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1. Introduction

1.1 Background

Climate change, induced by global warming due to the extensive emissions of
greenhouse gases from mankind’s modern industrial activities, is often presented
as the greatest challenge of our time. The majority of the greenhouse gases caus-
ing climate change originate from the utilization of fossil fuels for energy produc-
tion and transportation. Thus the significant reduction of these emissions is a key
element in mitigating climate change before irreversible damage is done to our
planet.

The reduction of greenhouse gas emissions poses a severe challenge, as the
modern energy production ecosystem is mostly based on the utilization of fossil
fuels, such as coal and oil, both for transportation and for stationary applications.
Changing this on a global scale is a challenge in the political, the economic as well
as the technological sense.

However, certain changes in the paradigms for energy production and use are
emerging. The utilization of non-fossil, renewable sources, such as solar and wind
energy, has gained ground and enables energy production without any net green-
house gas emissions. It is clear that with novel technologies the greenhouse gas
emissions can be reduced significantly. The need for such technologies is urgent.

Fuel cells are power sources which convert the chemical energy of the inlet fuel
electrochemically to electricity and heat. They are one promising energy technolo-
gy that could mitigate global warming by significantly increasing the efficiency of
electrical power production: even 60% net electric efficiency has been demon-
strated [1]. Other advantages include minimal local emissions, low noise and
scalability to different ranges of output power while maintaining high efficiency.
Fuel cells can be used in a wide range of applications as portable power sources
and auxiliary or main power units for vehicles, as back-up or uninterrupted power
supply units, and in distributed or central heat and power production.

Solid oxide fuel cells (SOFCs), the topic of this thesis, are well  suited for sta-
tionary applications, i.e. to produce combined heat and power (CHP) for residen-
tial households [1] [2] [3] and in medium-scale distributed generation [4] [5]. In
addition to CHP applications, stationary SOFC systems are used in premium pow-
er applications to provide an uninterrupted power supply e.g. for data centres [6].
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Besides stationary applications, SOFC-based auxiliary power units for heavy-duty
vehicles are also being developed [7] [8]. The first SOFC-based products are
currently entering the market: in 2012 ca. 23,000 systems were shipped worldwide
to customers, mainly in Japan [9].

The SOFCs provide greater fuel flexibility than most other fuel cells types. As
well as hydrogen, which is the primary fuel for most fuel cell types, SOFCs are
able to utilize fossil or renewable hydrocarbon fuels, such as natural gas. This
simplifies the required fuel processing equipment. The fuel flexibility is enabled by
internal fuel reforming, i.e. the capability to convert conventional hydrocarbon fuels
such as methane to syngas containing hydrogen. Thus deployment of SOFCs is
potentially simpler and less expensive compared to other fuel cell types which use
hydrogen as a fuel.

An SOFC system operates at a high temperature, typically above 700 °C. Fig-
ure 1 illustrates the fundamental design and the operating principles of an SOFC
system. In addition to fuel, air is fed to the system to enable the electrochemical
reactions and also for thermal management purposes. The heart of the system is
the energy-producing SOFC stack assembly. Due to the high operating tempera-
ture of SOFCs, the inlet air must be preheated in the Balance-of-plant (BoP) sec-
tion by recuperating heat from the stack off-gases and by burning unspent fuel.
Fuel pre-reforming equipment is needed to safely process the inlet hydrocarbon
fuels before supplying them to the SOFC stack.

Direct current (DC) produced in the SOFC must be treated with power conver-
sion equipment to convert it to grid-compliant alternating current (AC) of suitable
voltage and frequency. The heat in the exhaust gases can be utilized e.g. for dis-
trict heating. A control system and relevant process measurements are needed to
monitor and regulate the entire system in order to realize its safe, reliable and
efficient operation. Additionally, safety and start-up equipment are required to heat
up the system and the stack to the operating temperature, and to protect the sys-
tem and its surroundings from damage in the case of failures.

Figure 1. The basic structure of a stationary SOFC power plant.
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Even though SOFC systems are gradually entering the market, their wide-spread
use is still hindered by a combination of several issues, primarily their cost, life-
time, reliability and robustness.

The cost of SOFC systems is still high: ca. 6,000 €/kW is a widely declared [10]
(but unverified) value for Bloom’s 200 kW larger stationary systems in the USA.
CLFC’s residential units are sold for ca. 13,500 €/kW in the U.K. [11]. It has been
estimated that the economically feasible investment cost for the system is ca.
1500 €/kW and the early markets must be supported by subsidies and incentives
in order to build up the industry to a commercially competitive level [12].

The main cost element in the stationary SOFC power plants is the stack mod-
ule containing the SOFC stack aggregate and the related peripherals. It has been
presented that 21–75% of the systems’ total cost can be due to the stack module.
Of the other system components, fuel processing, control and air equipment have
been all deemed as the most substantial contributors to the final system cost. [13]
[14] [15]. The discrepancy of the results demonstrates well that the final cost of
systems is dependent not only on the stack module, but also on the overall system
design and the chosen components.

Due to their high cost, a sufficiently long lifetime for the SOFC stacks is the
prime requirement for commercialisation of SOFC power plants. The SOFC exhib-
its inherent performance degradation during its active operation and a lifetime of 5
years with a performance degradation of less than 0.25% kh-1 is typically present-
ed as a prerequisite for commercial viability [14] [16]. Currently the research ef-
forts in the field of planar SOFC stack technology are reaching these targets [17]
[18]. However, these accomplishments still remain to be transferred from laborato-
ries to commercial mass production and to the systems.

As opposed to e.g. combustion engines, fuel cell stacks have no moving parts.
Therefore they have a potential for extended periods of reliable and robust, unin-
terrupted operation. Currently, however, with low production numbers of the sys-
tems and limited operating experience of their BoP components, unexpected
component failures are a common reason for operation interruptions, which may
also cause damage to the costly SOFC stack [1] [19] [20] [21].

1.2 Thesis objectives and scope

The research work covered by this thesis stemmed from Finnish SOFC R&D pro-
jects initiated in 2002, which targeted to realize a commercially viable stationary
SOFC CHP system utilizing the planar stack technology [14] [22].

Research on system design and components was required to discover feasible
technical solutions which would enable reaching the targeted electrical efficiency
of 45% for the final products [14]. Moreover, the degradation rate and other char-
acteristics of planar SOFC stacks in a system environment were to be investigated
in order to understand their suitability for commercial deployment. The reliability,
durability and characteristic performance of most BoP components in their actual
working environment were also insufficiently established at that time. Research
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was needed to identify suitable commercially available products or to develop
them in-house if no such components were available.

In various fuel system design approaches, the focus of the research was on the
so-called anode off-gas recycling (AOGR) concept. AOGR was selected to elimi-
nate the need for external water supply during active operation of the systems,
improving their self-sufficiency and robustness towards external disturbances.

It was realized that during active system operation, the operating environment
of the costly SOFC stack must be controlled rigorously. Overheating, fuel starva-
tion and carbon formation were identified as major operational concerns as they
might lead to accelerated performance degradation or irreversible damage. Simpli-
fication of the instrumentation arrangements and the peripheral equipment needed
for stack control and protection was identified as one of the necessary research
topics.

Two tangible objectives were formulated for this thesis work:

1) Design an SOFC system concept having a high electrical efficiency and
self-sustained operational capability. Prove the feasibility of the design and
its components by building and operating a proof-of-concept system proto-
type.

2) Develop solutions which improve the operation of SOFC systems by pre-
venting fuel starvation, carbon formation or overheating. Validate them ex-
perimentally using the constructed proof-of-concept system.

The first objective of building an actual proof-of-concept system was motivated by
the fact that even though there are several simulation works available in the litera-
ture [15] [23] [24] [25] [26] [27] [28], there are fewer actual implementations of
such proof-of-concept prototypes. Moreover, such actual implementations of
SOFC systems are typically developed by industrial companies, and the compo-
nent information, detailed design and controls are not available for public re-
search. Thus designing and building complete system hardware was considered
to provide novel information on the selection of BoP components and overall lay-
out design.

A similar motivation is present for the second objective of improving the opera-
tion of SOFC systems. Research conducted with complete system hardware in-
stead of computer simulation tools would inherently steer the work to face real,
previously unsolved or unreported challenges. Additionally, the objective of vali-
dating the developed methods in actual system conditions was considered benefi-
cial to promote the exploitation potential of the results by the industrial companies
developing the SOFC stacks and systems.
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2. Research questions

The contribution of this thesis work to the design and operation of SOFC systems
is presented by answering five specific research questions, described in the fol-
lowing.

2.1 Design and components for an SOFC system [P1, P2]

To date, several prototype and pre-commercial systems have been produced and
tested. However, the design concepts of these systems differ with respect to the
system layout, stack design, fuel processing techniques and BoP components. A
difficult situation arises for system developers when trying to select the system
design and components: there is no single prevailing design or set of components
to realize a feasible SOFC system. Thus the first research question of this thesis
project was:

1. What is a feasible design and set of components for an SOFC sys-
tem?

Furthermore, according to the previously mentioned objectives, the system design
should realize high electrical efficiency, above 45%, and use anode off-gas recy-
cling to enable self-sufficient operation without an external water supply.

Question 1 is addressed in Section 4.1 based on [P1] and [P2]. In [P1], the fea-
sibility of basic BoP components that are needed to build SOFC systems is inves-
tigated by experiments in their operational environment. In [P2], the design and
implementation of a complete 10 kW proof-of-concept SOFC system incorporating
an anode off-gas recycle loop is described. The validity of the design is investigat-
ed by long-term experiments.

2.2 Operation of a pre-reformer with anode off-gas recycling
[P3]

In all SOFC systems employing a catalytic fuel processing system, it is important
to establish correct dimensioning and a safe operating envelope for the fuel pro-
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cessing catalyst. These issues are emphasised in systems with anode off-gas
recycling, since the flow rates are higher compared to systems without gas recy-
cling and the operating conditions favour carbon formation. Thus the relevant
research question when assessing the design and operation of the fuel pre-
reformer in a system with AOGR is:

2. What are the conditions for efficient and carbon-free operation of a
fuel pre-reformer with anode off-gas recycling?

This research question is addressed in Section 4.2, in which the results of [P3]
provide specific information on the feasible operating conditions enabling carbon-
free and efficient operation when using a specific precious metal catalyst.

2.3 Leakages of an SOFC stack in the system environment
[P4]

SOFC stacks require sufficient gas-tightness for successful operation. Leakages
between the fuel and air streams flowing through the stack mean that less fuel is
left available for the electrochemical reactions, and if the leakages are high
enough they may lead to fuel starvation and permanent damage to the SOFC
anode. Therefore, quantification of the stack leakages is relevant for efficient and
safe design and operation of SOFC systems, which leads us to the third question
of this dissertation:

3. How is it possible to detect and quantify stack leakages and their ef-
fects in SOFC systems?

This question is addressed in Section 4.3, in which [P4] describes a method to
detect and quantify the stack leakages in an SOFC system.

2.4 Protection of the SOFC stack during heat-up [P5]

Fuel starvation can lead to re-oxidation of the nickel on the SOFC anode, which
can lead to irreversible damage to the whole stack. Fuel starvation and anode re-
oxidation must be prevented not only during normal system operation, but also
during the system heat-up and cool-down cycles. A conventional method for an-
ode protection is to supply a reducing, pre-mixed protection gas from pressurized
gas storage. However, the use of a pre-mixed gas storage is not desirable due to
the consequent servicing requirements, leading to the fourth research question of
this thesis:

4. How is it possible to protect the SOFC anode from re-oxidation without
using a pre-mixed safety gas during system heat-up?
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This question is addressed in Section 4.4, where an operational strategy to heat-
up an SOFC system without a pre-mixed safety gas is presented based on [P5].

2.5 Thermal management of an SOFC stack [P6, P7]

The temperature inside an SOFC stack affects both its performance and its life-
time. Therefore, monitoring and regulating the internal temperature of the stack is
important for system operation, but the required sensor arrangements can be both
costly and complex., Estimating the stack temperature indirectly from other readily
available process measurements is therefore motivated, leading to the fifth and
final research question of this dissertation:

5. How is it possible to estimate and regulate the internal temperature of
an SOFC stack during system operation?

This question is addressed in Section 4.5 based on [P6, P7]. In [P6] an approach
is described to realize a stack temperature estimate based on designed experi-
ments, experimental data and multivariable regression (MLR) models. In [P7], the
approach is validated by applying an MLR-estimate in closed-loop temperature
control of an SOFC stack in an actual system environment.
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2.6 Research process and article relations

The research process and the primary relations between the articles and the re-
search questions are depicted in Figure 2. The research questions are interlinked
as they all address issues related to the design and operation of stationary SOFC
systems. The extent of the research questions varies: the first question addresses
the components, design and operation of entire systems, whereas the latter four
questions focus on a specific topic related to the design and operation of SOFC
systems.

Figure 2. Relations between the objectives of the thesis work, the articles and the
research questions.

The first phase of the research work was focused mainly on system design issues.
The starting point was identification and development of the necessary BoP com-
ponents suitable for SOFC systems [P1]. These BoP components were adopted
and used to realize a feasible SOFC system design [P2], enabling the construction
of the 10 kW proof-of-concept stationary SOFC system. It should be noted that the
system design described in [P2] also included important research and develop-
ment efforts outside the scope of this thesis. In particular, the various components
used in the 10 kW system were dimensioned by utilizing the ProSofc simulation
tools [29] [30] developed in-house at VTT. The simulation work was closely cou-
pled to the thesis work, as the results of [P1] and [P3] were used to formulate the
functionality of models.

In the second phase, the research was focused more on the operational as-
pects of the SOFC systems. Here, the existing hardware – a 10 kW SOFC system
– was utilized as a research platform to develop, test and validate solutions which
can improve the systems’ operation as described in [P4–P7].
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3. Solid oxide fuel cell technology

3.1 Operating principle of an SOFC

In principle a fuel cell is a simple device. An SOFC consists of two electrodes and
a gas-tight ceramic electrolyte [31] [32] [33]. Figure 3 depicts the operating princi-
ple of an SOFC. The dense ceramic electrolyte becomes an ion conductor at high
temperature. Decomposition and reduction of oxygen occurs at the cathode by
electrons and the resulting oxygen ions are transported through the electrolyte. At
the anode, the oxygen ions react with the inlet fuel generating oxidation products,
heat and electrons. The electrons are freed through an external circuit enabling
electricity production, while the heat is vented from the cell with the oxidation
products and other gases.

Figure 3. The operating principle of a solid-oxide fuel cell.

The half-cell reactions occurring at anode and cathode, and the total reaction in an
SOFC operated with hydrogen, are given in Eqs. (1)–(3), respectively.

H + O H O + 2e (1)
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½O + 2e O (2)

H + ½O H O + 2e (800° ) = 189 kJ mol (3)

3.2 Current-voltage behaviour

The thermodynamic potential difference between the anode and cathode results in
a voltage difference over the SOFC. The reversible cell voltage for the system in
Eqs. (1)–(3) can be calculated by using the Nernst equation Eq. (4).

= + ln (4)

where  is the reversible voltage of an SOFC,  is the Gibbs free energy of the
total fuel cell reaction Eq. (3),  is the Faraday constant,  is the ideal gas con-
stant,  is the temperature, and  are the partial pressures of the reactants
and  is the partial pressure of the product.

The voltage of a fuel cell decreases due to non-ideal losses. The losses are
descriptively denoted by an overpotential which is required or a polarization which
arises, respectively, when current is drawn from the cell. The losses are catego-
rized as activation, ohmic and mass-transfer losses. Figure 4 depicts the cumula-
tive effect of the losses on the fuel cell voltage and the dominating loss mecha-
nism with respect to the magnitude of the current.
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Figure 4. Losses in a fuel cell during electrical loading

Activation losses are dominant at low current and are associated with electrode
reaction kinetics. Ohmic losses exhibit a linear relationship with the current and
are due to the electrical resistance of the various components of the fuel cell.
Finally, the mass-transfer losses occur at high current due to limited transport of
reactants to (or products from) the reaction sites at the electrodes. An SOFC is
rarely operated in the region of mass-transfer losses, due to risks associated with
fuel starvation and the subsequent risk of damaging the anode, as discussed in
more detail in the next sections.

3.3 SOFC systems

Figure 5 illustrates a general design for a stationary, natural gas fuelled SOFC
system with its basic components. The system components can be divided on the
basis of their functionality into different subsystems, which are briefly described in
the following. For more information on the different parts of the systems the reader
can consider the following comprehensive textbooks written on fuel cells and
SOFCs in particular [33] [34] [35] [36].
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Figure 5. An example of a stationary SOFC system design with its basic components

3.3.1 Solid oxide fuel cell stack

The normal operating voltage of a single SOFC is less than 1 V, typically in the
range of 0.7–0.9 V in the system environment. Therefore, to realize higher and
more practical voltage levels, the cells are connected electrically in series and
assembled together into stacks. Stacking is also needed to deliver the reactants to
the cells. SOFCs come in different geometries and designs, and can be divided
into tubular, micro-tubular and planar stack designs. Planar anode-supported
stack designs were used in this thesis work [37] [38].

Figure 6 depicts the basic structure of a planar SOFC stack design. Anode-
supported SOFCs have a thick nickel-ceramic anode electrode acting as a me-
chanical support for the cell. Metallic interconnect plates are employed to deliver
the gases to the electrodes and to connect the cells electrically in series [39] [40]
[41]. As discussed in Section 3.7, the gas-tightness of the stack is an important
characteristic which can affect the design and operation of the entire system. Gas-
tight seals are used at the interfaces between the cells and interconnect plates in
order to prevent mixing and oxidation of inlet fuel and air [42] [43]. Typically, a
compressive force is needed over a planar stack to achieve good electrical con-
tacts as well as sufficient gas-tightness between the different parts of the stack
assembly.
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Figure 6. Basic structure of an SOFC stack. Adapted from [44].

3.3.2 Air and gas supply

The oxygen needed in the electrochemical reactions taking place in an SOFC is
taken from the ambient air. The motive force for the air and fuel gas can be pro-
vided by various commercially available electric motor-driven blowers and com-
pressors, accompanied by filtering of airborne dust and particles [33]. The efficien-
cy of the air blower is an important parameter as it typically contributes significant-
ly to the system’s internal power consumption and the resulting net electric effi-
ciency [15] [24], Eq. (10). Commercially available side-channel blowers such as
that used for the 10 kW system in [P2] can achieve an efficiency of 35%.

3.3.3 Air pre-heating

The most significant design issue of the air processing subsystem is typically
related to air preheating [23] [34]. The inlet air must be heated close to the operat-
ing temperature of an SOFC stack in order to prevent excessive thermal gradients
and stresses. This leads to the requirement of a small temperature difference
between the air inlet and outlet of the stack, which in turn promotes the use of high
air stoichiometry (i.e. higher than the electrochemically necessary air flow) in order
to absorb the heat generated in the SOFC. The high air stoichiometry, the great
temperature difference from the ambient to the SOFC operating temperature and
the temperature difference over the stack necessitate a high heat transfer coeffi-
cient for the air system heat exchanger. Concurrently, the pressure drop of the air
system heat exchanger must be low enough to maintain the power consumption of
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the air blower at a tolerable level. Thus, an important design constraint for the air
side heat-exchangers is the maximum permissible temperature difference be-
tween the stack cathode inlet and outlet air [15]. Plate-type heat-exchangers are
typically employed in SOFC systems for their compact size, and were used in the
10 kW system described in [P2].

3.3.4 SOFC off-gas burning

Since the fuel is never fully utilized in the electrochemical reactions within the
stack during its normal operation, the SOFC anode off-gas contains unoxidized
fuel components, namely H2 and CO. The unspent fuel must be burned before
venting it to the exhaust, for safety reasons and to limit the system’s emissions,
especially the CO as well as NOx- and VOC-compounds, to permissible levels.
Burning the unspent fuel can be carried out e.g. in an adjacent chamber integrated
into the stack module, or by a separate burner component located downstream
from the stack exhaust [2] [19] [21] [45]. Catalysts are often employed to ensure
complete oxidation of fuel at temperatures below 900°C, where the formation of
NOx -emissions is still negligible.

The off-gas burner can also be utilized to alleviate the heavy pre-heat duty of
the air side heat-exchanger. The unspent fuel and the stack outlet air are mixed
and oxidized in a burner before supplying the flue gas to the hot side of the air
system heat-exchanger. This approach is considered beneficial in modelling stud-
ies and has been implemented in several SOFC systems in practice [2] [15] [20]
[21] [24] [45]. However, alternative approaches, in which the burner is located after
the air side heat exchanger, do also exist [19] [46]. The 10 kW system described
in [P2] used a catalytic burner located after the stack upstream from the air heat
exchanger.

3.3.5 Fuel processing

The fuel processing subsystem includes typically two steps: cleaning and fuel pre-
processing. Fuel cleaning is required to remove any sulphur compounds or other
impurities which could deactivate the catalysts in the system. The main function of
the fuel processing subsystem is to prevent carbon formation in the SOFC and
other system components, which is accomplished by reforming the fuel in a pre-
reformer before heating.

Heating the fuel directly to the operating temperature of the stack without pre-
processing it first at lower temperatures increases the probability of carbon for-
mation in the heat exchangers, the pre-reformer and especially in the SOFC stack
itself due to cracking of heavier hydrocarbons than methane [47]. Carbon for-
mation must be prevented since it can render parts of the fuel system non-
functional by e.g. blocking gas passage and deactivating catalysts. In addition,
heavier hydrocarbons can cause deactivation of the SOFC anode reforming reac-
tions [48], leading to decreased operating voltage and performance loss.
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Carbon formation is avoided with a fuel pre-reformer, the purpose of which is to
convert part or all of the inlet methane and all the heavier hydrocarbons into hy-
drogen-containing syngas. The selected pre-reforming technique has implications
for the design and operation of the SOFC system, affecting e.g. the pre-heating
requirements of the inlet gases and the attainable overall electrical efficiency.

There are two primary reforming techniques employed in SOFC systems: Cata-
lytic partial oxidation (CPOx), Eq. (5), and steam reforming (SR), Eq. (6). CPOx is
preferred for its simpler system design and SR for its high efficiency. Catalysts are
typically used to decrease the operating temperature and size of the pre-reformer
[35].

CH + ½O CO + 2H (25° ) = 37 kJ mol (5)

CH + H O CO + 3H (25° ) = 206 kJ mol (6)

CPOx reforming utilizes the oxygen in the ambient air to oxidize a part of the inlet
fuel according to Eq. (5). Additionally, the reaction in Eq. (5) is highly exothermic,
which assists in the preheating of the inlet fuel close to the stack temperature. The
major drawback of CPOx is a significant penalty to the net electric efficiency, as
ca. 25% of the inlet fuel is oxidized already in the reformer and thus does not
contribute to the electricity production.

Steam reforming as such does not decrease the electric efficiency, as the hy-
drocarbon fuel is reformed to carbon monoxide and hydrogen by using steam
instead of oxygen. However, it requires a higher pre-heating duty of the inlet gases
and/or of the pre-reformer itself due to the reforming reaction Eq. (6) being highly
endothermic. Full conversion of inlet methane by SR in the pre-reformer would
impose stringent heat transfer requirements for the fuel system’s heat recupera-
tion equipment. Fortunately, the nickel-cermet anode used in SOFCs is an effec-
tive SR catalyst, and therefore it is able to convert the inlet methane to hydrogen
internally. The heat absorbed by the endothermic SR reaction enables a signifi-
cant reduction of the cooling air flow, which typically has a further positive effect
on the system’s electrical efficiency [15] [24]. Thus full conversion of inlet methane
in the pre-reformer is not a required or even a preferred design approach, and
adiabatic steam reforming can be used to partially convert the inlet methane within
the SOFC stack [49]. Arguably, a pre-reformer is not necessarily needed at all in
the system if no higher hydrocarbons are present in the inlet fuel and if the stack is
capable of complete internal reforming.

Uninterrupted supply of steam is required in steam reforming, which can be ac-
complished either by using an external water supply or by recirculating the wa-
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ter/steam generated by the electrochemical reactions of the SOFC, as discussed
in more detail in Section 3.6.

3.3.6 Start-up & safety system

A start-up system is needed to heat up the stack and system components to their
designated operating temperatures [36]. System heat-up can be accomplished
e.g. by electrical heaters and start-up burners. During shut-down, system cool-
down occurs automatically when the power production in the system is discontin-
ued, and can be actively hastened with the air blower. A steam generator is need-
ed during the start-up of systems relying on steam reforming.

A safety system is required for cases of fuel supply failures or critical system
faults, such as gas leakages or component failures, which necessitate shutting
down the system completely. A special requirement for the safety system is the
protection of the stack’s anode from re-oxidation during thermal cycling of the
system [50] . Development work has been carried out to develop cells and stacks
capable of multiple reduction-oxidation (RedOx) cycles, but especially anode-
supported cell designs are still susceptible to RedOx and require protection sys-
tems: volumetric change of the thick anode support during the RedOx cycle can
create cracks in the electrolyte leading to leakages and detrimental combustion of
fuel and air. The most straightforward way to realize an anode protection system
and prevent re-oxidation is to supply a reducing atmosphere to the anode from a
gas storage [36].

3.3.7 Power conversion

A power conversion unit (PCU) is needed to convert the DC current produced by
the SOFC stack to grid-compatible AC current. The efficiency of the PCU contrib-
utes directly to the resulting net electrical efficiency of the system, see Eq. (10).
The DC-AC conversion is made using an inverter typically having an efficiency in
the range of 94–98% [36]. The inverter requires an input voltage of 410–1000
VDC [14]. Since the output voltage of an individual fuel cell stack is usually below
100 V, a boosting DC-DC converter can be used to generate an adequate inverter
input voltage as well as to provide galvanic isolation from the grid [51]. A DC-DC
converter will lower the total efficiency of the PCU, and the lower the stack voltage
and the higher the magnitude of the voltage boost, the higher is the penalty to the
efficiency. Alternatively, the inverter’s DC input voltage can be increased by con-
necting single stacks electrically in series, which increases the PCU’s efficiency
[14] and ultimately can eliminate the need for a DC-DC booster. However, a high
DC bus voltage will demand better electrical isolation at the high operating tem-
peratures of the SOFC, which may complicate system design or diminish system
reliability.
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3.3.8 System control

System control is needed to provide the desired electric and thermal power output
and to maintain the fuel utilization of the stack (to prevent fuel starvation), the / -
ratio of fuel system gases (to prevent carbon formation) and the temperature of
the components within safe boundaries.

Typically, the stacks are operated galvanostatically and thus the electric power
of the system is adjusted by regulating the DC-current drawn for the stacks [51].
The maximum rate of change of the DC-current must be limited to match the
slower transient response of other actuators of the system [28] used to supply
gases and regulate the temperature.

Generally, the inlet fuel flow rate is adjusted so that fuel utilization, defined in
Eq. (7), is kept close to but below a pre-defined maximum value. As discussed in
Section 3.5, the maximum permissible fuel utilization rate is dependent on the
used stack design. Too high fuel utilization may lead to non-optimal performance
of even to fuel starvation and anode re-oxidation.

= (7)

where  is the fuel utilization,  is the stack current,  is the number of cells
in the stack,  is number of electrons in a mole of fuel that participate in the
reaction and  is the Faraday constant and  is the inlet fuel flow rate.

The / -ratio is discussed in-depth in Section 3.6 but in brief, a sufficient oxy-
gen-to-carbon ( / ) ratio must be maintained in the fuel system gases in order to
avoid carbon formation. Carbon formation can occur e.g. by the Boudouard reac-
tion via disassociation of carbon monoxide (Eq. (8)) or due to hydrocarbon crack-
ing (Eq. (9)).

2CO C + CO (25° ) = 172 kJ mol (8)

CH C + 2H H(25° ) = 76 kJ mol (9)

The / -ratio can be maintained by external water supply and/or by recycling of
oxidation products of the electrochemical reactions back to the system inlet. / -
ratios of 2 are typically used for conventional steam reformers with external water
supply [34], and the required amount of water can be calculated directly when fuel
composition and flow rate are known.
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The temperatures of the system components, e.g. the stack and the burner
must be maintained within pre-defined values in order to prevent structural dam-
age or performance degradation. Temperature management can be accomplished
by adjusting the flow rates of the inlet air and fuel gases and by implementing
adjustable by-passes and splitters to change the temperature and/or flow rate of
the gases. Figure 5 illustrates such by-pass lines to regulate burner and stack
module inlet temperatures. A feedback value of the internal stack temperature is
required for system control as discussed in Section 3.9.

3.4 Efficiency and output power

The electrical output power and the efficiency of the SOFC system depend mainly
on the electrochemical performance of the stack, but also on the internal, parasitic,
power consumption of the BoP components, such as blowers, and the losses
related to power conversion from DC to AC. The output power of an SOFC system
is determined by Eq. (10)

= , , (10)

where  is the output power of the SOFC system, ,  is the output power of
the SOFC stack,  is the total efficiency of the power conversion unit and

,  is the parasitic power consumption of blowers and auxiliary equipment
of the system.

The net electric AC efficiency is determined by the system’s AC electric output
power and the reaction enthalpy of the inlet fuel flow according to Eq. (11).

= (11)

where  is the net electrical efficiency of the system,  is the output power of
the system, is the inlet fuel flow rate and  is the lower heating value of
the fuel.

The electrochemical performance of the SOFC stack has the most significant
impact on the achievable electrical efficiency of a complete system. Low area
specific resistance (ASR) is required from the stack in order to achieve a suffi-
ciently high power density, enabling compact stack size and high operating volt-
age, beneficial for the electrical efficiency of the system.

The maximum permissible fuel utilization rate, Eq. (7), is also a crucial charac-
teristic affecting the electrical efficiency of the system and so it has to be consid-
ered during system design and operation. The relationship between the DC elec-
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trical efficiency of the stack, the stack operating voltage and the fuel utilization rate
is given by Eq. (12).

= (12)

where  is  the  DC electric  efficiency  of  the  stack,  is the number of electrons
that participate in the reaction,  is the Faraday constant,  is the SOFC volt-
age,  is the lower heating value of the inlet fuel,  is the number of cells
in the stack and  is the fuel utilization.

The system’s net electrical efficiency relates to stack DC efficiency according to
Eq. (13).

= , (13)

3.5 SOFC system designs

3.5.1 System efficiency

Table 1 summarizes results from recent stationary SOFC system demonstrations.
Most results are from systems targeted for residential applications and having an
output power of less than 2 kW. Of these systems CFCL’s system [52] and the
Japanese Ene-Farm systems [3] are already available on the market. Bloom En-
ergy has installed several 200 kW systems [6] which claim higher than 50% effi-
ciencies [4], but no detailed information has been published on the system layout,
durability or efficiency. Apart from Bloom’s system, the results for other larger
stationary systems [19] [20] [P2] [45], have been obtained by using unique proof-
of-concept prototypes. Results for some of these systems are reported based on
the DC-efficiency, excluding the internal power consumption of the BoP compo-
nents.

The electrical efficiency of the systems in Table 1 ranges from 32% to 60%,
and is mainly determined by the used stack design and the choice of fuel pro-
cessing technique. Systems utilizing CPOx have efficiency below 35%, whereas
systems with SR achieve higher efficiencies. SR systems utilize different ap-
proaches to retain carbon-free operation: external water supply (ext), water recy-
cling (WR) and anode off-gas recycling (AOGR). The rationale of selecting be-
tween different fuel processing approaches is described in the following sections.
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Table 1. Overview of recent results for stationary SOFC systems. Adapted from
[20]

System
developer

Output
power AC DC

Fuel
processing

system

Degra-
dation

Test
period Ref.

kW % % % kh-1  kh

Bloom 200 / AC >50 -  - - - [4]
Wärtsilä 24 / DC 47 - SR / AOGR 0.7–0.9 2 [19]
FZJ 20 / DC 41 54 SR / ext - 5 [20]
AVL 6 / DC - 55 SR / AOGR - 1 [45]
NTT 6 / DC 44 56 SR / ext - 1
VTT (2010) 7 / AC 43 60 SR / AOGR 0.7 2 [P2]

VTT (2011) 8 / AC 49 - SR / AOGR - 2 [29]
[30]

CFCL 1.5 / AC 60 - SR / WR 0.5 8 [52]

ENE-farm 0.7 / AC 41–
47 - SR / WR 0.7 20–37 [3]

[53]
Hexis 1 / AC 35 - CPOx <1 14 [2]

SOFCpower 1 / AC 32 - CPOx - - [54]

All the systems presented in Table 1 employ different stack and stack module
designs. The output power of a single planar SOFC stack is usually in the range of
0.5–3 kW [1] [54] [55] [56] [57]. By using larger area cells the power output of a
single stack can be increased and up to 16 kW of electric power has been demon-
strated for a single stack [58]. The performance of recent stack designs is pre-
sented in the following sections. Smaller residential units incorporate a single-
stack module [1] [2] which can be tightly integrated to hot BoP components in
order to minimize thermal losses [52].
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Figure 7. The single-stack GennexTM SOFC module by CFCL [59]

In larger power systems, the output power of the complete system exceeds the
nominal output power of a single stack. Therefore multi-stack assemblies are used
for larger stationary systems [18] [19] [46] [56] [60]. In multi-stack systems, the
components are not as closely integrated due to the larger physical size of the
assembly, but the stacks and the BoP components are typically located in sepa-
rate modules (Figure 8). A modular design approach was also used in the proof-
of-concept system presented in [P2].

Figure 8. Modular multi-stack SOFC system concept by Wärtsilä [61]
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3.5.2 Stack efficiency

The maximum permissible fuel utilization rate of the SOFC stack limits the attaina-
ble electrical efficiency of the system. The fuel utilization rate of the stack may be
restricted within a specified range if the flow distribution in the stack or between
the stacks in a multi-stack system is not uniform [20]. A non-uniform fuel flow
distribution increases the risk of local fuel starvation and subsequent anode re-
oxidation in the stacks; this phenomenon is practically unavoidable in multi-stack
systems, in which the flow distribution changes depending on the quality of the
stacks [62].

Table 2 illustrates the efficiency of several planar SOFC stack designs based
on their recently reported nominal fuel utilizations and average cell voltages. The
attainable DC efficiencies for these stacks are calculated using Eq. (12) and the
values should be treated as indicative because the results for stacks are meas-
ured with differing inlet fuel mixtures.

Table 2. Fuel utilization, operating voltage and calculated DC efficiency for recent
planar stack designs.

Stack
developer

Electric
power

Fuel
utilization

Avg. cell
voltage

Fuel gas
in test

DC
efficiency Ref

kW % mV %

CFCL 1.7 85 839 natural
gas 691 [52]

VPS
(2013) 16.0 68 840 synth.

reformate 551 [60]

TOFC 1.5 65 800 - 501 [63]
VPS

(2009) 10.5 62 820 synth.
reformate 481 [64]

IKTS 1.1 80 721 H2-N2 mix 462 [56]
sunfire 1.0 75 737 H2-N2 mix 442 [46]

1LHV of methane (803 kJ mol-1) 2LHV of hydrogen (242 kJ mol-1)

As seen in Table 2, most planar stack developers use fuel utilizations between 65
and 80%. The stacks with a higher operating voltage (>800 mV) require relatively
low fuel utilization levels (<70%) and vice versa. Except for the CFLC stack, which
is capable of both high fuel utilization and a high operating voltage and, conse-
quently, a high efficiency of 69%, the DC-efficiency of planar SOFC stacks re-
mains at 55% or below. For these stack designs, the stack fuel utilization and
voltage will set the practically attainable AC efficiency below the same value.

The stack used in the 10 kW system [P2] corresponded to the VPS stack tech-
nology of 2009 [64] in Table 2. A typical fuel utilization rate of the stack was
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61.5%, restricting its DC efficiency to below 50% without the use of anode off-gas
recycling, as discussed in the next sections.

3.5.3 Water recycling

The FZJ and NTT systems, in Table 1, utilize steam reforming with external water
supply. The systems are reported to achieve efficiencies above 40%. The use of a
continuous external water supply during active operation renders the systems
vulnerable to disturbances in the water supply, increases the servicing needs and
increases the cost of the systems due to the required inlet water purification sub-
system (filtered and ion-exchanged water is needed). Thus the use of an external
water supply is not a preferred approach for SOFC system design.

The water demand for steam reforming systems can be fulfilled without any ex-
ternal supply by water recycling (WR), and this approach has been used in CFLCs
and the ENE-Farm systems (Table 1). These systems can achieve a net AC effi-
ciency of 60% and 45%, respectively.

Water recycling is obtained in practice by condensing the water from the ex-
haust gases and then pumping the liquid water to and evaporating it at the fuel
system inlet by using the system’s excess heat. The WR method is therefore an
alluring option to realize an SOFC system’s fuel processing due to its potential
simplicity: low-cost equipment is available to pump the liquid water, to clean the
water (de-ionizer) and to evaporate it.

The WR method will, however, require a period of external water supply during
system heat-up when no steam is generated in the SOFC. Furthermore, the sys-
tem’s water self-sufficiency is related to the amount of condensate recovered from
the exhaust, and prolonged independent system operation may not be possible
without an external water supply [1]. The exhaust gas must be cooled below the
dew point temperature in order to collect enough water for recycling. Higher air
stoichiometries will increase the cooling duty of the exhaust gas condenser since
the partial pressure of the steam is decreased at the exhaust. With an air utiliza-
tion of 20%, the exhaust gases must be condensed close to 30°C in order to
achieve steam-to-carbon ratios of 2 for the inlet fuel gas mixture, a commonly
used value for carbon-free operation.

3.5.4 Anode off-gas recycling

The anode off-gas recycling (AOGR) concept, one main topic of this thesis work,
provides an alternative approach to eliminating the need for an external water
supply during active operation of the SOFC system. AOGR enables increasing the
electrical efficiency of the stack while still maintaining the fuel utilization rate of the
stack at a permissible level.

In AOGR, a part of the anode exhaust gas, which contains primarily steam,
carbon dioxide and unoxidized fuel, is recycled back to the system inlet. The tem-
perature of the recycled gas should preferably be as high as possible. A high
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AOGR flow temperature will pre-heat the inlet gas, thus decreasing the heating
duty of the fuel heat-exchanger before the pre-reformer. Compared to WR, AOGR
requires more complex equipment due to the higher temperature of the recirculat-
ed fluid. An ejector or a special purpose high-speed blower is required to provide
motive force to the recycle flow. Generally, the higher the AOGR temperature is,
the more challenging it is to realize it in practice. However, modelling studies indi-
cate that AOGR can provide higher electrical efficiencies compared to the WR
approach [27] in a complete system.

The most distinct benefit of AOGR over WR materializes when a system design
pursues electrical efficiencies above the DC efficiency limits set by the stack’s fuel
utilization: by recycling the unspent fuel the inlet fuel flow rate can be decreased
and the system fuel utilization can be increased while still maintaining the stack
fuel utilization at a desired level according to Eq. (14) [27].

= (14)

where  is the system fuel utilization,  is the stack fuel utilization and
is the recycling ratio.

Recycling ratio is calculated according to Eq. (15).

= (15)

where  is the recycle gas flow rate and  is the stack anode side outlet flow
rate.

In addition to the unspent fuel, the anode off-gas contains the oxidation prod-
ucts of the electrochemical reactions, which dilute the inlet fuel. Therefore use of
AOGR can decrease the attainable cell voltage, and the higher the recycling ratio
is the higher is the voltage decrease. In [65], experimental work with single cells
indicates that the benefits of decreased inlet fuel flow outweigh the penalties of
decreased cell voltage, resulting in significantly increased DC-efficiency, but only
up to a certain maximum  limit. The authors observed that with a given ,
there was an optimal  value at which the DC-efficiency of a SOFC was maxi-
mal.

Clearly, the AOGR concept is necessary if a system is intended to have a high-
er electrical efficiency than is dictated by the allowable . Otherwise the

restriction will limit the system’s electric efficiency below 50% for most of
the planar stack designs presented in Table 2. There are several modelling works
available assessing the design of atmospheric SOFC systems with gas recycling,
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but fewer experimental works are available which deal with or report the feasibility
of actual implementations of such systems [23] [24] [27] [66] [67].

In [P2], a proof-of-concept design is presented for an SOFC system using a
blower-based AOGR concept. Prior to [P2], there is only one reported study
known to this author in which a blower-based AOGR concept was used success-
fully in a complete system: Wärtsilä achieved a net AC efficiency of 47% with a
multi-stack assembly using lean landfill site gas as a fuel [19]. After [P2], AVL and
FCE have presented blower-based system concepts reporting DC-efficiencies of
56% and 64%, respectively [45] [60]. Additionally, in [68] DC-efficiencies up to
63% were achieved with a laboratory prototype system using a blower-based
AOGR concept, but certain fundamental system components e.g. an exhaust
burner were not used in the experiments.

3.6 Fuel pre-reforming with AOGR

One of the major operational concerns in an SOFC system is the risk of forming
solid carbon in the stack or other system components such as the fuel pre-
reformer. The thermodynamic equilibrium is often used to assess the risk of car-
bon formation by calculating a carbon limit temperature below  which  there  is  a
thermodynamic potential to form carbon [27] [67] [47]. At equilibrium, the carbon
limit temperature depends only on the atomic C/H/O-ratios and the pressure of the
fuel system gas (see e.g. [35] for a more detailed description).

In a system with AOGR and no external steam supply, the only source of car-
bon and hydrogen is the primary inlet fuel. Furthermore, oxygen may enter the fuel
system only through the SOFC electrolyte. Considering that the system operates
at a nearly constant pressure and that the / -ratio in the primary fuel is rather
constant and known, the limit temperature for carbon formation in the fuel subsys-
tem can be estimated based only on the ratio of oxygen to carbon. The / -ratio
is defined according to Eq. (16).

/ =
xCO+ 2xCO2+ xH2O

xCH4+ xCO+ xCO2+ + nxCnHm
(16)

where x is the molar fraction of the oxygen or carbon-containing component in the
gas.

A higher / –ratio will mitigate the risk of carbon formation, since the carbon
limit temperature decreases with increasing / -ratio. For example, according to
the equilibrium, with an / -ratio of 1.5 or higher, carbon formation is not possible
at temperatures above 650°C. Since planar SOFC stacks typically operate at
higher temperatures, the / -ratio of 1.5 can be considered as a minimum practi-
cal safety limit during normal operation of an SOFC stack.
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In an AOGR system, increasing the recycling ratio will increase the / -ratio of
the fuel system gases, thus lowering the carbon limit temperature. Figure 9 depicts
the carbon limit temperature with a varying recycling ratio. It can be seen that an

 of ca. 50% is needed to maintain carbon-free conditions above 650 °C i.e. at
typical SOFC operating temperatures.

Figure 9. Carbon formation limit as a function of recycling ratio. Fuel: methane,
: 60%. [69]

In addition to the stack, carbon formation in the pre-reformer must also be consid-
ered. This is especially relevant when using planar SOFC stack designs capable
of achieving a high degree of internal reforming. For such stacks, adiabatic steam
reforming is the preferred fuel-processing solution [14] [35] [52]. In adiabatic steam
reforming, the inlet fuel gas is pre-heated, typically to 500–650 °C, and converted
to its equilibrium composition and temperature in a pre-reformer reactor upstream
from the SOFC stack. According to the equilibrium, and with typical SOFC system
gas compositions, 10–25% of the inlet methane and all heavier hydrocarbons are
converted and a temperature of 450–550 °C is reached at the reformer outlet.
Catalysts are employed in pre-reformers to ensure that the equilibrium conversion
is reached.

Using Figure 9 it can be seen that with a pre-reformer temperature of 450 °C, a
higher  of ca. 70% is needed to reach carbon-free conditions, compared to the
minimum  of 50% dictated by the stack temperature. When  and the recycle
flow rate are increased, the parasitic power consumption of the recirculation
equipment, as well as size and cost of the fuel processing systems’ components to
maintain their pressure losses at a tolerable level, will also increase. Additionally,
as shown in [65], the DC-efficiency of the SOFC can decrease rapidly when the

 is increased above a critical limit. Thus information concerning the carbon-free
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operating conditions of the pre-reformer catalyst with respect to the minimum
permissible  and / -ratios is relevant for SOFC system design and operation.

The reformer catalysts can be divided into nickel and precious metal catalysts,
based on the catalytically active material. Conventional Ni-based pellet catalysts
have been utilized widely for adiabatic pre-reforming of natural gas and other feed-
stocks in the petrochemical industry. The industrial-scale use of Ni-based catalysts
provides a good understanding of their capabilities and operational restrictions
(see e.g. [35]). Ni-catalyst can be operated at conditions in which carbon formation
is predicted to occur at equilibrium [47]. It has been shown that / -ratios as low
as 1.0 (corresponding to  below 40%) are usable for an SOFC pre-reformer
employing a Ni-based catalyst [70]. Moreover, since the Ni-based catalysts offer
sufficient reforming activity with low cost and high availability, there are several
SOFC systems and pre-reformers known to use Ni-based reforming catalysts for
natural gas reforming [14] [71] [72] [73] [74].

Precious metal catalysts have been less investigated due to their higher price.
However, precious-metal catalysts, based on e.g. Rh, Ru or Pt, can offer several
advantages over Ni-based catalysts [35] [75]:

 Precious metals have higher activity
 Risk of carbon formation is lower over precious metals
 Precious metal catalysts are typically non-pyrophoric at elevated tem-

peratures and retain their activity under oxidizing conditions, making
them easier to handle and dispose. By comparison, the Ni-based cata-
lysts lose activity in contact with gas-phase oxygen, after which they
require pre-treatment in a reducing atmosphere before re-use.

 Precious metal catalysts are suitable for both steam as well as CPOx
reforming.

The use of precious metal catalysts enables smaller and more compact reactors
as well as safer, simpler and more robust design and operation of the fuel pre-
reformer. However, feasible sizing, wider carbon-free operating conditions as well
as the durability of the precious metal catalysts should be established before using
them in stationary SOFC systems.

There are only a few studies known to the author in which precious metal cata-
lysts have been used for steam reforming in an SOFC system with anode off-gas
recycling. In [68] and [76] a precious metal catalyst was used in a prototype sys-
tem with an AOGR loop. In [65] a precious metal catalyst was used in a single-cell
test stand. The authors used high operating and/or inlet gas temperatures, above
700°C, for the pre-reformer, in which more than 50% of the inlet methane was
converted. To retain the potential benefits of the internal reforming capability of the
SOFC stack, the operation of precious metal catalysts should also be assessed at
lower temperatures. The work described in [P1] is the first publication known to the
author in which a precious metal catalyst was used for adiabatic steam pre-
reforming in an SOFC system. The investigation was continued in [P3], in which
the carbon-free operation and feasible dimensioning of a precious metal catalyst
using AOGR gas was resolved.
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3.7 Stack leakages

The planar anode-supported SOFC designs require gas-tight seals between the
cells and interconnect plates in order to prevent mixing and subsequent oxidation
of the inlet fuel and air [42] [43]. Leakages have been reported to lead to operation
restrictions [45], performance loss [54] [68], anode re-oxidation [21] or higher
degradation rates [56] of the stacks. Additionally, seal failure can cause leakage of
flammable gas to the ambient, which necessitates shutting down the system [20].
To improve gas-tightness, a compressive force is applied on the stack. Neverthe-
less, perfect gas-tightness is never achieved and experimental work has shown
that as well as the seals, the cells themselves can exhibit intrinsic leakages during
operation [77]. Thus the effects of intrinsic leakages, i.e. specific for the given cell
and stack type, as well as the possibility of seal failure and resulting gas leak,
must be taken into account in the design and operation of the systems.

The leakages can be considered in the design of a stack module. Naturally, a
stack module requires efficient thermal insulation to minimize thermal losses.
Additionally, a compression system is required for gas-tightness as well as well-
defined interfaces for gases, current collection and instrumentation. Stack leak-
ages can be accounted for in the design of the stack modules by employing an
enclosure around the stack, which provides sufficient gas-tightness in the prevail-
ing over-pressure of the system [8] [57] [58] [78]. Fuel leakages can then be venti-
lated from inside the gas-tight enclosure in a controlled manner preventing gen-
eration of explosive mixtures. The ventilation can be arranged e.g. by so-called
internal air flush, in which the inlet or exhaust cathode air is used to ventilate the
leakages from the module enclosure [8] [58] [78].

The leakages should also be taken into account in the system operation. Stack
leakages cause uncontrolled burning of fuel and thus dilute the fuel gas, which
lowers the stack voltage and the DC-efficiency as well as increasing the fuel utili-
zation. Ultimately, leakages can cause local fuel starvation at the anode, again
leading to re-oxidation of the nickel and so to irreversible damage [79].

On the system level, the effect of leakages on the fuel utilization of the stack
can be estimated using Eqs. (17)–(19), in which it is assumed that both air and
fuel leakages occur at the fuel inlet of the stack.

=
( )

( ) , (17)

where , calculated according to Eq. (18), is a coefficient describing the fraction
of the electrochemically convertible fuel which is burned due to the air leakage to
the stack inlet, i.e. the increase in the system’s fuel utilization. , calculated
using Eq. (19), is a coefficient describing the fraction of fuel gas leaking from the
stack inlet.
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= , 2 (18)

=
,

(19)

In Eq. (18),  is the flow rate of oxygen leaking from air to the fuel side of the
stack. In Eq. (19)  is the flow rate of stack inlet fuel gas and  is the
flow rate of fuel leaking to the air side of the stack.

Figure 10 illustrates the effects of leakages to the fuel utilization of the SOFC
stack with and without AOGR. Systems utilizing AOGR suffer a relatively larger
penalty for the stack fuel utilization. This is due to the effect of the leakages on the
stack exhaust gas: less fuel is present in the recirculated exhaust gases compared
to the no-leak case. According to Eq. (17), the effects of leakages on the stack fuel
utilization can be compensated by decreasing the fuel utilization of the system or
by increasing the recirculation ratio.

Figure 10. Effect of (a) air and (b) fuel leakage on the fuel utilization of the SOFC
stack in a system with ( ) and without ( )AOGR.

Quantification of the stack leakages after the stack manufacturing process can be
made in a relatively straightforward manner e.g. by pressurizing the stack with air
and measuring the leak rates by flow or pressure sensors. However, the actual
leak rates for the stacks may differ greatly when the same stack is operated at
elevated temperatures and with different gas compositions. An eight-fold increase
in the leak rate has been observed when the test gas is changed from air to an H2-
N2 mixture [80]. Thus it is relevant to quantify the leakages of stacks in their actual
operating conditions.

(a) (b)
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Quantification of SOFC leakages during their active operation is not a widely
reported subject. In [77] the internal and external leakages of a single cell were
measured and in [80] the internal leakages of a stack operated in a furnace were
evaluated. Both studies reported that the stack leakages were dependent on the
composition of the test gases, which means that the system-relevant leakage
quantification should be made using actual, realistic fuel compositions.

Previously, when a stack has been operated in a system environment, the
leakages have been assessed qualitatively by observing changes e.g. in stack
temperature (leaking will increase stack temperature), open-circuit voltage (leaking
will decrease stack voltage) or gas composition (leaking will change the gas com-
position of both air and fuel systems) [17] [21] [68] [81]. Apart from [P4], no other
studies are known to this author which evaluate and quantify stack leakages in a
system-relevant operating environment using actual fuels or realistic fuel composi-
tions.

3.8 Start-up systems for anode protection

The performance and lifetime of an SOFC stack can decrease dramatically due to
re-oxidation of the anode at elevated temperatures, and a safety system is needed
to remove the oxygen entering the anode compartment. Currently the most com-
monly used anode protection method is to supply a pre-mixed reducing purge gas
from a gas storage tank [50] [81]. Other methods, such as applying a reverse
potential to the stack from an external power source [82] [83], reducing hydrogen
from steam by oxidizing part of the pre-reformer catalyst to produce the reducing
gas [50], or the use of additional external devices, such as a separate CPOx re-
former, to generate the reducing gases [50] [81]. The methods published for an-
ode protection appear to focus on situations in which stagnant gases are present
in the system and a relatively low flow of oxygen enters the anode compartment.
Stagnant gases are present in an SOFC system only during emergency shut-
downs caused by a critical failure such as fuel supply interruption or air blower
malfunction. However, in addition to the emergency shutdown situations, the an-
ode should be protected from re-oxidation during normal thermal cycling when an
active supply of gases is used to either heat up or cool down the stack. In the case
of a non-hermetically sealed stack, the active supply of air and the resulting pres-
sure and concentration differentials will increase the flow of oxygen entering the
anode compared to emergency shutdowns with stagnant gases. AOGR can fur-
ther complicate thermal cycling of SOFC systems, since any air leaking to the fuel
system will be supplied to the stack inlet by the AOGR loop. If the air leakage
becomes higher than anticipated, then protective measures such as the flow of
purge gas may not be sufficient to prevent anode re-oxidation. For example,
George reported that an air leakage caused oxidation of all nickel components in
an AOGR system’s fuel side during thermal cycling [21].

The anode protection equipment for emergency situations can potentially be
dimensioned to handle the increased amount of oxygen entering the anode during
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the system’s normal thermal cycling. However, this may not result in an optimal
solution for system design and operation. Higher capacity of the safety system can
result in an unnecessary burden to the already high servicing and investment
costs of the SOFC systems, especially when safety gas storage is used. Thus, to
avoid additional costs, the generation of reducing safety gases for normal thermal
cycles by using existing BoP components is required. There are several patents,
e.g. [84] [85], in which potentially usable arrangements are described. Apart from
[P5], the author is not aware of any other studies in the open literature in which the
generation of reducing safety gases during SOFC system start-up has been inves-
tigated experimentally using a complete system.

3.9 Thermal management of the SOFC stack

The temperature inside a planar SOFC stack is interesting for several reasons.
The stack temperature affects the stack performance as well as its degradation
rate [32] [86]. Moreover, the stack characteristics do not remain identical over its
lifetime due to voltage degradation. With constant control inputs, e.g. for stack
current and air flow rate, the stack temperature will increase as the stack degrades
and the heat production in the stack increases. Furthermore, excessive internal
temperatures and thermal gradients during transient operation may lead to me-
chanical failure of the SOFC [87]. Therefore, it is highly desirable to monitor the
internal stack temperature for control and diagnosis purposes.

The stack temperature is not a singular value, but a temperature distribution is
present within a planar SOFC stack. The use of a single indirect measurement, i.e.
a measurement placed outside the stack such as the outlet gas flow temperature
measurement, may lead to significant underestimation of the actual internal tem-
perature of the stack [88]. Especially for stack designs which utilize internal re-
forming using cross- and counter-flow configurations, the temperature maximum is
located more towards the centre than the outlet of the active area of the cell [87].
Moreover, the temperature distribution and thus the magnitude and location of the
temperature maximum changes according to the prevailing operating conditions. It
is clear that single indirect measurements are as such not sufficient to achieve
accurate control of the stack temperature.

The internal temperature distribution of an SOFC stack can be measured di-
rectly by installing measurement probes, such as thermocouples, inside the stack
[17] [88] [89] [90] [91] [92]. A high number of thermocouples are needed to
achieve a sufficient resolution for quantifying the stack’s internal temperature
profile and the temperature maximum. Clearly, a high number of internal sensors
can be both technically difficult to implement as well as costly and so it is not the
preferred approach for commercial systems, especially when multi-stack assem-
blies are used. The internal temperature sensors may also compromise the stack’s
durability and reliability by increasing the risk of gas leaks and short-circuits.

There are several control studies in which the regulation of stack internal tem-
perature is accomplished by feedback control [25] [26] [93] [94] [95]. In most stud-
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ies, air inlet flow rate and/or air inlet temperature are used as the controlled input. All
studies assume that either a direct measurement of the stack temperature is availa-
ble or an indirect measurement, e.g. the cathode outlet gas temperature measure-
ment, can be used as a feedback signal for the stack temperature controller.

In principle, it would be possible to utilize a dynamic first-principles model in an
embedded control system to estimate the stack temperature. The equations of the
first-principles model could be formulated so that the estimate for the stack tem-
perature could be found by using the model with indirect measurements, e.g. gas
temperature, stack current or ambient temperature, as model inputs. Such a mod-
el could be run parallel with the actual system and the estimate provided by the
model could serve as a feedback value for plant controllers. Several studies are
available related to model-based stack temperature control [25] [94] [95]. Howev-
er, no studies are known to this author in which such a model is implemented to a
control system and applied to the temperature regulation of an SOFC stack. Argu-
ably, the complexity, large number of non-measurable variables, computational
burden and need for experimental data for validation purposes of the first-
principles models can make them cumbersome and unreliable for practical control
purposes.

The work in [P6] and [P7] was carried out in order to obtain a simple, robust
and accurate estimate for the internal temperature of the SOFC stack, since the
available models as well as physical measurements were either inaccurate or
unsuitable for practical control purposes. Multi-variable linear regression (MLR)
models and the design of experiments (DoE) methodology [96] were used. MLR
enables simple, easily implementable and explicit tools for variable estimation.
DoE is especially suitable for obtaining the data needed to calculate the parame-
ters for the MLR models.

There are only a few publications available in which MLR and DoE have been
utilized to estimate the internal temperature of an SOFC. These studies have been
carried out in order to advance tubular SOFC stack technology. In [26] a simple
MLR model is proposed, in which the stack mean temperature is calculated by
several simple process measurements. The data is generated by a physical first-
principles model instead of an actual system. MLR models and DoE have been
utilized to estimate several properties, including the stack operating temperature,
of a 100 kW SOFC system using tubular SOFCs [97] [98]. [P6] and [P7] are the
only publications known to this author in which an MLR-based estimator has been
used to estimate and regulate the internal temperature of an SOFC stack in an
actual system environment.
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4. Results and discussion

This section addresses the research questions formulated in Section 2 based on
the results of Publications [P1]–[P7].

4.1 Design and components for a SOFC system [P1, P2]

Publications [P1] and [P2] address the research question 1: What is a feasible
design and set of components for an SOFC system?

Suitable BoP components for an SOFC system are identified in [P1] and a fea-
sible design for an SOFC system incorporating an AOGR loop is described in [P2].
The main results of the publications can be summarized as follows:

(i) A system design and a set of components providing water self-
sufficient, thermally self-sustained system operation with a high elec-
trical efficiency were realized and their feasibility was validated by
long-term experiments with a proof-of-concept SOFC system.

(ii) The use of AOGR enabled increasing the fuel utilization of the system
to 81% while maintaining the stack fuel utilization at a lower value, as
required by the stack technology.

(iii) The voltage degradation of an SOFC stack in the system conditions
corresponded to the laboratory results obtained by the stack manufac-
turer.

The suitability of basic BoP components and fundamental operational aspects for
SOFC systems were resolved with the 5 kW system and experiments included
operating a planar SOFC stack for 7000 hours [P1]. All components of this set-up,
except for the afterburner and the power conversion unit, were found to be feasi-
ble for SOFC system use. The chosen BoP components upstream of the stack did
not increase the inherent voltage degradation of the SOFC. The materials and the
design of the plate-type heat-exchangers as well as the fuel processing system
components were adopted in the proof-of-concept 10 kW system in [P2].

A reforming catalyst based on precious metal on a monolith support (manufac-
tured by Süd-Chemie) was chosen for the fuel processing system. System exper-
iments in [P1] confirmed that the precious metal catalyst used had the anticipated
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advantages over Ni-based catalysts. The chosen catalyst had good stability under
oxidizing and inert atmospheres, which enabled operating the reformer with steam
as well as with air. Furthermore, the catalyst was ready for reforming even without
first reducing the catalyst with a hydrogen-containing gas. The catalyst had a high
activity, which resulted in a small reactor size (1x3” cylindrical monolith and gas
hourly space velocities (GHSV) up to 40,000 h-1 were used [99]).

A complete design for a natural gas fuelled, grid-connected SOFC system was
created and validated in [P2]. Figure 11 depicts the system constructed and its
process layout design. The designed system has a modular structure in which the
SOFC stack and the BoP -components are arranged into two interconnected
modules: the BoP and the stack module.

Figure 11 a) the 10 kW SOFC system and b) its process design. Adapted from
[100]

(a) (b)
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The system used a 64-cell 10 kW power class planar SOFC stack provided by
Versa Power Systems (VPS). Table 3 summarizes typical operational values for
this specific stack design measured at the VPS laboratory test stand and at the 10
kW system’s nominal operating conditions. Voltage and power output of the stack
are lower in the system environment. Use of AOGR enabled a high system fuel
utilization of 81.5%, whereas stack fuel utilization was kept at the desired value of
ca. 62%. Consequently, the targeted 60% DC-efficiency was achieved.

Moreover, it should be noted that the stack was operated with higher air utiliza-
tion (AU) compared to lab experiments, resulting in a 25% reduction in the cath-
ode air flow rate. Lower air flow enabled decreasing the pre-heating duty of the air
side heat exchanger, maintaining its size and pressure losses at a more reasona-
ble level.

Table 3. Performance of the VPS SOFC stack in laboratory and system conditions

Laboratory test [90] 10 kW system [P2]
Conditions

Fuel Synth. reformate Natural gas
I / A 200 202

AU / % 15 20
FUsys / % - 81.5
FUsofc / % 61.5 61–63

RR / % - 68
Output

Ucell / V 0.82 0.76
PDC,SOFC / kW 10.5 9.8

DC / % 481 601

1LHV of methane (803 kJ mol-1)

An external water supply and a separate steam generator were needed only dur-
ing thermal cycling of the system. At stack currents higher than 115 A, the unit
relies only on AOGR and no steam is fed to the system. Thermally self-sustained
operation with the electric start-up heater switched off was achieved with a stack
current of 160 A and higher.

At the nominal operating point the net AC output power and system efficiency
were 7.1 kW and 43%, respectively (Table 4). The main reasons for not reaching
the targeted 50% net efficiency during the first experiments reported in [P2] were
higher-than-anticipated losses in the prototype power conversion equipment,
which was optimized for reliability rather than efficiency, and in the DC current
collection bus which had a high number of contacts with high contact resistances.
It should be noted that the target of 50% net AC efficiency can be achieved by
utilizing more efficient power conversion equipment, by using a recycle blower with
lower power consumption and by optimizing the current collection as discussed in
[30] and [101]. The improvement potential is presented for comparison in Table 4.
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Table 4. Initial and improved performance of the 10 kW system.

Initial [P2] Improved
Input / kW

Pfuel, in (LHV) / kW 16.4 16.4
Losses / kW

Current collection / kW 0.5 0.2 [101]
Power electronics / kW 1.21 0.52

Air blower / kW 0.8 0.8
Recycle blower / kW 0.3 0.1 [30]

Output
PDC,SOFC / kW 9.8 9.8

PAC / kW 7.1 8.2

AC / % 43 50
1

PCU =87% 2
PCU =95%

During the experimental validation of the 10 kW system, the voltage degradation
of the stack was measured to be less than 1% kh-1 at the system nominal operat-
ing point (Figure 12). The degradation rate corresponds to the results (0.95–2.6%
kh-1) reported by the stack manufacturer for their large area stacks [37] [64].

Figure 12. Voltage degradation of the stack under nominal operating conditions.
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4.2 Operation of a pre-reformer with anode off-gas recycling
[P3]

Publication [P3] addressed the research question 2: What are the conditions for
efficient and carbon-free operation of a fuel pre-reformer with anode off-gas recy-
cling? The conditions were investigated for a specific precious metal pre-reformer
catalyst. The question is answered by summarizing the main results of [P3] as
follows:

(i) Operation of the pre-reformer catalyst was efficient even at relatively
high space velocities of 35,000 h-1 as the thermodynamic equilibrium
was still reached at the reformer outlet. As a comparison, the conven-
tional Ni-based catalysts have been used at much lower space veloci-
ties of 2,000–6,000 h-1 [70].

(ii) No carbon formation was observed to occur with the tested AOGR gas
compositions down to a recirculation ratio of 0.2 and an / -ratio of
0.5. Thus the used type of pre-reformer does not impose operational
or design constraints for SOFC systems with respect to carbon for-
mation. This finding relaxes the operating constraints dictated by the
thermodynamic equilibrium theory.

Figure 13 illustrates the improved operability of the pre-reformer catalyst com-
pared to the carbon formation limits set by thermodynamic equilibrium. As the
reformer does not dictate the minimum safe recirculation ratio with respect to
carbon formation, lower values can be used if needed. Lower recirculation flow
can alleviate the requirements for gas recirculation devices and decrease their
power consumption.

Figure 13. Temperature limit for carbon formation as a function of the recycling
ratio of anode off-gas. Solid line: equilibrium value, Dashed line: experimentally

defined value. Adapted from [69].
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The experiments in [P1] were performed in steam reforming mode and more de-
tailed evaluation of the catalyst’s characteristics under AOGR conditions was of
interest. A specific type of precious metal catalyst (Süd-Chemie FCR-HC35b) was
therefore used for the study in [P3]. The same type of catalyst was later used for
the 10 kW system in [P2]. The experimental work revealed that the pre-reformer
reached thermodynamic equilibrium in AOGR operation mode in all tested condi-
tions. Equilibrium was reached with AOGR gas even at the highest space veloci-
ties (Figure 14) of 35,000 h-1 achievable with the used test rig. Such a high space
velocity enables the use of a relatively small-sized catalyst, thus promoting a com-
pact reactor design. The 10 kW SOFC system presented in [P2], in which the
reformer inlet flow rate is ca. 200 lN min-1 under nominal operation conditions,
would require a catalyst size of ca. 0.35 dm3 if a GHSV of 35,000 h-1 was used as
a dimensioning criterion.

Figure 14. Performance of the pre-reformer catalyst in AOGR mode with a recy-
cling ratio of 0.5. Inlet and outlet temperature (left) and molar fraction of methane
and hydrogen at the reformer outlet (right) as a function of GHSV. Measured val-
ues are  : inlet temperature,  : outlet temperature, x : methane and  : hydro-

gen. Calculated equilibrium values are presented with lines. [69]

Figure 15 illustrates the experiments performed to resolve the carbon-free operat-
ing domain. In Figure 15, the pre-reformer is operated periodically in conditions in
which carbon formation is predicted to occur at thermodynamic equilibrium. Both
the outlet gas composition and the temperature remained close to their equilibrium
values for each condition. Furthermore, no traces of deposited carbon were de-
tected when the reactor was purged with air after each hold period. Thus it was
concluded that no carbon formation occurred that would affect operation of the
reformer.
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Figure 15. Temperature (above) and mole fraction of methane (below) at the reac-
tor outlet during the experiment. The measured value is presented by a solid line
and the calculated equilibrium value by a dashed line with markers at the ends.

[69].

4.3 Leakages of an SOFC stack in the system environment
[P4]

Publication [P4] addressed the research question 3: How is it possible to detect
and quantify stack leakages and their effects in SOFC systems?

In short, the leakages can be quantified by using a diffusive mass transport
model for the leakage flows and selected, simple gas component measurements
in both the air and fuel side subsystems [P4]. The leakages in a stack are quanti-
fied in a real system environment, whereby the operational effects of the leakages
are also assessed.

Figure 16 illustrates how the leakages alter the fuel utilization of the stack and
produce additional heat in the stack due to combustion. It can be seen that the
stack fuel utilization can be significantly affected by leakages, as the stack fuel
utilization is increased by ca. 6 %-units. Likewise, combustion of the leakage gen-
erates over 500 W of additional heat within the stack and surroundings, which
affects the thermal balance of the entire system.
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Figure 16. (a) SOFC stack fuel utilization and (b) heat of combustion using ( )
anode inlet and ( ) anode outlet gas composition for diffusive leakage at the stack

inlet. (×) Ideal fuel utilization without leakages. [102]

Results of [P4] can be used to compensate for the effects of the leakages in the
10 kW SOFC system. To this end, the recirculation ratio and flow rate are in-
creased to realize an actual stack fuel utilization of ca. 62%, which is more in line
with the operating conditions used by the stack manufacturer [64]. The recircula-
tion ratio and flow rate used to compensate the leakages are given in Table 5 and
compared to non-compensated values. Additionally, ideal (no-leak) and actual
(leakages taken into account) fuel utilization of the stack are given for comparison.
It is necessary to increase the recirculation flow rate by 40% in order to maintain
the stack fuel utilization at approximately 62%.

Table 5. Effect of stack leakages in the nominal operating conditions of the 10 kW
system. System fuel utilization: 81%, Stack current: 200 A.

Recycle
ratio

Recycle
flow rate

Ideal
w/o leakage

Actual as
 quantified in [P4]

% lN min-1 % %
Non-

compensated 60 125 61 67–69

Compensated
with leakage
taken into ac-

count

68 175 56 61–63
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The main observation of the measurement method presented in [P4] is that the
identification of the prevailing mass-transfer phenomena of the anodic leakage
cannot be made only by analysing the fuel system gases. The fuel system gases
consist of multiple compounds, and the leakages cannot be quantified reliably due
to the uncertainty of the gas chromatographs used to measure the gas composi-
tions in the experiments. However, the anodic leakages can be detected by meas-
uring the fractions of CO2 and H2O of the leakages as well as O2 in the air system.
There, the oxidation of fuel leakage influences the CO2 and H2O fractions more
than the uncertainty of the measurements.

In addition to the air system’s measurements, simple leakage models for diffu-
sive and viscous leakages are needed to distinguish the prevailing mass-transport
mechanism of the fuel leakages. This distinction is possible by comparing the
calculated H/C ratios obtained independently (i) by the leakage models and the
fuel system gas analysis and (ii) by the air system gas analysis.

The analysis method was evaluated with a stack operated in the 10 kW SOFC
system presented in [P2], and it was found that the used stack exhibited a charac-
teristic, diffusive-type fuel leakage which remained constant over the 2000 hours
of the experiment. Such an unchanging leakage can be considered as an inherent
and characteristic property of the stack, and once quantified can be taken into
account in the system design and operation.

4.4 Protection of the SOFC during system heat-up [P5]

Publication [P5] addresses the research question 4: How is it possible to protect
the SOFC stack from re-oxidation without pre-mixed safety gases during system
heat-up?

The anode can be protected by producing a hydrogen-containing reducing gas
with the start-up steam generator and the fuel pre-reformer, instead of using a pre-
mixed gas storage [P5]. Figure 17 illustrates the developed safety gas-free start-
up strategy.
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Figure 17. Safety gas-free start-up strategy validated with the SOFC system: a)
the stack temperature (solid line) and current (dashed line) and b) the flow rates of

hydrogen (dashed line), fuel (dotted line) and steam (solid line) [103]

In Figure 17, the system start-up commences by circulating air in the fuel system.
The first heat-up phase is followed by a transition period, at a stack temperature of
200–300°C, during which steam and fuel supply are initiated to start the produc-
tion of the reducing safety gases in the reformer and in the SOFC stack. After the
production of reducing gas is started, the system is heated to the operating tem-
perature, at which electric loading is commenced and the steam feed is shut off.

The start-up strategy was tested with the 10 kW system. The main findings of
the start-up experiments were the following:

(i) An air leakage to the fuel system is problematic for the pre-reformer.
Oxygen inhibits reforming reactions and production of the reducing
safety gases at temperatures below 400°C. A short-duration hydrogen
pulse decreases the light-off temperature of the pre-reformer. Howev-
er, electric pre-heating of the reformer above 400°C to trigger the pre-
reforming is preferred for system operation in order to eliminate the
need for hydrogen gas altogether.

(ii) Due to the low-temperature oxidation of the stack, a pre-reformer is
always necessary in a system having an AOGR loop and air leaking to
the fuel system. The pre-reformer is required to remove oxygen from
the anode inlet gas. Without the pre-reformer, the anode will remain in
an oxidized state and prevent activation of steam-reforming reactions.

(iii) A loss of stack performance was observed when the stack was heated
to 400°C prior to starting generation of the hydrogen-containing safety
gas. Therefore, the generation of safety gas should be started already
below 350°C, or at as low a temperature as possible, to prevent fur-
ther oxidation and consequent damage to the Ni-cermet.
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The start-up strategy proposed in [P5] utilizes existing BoP components, i.e a
start-up steam generator, natural gas feed and fuel pre-reformer, instead of pre-
mixed gas storage, and can decrease the size of the SOFC system. The 10 kW
system requires a minimum of 250 dm3 of space (5 pieces of 50 dm3 steel gas
containers) for the pre-mixed gas bottles, the amount needed for one 10 hour
heat-up cycle. In contrast, the amount of water evaporated during the heat-up
cycle of the same duration is ca. 10 dm3. Arguably, filling up a water container with
ion-exchanged water is cheaper and simpler than replacing the more cumbersome
gas bottles.

4.5 Thermal management of an SOFC stack [P6, P7]

Publications [P6] and [P7] address the research question 5: How is it possible to
estimate and regulate the internal temperature of an SOFC stack during system
operation?

The temperature of an SOFC stack can be estimated by using a multivariate
linear regression model (MLR) with current, air flow, air temperature and cathode
outlet temperature as inputs [P6]. Furthermore, the stack temperature estimate
provided by an MLR model is sufficiently accurate to enable feedback control of
the stack temperature based on the estimate [P7].

Figure 18 illustrates the measured and estimated stack temperature and the re-
sulting estimation error. At steady state, the error of the estimate is less than 2 °C.
In transient states, in which the system inputs are changed successively in a
stepwise or ramped manner, the error remains within 5 °C. In addition to the en-
hanced dynamic response, the use of the cathode outlet temperature as an MLR
model input also enables capturing the stack degradation effects. The degradation
of the stack’s performance affects its heat production and is visible as a gradual
increase of the stack temperature during the experiment.
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Figure 18. (a) The measured and estimated stack temperature and (b) the estima-
tion error. [104]

Figure 19 depicts the results of experiments in which the estimate given by an
MLR model was used as a feedback value for the stack temperature PID control-
ler. In the experiments, the electric loading of the stack is changed (Figure 19a)
while the setpoint of maximum temperature of the stack is set at 775°C (Figure
19b). The dynamic response of the estimate corresponds well to the measured
maximum internal temperature. The stack temperature is controlled within 2°C of
the desired value, the difference being due to the MLR estimate error.

Figure 19. Load transient experiment with an MLR-based estimate. The subfigures
show a) the stack current and b) the measured, estimated and setpoint values for
stack maximum temperature. [105]

Development of the MLR models required obtaining the experimental data neces-
sary to create the models. Selected system input variables, (stack current, air flow,
air inlet temperature and fuel flow) were manipulated according to the design of

0 50 100 150 200 250 300 350 400 450
760

780

800

820

t (h)

S
ta

ck
te

m
pe

ra
tu

re
(°

C
)

Measured
Estimated

0 50 100 150 200 250 300 350 400 450
-10

-5

0

5

10

t (h)

E
st

im
at

e
er

ro
r(

°C
)

1540 1560 1580 1600
145

150

155

160

165

Time / h

I/
A

a)

1540 1560 1580 1600
765

770

775

780

785

Time / h

T m
ax

/°
C

b)

meas.
MLR est.
Setpoint

(a)

(b)



57

experiments (DoE) methodology. The manipulated input variables represent pos-
sible control levers available in an SOFC system.

It was found that measurement of the cathode outlet temperature conveys sig-
nificant information concerning the behaviour of the stack internal temperature.
This measurement is biased due to the stack temperature profile and as such
does not provide an accurate estimate of the stack internal temperature. However,
in addition to the controlled variables, the cathode outlet temperature was used as
an MLR model input in order to increase the accuracy of the MLR estimate and to
include the stack dynamics in the output of the otherwise static model. In other
words, the effect of the system inputs on the stack internal temperature was re-
vealed by the DoE, and the resulting data could be used to significantly increase
the accuracy of the otherwise biased cathode outlet gas temperature measure-
ment.

The accuracy and the applicability of the MLR-based estimates presented in
[P6] and [P7] for stack temperature estimation and regulation illustrate the benefits
of a systematic, designed, experimental procedure to obtain the required data to
parameterize the models. Furthermore, the utilized full factorial experimental de-
sign enables quantifying the effects of the inputs with respect to the monitored
output value. The simplicity and explicit nature of the MLR models makes their
practical implementation in a control system quite straightforward.
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5. Conclusions

The main contribution of this thesis to the field of the design and operation of
SOFC systems is an underlying factor in the publications: the successful imple-
mentation of a grid-connected, natural gas fuelled, self-sustained proof-of-concept
SOFC system having the potential to achieve 50% electrical efficiency.

The presented design and system components in [P1] and [P2] were demon-
strated to be technically feasible and can be utilized in the future to develop com-
mercial systems. The 10 kW SOFC system is one of the few reported actual im-
plementations in which a blower-based AOGR has been used. The design of the
system and the used components were validated by long-term experiments and
thus demonstrated to be technically feasible. Moreover, the construction of actual
proof-of-concept systems in [P1] and [P2] enabled applied research on specific
topics related to system design and operation as discussed below.

In [P3] it was shown that efficient and safe operation of the pre-reformer based
on a precious metal catalyst is possible in conditions in which carbon formation
can occur according to the thermodynamic equilibrium. As a wider window of safe
AOGR operation, the physical size and parasitic power consumption of the fuel
processing equipment can be decreased. This helps to achieve a lower cost for
the fuel pre-reformer, the gas recirculation equipment and other components of
the fuel system.

The magnitude of stack leakages affects several important characteristics of a
SOFC system. Therefore leakages have to be considered when designing and
operating the systems. The analysis method presented in [P4] is applicable for in-
situ quantification of SOFC stack leakages during their active and continuous
operation in the system environment. The method can provide the necessary
information for system designers and operators to assess and compensate for the
effects of the leakages. Moreover, the method could be applied for durability and
failure analysis of the SOFC stacks, e.g. to distinguish between the voltage de-
crease caused by leakages and by other degradation mechanisms.

The results presented in [P5] show that the SOFC system can be started with-
out using premixed safety gases and without a significant loss of stack perfor-
mance. Implementing such a heat-up strategy allows reducing the number and
size of system components and increasing their servicing interval by significantly
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reducing or completely eliminating the need for pre-mixed purge gas storage.
Such simplifications help decrease the system capital and servicing costs.

The results of [P6] and [P7] are valuable when developing a control strategy for
an SOFC system and designing the system’s sensor arrangements. The results
provide a means to eliminate the costly and complex internal temperature meas-
urements of the stack. Instead, the temperature can be estimated and regulated
on the basis of simpler and cheaper indirect measurements. A simple MLR esti-
mator enables accurate control of the internal temperature of the stack, which
helps to improve system performance and lifetime.

Altogether, the results contained in this thesis provide a diverse contribution to
the field of research and development of SOFC systems. The use of actual system
hardware kept the focus of the thesis on applied research and facilitated the solv-
ing of several specific, previously unpublished, practicalities related to the design
and operation of SOFC systems. The presented solutions are readily implementa-
ble and can alleviate the challenges of commercialization of SOFC systems by
simplifying system design and improving their operational capabilities.

Presently, a good level of know-how exists on the design, construction and op-
eration of SOFC systems and currently available stacks meet the initial perfor-
mance requirements for commercial deployment. However, high total cost of the
systems and the inherent voltage degradation of the SOFC still remain as the
main barriers to the widespread commercialization of this technology. The focus of
any future technology development activities should be to realize low-cost and
durable SOFC stacks and system components suitable for mass production.
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