optimizing the design and operation of the SOFCs: This thesis uses CFD analysis

to enhance the SOFC system's operation and design. This includes an investiga-

tion into design aspects including the cell's macro- and micro-structure and thermal

management.

1.6 Thesis structure

This thesis is organized in seven chapters as shown in 1.9. Chapter 2 includes the experimental

setup and test scheme for tubular and planar cells to gather the experimental data used for

models validation. Chapter 3 discusses the SOFCs' electrochemical reactions and governing

equations. Then chapter 4 shows the validation and results of the tubular cell 0D model and

3D CFD model. While chapter 5 shows the validation and results of the planar cell 3D CFD

model. The parametric analysis for tubular and planar structural and operating parameters is

discussed in chapter 6. Finally, conclusions along with recommendations for future work are

presented in chapter 7.
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Figure 1.9: Schematic of the thesis organization
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Chapter 2

Experimental set-up

In this chapter, two experimental setups are developed to study the performance of tubular and

planar cells. The two experiments are in charge of: �rst, regulating the operating temperature

of the cell to assess the performance of the cell at various operating temperatures. Secondly,

controlling the 
ow rates of reactant gases (hydrogen, nitrogen, and air). Lastly, measuring

the open circuit voltage (OCV), current, voltage, and impedance by using electrochemical

impedance spectroscopy (EIS) on a Metrohm Autolab potentiostat with a 10 A booster.

2.1 Planar experimental setup

A schematic of the planar cells test setup is shown in Figure 2.1. The isolation valves (1)

are used to isolate the test setup and close the inlet gases pathways. The 
ow rate of the

incoming gases is regulated by the 
ow control valves (2). The 
ow and pressure measuring

devices (3) are used to measure the 
ow rates and pressures of the incoming gases. The dry

hydrogen and nitrogen mixture is hydrated using the humidi�er (4). The gases preheaters (5)

are used to increase the inlet temperature of air, nitrogen, and hydrogen by the temperature

controller (6). The furnace (14) is used to control the cell operating temperature, which can

be monitored and controlled by the temperature controller (6) and the cell thermocouple (7).

Furthermore, the furnace height can be adjusted based on the number of cells inside the SOFC

planar stack by using the fed motor (10) and the furnace height adjustment mechanism (11).

The air compressor (8) and the piston cylinder (9) are used to provide external compression

to the planar stack (15). The unreacted hydrogen and nitrogen mixture exhaust is from vent
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(13) and the air exhaust is from vent (12). Figure 2.2 shows how the actual testing setup

components look like.

Figure 2.1: Schematic for the planar test set-up
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Figure 2.2: Planar cells stack test set-up components
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Table 2.1: Speci�cation of tubular SOFC test setup components.

Instrument Speci�cations Range / Accuracy

Isolation valves Brand/Model: Swagelok /
Stainless Steel 1-Piece 40G
Series Ball Valve, 0.2 Cv,
1/8 in. Swagelok Tube
Fitting

Working pressure range: up
to 2500 psig at 37°C

Working temperature range:
10 to 65°C

Thermocouples Brand/Model: OMEGA /
K-type-CHAL-010-BW-24
Butt-Welded Unsheathed
Fine

Measuring range: 0 to
1250°C

Accuracy: 2.2°C or 0.75%

Mass Flow Meters and
Controllers

Brand/Model: ALICAT /
MC-500SCCM

Mass 
ow measuring range:
0 to 500 SCCM

Pressure measuring range: 0
to 160 psia
Accuracy: � 0:6%

Electrochemical impedance
spectroscopy (EIS)

Brand/Model: Metrohm
PGSTAT30 Potentiostat
Galvanostat Electrochemical
System combined with
FRA32M

Potential range: +/- 10 V
Potential accuracy: � 0:2%
Current range: +/- 10 A
Current accuracy: � 0:2%

Temperature Controller Brand/Model: OMEGA /
CN7400 Series
temperature/process limit
controller

Temperature range: -129 to
1371°C

Accuracy: � 0:25%

Gases preheater Brand/Model:
BARNSTEAD
THERMOLYNE
CORPORATION /
Thermolyne F21100 Tube
Furnace

Temperature range: 100 to
1200°C

Electrical Ratings 1350
Watts

Accuracy: � 0:75%

Box furnace Brand/Model: Sentro Tech /
ST-1600C-101012 High
Temperature Box Furnace

Temperature range: 100 to
1600°C

Electrical Ratings 10 Kw
Accuracy: � 1%

Compressor Brand/Model: Mastercraft /
AS-18

Working pressure range: 0
to 58 psig

Air Flow: 0.7 CFM at 40
psig
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2.2 Planar cell experimental procedures

The planar SOFC stack contains a single cell from Elcogen; the cell size is 9 cm x 9 cm and has

an e�ective electrode area of 81 cm². The cell anode function layer and support layer are made

from Ni-YSZ, while the electrolyte material is YSZ and the cathode material is Lanthanum

Strontium Cobaltite (LSC). Table 2.2 shows the Elcogen planar cell speci�cations and �gure

2.3 shows the Elcogen cell structure and its SEM photo. The stack consists of end plates,

insulation plates, collector plates, single cell, metal spacers, nickel mesh, and corfer mesh,

which are assembled together by means of compression forces. The assembly procedures are

discussed in detail in the Appendix A.

Table 2.2: Elcogen planar cell speci�cations.

speci�cations Value

Anode support layer composition NiO/YSZ

Anode functional layer composition NiO/YSZ

Electrolyte layer composition YSZ

Cathode layer composition LSC

Suggested operating temperature 600{800°C

Standard size (cell) 9 cm x 9 cm

Maximum working pressure 50 mbar(g)

Suggested External compression 300-600 g=cm2
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