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Introduction

Fuel cells are electrochemical devices that directly convert chemical energy into electrical
energy. As the production of energy in fuel cells does not involve any moving parts and
their principle of operation varies from that of heat engines, the energy produced by these
cells is neither associated with any mechanical friction loss nor limited by Carnot cycle
efficiency. Moreover, the unreacted fuel from the cell can be used to generate more power.
The overall efficiency of the cell can also be increased by recovering the heat generated
during operation from the exhaust gas.

Today’s energy-hungry civilisation is in search of an alternative source to replace the
currently available but continuously depleting conventional energy sources. Stringent envi-
ronmental regulations have restricted the emission of greenhouse gases, SOx and NOx ,
and hence narrowed down the search for a clean source of energy to a few options. These
are the main reasons behind the growing interest in the development of fuel cells as an
alternative source of clean energy.

However, there are a number of obstacles in the commercialisation of fuel cells as a
main source of energy. The main obstacle comes from the high manufacturing cost of the
fuel cell. A vast amount of research is being conducted on the design and operation of fuel
cells for reducing the cost and hence turning these devices into a viable and competitive
source of energy. Selections of materials for electrolyte, catalyst and electrodes also
contribute to the cost of a fuel cell. A number of researchers have focussed on this area.
It is often required to simulate the fuel cell system under different operating conditions to
account for all the pitfalls associated with the design and material selections. Depending
on the perspective, the modelling and simulation can range from micro to system levels.
This book focuses on solid oxide fuel cell system from the perspective of process control
for the safe and efficient operation of the fuel cell system as a power source. It includes
control relevant modelling, state estimation and controller design.

1.1 Overview of Fuel Cell Technology

Construction of a unit fuel cell mainly consists of three parts – electrolyte, cathode and
anode. Fuel is continuously fed into the anode of the fuel cell, and a suitable oxidant,
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usually air, is fed into the cathode. The main purpose of the electrolyte is to prevent direct
contact of the fuel with the oxidant while connecting the anode and cathode electrically.
The electrolyte also allows the passage of the oxidant or reductant ions to the other side
to take part in the electrochemical reaction.

1.1.1 Types of Fuel Cells

The classification of fuel cells is based on the choice of electrolyte and fuel. They are as
follows:

• Solid Oxide Fuel Cell (SOFC): Solid oxide fuel cell uses a solid ceramic type oxide,
and thus receives the name. Y2O3 stabilised ZrO2 (YSZ) is a common electrolyte used
in SOFCs. The operating temperature of the fuel cell is usually high (600–1000 ◦C).
Owing to the solid nature of the electrolyte and electrodes, the SOFC can be designed
and fabricated in the most versatile ways, including planar and tubular designs.

• Molten Carbonate Fuel Cell (MCFC): Molten carbonate fuel cells use different com-
binations of alkali carbonates as an electrolyte. These carbonates are usually contained
in a ceramic matrix. The operating temperature of MCFCs is also high, usually between
600 and 700 ◦C.

• Proton Exchange Membrane Fuel Cell (PEMFC): In this type of fuel cell, a poly-
meric ion exchange membrane is used as an electrolyte. The operating temperature of
these cells is usually low (40–80 ◦C).

• Phosphoric Acid Fuel Cell (PAFC): The electrolyte in the PAFC is 100% phosphoric
acid, which is held in a silicon carbide structure. The operating temperature of the
fuel cell is about 150–220 ◦C, which is one of the attractive features of PAFC. This
operating temperature makes it flexible to design the fuel cell and the balance of plant
(BOP).

Other types of fuel cells include alkaline fuel cell (AFC), direct methanol fuel cell
(DMFC), regenerative fuel cell (RFC) and metal air fuel cell (MAFC). Fue (2004) provides
a summary of major differences in different types of fuel cells.

The low-temperature PEMFC and the high-temperature SOFC have been identified as
the likely fuel cell technologies that will capture the most significant market in the future.

The basic principle of a typical hydrogen SOFC is shown in Figure 1.1. The chemical
reactions inside the cell, which are directly involved in the production of electricity, are
as follows:

At anode triple phase boundary (tpb) : H2 + O2− →H2O + 2e−

At cathode triple phase boundary (tpb) :
1

2
O2 + 2e− →O2− (1.1)

At the anode of the SOFC, hydrogen gas reacts with oxygen ions that are migrated through
the electrolyte to form water and release electrons. At the cathode, oxygen ionises with
electrons and creates O2− ions. O2− ions are transported to anode through the electrolyte.
Electrons produced at the anode flow through an external electrical circuit and reach
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Figure 1.1 Principle of solid oxide fuel cell

the cathode. These reactions, therefore, both proceed continuously and supply electricity
to the external circuit. Usually, SOFCs work at a high temperature, in the range of
600–1000 ◦C, to meet the electrolyte’s ionic conductivity requirement.

Hydrogen used as the fuel for SOFCs can be produced by steam reforming of natu-
ral gas. For a high-temperature fuel cell such as SOFC, the reforming reaction can be
performed internally, within the anode of the cell.

1.1.2 Planar and Tubular Designs

To meet the voltage requirement for most of the applications, fuel cell systems need to
be composed of stacks of connected individual cells. An SOFC stack is composed of a
number of SOFC cells to produce a high voltage output. In designing SOFC stack and
cells, there are many factors that need to be considered, such as gas delivery, thermal
stresses, mechanical strength, inherent electrical and ionic resistance and choice of seal
materials. SOFCs are manufactured in various geometries, the most common of which
are the planar and tubular designs shown in Figures 1.2 and 1.3, respectively.

One of the most important advantages of the tubular design is that it does not need
the seal to separate fuel and air flow. Another advantage is that the tubular shape can
improve the strength of the cell. The tubular shape can also improve the gas delivering
property. This kind of design is suitable for stationary and large-scale power generation
applications.

On the other hand, the most significant advantage of the planar SOFC design is its
lower electrical resistance. Planar SOFCs are more suitable for mobile and low power
applications.
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Figure 1.2 Tubular design of SOFC stack and cell
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Figure 1.3 Planar design of SOFC stack and cell

1.1.3 Fuel Cell Systems

In an ideal fuel cell, hydrogen is used as a fuel along with air as an oxidant. Such
a fuel cell can work as the cleanest possible source of energy – the by-product of the
reaction being water. However, as hydrogen is not readily available in nature, in practice,
the hydrogen used as fuel for these systems needs to be produced from other sources.
Hydrogen-rich fuels are most commonly used to produce hydrogen either internally or
externally to the fuel cell. Thus, a fuel cell plant usually involves components for pre-
and post-processing of the reactants and products. The components, which are also called
BOP, may include compressors, turbines, heat exchangers, reactors for reforming of the
fuel and a DC–AC converter or inverter to connect the fuel cell to an existing power grid.
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Compressors or blowers are required to build necessary pressure to pass reactants and
products through different components. The unreacted fuel from the fuel cell itself can be
combusted in a gas turbine for generating more power. The compressor–turbine duo thus
provides a net power in addition to the direct power generated by the fuel cell itself. In
residential applications, the hot effluent gas can be used to supply hot water and provide
heat for the households.

A fuel cell directly converts chemical energy into electrical energy. The output being
a DC voltage is appropriate to operate small equipment. For a fuel cell power plant, the
DC power needs to be converted to AC in order to be transferable to the power supply
grid. Thus, the BOP may also include a power conditioning unit (PCU).

1.1.4 Pros and Cons of Fuel Cells

Fuel cells have various advantages over conventional power generation systems such
as batteries and turbines. As with any other technology, a fuel cell comes with some
advantages and disadvantages. Some of these are described below.

Advantages:
• Unlike turbines, a fuel cell system does not have any moving components, and thus

does not have any mechanical friction loss associated with it. It also provides a quiet
operation and less maintenance.

• Unlike a heat engine, a fuel cell converts chemical energy directly into electrical energy.
Thus, it is not limited by Carnot cycle efficiency.

• The exhaust (unreacted fuel) gas from the fuel cell can be used to generate excess
power by coupling with a heat engine, thereby, increasing the efficiency.

• The efficiency of a fuel cell is not limited by size. Thus, a small fuel cell powering
a laptop or a personal electronic gadget can generate power at the same efficiency as a
10 MW fuel cell power plant.

• A wide range of fuels may be used for fuel cells.
• As the reaction inside a fuel cell occurs between specific ions only, it limits the release

of NOx and SOx to the environment.

Disadvantages:

• Fuel cells are expensive compared to other energy producing technologies at least at
the moment.

• Most fuel cells use hydrogen as fuel, and it impedes commercialisation of these devices
because of the cost and complexities associated with the production, storage and trans-
portation of hydrogen.

• In comparison with batteries, fuel cells have lower power densities and shorter lifetimes.
• Impurity of fuel gas may poison catalysts in electrodes.

1.2 Modelling, State Estimation and Control

Process modelling, state estimation and design of the controller are part of advanced
process control strategies. They are intricately dependent on each other. For example,
building a model (whether it is first-principle or data-based, linear or nonlinear, 0D or
3D model) affects the design of the controller and state estimation techniques. Thus,
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the modelling of a process should always be based on the objective. A simple model
developed for the purpose of control may perform better than a complex 3D model,
which, on the other hand, may be suitable for design and performance analysis of the
process. In simple words, the modelling objective of this book can be stated as finding
a model that is suitable for controller design.

Similarly, controller design and state estimation techniques should be objective-
oriented. A process expressed by a complex model may be stable enough to be controlled
by a regular proportional integral derivative (PID) controller. On the other hand, a
simple process may have a lot of environmental and economic constraints, requiring a
multivariate controller to maintain the optimal performance of the system.

An SOFC system, which exhibits highly nonlinear characteristics, needs to be studied
by various modelling, estimation and control techniques. This book covers all these three
inter-related aspects, that is, modelling, state estimation and control.

1.3 Book Coverage

The book consists of three parts. Part I provides a tutorial of the fundamental principles
used in the subsequent chapters. Specifically, chemical engineering principles, system
identification, state estimation and model predictive control are applied to fuel cell systems
and thus their fundamentals are covered in Part I.

Part II focuses on detailed and simplified dynamic modelling of tubular SOFC cells.
The first-principle modelling considers all dynamics of the flow, including mass, energy
and moment balances.

The data-based modelling in Part II is based on the system identification approach,
which is presented in detail in Part I. Various aspects of system identification are illustrated
through applications in the modelling of the fuel cell. As a natural outcome of system
identification, the models identified are used for feedback control design including PID
and IMC.

Recent advances and growing interest in fuel cells have led to a lot of activities on not
only the modelling of fuel cells but also their system components. These models range
from zero-dimensional to complex three-dimensional models and also cover the area of
performance evaluation and optimal design of the fuel cell. However, little work has been
done on developing control relevant models on the system level that sufficiently describe
the fuel cell system dynamics, yet are simple enough for control design. This motivated
us for developing lumped models of fuel cell and BOP to form a fuel cell system in
Part III. To diversify the coverage of the book, Part III is devoted to the planar SOFC.

A wide range of linear and nonlinear control techniques have been developed and
implemented in various industries. Especially during the past decade, with the advent
of cheap computational power, a trend shifted from traditional PID controller towards
previously non-implementable controllers, such as nonlinear model predictive controller
(NMPC). This led us to attempting NMPC in SOFC systems along with optimisation to
maximise electrical energy generated from SOFCs.

1.4 Book Outline

The book is organised as follows:
Chapter 2 provides an introduction to chemical engineering fundamentals, which are

the basis for first-principle modelling in the subsequent chapters.
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Chapter 3 provides foundation for system identification, including discrete-time
representation of processes, signals, input design and model structures for data-based
modelling.

Chapter 4 presents introduction to advanced topics in system identification, including
prediction error method, nonlinear identification, model validation, practical issues, close-
loop identification and subspace identification.

Chapter 5 introduces state estimation methods along with parameter estimation. The
focus of this chapter is on Unscented Kalman Filter, as this will be used in model pre-
dictive control of SOFC in the subsequent chapter.

Chapter 6 provides a tutorial overview on both linear and nonlinear model predictive
controls (MPC). Following the current industrial practice in the application of MPC, the
economic optimisation strategy is also discussed.

Chapter 7 gives a detailed application of the first-principle approach to dynamic mod-
elling of tubular SOFC. This chapter illustrates in detail how the chemical engineering
principles, discussed in Chapter 2, can be applied to solve modelling problem for fuel
cell processes.

Chapter 8 applies chemical engineering principles to derive a reduced order dynamic
model useful for control design. This chapter can also serve as a self-contained introduc-
tion to SOFC operation principles and simplified modelling procedure.

Chapter 9 illustrates in detail how a system identification approach can be applied to
solve practical data-based modelling problems for SOFCs. On the basis of the identified
models, conventional feedback controllers are designed and simulated for tubular SOFC.

Chapter 10 gives a detailed application of the first-principle approach to dynamic mod-
elling of planar SOFC.

Chapter 11 considers first-principle modelling of an entire fuel cell system, including
BOPs, and how components can be combined to form a system.

Chapter 12 illustrates the design of model predictive control for the SOFC system,
including state estimation, linear MPC and nonlinear MPC.

Depending on readers’ background and interest, they can read the entire book according
to the sequence of chapters or they can selectively read some of the chapters. In the latter
case, the suggested route of readings, based on the reader’s background, is as follows:

1. For readers who are interested in first-principle-based modelling, the sequence of read-
ing is

Chapter 2 → Chapters 7, 8 → Chapters 10, 11

2. For readers who are interested in first-principle-based modelling as well as control, the
sequence of reading is

Chapter 2 → Chapters 5, 6, 7, 8 → Chapters 10, 11, 12

3. For readers who are interested in the data-based system identification approach, the
sequence of reading is

Chapters 3, 4, 5 → Chapter 9

For additional supporting material of the book, we refer to the book homepage at
http://www.ualberta.ca/∼bhuang/SOFCbook/.




