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Abstract

Most solid oxide fuel cell (SOFC) modelling efforts emphasize steady-state cell operation.
However, understanding the dynamic behaviour is essential to predict the performance and
limitations of SOFC power systems. This thesis presents the development of a dynamic
model of a SOFC, and a feedback control scheme that can maintain output voltage despite
load changes. Dynamic responses are determined as the solutions of coupled partial differ-
ential equations derived from conservation laws of charges, mass, momentum, and energy.
To obtain the performance curve, the dynamic model is subjected to varying load current
for different fuel specifications. From such a model, the voltage responses to step changes
in the fuel concentration and load current are determined. Low-order dynamic models that
are sufficient for feedback control design are derived from the step responses. The develop-
ment of the partial differential equation model is outlined, and the limitations of the control

system are discussed.
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Chapter 1

Introduction

In the continuous pursuit to generate clean, low-emission power, fuel cells appear to be an
attractive alternative. Fuel cells have the ability to convert electrochemical energy directly to
electricity, making high efficiency achievable. Unlike fossil fuels, fuel cells distribute reli-
able power generation without emission of NOy, SOy, and other volatile organic compounds.
Hydrogen fuel source for fuel cell application offers clean electricity and high-quality heat
with only water as a by-product. Thus, fuel cells can potentially provide long-term benefits
to the reduction of greenhouse gasses emission from the power generation and transportation
industries.

Solid oxide fuel cells (SOFC) have emerged as one of the leading fuel cell technologies
which can be used in a wide range of commercial applications. A distinguished feature of
SOFC is the solid ceramic electrolyte which provide ease of handling and corrosion main-
tainability compared with liquid-electrolyte fuel cells. SOFC operate on the principle that
ion oxides of oxygen are transported through ceramic electrolyte. High operating temper-
atures in the range of 600°C-1,000°C increase the cell performance by facilitating electro-
chemical kinetics and mass diffusion mechanisms, and reducing ohmic resistance. Con-
ventionally, SOFC require hydrogen as a fuel source. They are also capable of internally
reforming hydrocarbon fuels into hydrogen and carbon monoxide, which can participate in
the electrochemical reactions to produce oxygen ions. Since SOFC can directly employ a
variety of hydrocarbon fuel source, they are fuel flexible.

Unfortunately, high manufacturing costs, performance improvement setbacks, and fuel
infrastructure still remain as major challenges for the commercialization of SOFC. A key
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1.1 Status of Dynamic SOFC Modelling and Control 2

contribution to the development of SOFC involves complete knowledge of transport phe-
nomena, electrochemical and surface chemical reactions in improved electrode and elec-
trolyte materials. In recent years, the number of computational models of SOFC has been
gradually increasing. The modelling progress has significantly contributed to the develop-
ment of SOFC.

SOFC operations are not always at steady-state. The transient operations specifically
dominate for fuel cells in transportation applications. Recent research activities have in-
creasingly focused on fuel cell dynamics to accommodate practical operations. Since SOFC
operate at elevated temperatures, their transient operations during start up, cool down, and
load changes often lead to material degradation caused by spontaneous temperature change.
The development of a physically-based model can provide significant insights into the dy-
namic behaviour of SOFC. With a comprehensive dynamic SOFC model, various sensitivity
analyses can be performed.

The dynamic model simulations often provide useful information for the process con-
trol of a system. However, applying the control techniques on the physically-based model
requires substantial computational effort. The detailed model is often reduced to a simpler
model which sufficiently captures the majority of the dynamic characteristics. The lower-
order dynamic model can be derived from a physically-based model to provide an initial
consideration for process control. With the low-order model, a prerequisite for the controller
design can be established in the development stage. A dynamic SOFC model offers a pow-
erful tool for optimum design envelopes and control systems, bringing the SOFC technology

one step closer to commercialization.

1.1 Status of Dynamic SOFC Modelling and Control

In SOFC research, broad areas of publication include material and catalyst development,
performance improvement, integrated SOFC power systems, and computational modelling.
Although, SOFC modelling activity has been accelerating in recent years, the majority of
SOFC models does not address transient operation. Furthermore, control of fuel cells on
a cell-level has received considerably less attention. In normal operations, SOFC are often

subjected to transient condition such as changes in power demand. It is known that the
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1.1 Status of Dynamic SOFC Modelling and Control 3

cell performance is significantly influenced by the mechanical properties of its components,
which in turn rely heavily on temperature distribution along the cell. Frequent temperature
changes triggered by transient operation often leads to excessive thermal stress and material
degradation at both cell and stack levels. Concerns on thermal degradation and reliability
during transient operations have been steadily increasing in SOFC technology development.
Since the SOFC performance is sensitive to changes in operating conditions, consideration
has been given to dynamic modelling and control of SOFC.

Generally, mathematical models of SOFC are derived from coupled partial differential
equations describing the transport of charges, mass, momentum, and energy. Additionally,
knowledge of thermodynamics and electrochemical kinetics are essential for model devel-
opment. Earlier work on dynamic SOFC modelling was presented by Achenbach (1994,
1995) [5, 6]. The two-dimensional (2D) and three-dimensional (3D) dynamic models were
used to investigate a stack-level dynamic responses, such as output voltage and temperature
distribution during step changes in stack current. The model was repeated on different con-
figurations to predict the optimal operating conditions. This work showed that the output
voltage dynamics are strongly related to the temperature responses. A similar modelling
effort was done by Hall and Colclaser (1999) [24]. The transient responses of the cell volt-
ages and temperatures were obtained for tubular SOFC. Though the presented model did not
account for mass transport effects, it provided a foundation for further detailed study.

Padullés et al. (2000) presented a stack-level dynamic SOFC model which showed tran-
sient responses of the stack voltage without considering the effects of temperature, mass
transport, and other electrochemical losses [37]. Khaleel et al. (2001) developed a full 3D
model based on computational fluid dynamics to represents the electrochemistry and heat
transport in a stack [30]. This detailed model allowed for sensitivity studies on the cell per-
formance with various operating parameters such as gas compositions, diffusion parameters,
cell thicknesses, etc.

In the work by Haynes (2002), a dynamic model was developed for tubular SOFC [25].
From the dynamic responses to load changes, it was determined that dynamic time scales
can be separated into three parts; electrochemical, electrical, and thermal time scales. The
thermal time constant was observed to be significantly larger than the electrochemical and
electrical time scales. The electrochemical model was presumed to be steady-state while the
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1.1 Status of Dynamic SOFC Modelling and Control 4

electrical model was found to be dependent on mass transport.

The dynamic models of a standard tubular and a micro-tube SOFC were developed by
Ota et al. (2003) [36]. It was found that the micro-tube had a faster response time to load
changes than the standard tubular cell. The thermal inertia of SOFC had a large time con-
stant, which was dependent on the scale size and geometry of the cell.

In the work of Qi et al. (2005), the dynamic SOFC behaviour at cell-level was modelled
using a nonlinear state-space technique [40]. Sets of differential equations were derived us-
ing the combination of parallel and series equivalent circuit approach. The study determined
that the gas diffusion mechanisms had a strong effect on the dynamic behaviour.

Most of the previously discussed dynamic models were used for prediction of SOFC
performance and limitations. The majority of modelling efforts with process control consid-
erations was presented for the integrated SOFC and turbine systems {48, 49]. The tempera-
ture control of a stack-level SOFC model was presented by Aguiar et al. (2005). A feedback
PID controller was implemented in the developed model to maintain the outlet fuel tem-
perature and the fuel utilization during load changes by varying the air flow rates [9]. The
control objective was to minimize the thermal stress caused by temperature gradients during
load changes. However, the importance of consistent output power demand usually took
precedence over maintaining temperature gradients under a normal fuel cell operation. This
also was suggested by Aguiar et al. that a voltage control must be implemented over the
proposed temperature control loop in practical operation. In order to develop a comprehen-
sive dynamic model to satisfy the control objective, suitable controlled parameters must be
specified.

A dynamic model which extended its evaluation to thermal stress during transient oper-
ations was presented by Nakajo et al. (2006) [34]. The material stresses caused by thermal
expansion mismatch between SOFC components during load changes were shown to be
more severe than under steady-state operation. Although estimations of material thermal
properties were uncertain, this model provided a helpful tool for the design of a less material
stressed SOFC.

The dynamic models and control designs for other types of fuel cells have also been
presented. In the work of Zenith and Skogestad (2004, 2005), the dynamic models of a

proton exchange membrane fuel cell for use in electric vehicles were developed specifically
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1.2 Research Objective 5

for control purposes [55, 56]. Their objective was to maintain the output voltage close to the
reference voltage in the presence of load disturbances by using a converter to regulate the
voltage. Although the dynamic model was simplified into an equivalent electrical circuit and
the mass diffusion and temperature effects were not considered, it was justified that feedback
control will likely compensate for minor modelling errors.

In many SOFC modelling activities, validation of the model results with experimental
data is often overlooked. A validated model is an essential tool to accurately identify fuel

cell characteristics and performance under specified operating conditions.

1.2 Research Objective

The majority of research activities in the dynamic modelling of SOFC with an interest on
process control has focused on stack-level and the integrated-SOFC power plant system. It is
evident that the dynamic behaviour of the SOFC stack is strongly influenced by an individual
cell. The primary goal of this research is to develop a cell-level dynamic model that serves
as a foundation for process control. The current work presents a three-dimensional (3D)
dynamic model for control-design purposes. The model is capable of predicting the main
steady-state properties of SOFC at various range of operating conditions. A physically-
based dynamic SOFC model is developed to evaluate the cell performance and limitations
under transient conditions. The mathematical model consists of coupled partial differential
equations which describe the conservation of mass, momentum, energy, and charges. The
steady-state modelling results are validated with published data from an existing experiment.
To investigate transient characteristics of SOFC, the dynamic models are subjected to step
changes in inlet gas concentrations and to external load disturbances. Simplified models
capable of capturing the main dynamic characteristics of the system are derived and imple-
mented in a feedback control simulation. An approach to control the output voltage such
that it is close to the set-point voltage despite external load changes will be outlined.

1.3 Overview

The remainder of this thesis is organized as follows:
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1.3 Overview 6

Chapter 2 presents an overview of fuel cell technology and their applications. Also
discussed are SOFC principles, component materials, cell designs, and cell configurations. A
review of the theoretical background in thermodynamics, electrochemistry, current-voltage
characteristics, and the reactant utilization is also given in this chapter.

Chapter 3 provides the fundamentals of this work in regards to dynamic SOFC model
development. A 3D model is developed for a counter-current flow planar SOFC configu-
ration. Detailed transport equations derived from conservation laws of energy, mass, and
charges are described in the form of partial differential equations (PDE). The coupled PDE
representing the dynamic model are implemented and solved using COMSOL Multiphysics
with a finite element method.

A significant portion of Chapter 4 includes modelling results. This chapter is divided
into two parts: steady-state results, and dynamic responses. Steady-state simulation results
are identified with experimental results from literature. The dynamic simulation results are
determined from the step responses to system input and disturbance variables. The analysis
of the dynamic behaviour is presented in this chapter.

Chapter 5 is devoted to investigating strategies to control the SOFC systems by main-
taining SOFC output voltage despite load changes. From the dynamic responses, low-order
dynamic models are derived and implemented in a feedback control scheme. The feedback
controller responses are obtained and the limitations of the control system are investigated.

Chapter 6 presents the conclusion from this research, followed by suggestions and rec-
ommendations for future work.

Estimations of thermodynamic properties of SOFC and their gas constituents are given
in Appendix A and B, respectively. Modelling parameters are given in Appendix C.
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Chapter 2

Fuel Cell Overview

2.1 Introduction

Fuel cells utilize the principle of direct-energy conversion, i.e., the free energy change of
an electrochemical reaction is converted directly to electrical energy. Generally, a fuel cell
consists of positive (anode) and negative (cathode) electrodes separated by an electrolyte.
A schematic diagram of a fuel cell is shown in Figure 2.1. Interconnect plates are installed
to provide electrochemical contact between electrodes. Electrons travel between electrodes
through an external load to complete the electrical circuit. Oxidant is reduced at the cathode
and the mobile ion is transported through an electrolyte to the anode where fuel is oxidized.
The fuel cell potential is obtained according to the energy change of the overall reaction.

g 2
Oxidation: | £ -§ lonic Q & | Reduction:
- |G F|lo -
Releasee” [ 5 [ & |Conductor| R | 3 | Consumee
g o e
£ a
lon
Transport

Figure 2.1: Schematic diagram of a fuel cell.
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2.1 Introduction 8

Electrical current is produced by an electrochemical process in a fuel cell, when an
external load is applied. The electrical power generated by the fuel cell is equal to the
product of the cell potential and the load current.

2.1.1 Fuel Celis Types

Types of fuel cells vary by their component materials, fuel types, and their operating condi-
tions. Types of fuel cell currently available are

Proton exchange membrane fuel cell (PEMFC) or solid polymer electrolyte fuel cell

Direct Methanol Fuel Cells (DMFC)

Alkaline fuel cell (AFC)

Phosphoric acid fuel cell (PAFC)

Molten carbonate fuel cell IMCFC)
o Solid oxide fuel cell (SOFC)

Each type of fuel cell requires different fuels and methods of fuel processing as illustrated

in Figure 2.2,
Fuel Cell Types — Fuel Processing
i Liquid FuelsH Evaporation ’—I
SOFC Thermally 500°C—
@F L Integrated Reformer 1.000°C
|_Sulphur Removal I——j MCFC Thermally
- Integrated Reformer ssc
soec- | Conversion to H,
Increasing and CO
Complexity
of Fuel Shift Reaction H, |——=|__PAFC (CO <6%) | 2w
Processing 800C and CO —1
Decreasing CO Selective <40%H, PEMFC
Efficiency Oxidation (COy. Hy otc) | (CO <10 ppm) | %

Figure 2.2: Fuel cell types and fuel processing overview [12].
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2.1 Introduction 9

Fuel cell materials, operating conditions and corresponding half cell reactions are sum-
marized in Table 2.1. Due to differences in their size, fuel selectivity, and range of power

generated, fuel cells are suitable for various applications as shown in Figure 2.3.

Portable Electronics Cars, Boats, and Distributed Power Generation,

~ Equipment __Domestic CHP CHP, also Buses
POWERInWatts .~ 1 ¢ 1k 10k 100k 1M 10M
Potential for zero

Typical Applications

. Higher energy density than Higher efficiency, less
Main Advantages batteries. Fast harging omls:lor!s. g;gher flution, quiet

Range of
Application of the
Different Types of

Fuel Cell

Figure 2.3: Application of Fuel cells [31].

2.1.2 Advantage and Disadvantage of Fuel Cells

Unlike heat engines, fuel cells are not limited by the Carnot cycle. The theoretical energy
of the electrochemical reactions is converted directly to electrical energy. Hence, fuel cells
provide the highest efficiency when connected to the lowest electrical loads [32]. Since
fuel cells are scalable, they can be utilized in applications that require both low and high
power outputs. Fuel cells deliver a quiet form of power generation that can be applicable in
locations independent of the electrical grid. Depending on the fuel storage, their applications
can be either modular or portable. Additionally, fuel cells are environmentally friendly since
no NOy or SOy are produced.

The disadvantages of fuel cells include cost, fuel availability (in the case of hydrogen),
familiarity and auxiliary services [12]. For high temperature fuel cells, the operating tem-
perature places severe restriction on material selection and its fabrication process. There
is ongoing research activity on alternative fuel cell materials to resolve this issue. These

drawbacks must be overcome to make the commercialization of fuel cells possible.

In the present study, the modelling effort is focused on SOFC. These systems have been
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Table 2.1: Type of fuel cells and their components, operating conditions, and reactions [12, 20].

Low Temperature Fuel Cells High Temperature Fuel Cells
PEMFC | DMFC ' AFC PAFC MCFC | SOFC
Anode Pt catalyst on | Pt, Rucatalyst | Ni catalyst Pt catalyst on | Ni-Cr/Ni-Al Ni-YSZ
carbon black carbon bonded
with PTFE?
Cathode Pt catalyst on | Pt catalyst on | Li-doped NiO | 100% H3PO4 | Li-doped NiO | LSM
carbon black carbon black in SiC matrix | in LiAlO2 ma-
trix
Electrolyte || Nafion®? Nafion® 85mol% KOH | Pt catalyst on | 62 mol% | 8 mol% YSZ
carbon bonded | LioCO3 - 38
with PTFE mol% K2CO3
Absolute 1 atm 1 atm 2-44 atm 1 atm 1 atm 1 atm
Pressure
Temperaturd| 70°C-80°C 70°C-80°C 80°C-230°C 220°C 600°C-700°C | 650°C-
1,000°C
Mobile Ion || H* HY OH- Ht Cco5™ [
Anode Re- || 2H, — 4H™ + | 2CH3OH + | 2H; + [2Hy - 4HY+ | H, +CO; — | H2+ 0% —
action 4e” 2H,0 — | 4OH™ — | de” Hz0 + CO2 + | HoO + 2e™
12H* + | 4HyO + 4e~ 2e”
12e™ + 2CO,
Cathode O + 4e + | 12e + |02 +4de + |02 + 47 + | 02+4+2C02+ | Oz +4e™ —
Reaction | 4H* — 2H,0 | 12H* + | 2H,0 — | 4HY — 2H20 | 4e” - | 207~
30, — 6H20 | 40H- 2C032~
Overall 2H + O — |2CHsOH + |2H2 +03 — {2H2 + 02 — | 2H2 + O3 — | 2H; + 03 —
Reaction 2H20 302 — 2H20 2H20 2H20 Hgo
4H>0 + 2CO,
“Polytetrafluoroethylene

bFluorinated sulfonic acid, registered trademark of E.I. du Pont de Nemours & Company, Inc. [20]

uopdNponuj 1°7

01



2.2 Solid Oxide Fuel Cells 11

used in large scale power generation and distribution facilities. An advantageous application
of SOFC are large scale manufacturing facilities which utilize energy integration to increase
overall plant efficiency. In effect, a more competitive product can be manufactured. In re-
cent years, SOFC have also been proposed in transportation applications. The modelling
activities of SOFC significantly contributes to the performance improvement in many appli-
cations. In the following section, SOFC operating principles, component materials, and the

current-voltage characteristics are discussed in detail.

2.2 Solid Oxide Fuel Cells

SOFC technology commences from the knowledge of ceramic conductors developed by
Nernst in 1899. The first SOFC were fabricated by Baur and Pries in 1937 [45]. SOFC op-
erates based on the principles that ionic oxides are transported through ceramic electrolyte.
The operating principle of SOFC is illustrated in Figure 2.4.

Electricity

/e © o\

Electrons

. 9 © /@
& —
o 2
eWater

Solid Oxide Fuel Cell

Oxygen

Heat

Figure 2.4: Solid oxide fuel cell Technology [13].

In principle, SOFC can be operated on any combustible fuel which can be oxidized to
release oxide ion, O?~. SOFC use solid electrolyte which alleviates corrosion problems
that are normally experienced in liquid electrolyte fuel cells. SOFC are operated at elevated
temperatures, usually between 600°C-1,000°C. High temperature operation promotes rapid
reaction kinetics which increases the rate of oxide ion migration through the electrolyte. As
a result, increased power generation can be achieved and high quality heat is released. This
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2.2 Solid Oxide Fuel Cells 12

waste heat can be recycled for used in SOFC power system such as running steam turbines
or endothermic steam reforming reactions. In conventional SOFC where hydrogen is used
as a fuel source, heat is emitted and water is the only reaction product. Hydrocarbons and
carbon monoxide can also be directly used as fuels in SOFC. Due to their high temperature
operations, internal reforming of hydrocarbon into hydrogen is feasible. Although hydro-
gen is generated directly, carbon dioxide is produced as an unavoidable by-product in the

reforming process.

2.2.1 Cell Reactions

In SOFC, the oxygen ion (O?~) is the mobile ion transferred through a solid ceramic elec-
trolyte in the half cell reactions. Molecular oxygen from air is reduced to 02 at the cathode
according to the half cell reaction

%02 +2~ o 0% 2.1)

The oxide anion diffuses through solid electrolyte to the anode. For hydrogen operating fuel
cells, hydrogen fuel is oxidized by O2~ at the anode according to the reaction

Hy + 0% & HoO + 2~ 2.2)

Electrons from the anode migrate through the interconnect to the cathode, where molecular
oxygen is reduced. The overall reaction is then

1
H; + 502 — H20 2.3)

A schematic diagram presenting the flow of mass and charges for SOFC is shown in Fig-

ure 2.5.
2.2.2 SOFC Component Materials
Electrolyte

The electrolyte is made from a dense material used to separate gas flow and promote electron
migration between porous electrodes. High ionic conductivity and low electronic conduc-

tivity characteristics are essential properties which help facilitate 02~ transport. A ceramic
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2.2 Solid Oxide Fuel Cells 13

CATHODE
FLOW CHANNEL

CATHODE
ELECTROLYTE

peo
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S

ANODE
FLOW CHANNEL

Figure 2.5: Schematic diagram of mass and charges flow in SOFC components.

material is often used since it has a stable microstructure which maintains good mechanical
stability in oxidizing and reducing environments. Some of the electrolyte materials com-
monly used are yttria-stabilized zirconia (YSZ), gadolinium-doped ceria (GCO), strontium
and magnesium doped lanthanum gallate (LSGM), and scandium-stabilized zirconia (ScSZ).
Their conductivities, as a function of temperature, are shown in Figure 2.6 [27]. It can be
seen in Figure 2.6 that higher operating temperatures promote higher ionic conductivity of

the electrolyte.
100 f
: —&— LSGM, (La.Sr)(GaMg)O;
—e— 5082, Sc doped 2r0,
—0— GCO, Gd doped CeO;
E —=— 8YSZ, 8 mol% Y0, doped (0,
g" 10 F —0—3YSZ, 3 mol% Y,0, doped 2r0;

07 08 08 1.0 1.1 12 13 14 15
1,000 K/ T

Figure 2.6: Ionic conductivity of various electrolyte materials as a function
of dimensionless temperature [27].
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2.2 Solid Oxide Fuel Cells 14

Since oxygen partial pressure (Po,) can change from approximately 1 atm at the cathode
to 1 x 10720 atm at the anode, an ideal electrolyte must be stable over a wide range of
Po, [23]. YSZ is the most commonly used ceramic material for SOFC electrolyte due to
its mechanical advantages at high temperature (> 650°C). It is non-porous, non-reactive
at high temperature, and stable over a wide range of pressure. YSZ also has a compatible
thermal expansion property with other SOFC components [23]. Typically, 3 mol%-10 mol%
of yttria (Y203) is doped onto stabilized zirconia (ZrO2) to create vacancies for oxide ion,
but 8 mol% YSZ (8YSZ) is most commonly seen. YSZ can be fabricated as a self-supported
electrolyte layer with a thickness of 150 um or greater. A thin YSZ layer of at least 10 um
can also be cast on a thick electrode layer to make an electrode-supported structure [12].

Three Phase Boundary The electrochemical reactions in Equation (2.1) and Equation (2.2)
occur at the three-phase boundary (TPB) where the electrolyte, electrode and gas phase all
come in contact. At the TPB site, the migration of oxygen ion to and from electrodes can
be limited by the grain boundary resistance. It is reported that this limitation occurs mostly
at the anode TPB [52]. This can be mitigated by extending the electrolyte material into the
anode to facilitate ions, electrons and mass transfer at the reactive site. The location of anode
TPB is shown in Figure 2.7.

Planar fusl cell architecture Porous cermet electrode structure

Figure 2.7: Three-phase boundary location [28].
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2.2 Solid Oxide Fuel Cells 15

Anode

An ideal anode material is electronically and ionically conductive. High anode porosity
helps enhance diffusion of fuel gas to the three-phase boundary. A ceramic-metallic (cermet)
combination of nickel (Ni) and 8YSZ is often used as anode material since Ni is an electron
conductor whereas YSZ is an ion conductor. The cermet is stable in a reducing environment
and is thermally compatible with the electrolyte material. Ni concentrations greater than 30
vol% are required for electronic conductivity greater than 1.0 x 104 S/m at 1, 000°C [33].

Cathode

The cathode material must have high electronic and ionic conductivities. It must also be
stable in an oxidizing environment and have a comparable thermal expansion property with
the other materials. Porosity in the cathode promotes oxygen diffusion to the reactive sites.
Strontium-doped lanthanum manganite (Sr--LaMnOg or LSM), lanthanum strontium ferrite
(LSF) and lanthanum strontium cobalt iron oxide (LSCF) are typical cathode materials being
used in recent development. LSM provides a good electronic conductivity of approximately
1.25 x 10* S/m at 1,000°C [33].

Interconnect

An ideal interconnect must be a good electronic conductor and an ionic insulator. Since the
interconnect is in direct contact with air and fuel on each side, it has to be stable in both
oxidizing and reducing environments and thermally compatible with the other components
[46]. The interconnect is commonly made from metallic alloy ceramics. In early develop-
ment, ceramics such as lanthanum-doped chromite (LaCrOg) was used due to its excellent
electronic conductivity. However, the fabrication of doped LaCrO3 has been a challenge,
leading to the development of other interconnect materials. Increasing use of metallic alloys

and stainless steels has been observed in high temperature SOFC [12].

2.2.3 Design of a Single Cell

The design of SOFC can take on a variety of geometries unlike most other fuel cells. Al-
though several designs have been developed, the two most common configurations of SOFC
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2.2 Solid Oxide Fuel Cells 16

are tubular and planar geometries. Each design brings about different advantages and disad-

vantages.

Tubular SOFC

In tubular SOFC design (Figure 2.8), a ceramic tube support is composed of electrodes and
electrolytes. The tube serves as a gas passage where air flows in near the closed end of the
tube. Fuel is introduced outside of the tube shell and oxidized while flowing to the open
end. Tubular cell does not require seals with high heat integrity and can yield longer service
time than planar SOFC. However, ohmic losses are comparatively higher, resulting in lower

power density.

Figure 2.8: Siemens Westinghouse tubular SOFC design [46].

Planar SOFC

The planar SOFC designs are illustrated in Figure 2.9 and Figure 2.10. The interconnect
forms gas-flow channels and acts as a bipolar plate contacting both electrodes. This config-
uration provides lower ohmic loss and higher power density based on a volumetric scale. It
is also inexpensive to fabricate compared to the tubular design. However, sealing proves to
be challenging in planar designs due to thermal expansion mismatch between components
in the cell stack. Seals which reduce thermal stresses between cells have been developed to
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2.2 Solid Oxide Fuel Cells 17

mitigate this problem. The glass ceramic seals are often used for high temperature operation.
For the operating temperature below 800°C, the compression gasket seals are used [31].

@ Anode (®)
= e Interconnection

(bipolar plate) T oy
Cathode Cathode Al A/, A JRL/ A [

Elecirolyle

Anode
Interconnect . -
Cathode nedd S ael /el A |

Electrolyls

Figure 2.9: Planar SOFC cross-current flow (a) [46], and counter-current flow (b) de-

sign.
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Figure 2.10: Planar SOFC co-current flow monolithic design {46, 33].

Various arrangements have been developed for planar SOFC. The cross-current flow and
counter-current flow designs are shown in Figure 2.9 (a) and (b), respectively. A counter-
current flow design provides high overall efficiency, where the cross-current flow yields

high temperature gradients in the solid structure [5]. In a co-current flow monolithic design
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2.2 Solid Oxide Fuel Cells 18

(Figure 2.10), the fuel cell is composed of a ridged structure of electrodes and electrolyte
composites. The monolithic design offers high power density, however the manufacturing
process is challenging. The co-current flow arrangement, in general, provides the most
uniform current density distribution [5].

Two common structures of planar SOFC are electrolyte-supported and anode-supported
cells. In the electrolyte-supported planar SOFC, the thicknesses of the electrolyte and elec-
trode layers are typically greater than 100 um and 50 pm, respectively [1]. A thick layer of
electrolyte promotes higher voltage drop as a result of high electrolyte resistance. Therefore,
the electrode-supported cell is normally operated at temperatures above 900°C to obtain high
electrical power. In the anode-supported SOFC, the thicknesses are typically 50 um for the
cathode, less than 20 um for the electrolyte, and 300 pm-1500 um for the anode. The
electrolyte-supported and anode-supported planar designs are shown in Figure 2.11.

Conventional fiat plate concept
with self-supporting eletrolyte sheet

Anode supported SOFC

—  Cathode —

<—  Electrolyte

-— Anode —>

Figure 2.11: Electrolyte-supported and anode-supported planar SOFC [1].

Figure 2.12 shows a planar SOFC from Versa Power [11]. The scanning electron mi-
croscopy (SEM) image of the electrode-electrolyte layers of the planar anode-supported
SOFC is presented in Figure 2.13. The cathode, electrolyte, and anode materials are 50-um
LSM, 5-pym 8YSZ, and 1-mm Ni/YSZ, respectively.
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Figure 2.12: Planar solid oxide fuel cell [11].

Clectrolyte

o

Anode

Figure 2.13: SEM cross section image of a planar solid oxide fuel cell [11].
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2.3 SOFC Performance 20

2.3 SOFC Performance

The effects of operating conditions (e.g., temperature, pressure, and gas concentrations)
contribute to the overall performance of fuel cell. Understanding how these factors thermo-
dynamically affect the cell performance is essential to SOFC development. It is necessary to
determine the ideal performance and various potential losses that contribute to the terminal
voltage under load condition. In order to optimize the design and operating conditions of
SOFC, the effect of chemical thermodynamics and electrochemical kinetics on the voltage-

current relationships must be understood.

2.3.1 Thermodynamics of Solid Oxide Fuel Cells

In a hydrogen-oxygen fuel cell, the change in Gibbs free energy is dependent on the partial
pressure of the reactants and products. For the overall chemical reaction in Equation (2.3),
the change in Gibbs free energy, AG(T'), can be expressed as

AG(T) = AG°(T) + RTIn (ﬂﬂ—l) (24)
Py, P&
where AG°(T) is the Gibbs free energy change of the standard reaction at temperature T
where the reactants and product are at the standard state pressure, P° = 0.1 MPa or 1 bar.
The SOFC electrical potential is directly proportional to the maximum work for an electron
to travel from the anode to the cathode. The electrochemical work, W, is expressed as

We =n . FE(T) 2.5)

where n, is the number of electrons transferred through the cell electrode, F' is the number of
charges carried by a single mole of electron or the Faraday’s constant. E(T') is the electrical
potential across the electrodes, which is a function of temperature. The value of W, in
fuel cells depends on the intrinsic nature of gaseous species, their concentrations, and the
operating temperature.

At equilibrium, the change in Gibbs free energy is equal to the negative of the electro-
chemical work

AG(T) = —n.FE(T) (2.6)
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For the overall reaction in Equation (2.3), two electrons are transferred, thus n. = 2. By
substituting the change in Gibbs energy from Equation (2.6) into Equation (2.4), the Nernst
voltage can be obtained.

E(T) = E°(T) - % ( P“’°1 ) @7
Py, FPg,
Here E°(T) is the standard electrode potential for the overall reaction at specified fuel cell
temperature. The value of E°(T') represents the theoretical no-loss voltage which is gener-
- ally lower at higher temperatures. For a typical hydrogen SOFC operation at 800°C and 0.1
MPa, the standard electrode potential, E'°, is approximately 0.98 V [16]. The value of E° at
various temperature can be found in Appendix A.

2.3.2 Equilibrium Potential

The potential across the electrodes, E(T') corresponds to the thermodynamically reversible
open circuit voltage, Vocv, which is the theoretical maximum work provided by the system.
The Vocv is equivalent to the equilibrium potential at which no current flows in the system.
Here, the potential difference between the electrodes contributes to Vocy in a relationship

Vocv = Vocv,c — Vocv,a 2.8)

where the equilibrium potential at the cathode and anode are

_ Al 7
Vocve = 2F In (P%) 2.9)
1o RT  (PBuyo
Vocva=—-E*(T)+ 55 ln( B, ) (2.10)

At a the same temperature, the open circuit voltage does not exceed the theoretical potential
(E° > Vocv). However, the open circuit voltage is usually closer to the theoretical potential
at higher operating temperature [31].
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2.3.3 Voltage and Overpotentials

The overall voltage of a SOFC is equal to the ideal voltage less the losses which account for
non-equilibrium potential, mass transport limitation, and ohmic resistance.

Veett = Voov — Y Mactl = Y, [Meonel — JRa (2.11)

Here, 7,4 is the activation overpotential, which represents the working electrode potential
relative to a reference electrode. The concentration overpotential, 7conc, accounts for the
voltage loss due to gas diffusion limitation at the reactive TPB sites near the electrode-
electrolyte interface. The last term of Equation (2.11) represents the ohmic loss through
ionic and electronic resistances of the cell (Rq) where J is the total current density.

The activation potential is the difference between electronic potential at the electrode and
ionic potential at the electrolyte over the equilibrium potential. It contributes to the kinetic
limitations of the electrode reactions occurring at the electrode-electrolyte interfaces, with

larger overpotential loss leading to slower electrode kinetics.
Nact,c = (Vei,c — Vio,c) — Vocv,c (2.12)

Nact,A = (Ver,4 — Vio,a) — Vocv,a (2.13)

Here, Vi, c and V), 4 are the ionic potentials at the electrolyte interfacing with the cathode
and the anode, respectively. In a hydrogen-oxygen operating fuel cell with LSM cathode
and Ni/YSZ anode, the activation overpotential is positive at the anode and negative at the
cathode [17]. The activation loss at the cathode is also known to be larger than that at
the anode for this cell type [51]. The electrochemical kinetics are less favourable at the
cathode since a more significant overpotential is required for the reduction of oxygen than
the oxidation of hydrogen.

The local voltages V¢ and Ve 4 can be calculated from the activation overpotentials
as expressed in Equation (2.12) and (2.13). The overall cell voltage can be measured from
the potential difference between the cathode and anode.

Veettl = Ver,c — Ve, a 2.14)

Figure 2.14 illustrates the theoretical relationship between the local ionic and electronic
potentials in Equation (2.12) through Equation (2.14). However, the constant equilibrium
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potentials (Vocv) as observed in Figure 2.14 do not precisely represent the maximum no-
loss potentials in an operating fuel cell. The irreversible potential remains constant as long
as there is no change in the cell temperature and the gas partial pressure at the reactive sites.
Practically, this is not the case when mass diffusion limitation and temperature difference are
present in the porous electrodes. With increasing current density, the mass and heat effects

in the electrodes typically contributes to lower irreversible potentials.

- 2-
120,+2¢>+ O Vocv.c

> =
g VOCV,ulI - Vocv,c 'vocv,A
8 -
';' Vear™ Vel,c' Vaa
—Vel,A
i0,Ax—
Ncta
J=0 Hy+ 0% HO 426 Vocv.a

Current Density, J/m? ——

Figure 2.14: Current-voltage relationship in local electrodes.

2.3.4 Electrochemical Kinetics

The kinetics of electrochemical reaction are reflected by the activation overpotentials at the
electrode-electrolyte boundaries. The amount of current density, J, being drawn from the
interface is related to the activation overpotential as described by the Butler-Volmer equation.

F F
J=J [exp (aAﬁ"lact) — exp (_aCﬁ"lact):I (2.15)

Here, J, is the exchange current density, a4 and ac are the apparent charge transfer coeffi-

cients. By convention, the activation overpotential is negative at the cathode and positive at
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the anode. Consequently, the current densities are negative at the cathode and positive at the
anode. When 7, = 0, the anodic and cathodic current densities are equal to the exchange
current densities, Jo 4 and J, c. The exchange current density is normally related to the par-

tial pressure of gaseous species at the electrode-electrolyte interface where half-cell reaction

takes place [19]. A, A, E
= 2 20 _ZectA
Jon =14 (Pref) (Pref ) =P ( RT ) @16)
0.25
E
Joc =0 ( 1’,’°’f ) exp (—%C) @.17)
TE,

Here, ¢ and -y4 are the pre-exponential coefficients. Eq.ct ¢ and Eq 4 represent the acti-
vation energies of the cathode and anode exchange current densities (J/mol), respectively.

The overall cell voltage as a function of current density is shown in Figure 2.15. It is ob-
served that different types of transport limitations determine the shape of the current-voltage
curve at various ranges of current density. The electrochemical reaction kinetics, which
depend on the exchange current density and the Butler-Volmer parameters, predominantly
affect the rate of voltage drop in the low current region. For a fuel cell with fast kinetics,
a sharp drop of the cell voltage is observed when the current is being drawn in this region.
For the high current region, the mass diffusion limitation results in a faster drop of the cell
voltage. The electrolyte conductivity contributes more significantly to the cell voltage in the
mid current region. By increasing the conductivity, a higher cell voltage can be attained as a
result of Ohm’s Law.

2.3.5 Reactant Utilization

From the Nernst equation, it can be seen that a higher open circuit potential is obtained by
increasing the concentration of fuel cell reactants. The reactant consumptions also have a
strong effect on the cell performance since it is dependent on the power demand. Under prac-
tical operations, not all reactants that enter the fuel cell are consumed in the electrochemical
reactions. To determined the required amount of reactants, the coefficients of utilization are
introduced.

The fuel utilization (FU) refers to the percentage of fuel consumed in the electrochemical
reaction at the anode with respect to the total fuel introduced to the system. For a hydrogen
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Figure 2.15: Cell voltage and its limitations with respect to the current density [3].

fuel cell, the fuel utilization is calculated directly from the inlet and the outlet mass flow

rates of hydrogen. . .
my,, —m
FU —_ Hﬁ,sn. Hz,0ut (2.18)
My, ;.
Here, 1h is the mass flow rate in kg/s. Similarly, the oxygen or air utilization (AU) can be
calculated from . .
AU = —Qzin ~ 0s.0u 2.19)
mOZ,du

Theoretically, the amount of fuel reacted in the anodic reaction is directly proportional to the
total current density, J 4, being produced over the reactive surface area, A.

+
Ne

. o a
Mfuel;,, — Mfueloue = ( FJAA) MW 2.20)

Here, a and MW is the stoichiometric coefficient and the molecular weight of the fuel in

the anode reaction. The amount of hydrogen consumed in the electrochemical reaction can

be calculated from
. . 1
MH,;, — MHy oy = (ﬁ:JAA) MWy, (2.21)
Therefore, the hydrogen utilization is described as
_ 1 (Ja4)
- 2F IhHg"-" MWHz (2.22)
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and the air utilization can be determined from

_ 1 (JcA)
AU = [rom e MWo, 2.23)

The reactant utilizations increase with increasing current density. If the reactants are limited,
the power demand from an external load can only be increased to a point where the reactant
utilizations reach the maximum. However, a complete utilization can hardly be achieved in
a fuel cell due to the gas diffusion limitation. This limitation is especially more prominent at
high current density where the demands of reactants in the electrochemical reactions exceed
the mass diffusion rate. When reactant utilizations approaches 100%, the corresponding
current is known as the limiting current density.

A SOFC performance curve showing breakdown of the relative potential losses and the
power density is shown in Figure 2.16. It can be seen that the power density increases with
increasing current density up to a maximum where a precipitous drop in voltage occurs due
to mass transport limitation. It is important to operate the SOFC in the region which exhibits

high voltage and power density when a maximum performance is required.

Vow,ca
Cell Resistance

1 N
> 3
-
5’ Transport o
S g
<
- Vm\ §

Current Density, A/m* —

Figure 2.16: Overall fuel cell performance showing the relative voltage losses.
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Chapter 3

Dynamic Model Development

3.1 Introduction

A computational model of SOFC is derived from coupled partial differential equations which
represent conservation laws of charges, mass, momentum, and energy. The background of
fundamental thermodynamics and electrochemical kinetics introduced in Chapter 2 is in-
corporated in the dynamic model development. This chapter presents detailed transport
equations for a 3D SOFC model configuration. The numerical model is constructed for an
anode-supported planar SOFC with a counter-current flow configuration. The chapter is di-
vided into four parts: modelling assumptions, modelling geometry, transport equations, and
mesh generation including solver settings. The solutions to the physically-based dynamic
model are solved using COMSOL Multiphysics with finite element method [4].

3.2 Modelling Assumptions
Assumptions made in this study are

1. The model is a three-dimensional and is a function of x, y, and z coordinates of a

anode-supported counter-current flow planar SOFC.

2. Dynamic conditions are applied for all transports except for the electronic and ionic
charge transports.

3. The cathode, anode, and electrolyte materials are LSM, Ni/YSZ composite, and 8
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mol% YSZ, respectively. The interconnects are metal alloys. The material mechanical
properties used in the model are selected accordingly.

4. The electrochemical reactions are assumed to occur at the electrode-electrolyte bound-

aries.

5. Ideal gas conditions are assumed for high temperature and moderate pressure operat-

ing condition.

6. Hydrogen, water, and nitrogen are considered anodic reactants. Air is the cathodic
reactant. Nitrogen acts as an inert gas and does not participate in the electrochemical

reactions.

7. Bulk (molecule-to-molecule) diffusion predominates in the gas channels. Knudsen
(molecule-to-wall) diffusion contributes to mass transport in the porous electrodes.
Although diffusion occurs in both the electrodes and the flow channels, mass transport

in the gas channels is convection-dominated.

8. All gas streams are preheated with uniform temperatures and uniform gas velocities
as they enter the gas channels. The rest of the outer fuel cell boundaries are assumed
to be thermally insulated.

9. The density and heat capacity of gases and solid structures are temperature indepen-
dent.

10. In the gas channels, the heat transfer is convection-dominated, while it is conduction-
dominated in the solid phase. Convective heat transfer is negligible in the porous
electrodes.

3.3 Modelling Geometry

The modelling geometry is an anode-supported planar SOFC. The counter-current flow di-
rection of air and fuel is specified. The schematic diagram of a planar SOFC in this study is
shown in Figure 3.1. For a 10-channel cell, the cell length, L, and the width, W, are 19 mm
and 20 mm, respectively. The overall cell area is 3.8 cm?.
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Figure 3.1: Schematic diagram of an anode-supported planar SOFC.

Due to geometric symmetry of the planar SOFC in Figure 3.1, the computational do-
main is reduced to a half-channel geometry as shown in Figure 3.2. The dimension of the
modelling domain can be found in Table 3.1.

3.4 Transport Equations

Formulation of the transport equations are required to model the SOFC potentials, species
concentrations, flow profiles, and temperature gradients in the proposed geometry. In this
section, the conservation laws of each transport are derived in the form of partial differential
equations. The electronic and ionic charge transports are instantaneous phenomena which
are assumed to be in steady-state [25]. The mass, momentum, and heat transports occur on a
larger time scale and their dynamic behaviours are accounted for. These mathematical equa-
tions are implemented in the applicable modelling subdomains. The boundary conditions
required to solve the transport equations are imposed at the applicable boundaries. Method
for estimating the gas mixture properties used in the model are provided in Appendix B.
SOFC physical properties and other modelling parameters can be found in Appendix C.
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xle3

x1e-3

Figure 3.2: SOFC modelling domain.

3.4.1 Ionic Charge Transport
The equation of continuity for an ionic charge (0?~) can be expressed as
0 N
a(ﬂ:‘o) = —(V-Ji) + Sio (3.1)

where p;, is the ionic charge density (C/m3), J;, is the ionic current density (A/m?), and S’.-o
is the ionic current source (A/m3). Since it is assumed that the current balance is at steady-
state, the transient term can be dropped from Equation (3.1) [3]. There is no production or
consumption of the ionic charge in the modelling domain since the electrochemical reactions
only occur at the electrode-electrolyte boundaries. Therefore, the ionic current source, S’.-o,
is zero.

The current density J;, is described by Ohm’s law,

where g, is the ionic conductivity in S/m. E;, is the ionic potential field, which is equal to
the negative of the potential gradient.

E;{, =-VV,, 3.3)
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Table 3.1: Dimension of solid oxide fuel cell modelling domain.

Parameter Length | Unit

Gas channel height, h.y, 1.0 mm

Gas channel width, w,;, 0.5 mm

Top and bottom wall height, h,,qn 0.5 mm
Rib width, w,y, 0.5 mm

Cathode layer thickness, ¢ 50 um
Electrolyte layer thickness, 6 10 pm
Anode layer thickness, § 4 700 pm
Fuel cell length, L 19 mm

Active surface area, A 19 | mm?

Substituting Equation (3.3) into Equation (3.2) yields
J,',o = —UioVVio (3-4)

By substituting Equation (3.4) into Equation (3.1) and omitting the transient term, the charge
balance equation is obtained.
=V - (0i0VVio) =0 (3.5)

Subdomain Equation

The ionic charge of oxygen is present in the electrolyte layer. The ionic charge transport
equation applies to the electrolyte domain as shown in Figure 3.3. The transport of ions
through the electrolyte can be described as

-V (Uio,EVVio) =0 (3.6)

The ionic conductivity of YSZ electrolyte (o, £) is temperature dependent and is given by
[21]

3.7

Oio,r = 3.34 x 10%exp (— 10’1:,500)

Boundary Condition

At the cathode-electrolyte boundary, the ionic current flows outward from the electrolyte to
the cathode (see Figure 3.3). The normal ionic current density is equal to the current density
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Figure 3.3: Applicable domain for ionic charge transport. The arrows indicate the
direction of ionic current flow.

generated according to the Butler-Volmer equation.

-n-Jij, =-Jc¢ 3.8)

At the anode-electrolyte boundary, the normal ionic current density flowing from the anode
into the electrolyte is given by

-n-Ji,=Ja 3.9
Jc and J4 are the current densities obtained from the Butler-Volmer expression (Equa-

tion (3.10) and Equation (3.11) in Chapter 2). According to Costamagna and Honegger
(1998), the current density at the two electrode-electrolyte interfaces takes the forms [19]

F F
Jo = Joc [exp (1-4ﬁ77ad,0) — exp (—O.Gﬁnm,c)] (3.10)
Ja=Jo4 le 20i —e —10i 3.11)
A= O,A xp * RTnact,A xp M Mnﬂd,A .
The exchange current densities J,, 4 and J, ¢ used in the current flow model are given by
Bu, | (Ba0 120 x 103
Jo,4 = 7.55 x 10° (—’) ( 2 )ex (——) 3.12
oA Pres) \Pres ) &F RT -12)
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0.25 3
Joc = 9.61 x 10° (50—;) exp (—29;%) G.13)
Te,

For the other boundaries where no ionic charge are transferred, an ionic charge insulation is
specified.
—n-Ji,=0 (3.14)

This boundary condition indicates that no ionic current components are perpendicular to the
boundaries.

3.4.2 Electronic Charge Transport

Modelling of the electron transport coupled with the ionic transport provides solution to the
local potential losses in the electrolyte, electrodes, and interconnects. The electronic charge
transport is a steady-state analysis and the charge balance equation is similar to that of the
Equation (3.1)

-~V (0aVVe) =0 (3.15)

where o is the electronic conductivity of the electrodes (S/m). The schematic of charges
flow at the ionic-electronic boundary layers is illustrated in Figure 3.4. At the electrodes
and electrolyte interfaces, the current is coupled between the ionic and electronic charge
balances.

Jet = —Jio (3.16)

Electronic Ionic Electronic
Conduction Conduction

N

o

(Neutral)

+H+ + + +4+

@ Electrolyte

Figure 3.4: Ionic and electronic charges flow direction at the electrode-electrolyte
boundaries
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Subdomain Equation

The electronic charge transport equation applies to both electrodes and the interconnects.
Figure 3.5 illustrates the modelling domain where the electronic charge equations are im-
plemented. The applied equations for electronic charge balance at the electrodes and their

Figure 3.5: Applicable domains for electronic charge transport. The arrows indicate
the direction of electronic current flow.

interconnects are as follows.

—V - (Gat,cVVar) =0 (3.17)
—V - (Gat,c1VVer) =0 (3.18)
—V - (0e,4VVar) =0 (3.19)
—V - (Get, a1 VVer) =0 (3.20)

The electronic conductivities of the electrodes and their interconnects are temperature de-

pendent and are given by [21]

4.0 x 107 1,200
Tel,c = 7 exp | ——m— (3.21)
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9.0 x 107 1,150
O 4 = ——7— exp (——-f—) (3.22)

The values of the electrode conductivity above conform to those reported in the literatures
[19, 53, 22]. The electronic conductivity of the interconnect is 4x 106 S/m, which agrees
with the value reported by Costamagna and Honegger (1998) for an alloy metal current
collector {19].

Boundary Condition

At the cathode-electrolyte boundary, the electronic current flows inward from the electrolyte
to the cathode. The following current flow boundary condition is applied

-n-Jg=Jc (3.23)
At the anode-electrolyte boundary, the boundary condition is
—n-J;p=-J4 (3.24)

Again, Jo and J4 are the Butler-Volmer current densities. At the outer boundary of the

cathode interconnect, the voltage is specified as a zero reference voltage.
Va=0 (3.25)

At the anode interconnect boundary, the net current demanded by the external load resistance
is specified.

—n-Jg=—Jioed (3.26)
Insulated boundary condition is applied elsewhere including the axis of symmetry. This is

to ensure that the electronic current components are perpendicular to the boundary.

-n-Jg=0 (3.27)

3.4.3 Mass Transport

It is crucial to understand the mass transport mechanism in the porous electrodes since most
of the electrochemical activities take place at the electrode-electrolyte boundaries. Although

mass diffusion is dominated in the porous electrodes, convection can have a significant effect

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.4 Transport Equations 36

in the flow channels. Since mass transport plays an important role in the concentration
distribution at the reactive interfaces, a mass balance equation accounting for the diffusive
and convective effects must be solved.
The continuity equation containing mass diffusive and convective fluxes are expressed
as [3]
%(Pws') = =V - (ji + pwin) + &; (3.28)

where p is the density, w; is the mass fraction, j; is the mass flux, u is the gas velocity com-
ponent, and R, is the reaction rate or the mass source/sink term. Since the electrochemical
reactions occur at the boundary, the mass consumption or production rate of gas species in
the electrode, R;, is equal to zero. The finid density can be calculated from the ideal gas law

P

p= grMWave (3.29)

where P is the total gas pressure, and MW, is the average molecular weight of the gas
mixture.

The Maxwell-Stefan modelling equation is most commonly used in multi-component
diffusion. Unlike Fick’s diffusion which assumes that the solute gas only interacts with its
solvent, the Maxwell-Stefan model accounts for molecule interactions between gas mixtures.
The Maxwell-Stefan mass diffusive flux is described by

N

~ P
Ji=—pwi)_ [Dik (Vwk + (o — wk)V?)] (3.30)
k=1

Here, N is the number of gaseous species present at the electrode, D;y, is the multicomponent
Fick diffusivity between species ¢ and k. The symbols x; and wy, represent the mole fraction
and mass fraction, respectively. The general equation which applies to the mass transport in
the gas channel becomes

N

%(P"”i) =-V- [—pwz‘; [Dik (V-Tk + (zk — 'wk)v_:)] + Pwiul (331

The method of calculating the multicomponents Fick diffusivity from the Maxwell-
Stefan diffusivities is readily implemented in the Maxwell-Stefan Diffusion and Convec-
tion application mode in COMSOL Multiphysics [3]. Since the density of gas mixture is
relatively low in the hydrogen SOFC application, the Maxwell-Stefan diffusivities can be
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approximated as the binary diffusivities for all pairs of gas species. From the Chapman-
Enskog gas kinetic theory, the binary diffusivity is given as [10]

Dy, =

1. —-7\y71.5 0.5
(1.8583 x 10 )T ( 1 1 ) (3.32)

Po2Ops  \MW, & MW
where &;; is the average collision diameter and Qp,ik is the collision integral based on
the Lennard-Jones potentials. The binary diffusivity has been evaluated as Dy,_p,0 =
7.16 x 1074 m2/s, Dy,_n, = 5.99 x 10~% m?/s, and Dy,0-N, = 2.03 x 104 m? /s for the
anodic side at 1,023 K. The value Do,_n, = 1.67 x 10™* m2/s is obtained at the cathode.
These binary diffusivities are used to calculate the multi-component Fick diffusivities, D,-k,
in COMSOL Mutltiphysics.

Diffusion mechanism in the porous electrode differs from that in the flow channel. In
the porous electrode, the average pore size is considerably smaller than the gas particle’s
mean free path. The molecule-to-wall of gas particles collision will dominate the molecule-
to-molecule collision. The Knudsen gas diffusion, which accounts for the molecule-to-wall
collision, is incorporated in the mass transport model in the porous electrodes. According to
the kinetic theory of gases, the Knudsen diffusivity coefficient depends on the mean molec-
ular velocity of the gas, v;, colliding to the wall of a cylindrical pore with the mean pore
radius, 7;.

Dg; = guﬁ- (3.33)

The mean molecular velocity of a gas species in a mixture is given by

8RT
TMW;

v; =

(3.34)

Combining Equation (3.33) and Equation (3.34), the Knudsen diffusivity becomes

2_ [ 8RT
Dk = 3™\ 7 MW, (3.35)

Combining the Knudsen diffusivity with the binary diffusivity, a modified diffusivity is ob-

tained [26].
1 1 1
— = + 3.36
Dy Dix Dk (3-36)
- Dix D )
o= | A 3.37
ik ( Dik + DK,i ( )
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For mass transport in porous electrodes, the effective binary diffusivity depends on the ma-
terial properties such as the porosity, tortuosity, and pore size. The effective diffusivity is
often corrected by the ratio of the porosity to the tortuosity [51].

. £ A
Dfl{ f= ;Dik (3.38)

where ¢ is the porosity and 7 is the tortuosity factor. The tortuosity represents the ratio of the
diffusion path and the mean free path in the porous materials. The effective multicomponent
Fick diffusivity, D¢/ is calculated from the diffusivity given in Equation (3.38). The general

mass transfer in the porous electrodes thus becomes

0 Nor. 1f vP
E(pwz) =-V- |—pw; Z [ka (V.’Bk + (zx — wk)?)] + pwiu (3.39)
k=1

At the electrode-electrolyte interfaces, the rate of the electrochemical reaction is related to
the rate of current generation according to the Butler-Volmer expression. For example, the
rate of production or consumption of species ¢ at the anode-electrolyte boundary is expressed

as

+a
Ti,A = (n FJA> MW; (3.40)
e

where a is the stoichiometric coefficient, which has a negative and positive sign when the
species 1 is being consumed and produced, respectively. Thus, the rate of hydrogen con-
sumption at the anode is expressed as

-1
THy, = (-ﬁJA> MWy, (341)

Subdomain Equation - Cathode and Air Channel

The governing equations for mass transport apply to the electrodes and their gas channels.
The applicable modelling domains for mass transport of O and N2 in air are shown in
Figure 3.6. At the porous cathode, oxygen and nitrogen are present (N = 2). The effective
diffusivity is used in the governing equation.

2

. P

%(W%) +V. [—PWOz > [Dogk (Vwk + (zk — wk)VT)] + Pwoﬂl] =0 (342
k=1
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Figure 3.6: Applicable domains for mass transport (air).

In the air channel, the following equation applies

2
- P
%(Wm) +V- [—PWOa > [D02,k (Vwk + (zk — wk)v?)] + pwo,u] =0 (343)
k=1

Since nitrogen does not partake in the electrode reaction, the mass fraction of nitrogen is

calculated in all applicable domains by

wN, =1 —wo, 3.44)

Boundary Condition - Cathode and Air Channel

At the air channel inlet, a mass fraction is specified.

W0, = Woy 4 (3.45)

Since the mass transport in the gas channel is convection-dominated, the outlet concentra-
tion is not known. A convective flux boundary condition is specified at the air channel

outlet. This boundary condition is based on the assumption that convective mass transport is
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dominated in the gas channel and the diffusion flux component across this boundary will be

Zero.

2 1= VP
-n- |:——p‘wo2 Z I:Doz,k (V:L‘k + (zx — wi) ?)] =0 (3.46)

k=1

At the cathode-electrolyte interface, oxygen is being consumed at the rate proportional to

the cathodic current densities, J¢, given by the Butler-Volmer expression.

2
- VP Ji
-n- l—p'wo2 E [Dg’;{k (V.'z:k + (zg — wk)?)] + muo,u] = —éMWQ2 (3.47)
k=1

Since no mass flux of air is leaving the domain through the remaining boundary, the follow-

ing boundary condition is applied.

2

- P

—n. [—mmz ) [DOz,k (Vzk + (zk — wk)%)] + Pwoau] 0 (4)
k=1

This boundary condition is also known as the insulation/symmetry condition.

Subdomain Equation - Anode and Fuel Channel

The applicable modelling domains for mass transport of fuel are shown in Figure 3.7. Three
gas constituents are present in the anode and fuel channel (N = 3); hydrogen, water, and
nitrogen. The mass transport equations are similar to those of the cathode and the air channel.
At the anode:

3
8 _ VP
5 (PwHa) + V- [—pwnz ; [Dﬁf,fk (Vzk + (@k — wi) 5 )] + pum,u] =0 (3.49)

3 2T VP
7 (PWH0) + V- | —pumz0 > [Dfl’;{),k (V:ck + (zk ~ 'wk)T)] + pszoul =0

k=1
(3.50)
In the fuel channel:

3

. P
%(P’wna) +V- l:_l"wl-lz k§1 [Dl-lz,k (Vwk + (zx — wk)v?)] + Wﬂzu] =0 @351

8 v = [ = v VP _
5 (PwHa0) + V- —PWH0 P [Dﬂgo,k ( Tk + (zTk — wk)-F)] + pwnou| =0

k=1
(3.52)
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Figure 3.7: Applicable domains for mass transport (fuel).
In both modelling domains, the mass fraction of nitrogen is calculated by

WNy, = 1- WH,; — WHL0 (3.53)

Boundary Condition - Anode and Fuel Channel
The mass fractions of hydrogen and water are specified at the fuel channel inlet.
WH,; = WHy 4, (3.54)

WH,0 = WH0,in (3.55)

At the fuel channel outlet, a convective flux boundary condition is imposed. It is again

assumed that the gas channel is convection-dominated.

31 vP\1]

-n: [—pw“, > [DH,,k (ka + (zk — Wk)?)] =0 (3.56)
k=1 |
3 . VP -

-n: [—lrwﬂzo Z [Dﬂgo,k (mG + (zf — Wk)?) ] =0 3.57)
k=1 p
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At the anode-electrolyte interface, the rates of production of hydrogen and consumption of
water are proportional to the rate of the anodic current density, J4, given by the Butler-
Volmer equation.

3

- VP J

-n- [-—pwﬂ, 3 [ A (Vwk+ (zk —'wk)'?):l +l7szu] = —2—;MWH2 (3.58)
k=1

3
- VP Ja
-n- [-pwH’o g [D:lj;{),k (V:l:k + (o — wk)T)] + p’wH,ou] = ﬁMW}l,o
(3.59)
Since the fuel does not escape through any other boundaries, the insulated boundary condi-

tion is specified elsewhere.

3 1= P
—n- [—P’wﬂz Z [Dﬂg,k (Vzk + (zx — wk)v?)] + pu)ﬂzll] =0 (3.60)
k=1

3

- VP

-n- [—WHQO E [DH,o,k (Vzk + (zg — wk)-——P )] + p'wﬂzou] =0 (3.61)
k=1

3.44 Momentum Transport

Since convection plays a dominant role in the mass and heat transports in the gas channel, it
is necessary that the fluid velocity and partial pressure be modelled to examine their effects
on the cell performance. Also, several transport phenomena occur simultaneously in the
porous electrode. The conservation of momentum must extend to the porous structure to

accurately examine the flow effect. Here, the equation of motion (neglecting the gravity

term) is considered [10].

Du -

E——V-P-’-V'T (3.62)
where 7 is the stress tensor. For an ideal monoatomic gas, the form of stress tensor is
expressed as

2
T=pn ((Vu + (Vu)T) - §V . u) (3.63)
where p is the dynamic viscosity. By combining the stress tensor and the equation of motion,
it follows that
D 2
th(u) =V.|-P+u(Vu+(Vu)') - §#V ‘u 3.649)
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Expanding the substantial derivative term, the momentum transport becomes

Ou

2
P 5 +pu-Vu=V. [—P + p(Vu + (Vu)T) — §uV ‘u (3.65)

The above equation is also known as the general Navier-Stokes equation which is often used

in conjunction with the continuity equation.

Op _
Fn +V-(pu)=0 (3.66)

In the gas channels, the pressure and the velocity are modelled using Equation (3.65)
and Equation (3.66). In the porous electrodes, the flow is modelled using the Darcy’s Law

K
u=—-VP 3.67
M (3.67)

where & is the permeability of the porous electrode. The continuity equation for porous
medium is adjusted with the porosity, €, as shown below.

% +V. [p (—ﬁvp)] =0 (3.68)

Subdomain Equation - Gas Channels

The momentum transport equation applies to both the air and fuel channels as shown in
Figure 3.8. At the anode and cathode gas channel, the flow transport is modelled using the
Equation (3.65) and Equation (3.66).

Boundary Condition - Gas Channels

Uniform velocity is specified at the gas channel inlets.

Uz = 0, (3.69)

u = 0, (3.70)

u, = UC,in, At the air channel irflet 371
UAin, Atthe fuel channel inlet

Zero velocity or no-slip condition is applied along the gas channel walls.

u=20 3.72)
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Figure 3.8: Applicable domains for momentum transport.

At the gas channel outlets, the pressures and the normal flow boundary condition are speci-

fied.
P Pcout At the air channel outlet 3.73)
Py ous At the fuel channel outlet
t-u= 0 (3.74)

The outlet pressures Pc oy¢ and P4 oy are both 1 atm. The above boundary condition indi-
cates that the tangential velocity is negligible at the boundary where pressure is specified.
For the boundary along the axis of symmetry, the perpendicular velocity component is set to
zero. This is referred to as a slip boundary condition.

n-u=0 3.75)

Subdomain Equation - Porous Electrodes

Momentum transport in porous electrodes using the Darcy’s law applies to the domains

shown in Figure 3.9. Equation (3.68) is applied to both electrodes. For example, the mod-
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Figure 3.9: Applicable domain for momentum transport in porous media.

elling equation at the cathode is

9(pec) Kc =
Aeca) 4 . [p (—”—CVP)] =0 (3:76)

Boundary Condition - Porous Electrodes

At the electrode-electrolyte boundaries, the change in the gas velocity depends on the net rate
of the species produced and consumed at that interface. At the cathode-electrolyte interface,
the net change in velocity is
_{ MWo,\ Jo

n-u- (-27e) % EXE)
At the anode-electrolyte interface, the change in velocity is

_{ MWy, MWyo) Ja

nou= ( oF T 2F )7

Pressure condition at the electrode-gas channel interfaces are specified to be equal to the

(3.78)

pressure at the gas channel walls.

PDarcy = PNavier-Stokes (3-79)
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Insulation/symmetry condition is applied to all of the remaining boundary.

K
-n-|{—=VP | =0 3.80
~ () 6

3.4.5 Heat Transport

It is known that the temperature distribution in the SOFC strongly influences the cell perfor-
mance. Many mechanical properties of the SOFC components are also strongly temperature
dependent. Therefore, it is vital to develop a heat transport model that can account for var-
ious heat effects in both the solid structure and the gas channel. It is generally agreed that
the conductive heat transfer predominates in the porous electrode and the electrolyte lay-
ers, whereas the convective heat dominates in the flow channels. Hence, the temperature
distribution in the solid structure will be modelled separately from the gas channels.

The heat transport equation applies to the entire modelling domain. A general heat
transport equation is of the form

% ((PCp)T) = =V - (—kess VT + (pCp)suT) + Q (3.81)

where C,, is the specific heat capacity, k is the thermal conductivity and Q is the heat source.
The subscript ef f denotes the effective parameters associated with the solid and fluid re-
gions, e.g., the porous electrodes, where f represents the fluid property. For example, the
effective thermal conductivity of a porous electrode is determined from [7]

kess = kg + (1 — €)ks (3.82)

where ¢ is the electrode porosity and the subscript s denotes the property of solid electrodes.
Since heat transfer in the solid structure is conduction-dominated, the heat transfer equation
is reduced to

o (PCpIT) =~V - (~ketsVT) +Q (3.83)

In the electrodes and the electrolyte, the heat source, @), is generated by various means. The
followings describe the heat effects found in SOFC [51]:

o Ohmic heating due to resistances in ionic and electronic conducting materials.
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o Heat generated by the activation overpotentials under a non-equilibrium condition.
o Heat loss through entropy change in the electrochemical reactions.
o Heat of side reactions occurring in the electrodes.

Since hydrogen is used as fuel in this proposed model, no chemical reaction such as the
reforming reaction occurs. The heat of reaction term can be disregarded in this case. Other

types of heat source are discussed below.

Ohmic Heating is the heat generated by the material resistance due to current flow. Both
ionic and electronic currents contribute to the heat generation according to Ohm’s Law. Heat

produced by ionic and electronic resistances are of the form

J?
Qohm,io = =2 (3.84)
Tio
and
I3
Qohm,el = (3.85)
Oel

Ohmic heating is generated in all ionically and electronically conductive domains.

Activation Heat The activation overpotential contributes to the heat generation at the
electrode-electrolyte boundaries. This is an irreversible heat loss which is not recoverable
from the electrochemical reaction. Activation heat at the electrode-electrolyte boundaries
are the product of the electronic current and the activation overpotential [51].

Qact,c = Jeilact,C (3.86)

Qact,A = JelTlact,A (3.87)

Entropy Change The overall entropy change (T'AS) is a reversible heat loss involved in
the SOFC chemical reactions (Equation (2.3)), which takes place at the electrode-electrolyte
boundaries. Some part of the energy provided by the overall reaction cannot be completely
converted to electrical energy. As a results, the change in entropy of reaction contributes
to heat generation at the electrode-electrolyte interfaces [21]. The entropic heat effects are

generated in unequal amounts the the interfaces. It is also known that most of the heat
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is generated in the cathode-electrolyte boundary [35, 51]. To investigate the entropic heat
effect at each electrode, the entropy change is separated into the local entropy change for
each half cell reaction. The reversible entropy loss at the cathode-electrolyte boundary is

T(AS
Qrev,c = Jai (—%) (3.88)
Similarly, the entropy change at the anode-electrolyte boundary is
_ T(AS)a
Qrev,a = Jei (— T ) (3.89)

Where (AS)c and (AS) 4 are the entropy change of the half cell reaction at the cathode and
the anode, respectively. According to Singhal and Kendall (2003) [47], the half-cell entropy
can be calculated from

1
(AS)C = Saz_ - 53()2 - 25:_ (3.90)
and

(AS)4 = Su,0 — Sh, — Sga- +285;- (3.91)

where S, and S.- are the transported entropy of the oxygen ion and the electron, re-
spectively. The value of the transported entropy for the half-cell SOFC reaction with YSZ
electrolyte have been reported in various literatures [35, 41, 43, 42]. Though the reported
values are not consistent, they have been found to be within the same magnitude of one an-
other. In the present study, the transported entropy of the oxygen ion and the electron of 42
J/(molK) and -1 J/(molK) are used, respectively [42].

It has been determined that surface radiation contributes to the overall heat effect in
SOFC, and the radiative effect must be incorporated in the heat model [51]. Since radiation
is a form of surface heat transfer, the radiative heat effect is implemented as a boundary

condition along the flow channel walls.

Subdomain Equation - Solid Temperature

In the solid region, the heat equation applies to the interconnects, electrolyte, and electrodes
as shown in Figure 3.10. At the anode and cathode interconnects, the following conductive

heat models are applied.

oT,
(PCp)CIW = -V (—kciVTs) + Qohmcr 3.92)
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Figure 3.10: Applicable domains for solid temperature modelling.

T,

(PCp) A1 5 =V (—karVTs) + Qokm,ar (3.93)
At the electrolyte, cathode, and anode, the heat balance equations respectively are

oT,

(pC”)EEt- =-V- (_kEVTs) + Qohm,E (3-94)
o7,

bCp)essic—z = =V - (kes5,cVTs) + Qobmo (3.95)
oT,

(PCp)eff,A# ==V - (—kess,AVTs) + Qohm,a (3.96)

Boundary Condition - Solid Temperature

At the cathode-electrolyte boundary, the heat flux is generated by the activation overpotential
and the reversible entropy change in the half cell reaction.

T(AS
—n - (—kesVTy) = (—%C- + 77act,C) Jel 397
The heat flux at the anode-electrolyte boundary is produced in a similar manner.
T(AS
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Since the cell is assumed to be insulated, an adiabatic boundary condition is applied for the
outer walls and at the axis of symmetry.

-n-(—kVT,) =0 (3.99)

Along the faces of the flow channels, an outward heat flux is generated by the convective
heat transfer and the surface radiation.

—n - (—kessVTs) = h(Thpute — Ta) + €3 F (Thpur — TE) (3.100)

Here, h; is the convective heat transfer coefficient in W/m2K, T§ pyiy; is the bulk fluid tem-
perature, € is the emissivity of the solid, and & is the Stefan-Boltzmann constant (5.67 x 108
W/(m2K*4). F is the radiative view factor which accounts for the radiative interaction be-
tween surfaces. The fundamental expression for the view factor between black-body sur-

faces is [3]

—(n1 r)(nz r)
Fig=— dA2dA 3.101
12 = /.41 /A2 1) 2dA; ( )

where n; and ng are the unit vectors normal to the surfaces A; and Aj, respectively. The
vector r represents the distance between the two surfaces as shown in Figure 3.11. The view
factor for surface-to-surface radiation is calculated directly from the modelling geometry via
COMSOL Multiphysics.

Figure 3.11: Geometry for the view factor calculation.
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Subdomain Equation - Fluid Temperature

The fluid temperature model applies to the air and fuel channels. The modelling domains
are the same as the Navier-Stokes flow modelling domains shown in Figure 3.8. Since
convection predominates conduction in the gas phase, the convective heat flux, (pCp)su -
VT, is present in the gas channels. To account for the effect of mass transport in the gas
channel, the enthalpy change as a result of species diffusion is included. The heat transport
equation applied in the flow channels becomes

N
(PCp)f% = -V (—kfVTs + ) hiji) — (pCp)su - VT (3.102)

i=1

where h; is the species enthalpy in J/kg, and j; is the mass flux of species 3.

Boundary Condition - Fluid Temperature

The fluid temperature is specified at the gas channel inlets.

Tfc,in Atthe air channel inlet
Ty = (3.103)
Tjain Atthe fuel channel inlet
Due to the convection-dominated heat transfer, the convective flux condition is applied at
both outlets of the gas channels. This condition indicates that the flux across the boundary

is entirely convective, whereas the conductive heat flux is zero.
—n-(—ksVTy) =0 (3.104)

Along the channel wall, the fluid is heated by an inward heat flux from the solid phase,
Quall-
—n - (—kfVTs + (pCp) fTru) = Quan (3.105)

This inward heat flux boundary condition is coupled with the amount of heat produced
by the solid structure. Lastly, a symmetry condition is specified around the axis of symmetry
of the gas channels.

-n- (—kgVTs + (pCp)fTyu) =0 (3.106)
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3.5 Mesh

A structured 3D mesh is constructed for the proposed modelling geometry in COMSOL
Mutltiphysics. Since the geometry consists of rectangular shapes, mesh elements are com-
posed of 3D rectangular parallelepiped with faces perpendicular to one another. As a result,
three component vectors in X, y, and z direction are represented accurately. Figure 3.12

illustrates the mesh used in this work. The mesh parameters are summarized in Table 3.2.

x 1e-3

xle-3

Figure 3.12: Mapped mesh for 3D geometry.

3.5.1 Solver Settings

To solve the model in a stationary (steady-state) mode, the sparse matrix direct solver called
the unsymmetric multifrontal package (UMFPACK) was used to solve the linear systems. A

relative tolerance of 1 x 105 is specified for the nonlinear system solver.
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Table 3.2: Summary of 3D mesh parameters.

Parameter Value
Number of degree of freedom | 42,487
Number of elements 1,152

Number of boundary elements | 1,232
Number of edge elements 428
Number of nodes 1,539

In the dynamic simulation, changes to the system input variables with respect to time are
generated using a step function. Again, the UMFPACK solver is selected for linear solver
setting. The initial and final simulation time are specified, and the automatic time steps
are generated using the adaptive time-stepping solver. The relative and absolute tolerance

settings for the time-stepping solver are 0.01 and 0.001, respectively.
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Chapter 4

Numerical Results and Discussion

4.1 Introduction

This chapter presents the results obtained from the steady-state and dynamic analyses of the
proposed SOFC model. The operating parameters and the solution algorithm required to per-
form the computational simulations are provided. This chapter is organized into two parts.
The first part deals with the steady-state results. The model is able to predict the local poten-
tials of the SOFC components, gas composition distributions, gas velocity, pressure, and the
temperature gradients in the corresponding modelling domains. The steady-state solutions
of the developed model are compared with the experimental results obtained from the liter-
ature. The dynamic modelling results are shown in the second part. The solutions obtained
from the steady-state analysis are chosen as initial conditions in the time-dependent simu-
lation. SOFC parameters of interest are assigned with step functions to represent practical
transient operating conditions of SOFC. The dynamic behaviours and the cell performance

are determined from the step responses of the dynamic model.

4.2 Parameters Settings and Solution Algorithm

Table 4.1 presents the model operating parameters: inlet feed compositions, inlet feed flow
rates, inlet feed velocities, inlet gas temperature, and outlet gas pressure. The specified
parameters were used for the half-channel SOFC model developed in this work.

The algorithm for solving the steady-state and the dynamic model is presented in Fig-
ure 4.1. The steady-state model results were obtained for five different fuel compositions,
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Figure 4.1: Computational algorithm for steady-state and dynamic SOFC model analysis.
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Table 4.1: Simulation parameters for the half-channel SOFC model.

Parameter Fuel Air
10 mol% - 97 mol% 21 mol% O
Composition H,
3 mol% H,O 79 mol% N2
Balancing N»
Flow rate 10 standard cm®/min 15 standard cm®/min
Inlet velocity 1.25 m/s 1.87 m/s
Inlet temperature 1,023 K (750°C)
Outlet pressure 1 atm

each containing 10%, 24%, 49%, 73%, and 97% hydrogen. The molar fraction of water was
specified as 3% in all of the fuel compositions with the remaining molar fraction comprised
of nitrogen.

The model was solved by using the specified current density as a forcing function for
each fuel composition. The load current densities in the simulation were varied between 0
A/cm? to 1.8 A/cm?. The solutions corresponding to each fuel composition and each current
density were determined. After the steady-state analysis was completed, the nominal oper-
ating parameters were selected for the time-dependent simulation. These nominal operating
conditions were used as the initial conditions for the dynamic model.

In a normal SOFC operation, the external load current was often varied as a result of
variable power demand. Since the load current density was directly proportional to the
output power, it was considered as a process disturbance. The hydrogen composition in the
fuel was also considered as an input parameter of the SOFC model. Step changes in the load
current with different magnitudes were performed while the hydrogen concentration was
kept constant at its nominal value. The dynamic effects of changes in load disturbances were
determined from the solutions to the time-dependent simulations. The dynamic responses
of the output voltage to the step changes in the load current were observed. To investigate
the effects of changes in the fuel composition on the cell performance, step changes in the
molar fraction of hydrogen in the fuel were performed. While the load current densities
were maintained constant at their nominal values, the dynamic responses to the hydrogen

composition changes were determined.
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4.3 Steady-State Analysis

The solutions to the PDE of the SOFC model described in Chapter 3 were obtained using
finite element method with COMSOL Multiphysics 3.2b [4]. The proposed model was also
tested for mesh independence. The information on the current mesh setting can be found
in Table 3.2 of Chapter 3. The steady-state simulation was repeated for the model with a
new mesh containing 1,296 elements and 1,710 nodes. Using the finer mesh, the solutions
obtained from the repeated model agreed well with the solutions from the proposed model.
Thus, it was verified that the model was mesh independent.

To verify that the modelling results were independent on the solver, the solutions were re-
produced using different solvers. The sparse object oriented linear equations solver (SPOOLES)
and the general minimum residual solver (GMRES) with an incomplete LU preconditioner
were used to solve the numerical model. The results obtained from different solvers con-

formed with each other, thus verifying that the solution was independent on the solver.

4.3.1 Steady-state Modelling Results

Figure 4.2 illustrates the predicted cell voltage and power density as a function of current
density for various fuel compositions with the inlet flow temperature of 1,023 K. The general
voltage-current characteristic was observed, i.e., the cell potential decreased with increasing
current density. It was observed that the lowest Vocy was obtained from the fuel with the
lowest hydrogen molar fraction. Therefore, the Nernst equation was confirmed.

The current density at which the voltage approached zero was referred to as the limiting
current density. From the overall trend of the performance curve, it was observed that the
higher limiting current density was achieved from the fuel with higher hydrogen content.
The presence of mass transport limitation was evident as the performance curve approached
the limiting current. In this work, the cathode tortuosity of 2.5 was considered [15]. The
typical value of the anode tortuosity were reported in the range of 2-10, and most often
found to be in the range of 2-6[52]. To simulate the tailing effect in the voltage drop at
high current density, the anode tortuosity of 8.5 was specified. At high current density, the
depletion of hydrogen at the anode had a stronger effect than the depletion of oxygen at
the cathode. This was due to the limitation in the porous anode by long diffusion pathway
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Cell voltage and power density as a function of current density at 750°C. The solid line represents the voltage,

and the dashed line represents the power density.

Figure 4.2
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in the anode-supported structure and high anode tortuosity. Although high fuel utilization
was required at high current density, the amount of diffused hydrogen was not sufficient to
supply the electrode reaction. As a result, the sharp drop in the voltage was evident in the
high current region. In the low current region, the voltage drop was present as a result of the
kinetic limitation of the electrode reactions.

The power density shown in Figure 4.2 was obtained from the product of the cell volt-
age and current density. The maximum power density was obtained from the fuel with the
highest hydrogen content. Again, the power density significantly decreased when the current
density approached its limit. For the fuel with 49% hydrogen, it was observed that the power
density reached a maximum value of 0.682 W/cm? at a current density of 1.10 A/cm? and
a cell voltage of 0.621 V. When SOFC were operated at their maximum power density, an
increase in the load current would cause the voltage and the power output to drop sharply.
Therefore, it was essential that SOFC operation did not approach the limiting current region.
The information obtained from the predicted cell performance allowed for the envelope of
appropriate operating conditions to be established.

The contribution of ionic potential and the activation overpotential losses in SOFC com-
ponents to the overall voltage for 49% hydrogen fuel is illustrated in Figure 4.3. It was seen
that the overall open circuit potential decreased with increasing current density. Thus, it was
verified that the irreversible voltage at a specified current density was dependent on the mass
diffusion and the temperature distribution at the reactive sites. The overall activation over-
potentials contributed to most of the voltage loss between the current density of 0 A/cm? to
0.8 A/cm?. The ionic potential loss by ohmic resistance in the electrolyte layer was more

noticeable in the current density range of greater than 0.1 A/cm?2.

The following steady-state modelling results were obtained using the fuel with 49%
hydrogen at the current density of 0.8 A/cm?. The corresponding cell voltage was 0.743 V.

Ionic and Electronic Potentials

The cross-sectional plot of the electronic cell potential in the middle of the SOFC is pre-
sented in Figure 4.4. The overall cell voltage was calculated from the potential difference
between the cathode and anode interconnects. The arrows represented the direction of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3 Steady-State Analysis

60

1.2

1.1

1.0

-
—A— vocv'n act

0.3 04 0.5 0.6
Current Density, Alcm?

0.2

0.1

1 i L L

o @ ©
- (=1 (=]

A ‘[enusiod jeoo

1.2
0.7
0.6
0.5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 4.3: Potential losses as a function of current density for 49% H3 fuel.
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Figure 4.4: Cross-sectional voltage (x = 9.5 mm) with arrows showing the direction
of the current flow. The arrow magnitude is proportional to the current
density.

current flow. A detailed illustration of the current streamlines is shown in Figure 4.5. The
magnitude of the current density was largest as the current flew through the corners of the
electrode-gas channels due to the geometry effect. This was more prominent at the cathode
where the layer thickness was much smaller than the anode.

The cathode activation overpotential over the cathode-electrolyte interface is shown in
Figure 4.6. To identify the overpotential effect on the ionic and electronic potential, local
potentials were plotted as a function of SOFC width in the y-direction and are presented in
Figure 4.7. It was observed that the local ionic and electronic potentials gradients were high-
est under the interconnect area (y = 0.5-1.0 mm). The electronic current flew directly from
the interconnect to the cathode without diverting underneath the air channels. Therefore, the
electrochemical kinetics was enhanced in this region.

The anode activation overpotential at the anode-electrolyte interface is shown in Fig-
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Figure 4.5: Cross-sectional SOFC showing streamlines of current density (x = 0 mm)

for 49% Hj, fuel at 0.8 A/cm?.
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Figure 4.6: Activation overpotential at the cathode-electrolyte interface for 49% Ho
fuel at 0.8 A/cm?.

ure 4.8. The anode activation overpotential relative to the local ionic, electronic, and open
circuit potentials is presented in Figure 4.9. The gradients of the anode activation overpo-
tential, ionic and open circuit potentials were less observable when compared with that of
the cathode. The overpotential loss was higher in the cathode than the anode due to larger
kinetics loss in the cathode half-cell reaction. This was a typical result observed in SOFC
with LSM cathode and Ni/YSZ anode [51]. Larger potentials gradients were observed in the
region right above the interconnect than the region above the fuel channel. It can be seen
that the geometry of the fuel cell has a significant effect on the cell potentials, especially in
the electrode-electrolyte regions.

Mass Diffusion and Convection

Anode and Fuel Channel The hydrogen and water distributions in the anode and fuel
channel are illustrated in Figure 4.10 and Figure 4.11, respectively. The concentration gra-
dients of hydrogen and water in the fuel channel were not substantial, whereas the gradients

were large in the porous anode. It was observed that hydrogen was consumed mostly in the
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Figure 4.7: Local potentials at the cathode-electrolyte interface (x = 9.5 mm) for 49%
H; fuel at 0.8 A/cm?,
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Figure 4.8: Activation overpotential at the anode-electrolyte interface for 49% Hj, fuel
at 0.8 A/cm?.

porous anode close to the fuel channel outlet. This was also the area where the most water
was produced. For the planar SOFC with counter-current flow configuration, most of the
anode reaction activity occurred in the anode region close to the fuel channel outlet. The
outlet molar fraction of hydrogen and water were 39% and 13% , respectively.

The distribution of molar fraction of hydrogen and water from the fuel channel to the
anode-electrolyte interface is given in Figure 4.12. It can be seen that the diffusive effect

dominated in the porous anode, where the convective effect was dominant in the gas channel.

Cathode and Air Channel The oxygen distribution in the porous cathode and the air chan-
nel is shown in Figure 4.13. The gradient of oxygen along the air channel was significantly
less than that along the porous cathode. The oxygen concentration at the cathode-electrolyte
was almost depleted. Although the thickness of the cathode was smaller than the anode, the
diffusivity of oxygen in the cathode was much smaller than that of hydrogen in the anode.
This contributed to a large gradient in the oxygen concentration in the porous cathode. The
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Figure 4.9: Local potentials at the anode-electrolyte interface (x = 9.5 mm) for 49%
H, fuel at 0.8 A/cm?,
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Figure 4.10: Molar fraction of hydrogen in the anode and the fuel channel for 49% Ho
fuel at 0.8 A/cm?.

[mol %]

Min: 0.0300

Figure 4.11: Molar fraction of water in the anode and the fuel channel for 49% H,, fuel
at 0.8 A/cm?,
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Figure 4.12: Molar fraction of hydrogen and water across the anode and the fuel chan-
nel (x = 9.5 mm, y = 0) for 49% Hj, fuel at 0.8 A/cm?.
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Figure 4.13: Molar fraction of oxygen in the cathode and the air channel for 49% Hg
fuel at 0.8 A/cm?.

outlet molar fraction of oxygen was approximately 16%.

A closer look at the oxygen concentration gradient from the fuel channel to the cathode-
electrolyte interface is given in Figure 4.14. Unlike the gas species at the anode, the mo-
lar fraction of oxygen dropped about 12% from the air channel to the cathode-air channel

boundary. The mass diffusive effect in the flow channel was larger at the cathode than at the
anode.

Fluid Velocity and Pressure

The gas velocities in the flow channels and the porous electrodes are shown in Figure 4.15.
The arrow shows the direction of the fluid flow with the magnitude being proportional to the
fluid velocity. The fuel and air flows reached their maximum velocity of approximately 3.3
m/s and 5.5 m/s, respectively at their channel outlets. The velocity changes in the porous
electrodes relative to the gas channels were considerably less noticeable.

The total fluid pressures in the flow channels and the porous electrodes are shown in

Figure 4.16. It was observed that the pressure gradient at the cathode and the air channel

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3 Steady-State Analysis 70

0.200

0195 |- i

Cathode. AirChannel :
— >

0.190

0.180

0.175 -~

0.170
221 23 24 25 26 27 28 29 30 3.1 32 326

z{m] x103

Figure 4.14: Molar fraction of oxygen across the cathode and the air channel (x = 9.5
mm, y = 0) for 49% Hj fuel at 0.8 A/cm?.
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Figure 4.15: Fluid velocity in the electrodes and the gas channels. The arrows show
the gas flow directions with the arrow magnitude being proportional to
the velocity magnitude.
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Figure 4.16: Pressure in the gas channels and the porous electrodes for 49% Hs fuel at
0.8 Alcm?.

was substantially larger than that of the anode and the fuel channel. The pressure drop in
the fuel channel was 30 kPa, whereas the pressure drop in the air channel was 65 kPa. The
larger pressure drop occurred as a result of greater fluid velocity.

Temperature Distribution

Solid Temperature The temperature distribution in the solid phase is presented in Fig-
ure 4.17. The maximum temperature difference for the overall SOFC was found to be 40
K. The maximum temperature was observed in the electrode-electrolyte area in the middle
of the cell. Also, the solid temperature near the air outlet was higher than the temperature
near the fuel outlet. The temperature distribution in the anode, cathode, and electrolyte at
the middle of the SOFC is illustrated in Figure 4.18. Since the electrochemical reaction of
the cathode was exothermic, the highest solid temperature was seen at the interface between
the cathode and electrolyte. However, the maximum temperature difference between the
electrodes and electrolytes was insignificant (0.56 K).

Figure 4.19 shows the temperature distribution of various interfaces along the cell length
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Figure 4.17: Solid temperature of the electrolyte, electrodes, and interconnects for 49%
H; fuel at 0.8 A/cm?.

in the x-direction. The largest temperature difference was approximately 35 K. The maxi-
mum temperature was observed at the cathode-electrolyte boundary at x = 8.4 mm. Overall,
the temperature at the interfaces were higher along the air outlet (x = 0.0 mm) than the fuel
outlet (x = 19.0 mm).

The solid temperature distribution in the electrode-electrolyte across the y-direction is
presented in Figure 4.20. The temperatures shown were obtained from the section corre-
sponding to the maximum temperature (x = 8.4 mm). Unlike the activation overpotentials,
the noticeable changes in the solid temperatures were observed between the flow channels
(y = 0-0.05 mm). This was the area where the gas constituents diffused directly through
the electrodes to react at the active interfaces. Therefore, large temperature differences ob-
served in this region were contributed by the heat generated from the electrode reactions.
The temperature difference across the anode was larger than that across the cathode due to
the greater anode thickness.
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Figure 4.18: Solid temperature across the electrodes and electrolyte (x =9 mm, y = 1
mm) for 49% H, fuel at 0.8 A/cm?.
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Figure 4.19: Cross-sectional solid temperature at various interfaces along SOFC length
(y = 0.25 mm) for 49% H fuel at 0.8 A/cm?.
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Figure 4.21: Fluid temperature in the gas channels for 49% Hj, fuel at 0.8 A/cm?.

Fluid Temperature The temperature of gases in the flow channels is shown in Figure 4.21.
The inlet temperatures were specified to be 1,023 K. The outlet air and fuel temperatures
were found to be 1,314 K and 1,298 K, respectively. It was evident that the greater temper-
ature gradient of the air stream resulted from the heat of cathode half-cell reaction.

4.3.2 Steady-state Model Validation

The steady-state simulations were performed using five different fuel compositions. The re-
sults from the simulations were compared to the data from experiments conducted by Keegan
et al. (2002) [29]. The test cell consisted of 500xm-Ni/YSZ anode, 10pm-YSZ electrolyte,
and 40um-LSF cathode with the active cell area of 3.8 cm?. The fuel and air flow rates
were 200 cm®3/min and 300 cm®/min at standard condition, respectively. The performance
curve was generated at the operating temperature of 1,023 K with the fuel compositions of
10%, 24%, 49%, 73%, and 97% hydrogen. The inlet water concentration was maintained at
approximately 3 mol%, and the fuel gas was then diluted with nitrogen. The oxidant used

in their study was air. The experimental cell voltage at various fuel concentration is shown
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in Figure 4.22. By comparing the simulation results in Figure 4.2 with Figure 4.22, it was
observed that the predicted voltage curve has similar shape to that of the experimental data.
Although the limiting currents did not agreed well with each other, the predicted voltages
showed similar tailing effects at high current densities.

Although the operating conditions were similar to the model setup, the experiment was
conducted on a button cell type which had a different geometry than the proposed model.
Because of the difference in the geometry, the modelling results would not fully represent
the experimental results from the button cell. However, the purpose of this thesis was to de-
velop a dynamic model for the process control. For that reason, the validation goal was not
to precisely fit the experimental data, but rather to capture the overall trend of the fuel cell
performance curve. Additionally, the exact match between the model and the experiment
was not required in the development of controllers, since the presence of feedback control
would compensate for the model error. In controller design, it is essential that the process be
stable under a normal operation. The stability of the process was presented in the previous
section where it was shown that the output voltage decreased with increasing current den-
sity. By having an uncontrolled process, the output voltage was guaranteed to take a finite
value between zero and the open circuit voltage. Therefore, the controller stability would
be attainable even when model errors existed. For this reason, the modelling results were
compared to the experimental results for qualitative purposes. The numerical comparison

between the simulated data and the experimental data are tabulated in Table 4.2.

Table 4.2: Comparison of the simulated results with the experimental results from
Keegan et al. [29].

Ha Maximum Percent of Average of
Mol fraction deviation (V) maximum deviation | percent difference
97% H, 0.08 10.3% 5.8%
73% Ha 0.10 17.3% 4.9%
49% Ha 0.09 13.8% 3.2%
24% Ha 0.16 22.9% 12.5%
10% H, 0.16 26.0% 12.4%

Large absolute deviations in the predicted voltage from the experimental values were
observed for the fuel with 10% and 24% hydrogen. These deviations occurred as the op-
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eration approach the limiting current densities. Although the performance curve contained
the same trend at low hydrogen concentration, the mismatch in the limiting current density
contributed to large maximum deviations. The smallest absolute deviation was obtained for
97% hydrogen fuel. On average, the predicted voltages for the SOFC operating with 49%
hydrogen fuel agreed best with the experimental values. Overall, the simulated voltages at
various fuel concentrations were within the same magnitude with those from the experiment,
with the maximum percent discrepancy of 12.4% for the case of 10% hydrogen fuel. The
main contribution to the discrepancy was the model parameter errors. The parameters used
in the model were collected from various sources. Additionally, the existing parameters from
open literature were found in wide ranges. The difference in the component thicknesses and
the cell geometry between the proposed model and the experiment was a major contribution
to the overall discrepancy.

4.3.3 Mass Balance Verification

The mass balance analysis was performed on the steady-state solution obtained from the fuel
with 49% hydrogen, 3% water, and 48% nitrogen. The corresponding current density of 0.8
A/cm? was specified. The summary of the component balance is shown in Table 4.3.

Table 4.3: Summary of the component balance in the steady-state analysis.

Component Inlet mass flow rates | Outlet mass flow rates | % Difference
(kg/s) (kg/s)

H, 742 x 1079 5.99 x 109 N/A

Anode | .0 3.85 x 10~ 1.81 x 10~8 N/A
N, 1.00 x 10~7 9.99 x 10~8 0.29%

—8 -3

Cathode 0. 7.51 x 10 6.14 x 10 N/A
N, 247 x 1077 2.69 x 1077 8.85%
Total 4.34 x 1077 4.54 x 10~7 4.75%

The discrepancy between the total inlet and outlet gas streams were 4.75%. This differ-
ence was numerically acceptable and could potentially be accounted for by numerical error.
By refining the mesh, this error can be mitigated. Although the presence of nitrogen of both
electrodes did not affect the electrochemical reaction, the mass balance analysis showed
that nitrogen at the cathode was not conserved. This could be explained by examining how
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nitrogen was calculated in the mass balance equation. The mass fraction of oxygen was cal-
culated using the Maxwell-Stefan equation, and the mass fraction of nitrogen was calculated
from 1-wo, (see Section 3.4.3 in Chapter 3). When the oxygen was consumed, less oxygen
mass fraction would thereby increase the nitrogen mass fraction. The discrepancies in the
nitrogen balance could be caused by this calculation.

The gas consumptions and generation of are tabulated in Table 4.4. The relative percent
differences between the theoretical hydrogen and oxygen consumption compared with those
from simulation were 2.24% and 1.56%, respectively. These discrepancies were acceptable
and the mass balance analysis was verified. For the proposed model, the fuel and air utiliza-
tions of 19.2% and 18.3% were obtained for 49% Hg fuel and air under the load current of
0.8 A/cm?.

Table 4.4: Summary of the simulated and theoretical reactant consumptions and

product generation.
Component Simulated flow Theoretical % Difference
rate (kg/s) flow rate (kg/s) | wrt. inlet flow
H; consumption | 1.42 x 10~ 1.59 x 1079 2.24%
Anode ) ) )
H,O generation | 1.42 x 10~8 1.42 x 1078 1.06%
Cathode | O consumption | 1.38 x 10~° 1.26 x 10~8 1.56%

4.4 Dynamic Analysis

To study the SOFC dynamic performance, an initial steady-state operating conditions must
be defined. Selecting the operating conditions for the SOFC is often not a trivial process.
To achieve the maximum power output, many trade-offs are involved. From the current-
voltage characteristics, the maximum power can be supplied by fuel cell in a medium to
high voltage range. SOFC are normally designed to operate within a voltage range of 0.6 V
to 0.7 V, although higher or lower voltage are acceptable [9]. This range of voltages may
not yield the highest power supply, but it provides a stable operation and consistent cell
efficiency. Operating in the current density range near the limiting current could result in

high power generation but low efficiency. In the high current region, the reactants utilization
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increases with the increasing current. However, the sharp drop in the cell voltage is caused

by diffusion limitation, making this condition uneconomical.
4.4.1 Nominal Operating Condition

From the steady-state model validation, it was observed that the predicted cell performance
for 49% hydrogen fuel contained the least discrepancies when compared with the literature
data. The model was able to predict acceptable cell voltages in the current density range of
0.2 A/cm?-1.0 A/cm?. To operate the SOFC within the designed voltage range, the operating
current density of 0.8 A/fem? was chosen. This current density corresponded to the cell
voltage of 0.743 V. Therefore, 49% hydrogen fuel and the load current density of 0.8 A/cm?
were chosen as a nominal operating condition in the dynamic SOFC model. By choosing
to operate around this nominal condition, the optimum performance can be achieved by
operating at higher current density or increasing the molar fraction of hydrogen. Summary

of nominal operating conditions for used in dynamic simulation is given in Table 4.5.

Table 4.5: Summary of nominal SOFC operating condition for the dynamic model.

Parameter Value
Inlet gas temperature, T’ 1,023K
Operating pressure, P 1 atm
Nominal voltage, V 0.743 V
Range of operating voltage, V' 0.7V-08V
Nominal current density, J 0.8 A/cm?
Range of operating current density, J 0.7 A/cm®-0.9 A/cm?
Nominal inlet hydrogen concentration, Xy, 49%
Range of inlet hydrogen concentration, Xy, 38%—60%

In transient operations, the SOFC were often subjected to sudden changes in the load re-
sistance. Consequently, this resulted in changes in the power demand which required varying
current density from the fuel cell. In the dynamic model, a step function was used to repre-
sent the sudden change in the load current at an instantaneous time. The dynamic model was
subjected to positive and negative step changes with different magnitudes in the load cur-
rent density. The step changes were made within the range of operating condition envelope

shown in Table 4.5. The dynamic response of the cell performance was then investigated.
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Also, the effects of varying the molar fraction in hydrogen fuel was studied.

4.4.2 Dynamic Modelling Results
Step Changes in Load Current Density

Three step changes were made to the parameters of interest in the dynamic model: posi-
tive and negative step changes with the same magnitude, and a positive step change with
a smaller magnitude. The load current density was varied from 0.8 A/cm? to 0.9 A/cm?,
0.85 A/cm?, and 0.7 A/cm?. The hydrogen concentration in the fuel was maintained at the
nominal value of 49%. The step changes in the load current density occurred at the time
of 10 seconds. The corresponding output voltage and overall solid temperature responses
to load step changes are presented in Figure 4.23. The temperatures shown were obtained
from the average temperature over the cathode-electrolyte interface where maximum tem-
peratures were expected. It was seen that the voltage responded immediately to the change
in load demand according to Ohm’s law. In Figure 4.23(a), a small inflection point in the
voltage response was observed after the load current was increased from 0.8 A/cm? to 0.9
A/cm?. This small dip in the solution occurred as a result of a numerical error caused by a
discontinuity in time. Small dynamic effects were observed and the response time for the
output voltages to reached new steady-states were approximately 330 seconds. The dynamic
response provided the steady-state gain information which can be used to develop a simpli-
fied model. The gains, K, were calculated from changes in the output voltage with respect

to changes in the load current at the final steady-states.

Kp=—— 4.1)

The steady-state gains, Ky, are summarized in Table 4.6. It was observed that the gains
were consistent for the positive step changes in the load current. However, the gain from the
negative step change was approximately 10% lower. The slight inconsistency in the steady-
state gains indicated that the effect of load change on the output voltage was nonlinear in
this operating region.

In Figure 4.23(b), it was shown that the solid temperature had the largest response time
of approximately 400 seconds. The cell temperature had a substantial effect in the transient
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Figure 4.23: Output voltage responses (a) and the temperature responses (b) to step
changes in load current densities (c).
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Table 4.6: Steady-state gains in the output voltages with respect to the load step changes.

Final load current Final output voltage, V Steady-state gain (Kr),
density, A/cm? Qcm?
0.90 0.711 -0.315
0.85 0.728 -0.302
0.70 0.770 -0.271

operation of SOFC. Although the overall voltages were not significantly influenced by the
temperature distribution, the material stresses could potentially be a problem. The largest
temperature increase of 36 K was obtained from the load change from 0.8 A/cm? to 0.9
A/cm2, At such a large temperature gradient, the stresses would likely be developed. A
complete thermal stress analysis must be perform the investigate the effect of temperature
gradient on the material stresses.

Figure 4.24 shows the time responses of the anode and cathode activation overpoten-
tials with respect to load step-changes from 0.8 A/cm? to 0.9 A/cm?, 0.85 A/ecm?, and 0.7
A/cm?. Although the change in the overall cell voltage were instantaneous, the activation
overpotentials were substantially dependent on the temperature dynamics. The overshoots
in the overpotential responses were observed for both the anode and cathode. It was known
that the overpotentials represented the kinetics of the electrode reactions. Thus, the activa-
tion overpotentials were critically associated with the solid temperature at the reactive sites.
Figure 4.25 shows the outlet gas concentration responses to load step changes. By increasing
the load current, the reactant utilizations were increased. This was observed in the concentra-
tion profiles of the reactants in the presence of the positive load changes. As the load current
was increased, more hydrogen and oxygen were consumed, and vice versa. Although, the
concentrations changed instantaneously, some dynamic effects were observed. The response
time of approximately 250 seconds in the change in oxygen flux was more noticeable than

those of the hydrogen and water.

Step Changes in Hydrogen Molar Fraction

Figure 4.25 shows the dynamic responses of the outlet gas to step changes in the inlet hydro-
gen concentration from 49% to 60%, 55%, and 38%. The load current density was kept at its
nominal value of 0.8 A/cm?. The step tests in the hydrogen molar fraction were introduced at
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Figure 4.24: Time responses of the anode (a) and cathode (b) activation overpotentials
to step changes in load current densities.
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Figure 4.25: Time responses of hydrogen (a), water (b), and oxygen (c) outlet mass
fluxes to step changes in load current densities.
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10 seconds. The temperature responses were obtained from the overall solid temperature at
the cathode-electrolyte interface. When the hydrogen concentrations were step changed, the
sudden changes in the voltage were observed. The dynamic effects in the voltage changes
were unnoticeable. The steady-state gains, X p, were calculated for the changes in the cell

voltage with respect to changes in hydrogen molar fractions.

AV

KP - AZHz

4.2)

A summary of the steady-state gains, K p, is provided in Table 4.7. The gains for the positive
step changes in hydrogen concentration were consistently in agreement with one another.
However, the negative step change in hydrogen produced a larger gain twice the magnitude
of the expected gain result. This was indicative that the nonlinear effects were present in
this operating condition. For control design purposes, the output voltage can be difficult to

control in this region with low hydrogen molar fraction.

Table 4.7: Steady-state gains in the output voltages with respect to the changes in the
inlet hydrogen compositions.

Final molar fraction of | Final output voltage, Steady-state gain
hydrogen, % v (Kp), VI%
60% 0.780 0.334
55% 0.765 0.365
38% 0.675 0.622

In Figure 4.26(b), the response time of the temperature change of approximately 400
seconds were observed in all cases. By increasing the hydrogen content, a lower tempera-
ture was observed. This could be responsible by the change in the activation overpotentials
shown in Figure 4.27. It was seen that the dynamic effect of hydrogen concentration change
was more profound on the cathode overpotential than the anode overpotential. Initially,
the overshoot in the cathode activation overpotential was observed when the change in the
hydrogen content was introduced. However, the cathode activation overpotential then de-
creased below the original value as the new steady-state was obtained. The heat sources
along the electrode-electrolyte boundaries were calculated from the entropic (reversible)
and the activation (irreversible) heat effects. Since the current was maintained constant, the

change in the entropic heat became less significant and the heat source was more dependent
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Figure 4.26: Output voltage responses (a) and the temperature responses (b) to step
changes in inlet hydrogen molar fractions (c).
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Table 4.8: Comparison of the dynamic modelling results at 750°C and 0.8 A/cm?

with the interpolated results from Keegan et al. [29].

Ha Final steady-state Interpolated Percent difference
Molar fraction voltage (V) voltage (V) [29]
60% H, 0.780 0.746 4.48%
55% Hs 0.765 0.738 3.60%
38% H, 0.674 0.694 2.88%

on the activation overpotential term. When both of the anode and cathode activation over-
potentials were reduced, less irreversible heat effect was generated and the temperature was
lowered as a result. The dynamic responses of the outlet gas concentration to changes in hy-
drogen concentrations are illustrated in Figure 4.28. The dynamic effects were not observed.
However, the overshoots in the outlet water mass flux were observed right after step changes
were introduced. The numerical errors could be responsible for these overshoots. The errors
were likely generated by the discontinuity in time when the step changes were introduced.
By simulating the dynamic model using a smaller time increment, this numerical errors can
be avoided.

4.4.3 Dynamic Model Validation

The results from the dynamic model were validated with the interpolated data from the ex-
periment by Keegan et al. [29]. From the experimental results, the voltages were determined
for the hydrogen molar fraction of 38%, 55%, and 60% in the fuel using linear interpolation.
The interpolated data are plotted against the experimental results as shown in Figure 4.29.
The final steady-state output voltages obtained from the step change in the inlet hydrogen
molar fraction were compared with the interpolated data. The validation results are tabulated
in Table 4.8. It was observed that, the overall results were in agreement with the experimental
data. The maximum voltage difference of 4.48% were obtained from 60% hydrogen fuel.
It was confirmed that the dynamic model produced a physically reasonable result. This
detailed model gave insightful information on the dynamic characteristics of the SOFC. It

also provided a foundation for further control strategies, which will be discussed in the next
chapter.
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Chapter 5

Process Control of SOFC

5.1 Introduction

A comprehensive dynamic model allows for the performance prediction of the SOFC under
transient operations. It also provides an insightful information into the dynamic characteris-
tics and control system performance. The results obtained from the physically-based models
often provide the most accurate analysis on the dynamic behaviour. However, substantial
computer effort is required to demonstrate control testing on such a model with high level of
complexity. To determine the effects of various control settings in an early stage, low-order
dynamic models based on simple transfer functions can be developed. The controller design
can be carried out on the simplified models which are capable of representing the main dy-
namic properties of the system. These transfer function models can also provide insight to
the limitation of the control system without demanding substantial engineering effort in the
development stage.

In practice, SOFC are often subjected to load changes which result in voltage drops.
Therefore, the load current can be accounted for as a disturbance to the SOFC system. By
increasing the composition of hydrogen in the fuel, the cell voltage can be restored. In
this chapter, first-order transfer functions are derived from the dynamic step responses of
the SOFC to represent the relationship between the output voltage, load current, and the
fuel composition. The control objective is proposed to maintain the output voltage despite
changes in the load current. The approach to control the voltage using feedback PI con-
trollers is demonstrated and the limitation of the control system is discussed.
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5.2 Low-Order Dynamic Model

For the control of SOFC in the present study, it was specified that two input variables are for
the change in the overall cell voltage. The inlet hydrogen concentration and the load current
density are chosen as the input variables for this study. Two low-order models are developed
such that the dynamic responses of the output voltage are described by the transient changes
in each input variables. A block diagram illustrating the SOFC system with two process
models is shown in Figure 5.1. The blocks G p and G, represent the process models for the

J
load GL
H, + 4
—— & [—O—

Figure 5.1: Block diagram of the SOFC system with two process transfer functions.

output voltages with respect to the input variables, which are the hydrogen content and the
load current, respectively. The process model can be described using the Laplace transfer
function to represent the dynamic response in the time-domain. The process input and output

can be related using the process transfer functions [44];

K

Gr(s) = — " 5.1
K

Gu(s) = 5 5:2)

Here, Gp(s) and G (s) are the transfer functions for the process and the disturbance, re-
spectively. The process transfer function, G p(s), has the unit of V/%H,. The disturbance
transfer function, G1(s), carries the unit of V/(A/cm?) or Qcm?. The process and distur-
bance gains, Kp and K, represent the steady-state gains with respect to the change in the

corresponding input variables. The parameters 7p and 7, are the time constants of the pro-
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cess and the disturbance, respectively. These parameters in the transfer function model can
be derived from the dynamic step response to the input variables.

To determine the parameters for the transfer function models, the steady-state gains in-
formation reported in Chapter 4 were revisited. It was observed that the nonlinear effect of
changes in the inlet hydrogen concentration on the output voltage was more prominent in
the low concentration region. It was difficult to control the voltage within this region since
the nonlinear effect could not be accurately accounted for in the first-order transfer function
model. For the purpose of control simulation, the steady-state gain of 0.334 V/% was chosen
for Kp. This was the gain corresponding to the change in the hydrogen content from 49%
to 60%. The steady-state gain of the voltage with respect to the load current of -0.315 Q2cm?
were selected for K.

The process time constant represented the dynamic component of the output response.
It was observed that the output voltage responded to the changes in the hydrogen content
and the load current instantaneously. Since the dynamic components in the output responses
were negligible, the process and disturbance transfer functions could be developed as gain-
only models. However, the value of 7p and 7; were taken as 0.1 seconds to simulate various
controller settings for the first-order transfer functions. These time constants were suffi-
ciently small to provide an instantaneous voltage response. They also allowed for the dy-
namics of the controller responses to be observed. By substituting the selected parameters

in Equation (5.1) and Equation (5.2), the process and disturbance transfer functions were

obtained.
0.334
Gp(s) = Ols+1 (5.3)
—0.315
GL) = oo+ 1 4

The nominal operating conditions of these transfer function models were the same as those
specified in the previous chapter. The SOFC was operated at 1,023 K and 1 atm with 49% H
fuel and was subjected to the load current density of 0.8 A/fcm?. The corresponding output
voltage was 0.743 V. Since the transfer function models were derived from step changes
around these conditions, the dynamic behaviours outside of this operating range would not
be adequately captured by the simplified models. Due to nonlinearity of the SOFC system,

new transfer functions must be obtained for different nominal operating conditions.
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5.3 Feedback Control

Feedback control is one of the most commonly used control strategies. In feedback control,
the actual output variable (y) is measured and the discrepancy between the actual and the
desired set-point values (y,p) is used to adjust the process input variable (u). The feedback

control objective is to minimize the error signal, e.

e(t) = y(t) — ysp(t) (5.5)

Three basic modes of feedback control are proportional (P), integral (I), and derivative (D)
control. According to the PID control algorithm, the controller output is the process input
variable to be adjusted. The controller output, u, is calculated from the following relation-
ship in time-domain [44]

u=u+ K, [e(t) + le /ot e(t)dt + TDd(Z#] (5.6)

where @ is the nominal value of the process input. The nominal condition is often specified
as the initial steady-state condition in control simulation. The controller tuning parameters,
K., 71, and Tp are the controller gain, integral time, and derivative time, respectively. They
each represent the proportiona, integral, and derivative actions in the controller accordingly.

The PID controller can be represented by the transfer function in s-domain

_U@s) _ 1
Gec = E(s) =K, (1 + e + TDS) (&N))

where G¢(s) is the controller transfer function. U(s) and E(s) are the Laplace transforms
of the controller output u(t) and the error signal e(t). These parameters are known as the
PID controller tuning parameters which can be adjusted to produce the desired output re-
sponse. In proportional control, a large value of K, is required to achieve perfect control.
However, this also requires a high controller effort. Generally, the P-only control yields
steady-state errors that occur after a change in the set-point or the disturbance. This offset
can be eliminated by incorporating the integral action 77 in the PI controller. For the case
where significant dynamic effects are observed, the presence of the derivative control action
often improves the settling time of the system.

In this study, the control objective was to maintain the output voltage despite changes in
the load current. The controlled variable was the output SOFC voltage, and the manipulated
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Figure 5.2: Block diagram for the SOFC system with feedback control.

variable was the inlet hydrogen molar fraction in the fuel. The load current density was
specified as the disturbance to the SOFC. The desired set-point voltage was maintained at
its nominal voltage. The PI controller was implemented in the voltage control loop. The
derivative term was omitted due to the lack of dynamic effects on the voltage responses
of the SOFC. The block diagram illustrating a closed-loop SOFC system with a feedback
controller is shown in Figure 5.2. The open-loop representation of the SOFC in this work

was given in the previous section (Figure 5.1).

5.3.1 Closed-loop SOFC System Response

The voltage controller for the SOFC system was implemented in Matlab Simulink [2]. The
Simulink diagram of the open-loop process and the closed-loop feedback control is shown
in Figure 5.3. The limiting bounds were set on the PI controller output such that the inlet
hydrogen molar fraction of the fuel was within 0% to 100%.

The closed-loop voltage control simulation were first subjected to various proportional
controller settings. The step change in load current from 0.8 A/cm? to 0.9 A/cm? was intro-
duced at 10 seconds. The set-point voltage was specified at 0.743 V, which was the initial
voltage for the SOFC system operating with 49% hydrogen fuel and the load current of 0.8
A/cm?, The closed-loop voltage responses and the controller output responses obtained from
various proportional control settings are shown in Figure 5.4. The controller parameters were
selected to investigate the control effects on the closed-loop system. They were not compre-
hensively tuned to achieve the optimum controller performance. From Figure 5.4(a), it was
observed that the uncontrolled (open-loop) voltage dropped instantaneously after the change
in the load current was introduced. With the controller, the output voltage was brought
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the proportional control settings.
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closer to the desired voltage. However, the offsets between the steady-state and the set-point
voltages were observed. This was the expected output response from the process with pro-
portional control. The controller output was calculated from the product of the controller
gain (K.) and the offset (¢). Therefore, the presence of the offset was always required to
generate the output for the proportional controller.

By increasing the controller gain, the offset was reduced and a fast response to load
change was obtained. However, large values of K created instability as observed in Fig-
ure 5.4(b). For the controller responses with K. = 10 a slightly oscillatory voltage response
was obtained. A proportional control with large controller gain would be undesirable since
it may lead to an unstable operation.

The proportional plus integral (PI) controllers were implemented in the voltage control
loop. The step changes in the load current from 0.8 A/cm? to 0.9 A/cm? at 10 seconds were
simulated. The voltage responses for various PI controller setting and the controller output
responses are presented in Figure 5.5. With the integral action, the steady-state offsets were
eliminated and the desired set-point voltage was obtained. The dynamic voltage responses
were reflected by the controller responses of the hydrogen molar fractions. The slow re-
sponses from the controller with lower integral time were observed. A robust control was
obtained for the PI controller setting with a small controller gain K and a large integral time
71. It was observed that the controller settings of K. =1 and 77 = 10 yielded the most robust
controller performance.

The PI controller with the controller gain of 1 and the integral time of 10 seconds was
used to maintain the output voltage in the control-loop under various load disturbances. At
10 seconds, the load disturbance was changed from its nominal value of 0.8 A/cm? to 0.85
A/cm?, 0.7 A/em?, and 0.65 A/cm2. The voltage responses and the controller output re-
sponses of the inlet hydrogen content are shown in Figure 5.6. After the load disturbances
were introduced, the output voltages increased for the negative load changes, and vice versa.
The PI controller successfully restored the output voltage to the desired set-point value af-
ter approximately 2 seconds. Therefore, the PI controller gave a satisfactory performance
in rejecting the load disturbances. In Figure 5.6(c), it was observed that the PI controller
responded to changes in the load disturbance by manipulating the controller output, i.e., the
inlet hydrogen concentrations, such that the set-point value of the output voltage was re-
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stored. For a positive change, the inlet hydrogen concentration was increased to obtained
the desired output voltage. As seen from the figures, the range of hydrogen concentration of
35% to 54% were required to maintain the voltage of 0.743 V when the SOFC was subjected
to the load current range of 0.65 A/cm? to 0.8 A/cm?.

The feedback PI controller provided insightful information about the relation between
the process outputs and the controller responses. It has been demonstrated that the low-order
dynamic models developed from the physically-based model allowed for the implementation
of controller design without involving a significant amount of computational effort. How-
ever, the simplified models must be used with caution when representing highly non-linear
process such as the SOFC. Since the low-order models were derived under a specific oper-
ating range, the predicted cell performance obtained for a different operating region would
be less accurate. When a new operating condition is specified as a nominal operating point,
the low-order models must be reproduced from the detailed model accordingly.
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Chapter 6

Conclusion

Through this research, a 3D dynamic model of an anode-supported planar SOFC has been
presented. Theoretical principles underlying the electrochemical kinetics of fuel cells are
first introduced in this thesis. The physically-based model has been developed from the con-
servation laws of charges, mass, momentum, and energy. The solutions have been obtained
from the mathematical model consisting of partial differential equations. The steady-state
cell performance curve has been qualitatively compared with the experiment from literature.
Overall, the simulation results conform to the experimental data despite the difference in
SOFC geometry. From the modelling results, the steady-state cell performance is concluded
to be significantly dependent on the solid temperature. Additionally, it has been observed
that the temperature variation along the SOFC is significant. The mass diffusion limitations
have been found to contribute to voltage losses at high current density, whereas the kinetic
limitations of the electrode reactions are responsible for the voltage loss at at low current
density.

A nominal operating condition is chosen such that it becomes the initial condition for the
dynamic simulations. Step changes in the load current densities and the hydrogen concentra-
tions in the fuel source are introduced around the nominal operating condition and the step
responses of the output voltage, solid temperature, and outlet gas concentration are obtained.
The settling time of the temperature of approximately 400 seconds is reported, whereas the
dynamic effects of the output voltage and mass diffusion are substantially small. From the
dynamic step responses, the first-order dynamic transfer function models have been derived.
These low-order models have been shown to sufficiently capture the main dynamic proper-
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ties of the SOFC within a small deviation from the nominal operating condition. A method
to control the SOFC output voltage in the presence of load changes is presented. The pro-
posed method is based on varying the inlet hydrogen molar fraction in the fuel to achieve
the desired output voltage. The PI controller is implemented in the voltage feedback con-
trol loop to adjust the required hydrogen content in the fuel. The PI controller performance
gives a satisfactory results in the load disturbance rejection. This would allow assessment
of the controller performance at other operating conditions. Before such controller testings
are performed, consideration should be given to the choice of nominal operating condition
in which the low-order models are derived. The proposed dynamic model provides a use-
ful tool for the SOFC performance prediction and design optimization. Additionally, it has
given insight on the dynamic SOFC characteristics and control of SOFC. In SOFC opera-
tion, the output voltage decreases with increasing load current. By comparing the simulated
data with the experimental data, it is verified that the SOFC process is stable and the output
voltage is guaranteed to be finite. A stable controller can be implemented since the model
error is compensated for by feedback control.

6.1 Future Work

An approach to the physically-based modelling has been developed. Fundamental under-
standing of charge-transfer electrochemistry is essential to the development of an accurate
SOFC model. Electrochemical reactions play an important role in the determination of
SOFC output performance, especially at a cell-level. The electrochemical properties such as
the exchange current densities and the charge transfer coefficients must be accurately deter-
mined. Additionally, the diffusion mechanisms in the porous electrode must be understood
in order to better estimate the limiting current densities in the SOFC.

The final consideration not assessed in the present model is the thermal gradient in the
SOFC. From the detailed mathematical SOFC model developed in this work, further in-
vestigation can be performed on the thermal stress and material degradation analysis. A
prerequisite for the control of SOFC system has been established from the physically-based
model in this work. A focus on the control of SOFC can be extended to the mechanical

stress simulations by identifying the proper means of control to maintain the material stress
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within an acceptable range.
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Appendix A

Thermodynamics of Hydrogen Fuel
Cell

Appendix A contains an estimation of enthalpy change, entropy change, and Gibbs energy

of reactions in solid oxide fuel cells.

A.1 Enthalpy of Reaction

The enthalpy change (AH) is calculated from the difference between the enthalpy of the
products and the reactants. For the overall reaction in hydrogen fuel cell (H2+%02 — H70),
it follows that the overall enthalpy change is

1
AH(T)=H(T)n,o0 — HT)n, — EH(T)O2 (A1)
The species enthalpy, H;(T"), is given by
T
Hy(T) = H;(298.15K) + / Cps(T)dT (A2)
298.15K

Here, the standard temperature is 298.15K and C), is the molar heat capacity at constant
pressure. The method for calculating Cj, ;(T") can be found in Appendix B.

A.2 Entropy of Reaction

Since the entropy is a measure of disorder in the system, the entropy change of hydrogen fuel

cell, (AS), is present as a result of the electrochemical reactions. For the overall reaction in
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A.3 Gibbs Free Energy 113
hydrogen fuel cell, the entropy change is defined as
1
AS(T) = 8(T)n0 = S(T); = 55(T)os (A3)
where the molar entropy of species i at a specified temperature T is given by
T 1
Si(T) = S;(298.15K) + / =Cpi(T)dT (A4
208.15K T

The values of molar enthalpy and entropy for various species in hydrogen fuel cell at 298.15 K
and 0.1 MPa are given in Table A.1 [31].

Table A.1: Summary of molar enthalpy and entropy at 298.15 K and 0.1
MPa for the hydrogen fuel cell [31].

Species H;(298.15K) | S;(298.15K)
] (J/mol) (J/molK)
H50 (steam) -241,827 188.83
H, 0 130.59
(6 0 205.14

A.3 Gibbs Free Energy

The Gibbs free energy is defined in terms of the enthalpy and entropy of a system.

G=H-TS (A.5)

The change in Gibbs energy at a constant temperature can be obtained from the above equa-

tion in a differential form shown below.

AG = AH — TAS (A.6)

Here, the values of AH and AS are obtained from Equation (A.1) and (A.3), respec-
tively. The term T'AS represents the amount of heat generated by a fuel cell operating
reversibly. This property can either be positive or negative, which reflects the endothermic

or the exothermic heat effects, respectively.
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Figure A.1: Change in Gibbs free energy of water formation at standard state
(0.1 MPa) as a function of temperature [16].

The standard change in Gibbs free energy (AG°(T")) refers to the change of Gibbs en-
ergy at a standard pressure of 0.1 MPa (1 bar). For temperatures between 0 K-2,000 K, the
standard change in Gibbs energy for hydrogen fuel cell is illustrated in Figure A.1.

The standard change in Gibbs energy is an important thermodynamic parameter which
determines the electrode potential of a fuel cell at standard state.

A.3.1 Standard Electrode Potential

The standard electrode potential at equilibrium represents the theoretically maximum volt-
age which can be achieved at standard state. This potential is a function of temperature and
is calculated from the standard change in Gibbs energy.

AG®(T)

B =-=7F

(A7)
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where n. is the number of electrons involved in the electrochemical reaction (n. = 2), and

F is the Faraday’s constant. The standard electrode potential E° as a function of temperature

is shown in Figure A.2
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Figure A.2: Standard electrode potential of a hydrogen fuel cell as a function
of temperature at 0.1 MPa.
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Appendix B

Estimation of Gas Property

Appendix B contains methods of gas property estimation at various temperature. Recom-
mended method of calculating the binary diffusivity, dynamic viscosity, isobaric molar heat
capacity, thermal conductivity, and convective heat transfer coefficient of the gas mixtures

are presented.

B.1 Gas Binary Diffusivity

The binary diffusivity of a pair of gaseous species is calculated using the Chapman-Enskog
kinetic theory.

Dy =

—-7\71.5 0.5
(1.8583 x 10~7)T ( 1 1 ) B

P&2%p i Mw; 1w,
where D; . is the bulk diffusivity of a binary gas mixture in m%/s, P is the total gas pressure,
&k is the average collision diameter, Q D,ik is the collision integral based on the Lennard-
Jones potential, and MW is the gas molecular weight. The parameter ;. is determined

from an average value of the collision diameters of ¢ and & [10].
. )
Gik = 5(0.- + o) (B.2)

The collision integral between molecule i and k is a function of the dimensionless term
kpT/ei, where kp is the Boltzmann’s constant with a value of 1.38066x10~23 J/K. The

parameter €, is estimated from
Eik = VEifk (B.3)
The parameters &; and €;/kp are tabulated in Table B.1 [10, 39].
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Table B.1: Collision diameter and dimensionless temperature parameter
from the Lennard-Jones potentials [10].

Species | 4 €i/kB
i A | &K
H 2.827 | 59.7
H,O 2.641 | 809.1
Ny 3798 | 714
(07 3.467 | 106.7

The collision integrals have been curve-fitted using the Lennard-Jones 12—6 potential
model [39]. The relationship is given by
1.06036 0.19300 1.03587 1.76474

ok = Fteen + o (0.47635T%) | oxp (1.520067%) ™ exp (3.8041177) Y
where
kT
™ =22 (B.5)
Eik

At 1,073 K and 1 atm, the binary diffusivity of O2-N in air as determined by Equation (B.1)
is approximately 1.81x10~4 m2/s.
B.2 Dynamic Viscosity of Multicomponent Gas Mixtures

The dynamic viscosity of a pure component, p, can be calculated from a polynomial rela-
tionship as provided by Todd and Young (2002) [50]

6
w(T) =) ar* (B.6)
k=0
where ay, is the coefficients given in Table B.2 and
T
T = 1000 B.7)

here, y; is the dynamic viscosity of a pure component ¢ in micro-poise (uP).
To calculate the dynamic viscosity of a gas mixture with n components, the Reichenberg
expression is employed [39].

n

n i—1 n
Pomiz = ZK,' (l + 2ZH5jKj + Z Z Hin;kKij) (B.8)

i=1 j=1 =154 k=154
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Table B.2: Coefficients to calculate the dynamic viscosity in Equation (B.6)
Species ag a as as a4 as ag Error(%)
Ho 15.553 1 299.78 | -244.34 | 249.41 | -167.51 | 62.966 | -9.9892 10
HoO | -6.7541 | 24493 | 419.50 | -522.38 | 348.12 | -126.96 | 19.591 3
N2 1.2719 | 771.45 | -809.20 | 832.47 | -553.93 | 206.15 | -32.430 3
o)) -1.6918 | 889.75 | -892.79 | 905.98 | -598.36 | 221.64 | -34.754 5
where
Tipdi
i = r (B.9a)
2MW;
T; + pi Z'-TkHik [3+ ( MW, )]
k=17#1
[ MwaMmw; 1M o[+ 0.36T (T — 1)]Y8Fry
Hy; = [32(MW';' + MWJ-)3] *(Ci+Gj) T:éz (B.9b)
Mi1/4
i B.
A B39
36T.:(T: — 11V Fp,
LR LR B30
I
T
Tri= T (B.9%)
TS + (106)"
Fp; = Tt B.
B 785 T + (106,)7] ®.50
2
£ = 524622 (B.9g)
" T3
T
Trij = =75 .9h
™ (TaTy)'? ®0
T3 + (10§n")7
Fpii = —4 J (B.9i
B3 = T35 T (106 )
&rij = (6ritrj)/? (B.9))

Here, piy;; is the dynamic viscosity of gas mixture (uP), u; is the dynamic viscosity of
pure component i (uP), x; is the mole fraction of species i, MW is the molecular weight
(kg/kmol), £ is the dipole moment (debye), T is the critical temperature (K), and P, is the

critical pressure (bar). The gas property data is tabulated in Table B.3.
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Table B.3: Gas property data used in the dynamic viscosity of a gas mixture calculation

Species | MW T, P 3
i | (kg/kmol) | (K) | (bar) | (debye)
0 2016 | 3325 | 1297 | ©

H20 18.015 | 647.14 | 220.64 1.8
N2 28.014 126.2 | 33.98 0
0O, 31.999 | 154.58 | 50.43 0

At 1,073 K, the dynamic viscosity of pure N and O2 are 435.25 and 513.38 uP, re-
spectively, as determined by Equation (B.6). For the gas mixture of 79 mol% N2 and 21
mol% O (air), the mixed dynamic viscosity is approximately 450.85 pP as determined by
the method of Reichenberg.

B.3 Isobaric Heat Capacity of Multicomponent Gas Mixtures

The Isobaric heat capacity of a pure component was calculated from a polynomial relation-
ship as provided by Todd and Young (2002). [50].

6
Cpi(T) =D bpr* (B.10)
k=0
T

Here, C,, i(T) is the specific heat capacity of component 7 (kJ/kmol K) at a given temperature
T (K). The coefficient by, is given in Table B.4.

Table B.4: Coefficients to calculate the isobaric heat capacity of pure gas in Equation (B.10)

Species bo b bo b3 b4 bs be Error(%)

Ha 21.157 | 56.036 | -150.55 | 199.29 | -136.15 | 46.903 | -6.4725
HO | 37.373 | -41.205 | 146.01 | -217.08 | 181.54 | -79.409 | 14.015
Na 29.027 | 4.8987 | -38.040 | 105.17 | -113.56 | 55.554 | -10.350
0O, 34.850 | -57.975 | 203.68 | -300.37 | 231.72 | -91.821 | 14.776

[P G Y
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The heat capacity of a gas mixture, Cp miz, is calculated by accounting for the mole

fraction of each gas species.

Cpmiz(T) = Y _ 2iCpi(T) (B.12)

i=1
where z; is the mole fraction and Cy; is the heat capacity of species ¢. At 1,073 K, the molar
specific heat capacity of N2 and O are 33.1 kl/kmolK and 35.2 kJ/kmolK, respectively, as
determined by Equation (B.10). Using Equation (B.12), the specific heat capacity of air

(O3-N2 mixture) at 1,073 K is determined to be 33.5 kJ/kmolK.

B.4 Thermal Conductivity of Multicomponent Gas Mixtures

The thermal conductivity of a pure gas component, k, is calculated from a polynomial rela-

tionship as provided by Todd and Young (2002) [50].

6
ki(T) = Z cxr®

B.13)
k=0
T
™= 1000 (B.14)

Here, k; is the thermal conductivity of a pure component : in W/mK. The coefficients c;, are

given in Table B.5.

Table B.5: Coefficients to calculate the gas thermal conductivity in Equation (B.13)

Species co c1 c2 c3 ca cs Cs Error(%)
H, 1.5040 | 62.892 | -47.190 | 47.763 | -31.939 | 11.972 | -1.8954 5
H20 2.0103 | -7.9139 | 35922 | 41.390 | 35.993 | -18.974 | 4.1531 1
No -0.3216 | 14.810 | -25.473 | 38.837 | -32.133 | 13.493 | -2.2741 5
(0)) -0.1857 | 11.118 | -7.3734 | 6.7130 | -4.1797 | 1.4910 | -0.2278 10

For a gas mixture, the effective thermal conductivity can be calculated using the expres-

sion [39]
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where

e[+ (o) ()]

i = (s %)]1/2 (B.162)
. o

Here, k is the thermal conductivity of the gas mixture (W/mK),  is the dynamic viscosity
(uP), x; is the mole fraction of species i, MW is the molecular weight (kg/kmol), and ¢
is the numerical constant, taken as 1.0 [50]. At 1,073 K, the thermal conductivities of N2
and O2 as determined by Equation (B.13) are 7.35%x10~2 W/mK and 7.78x10~2 W/mK,
respectively. Using Equation (B.15), the mixed thermal heat conductivity of air at 1,073 K
is calculated to be 7.74x10~2 W/mK.

B.S Convective Heat Transfer Coefficient

The convective heat transfer coefficient is approximated as an average value over the entire
flow channel. The average heat transfer coefficient, h, is determined from an average of the
dimensionless Nusselt number (Nu). For laminar flow over the entire flow path, the Nusselt

number is defined as

Nu = hTL = 0.664Re*5Pr!/3 Re < 5 x 10° (B.17)

where h is the average convective heat transfer coefficient in W/m2K, k is the thermal con-
ductivity of fluid and L is the characteristic length of the flow channel [14]. The dimension-
less Reynolds number (Re) and Prandtl number (Pr) are defined as

Re = ”“T"’L (B.18)
Pr= MTCP (B.19)

where, p is the fluid density, u is the upstream fluid velocity, u is the dynamic viscosity,

and C,, is the specific heat capacity of the fluid.
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Appendix C

Modelling Parameters

The modelling parameters discussed in Chapter 3 are tabulated in Table C.1.

Table C.1: Modelling parameters.

Description Symbol Value Unit Ref.
Specific heat capacity of anode Cp,a 377 J/(kgK) | [18]
Specific heat capacity of anode intercon- | Cj, a1 300 J/(kgK) | [18]
nect
Specific heat capacity of cathode Coc 377 J/(kgK) | [18]
Specific heat capacity of cathode inter- | C, cr 300 J/(kgK) | [18]
connect
Specific heat capacity of electrolyte Co.E 100 J/i(kgK) | [18]
Thermal conductivity of anode ka 11.0 W/(mK) | [18]
Thermal conductivity of anode intercon- kas 22 W/(mK) | [18]
nect
Thermal conductivity of cathode ko 2.37 W/(mK) | [18]
Thermal conductivity of cathode inter- ker 2.34 W/(mK) | [18]
connect
Thermal conductivity of electrolyte - kg 2.7 W/(mK) | {18]
Mean pore radius of anode TA 1.07x1076 m 7
Mean pore radius of cathode Fc 1.0x10°6 m 57
Emissivity of anode €A 0.855 [19]
Emissivity of anode interconnect €Al 0.1 (8]
Emissivity of cathode €c 0.855 [19]
Emissivity of cathode interconnect €cI 0.1 [8]
Permeability of anode KA 1.7x10710 m? [54]
Permeability of cathode KC 1.76x10~11 m? [38]
Density of anode PA 4,760 kg/m® | [18]
Density of anode interconnect PAI 4,760 kg/m3 | [18]

Continued on next page
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Table C.1 Modelling parameters — continued from previous page

Description Symbol Value Unit Ref.
Density of cathode pc 4,640 kg/m® | [18]
Density of cathode interconnect pcI 4,640 kg/m3 | [18]
Density of electrolyte PE 6,000 kg/m3 | [18]
Tortuosity of anode TA 85 (m/m)? | Adjusted
value
Tortuosity of cathode TC 25 (m/m)? | [15]
Porosity of anode EA 03 [19]
Porosity of cathode eCc 0.3 [19]
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