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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].



14

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.



29

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



39

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.



48

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
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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.



58

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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1 Introduction
Solid oxide fuel cells (SOFCs) are considered an advanta-

geous technology in energy production due to the high fuel
conversion efficiency, modular design possibilities and fuel
flexibility. High operating temperature makes SOFCs well
suited for combined heat and power production (CHP) or for
hybrid systems where the SOFC stack is coupled with a gas
turbine. Fuel processor design is simplified compared to low
temperature fuel cell types due to high operating temperature
that enables direct oxidation of carbon monoxide and the use
of hydrocarbon fuels via internal reforming reactions. The
theoretical efficiency of the SOFC is not governed by size
when compared to e.g. Carnot- or Rankine-cycle based
energy production. Thus, SOFCs can be utilised for various
applications with different power scale e.g. auxiliary power
units for cars and trucks, residential and distributed CHP or
stationary power production.

The widespread commercialisation of the SOFC technol-
ogy is hindered by relatively higher cost of the SOFC systems

when compared to the established technology for energy
production e.g. engines or gas turbines. The price for both
SOFC stacks along with other system components is high and
the availability of products is poor due to the absence of
developed markets and production. Along with the reduction
of cost, long lifetime and high availability are prerequisites
for a SOFC system for both stationary and micro CHP appli-
cations. The inherent voltage degradation phenomenon of the
SOFC stacks is the most important factor that affects the dur-
ability and lifetime of a SOFC system. For stationary applica-
tions, voltage degradation rates below 0.25% kh–1 have to be
achieved to ensure a long enough lifetime for the products [1,
2]. Currently, operating times for planar SOFC stacks that

–
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Abstract
A technical description and experimental analysis of a SOFC
demonstration unit is presented. The unit contains most of
the primary BoP-components of a complete SOFC system,
except of air and fuel recirculation equipment or fuel system
compressor. Natural gas is used as the fuel and electricity is
supplied to the electric grid. A 5 kW power class planar
SOFC stack from Research Centre Jülich is assembled to the
demo unit and a long-term experiment is conducted to
assess the characteristic performance and durability of dif-
ferent components of the unit (e.g. the SOFC stack, the fuel
pre-reformer and air heat exchangers). The evolution of
absolute voltage drop of the stack over time is found to be of

the same magnitude when compared to short stack experi-
ments. Thus, other system components are not observed to
cause an increase in the characteristic voltage drop of the
stack. Two BoP-components, the afterburner and the power
conversion unit failed to operate as designed. The perfor-
mance of other BoP-components i.e. fuel pre-reformer and
heat exchangers were satisfactory during the test run, and
no significant performance loss could be measured.

Keywords: Balance of Plant, Durability, Experimental
Results, Solid Oxide Fuel Cell, Stack, Voltage Degradation
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replacements of different components easy. Thus, the unit
was not designed to be thermally self-sufficient. Components
and piping that operated above the room temperature were
insulated with ceramic fibre insulation felts (isoTHERM S)
and mineral wool sleeves. Additionally, the heat loss in the
pipelines between the heat exchangers, the reformer unit and
the stack was compensated with electric trace heating ele-
ments. Furthermore, it was necessary to position the SOFC
stack in a furnace to make the assembly and curing of the
stack possible on-site. The furnace was also used for start-up
and to influence the temperature of the stack during system
operation. Heating elements were used in the fuel system to
vaporise the water and preheat the gas before the reformer
reactor.

In order to collect relevant measurement information of
the different components of the system, temperature and
pressure were measured at several positions at the fuel and
air systems. At the fuel system, temperature was measured at
positions f2–f7 and f9–f13, and pressure at positions f1, f2, f7,
f8, f11 and f12, depicted in Figure 1. At the air system, the
temperature was measured at positions a1-a8 and the pres-
sure at positions a1, a3, a6 and a8. Thermocouples (K-type,
Class 1, ± 4 °C) were used for all temperature measurements.
Pressure was measured with digital differential pressure
meters (0–1,000 ± 3 mbarg, Keller PR-33).

The SOFC stack used in the unit was designed, manufac-
tured and assembled by Forschungzentrum Jülich (FZJ) [14].
It utilised planar anode-supported cells with metallic inter-
connect plates made from CroFer22APU steel, which were
coated with a MnOx/LCC10 contact layer at the air side.
Glass-ceramic seals (Glass #76) were used to seal the stack.
Fuel and air were distributed to cells in counter-flow pattern
with internal manifold [15]. The 5 kW class stack used in the
experiments consisted of 50 rectangular unit cells with an
active area of 361 cm2. The stack was resting on top of cera-
mic bricks inside the furnace. The inner dimensions of the
furnace were 1,100 mm × 1,100 mm, the inner height was
640 mm and the thickness of the insulation layer was
150 mm. The heating elements of the furnace were situated
on two opposite sides of the furnace. Current was collected
from the end plates of the stack with steel bars that were led
through the bottom of the furnace. Gas pipelines were, like-
wise, led through the bottom of the furnace.

The voltage was measured individually from all 50 unit
cells in the stack with platinum wires that were spot-welded
to the interconnect plates and end plates of the stack. The
maximum error for the voltage measurements was ±9 mV.
The flow-wise temperature profile was measured from inter-
connect plates situated above cells 3, 25 and 48, counting from
the bottom of the stack. Thermocouples (K-type, Class 1) were
used for the temperature measurements. The thermocouples
were inserted inside 35 mm deep holes in the interconnect
plates. In addition, the inlet and outlet temperatures of the
fuel and air were measured from the pipeline ∼10 cm from
bottom plate of the stack (positions a4, a5, f9 and f10 in Fig-
ure 1).

2.2 Fuel System

The conventional nickel-cermet anode used in SOFCs is an
effective steam-reforming catalyst, and therefore, able to con-
vert hydrocarbons to hydrogen and carbon monoxide that
can be utilised in electrochemical reactions. However, com-
plete internal reforming can lead to local cooling at the fuel
inlet area caused by a fast endothermic steam reforming reac-
tions, and large temperature gradients can develop which
may lead to cell cracking. Additionally, heating the fuel
directly to operating temperature of the stack without pre-
reforming of the fuel at lower temperatures increases the
probability of hydrocarbon cracking and carbon formation in
the heat exchangers or pipelines [16]. Without pre-reforming,
some higher hydrocarbons can coke the nickel substrate at
the anode electrode resulting in performance degradation
and ultimately destruction of the cell [17, 18]. Due to the
above-mentioned issues, prereforming of hydrocarbon fuels
is usually necessary.

With natural gas, where the methane is the main constitu-
ent of the fuel, the degree of pre-reforming (DoR) of methane
should be selected to optimise system-operating conditions.
At nominal operating conditions, it is beneficial to maximise
the amount of internal reforming reactions as the endother-
mic steam reforming of methane cools down the stack and
decreases the need for surplus cathode air, which improves
electrical efficiency [19]. At part-load and system stand-by
situations, the amount of heat losses from the system is
increased with respect to the heat produced by the stack.
Therefore, in these situations, it may be beneficial to increase
the DoR and limit the amount of methane fed into the stack
[13]. As a result, the temperature and the voltage of the stack
are increased, which can improve the system efficiency.

The reformer unit for natural gas used in the system could
be operated at steam reforming conditions and, additionally,
air could be supplied into the reactor to utilise exothermic
partial oxidation reactions [20–22]. It consisted of mass flow
controllers for natural gas (0–35.0 ± 0.5 lN min–1), water
(0–80 ± 1 g min–1) and air (0–60.0 ± 0.7 lN min–1), sulphur
removal reactor, vaporiser, preheater, reactor chamber
equipped with a proprietary monolithic catalyst (Süd-Che-
mie) and a heat exchanger before the stack. The natural gas
used in Finland contains 4–10 ppm of sulphur containing
THT odorant, and if not removed from the natural gas, it can
deactivate the anode, lower the cell voltage and cause
increased degradation [20]. The THT odourant was removed
with an absorbent (Süd-Chemie) operating at room tempera-
ture. The adsorbent was changed on regular basis to keep the
fuel supply free of sulphur. Concurrently, the impurities in
the water supply were removed with ion-exchange resin.
Natural gas and water were fed through a gas atomising noz-
zle into the vaporisation chamber. The supply pressure for
natural gas and water was ∼3 barg. Air was fed into the
vaporisation chamber through a separate inlet. The reactor
and the catalyst were not heated during operation. The heat
used in the steam reforming reaction was provided by pre-
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span up to and over 10,000 h with degradation rates below
1% kh–1 have been reported [3–5].

In addition to the SOFC stack, also the other components
of the system, and the system as a whole, must endure
years of continuous operation without unreasonable perfor-
mance degradation or component failures. In the absence of
large-scale production of dedicated components and periph-
erals for SOFC systems, the lifetime and performance of sys-
tem components are not well established. Operation times of
over thousands of hours for complete SOFC systems with a
varying degree of availability have been achieved and
reported [3, 6–9]. However, the level of reporting is typically
very general and no information is given on the fundamental
process parameters such as fuel and air utilisation, or
current density during the operation of the system. Addition-
ally, the effect of different system components on the perfor-
mance and durability of the system as a whole is not
assessed.

It can be argued that a more comprehensive understand-
ing of issues related to the reliability and durability of SOFC
systems is needed in order to attain similar operation times
and degradation rates for complete SOFC systems when com-
pared to the lifetime of individual stacks. Therefore, long-
term experiments with complete SOFC systems are needed to
measure and determine the effect of system components on
the degradation and lifetime of SOFC stack. In this paper, the
technical design and experimental analysis of a SOFC demon-
stration unit are presented. The unit was designed and con-
structed in a Finnish publicly funded SOFC research and
development programme, which consisted of system and
BoP-component development, system modelling and charac-
terisation of SOFC cells and short stacks in system relevant
operating conditions [10, 13, 20, 24]. The unit was constructed

in order to demonstrate SOFC technology and assess the per-
formance, durability and reliability of a complete grid con-
nected SOFC system with natural gas as the fuel [10]. More-
over, the experimental results obtained with the unit could be
used to develop and validate modelling tools for SOFC sys-
tems [11–13]. Results from a 7,000 h test run with a 5 kW
power class stack are presented. Characteristic performance
and durability of different system components e.g. fuel
processing unit, heat exchangers, and the SOFC stack are
reported.

2 Experimental
2.1 System Layout and the SOFC Stack

The demonstration unit included all the most important
balance of plant components (BoP) of a SOFC system i.e. a
planar stack, fuel pre-reformer unit, power conversion and
grid interconnection equipment, heat exchangers for air and
fuel, a catalytic burner, a blower for cathode air and mass
flow controllers for other reactants, automation and control
system, and purge gas containers for system shutdown and
start-up situations (Figure 1).

The unit was constructed in order to demonstrate SOFC
technology, assess the durability and reliability of SOFC
stacks and BoP-components with long-term testing for sever-
al thousands of hours and to study the characteristic perfor-
mance of different components and the interactions between
the components. In order to obtain characteristic measure-
ment data from individual components, a non-integrated
design was applied. The intention with the non-integrated
design was to reduce the effect of surface-to-surface heat
transfer between components and to make modifications and
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Fig. 1 Principle layout of the SOFC demonstration unit. Numbered circles represent measurement positions at the air and fuel systems of the unit.
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replacements of different components easy. Thus, the unit
was not designed to be thermally self-sufficient. Components
and piping that operated above the room temperature were
insulated with ceramic fibre insulation felts (isoTHERM S)
and mineral wool sleeves. Additionally, the heat loss in the
pipelines between the heat exchangers, the reformer unit and
the stack was compensated with electric trace heating ele-
ments. Furthermore, it was necessary to position the SOFC
stack in a furnace to make the assembly and curing of the
stack possible on-site. The furnace was also used for start-up
and to influence the temperature of the stack during system
operation. Heating elements were used in the fuel system to
vaporise the water and preheat the gas before the reformer
reactor.

In order to collect relevant measurement information of
the different components of the system, temperature and
pressure were measured at several positions at the fuel and
air systems. At the fuel system, temperature was measured at
positions f2–f7 and f9–f13, and pressure at positions f1, f2, f7,
f8, f11 and f12, depicted in Figure 1. At the air system, the
temperature was measured at positions a1-a8 and the pres-
sure at positions a1, a3, a6 and a8. Thermocouples (K-type,
Class 1, ± 4 °C) were used for all temperature measurements.
Pressure was measured with digital differential pressure
meters (0–1,000 ± 3 mbarg, Keller PR-33).

The SOFC stack used in the unit was designed, manufac-
tured and assembled by Forschungzentrum Jülich (FZJ) [14].
It utilised planar anode-supported cells with metallic inter-
connect plates made from CroFer22APU steel, which were
coated with a MnOx/LCC10 contact layer at the air side.
Glass-ceramic seals (Glass #76) were used to seal the stack.
Fuel and air were distributed to cells in counter-flow pattern
with internal manifold [15]. The 5 kW class stack used in the
experiments consisted of 50 rectangular unit cells with an
active area of 361 cm2. The stack was resting on top of cera-
mic bricks inside the furnace. The inner dimensions of the
furnace were 1,100 mm × 1,100 mm, the inner height was
640 mm and the thickness of the insulation layer was
150 mm. The heating elements of the furnace were situated
on two opposite sides of the furnace. Current was collected
from the end plates of the stack with steel bars that were led
through the bottom of the furnace. Gas pipelines were, like-
wise, led through the bottom of the furnace.

The voltage was measured individually from all 50 unit
cells in the stack with platinum wires that were spot-welded
to the interconnect plates and end plates of the stack. The
maximum error for the voltage measurements was ±9 mV.
The flow-wise temperature profile was measured from inter-
connect plates situated above cells 3, 25 and 48, counting from
the bottom of the stack. Thermocouples (K-type, Class 1) were
used for the temperature measurements. The thermocouples
were inserted inside 35 mm deep holes in the interconnect
plates. In addition, the inlet and outlet temperatures of the
fuel and air were measured from the pipeline ∼10 cm from
bottom plate of the stack (positions a4, a5, f9 and f10 in Fig-
ure 1).

2.2 Fuel System

The conventional nickel-cermet anode used in SOFCs is an
effective steam-reforming catalyst, and therefore, able to con-
vert hydrocarbons to hydrogen and carbon monoxide that
can be utilised in electrochemical reactions. However, com-
plete internal reforming can lead to local cooling at the fuel
inlet area caused by a fast endothermic steam reforming reac-
tions, and large temperature gradients can develop which
may lead to cell cracking. Additionally, heating the fuel
directly to operating temperature of the stack without pre-
reforming of the fuel at lower temperatures increases the
probability of hydrocarbon cracking and carbon formation in
the heat exchangers or pipelines [16]. Without pre-reforming,
some higher hydrocarbons can coke the nickel substrate at
the anode electrode resulting in performance degradation
and ultimately destruction of the cell [17, 18]. Due to the
above-mentioned issues, prereforming of hydrocarbon fuels
is usually necessary.

With natural gas, where the methane is the main constitu-
ent of the fuel, the degree of pre-reforming (DoR) of methane
should be selected to optimise system-operating conditions.
At nominal operating conditions, it is beneficial to maximise
the amount of internal reforming reactions as the endother-
mic steam reforming of methane cools down the stack and
decreases the need for surplus cathode air, which improves
electrical efficiency [19]. At part-load and system stand-by
situations, the amount of heat losses from the system is
increased with respect to the heat produced by the stack.
Therefore, in these situations, it may be beneficial to increase
the DoR and limit the amount of methane fed into the stack
[13]. As a result, the temperature and the voltage of the stack
are increased, which can improve the system efficiency.

The reformer unit for natural gas used in the system could
be operated at steam reforming conditions and, additionally,
air could be supplied into the reactor to utilise exothermic
partial oxidation reactions [20–22]. It consisted of mass flow
controllers for natural gas (0–35.0 ± 0.5 lN min–1), water
(0–80 ± 1 g min–1) and air (0–60.0 ± 0.7 lN min–1), sulphur
removal reactor, vaporiser, preheater, reactor chamber
equipped with a proprietary monolithic catalyst (Süd-Che-
mie) and a heat exchanger before the stack. The natural gas
used in Finland contains 4–10 ppm of sulphur containing
THT odorant, and if not removed from the natural gas, it can
deactivate the anode, lower the cell voltage and cause
increased degradation [20]. The THT odourant was removed
with an absorbent (Süd-Chemie) operating at room tempera-
ture. The adsorbent was changed on regular basis to keep the
fuel supply free of sulphur. Concurrently, the impurities in
the water supply were removed with ion-exchange resin.
Natural gas and water were fed through a gas atomising noz-
zle into the vaporisation chamber. The supply pressure for
natural gas and water was ∼3 barg. Air was fed into the
vaporisation chamber through a separate inlet. The reactor
and the catalyst were not heated during operation. The heat
used in the steam reforming reaction was provided by pre-
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span up to and over 10,000 h with degradation rates below
1% kh–1 have been reported [3–5].

In addition to the SOFC stack, also the other components
of the system, and the system as a whole, must endure
years of continuous operation without unreasonable perfor-
mance degradation or component failures. In the absence of
large-scale production of dedicated components and periph-
erals for SOFC systems, the lifetime and performance of sys-
tem components are not well established. Operation times of
over thousands of hours for complete SOFC systems with a
varying degree of availability have been achieved and
reported [3, 6–9]. However, the level of reporting is typically
very general and no information is given on the fundamental
process parameters such as fuel and air utilisation, or
current density during the operation of the system. Addition-
ally, the effect of different system components on the perfor-
mance and durability of the system as a whole is not
assessed.

It can be argued that a more comprehensive understand-
ing of issues related to the reliability and durability of SOFC
systems is needed in order to attain similar operation times
and degradation rates for complete SOFC systems when com-
pared to the lifetime of individual stacks. Therefore, long-
term experiments with complete SOFC systems are needed to
measure and determine the effect of system components on
the degradation and lifetime of SOFC stack. In this paper, the
technical design and experimental analysis of a SOFC demon-
stration unit are presented. The unit was designed and con-
structed in a Finnish publicly funded SOFC research and
development programme, which consisted of system and
BoP-component development, system modelling and charac-
terisation of SOFC cells and short stacks in system relevant
operating conditions [10, 13, 20, 24]. The unit was constructed

in order to demonstrate SOFC technology and assess the per-
formance, durability and reliability of a complete grid con-
nected SOFC system with natural gas as the fuel [10]. More-
over, the experimental results obtained with the unit could be
used to develop and validate modelling tools for SOFC sys-
tems [11–13]. Results from a 7,000 h test run with a 5 kW
power class stack are presented. Characteristic performance
and durability of different system components e.g. fuel
processing unit, heat exchangers, and the SOFC stack are
reported.

2 Experimental
2.1 System Layout and the SOFC Stack

The demonstration unit included all the most important
balance of plant components (BoP) of a SOFC system i.e. a
planar stack, fuel pre-reformer unit, power conversion and
grid interconnection equipment, heat exchangers for air and
fuel, a catalytic burner, a blower for cathode air and mass
flow controllers for other reactants, automation and control
system, and purge gas containers for system shutdown and
start-up situations (Figure 1).

The unit was constructed in order to demonstrate SOFC
technology, assess the durability and reliability of SOFC
stacks and BoP-components with long-term testing for sever-
al thousands of hours and to study the characteristic perfor-
mance of different components and the interactions between
the components. In order to obtain characteristic measure-
ment data from individual components, a non-integrated
design was applied. The intention with the non-integrated
design was to reduce the effect of surface-to-surface heat
transfer between components and to make modifications and
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Fig. 1 Principle layout of the SOFC demonstration unit. Numbered circles represent measurement positions at the air and fuel systems of the unit.

O
R
IG

IN
A
L

R
ES

EA
R
C
H

P
A
P
ER

FUEL CELLS 10, 2010, No. 3, 440–452 © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 441www.fuelcells.wiley-vch.de

http://www.fuelcells.wiley-vch.de


I/4 I/5

M. Halinen et al.: Experimental Analysis on Performance and Durability of SOFC Demonstration Unit

conversion unit was manufactured from off-the-
shelf components by Verteco Inc. Electric current
from the stack to the power conversion unit was
measured using a shunt resistor (Metrix Electronics)
with a maximum error of ±0.7 A. Alternatively, the
stack could be operated without the power conver-
sion unit by dissipating the produced electricity
with a DC load (Chroma 63203) e.g. during initial
characterisation of the stacks with hydrogen as a
fuel. The DC load was connected parallel to the
stack with grid interconnection equipment. The
maximum error for the current measurement of the
DC load was ±1.2 A.

In order to provide the capability for long term
testing in a safe and reliable way, the demonstration
unit was designed to be capable of unmanned
operation. This was made viable by constructing an
automation and control system, which consisted of
a standard industrial PLC (Schneider Premium Ser-
ies) and a PC-based monitoring station. The PC-
based monitoring station was used as a human-
machine-interface and as a measurement database.
During unmanned operation, several critical pro-
cess measurements i.e. individual cell voltages, tem-
perature of the inlet and outlet gases of the stack,
supply pressure of the reactants, air blower or
power conditioning faults, temperature of the refor-
mer reactor and system-wide pressure measure-
ments were used to monitor the safe operating
conditions of the unit. If the critical process mea-
surements deviated beyond predefined limits, the
unit was brought to a stand-by state by disconnect-
ing the stack from the electric grid and aborting the
fuel feed to the unit. Air and safety gas containing
97% Ar and 3% H2 were supplied from gas bottles to the
respective sides of the unit to keep the anode at reducing and
cathode at oxidising atmosphere. The gas flow through the
system during emergency shutdown situations was set to be
∼1 lN min–1.

3 Results and Discussion
3.1 Performance and Durability of the Stack

A long-term test run for a total period of 7,000 h was con-
ducted with the demonstration unit, during which the stack
was electrically loaded for over 6,000 h. During the experi-
ment, the system was operated both at steady-state operating
conditions, to assess the durability of the stack and BoP-com-
ponents, and at varying operating conditions, to measure the
characteristic operation of the unit components. The gross DC
power (Pel,stack) of the stack along with the gross DC effi-
ciency (gel,stack), the current density, the air utilisation (UAIR)
and the degree of pre-reforming (DoR) of the fed methane
(98% in natural gas) during the experiment are depicted in
Figure 2. During the first 500 h of the experiment, fuel utilisa-

tion (UFUEL) of the stack was 51%. During 500 to 4,500 h,
UFUEL was kept at 71% and the current density at 0.35 A cm–2

in order to measure the durability of the unit at nominal oper-
ating conditions. During this period, the Pel,stack was between
4.5 and 5 kW and the gel,stack between 45 and 50%, depending
on the operating parameters and duration of the experiment.
After 4,500 h, the unit was used at lower current densities to
measure the performance at part-load conditions at 0.2–
0.25 A cm–2, and also at lower operating temperature. Until
5,900 h, temperature of the furnace was kept at 780 °C during
which gel,stack of 50% was achieved at part-load operating
conditions. After 5,900 h, furnace temperature was decreased
to 730 °C and a lower gel,stack of 40–45% was measured due to
decreased stack voltage. At the end of the long term testing,
at 7,000 h, the stack was insulated and the unit was operated
without heating of the furnace in order to measure the effect
of varying DoR to the temperature, voltage and effciency of
the stack.

The demonstration unit and the stack could be operated
over a wide range of operating conditions. During the experi-
ment, the DoR varied between 0.1 and 0.9, UFUEL between
0.51 and 0.71 and UAIR between 0.17 and 0.68 when the cur-
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heating the inlet gases with electric heaters. Additionally,
heat was supplied to the reactor by exothermic partial oxida-
tion reactions when air was fed to the reformer unit. Temper-
ature was measured at the reactor inlet, from the leading sur-
face of the catalyst and at the reactor outlet (positions f4, f5
and f6 in Figure 1). Pressure was measured from the natural
gas inlet before the gas atomising nozzle and from the vapori-
sation chamber (positions f1 and f2). A heat exchanger was
situated between the reactor and the stack in order to increase
the temperature of the fuel before the stack inlet. The heat
exchanger was of a welded plate type and it was manufac-
tured in-house. Temperature (positions f7, f8 and f11) and
pressure (positions f7, f8, f10 and f11) were measured before
and after the heat exchanger. Steel grade 1.4404 was used for
the vaporiser and steel grade 1.4835 was used for all other
components and piping at the fuel system of the demonstra-
tion unit.

Reformer exhaust gas was analysed with an online gas
analyser (Sick S710 series) and with gas chromatographs (HP
6850A and HP 5890 Series II). The accuracy of the online ana-
lyser was further improved by calibrating it with varying gas
mixture that correspond the different compositions of the
exhaust gas. After calibration, the accuracy of the online ana-
lyser was ±0.5% for CO, CO2 and CH4 and ±1% for H2. The
composition of the exhaust gas on wet basis was calculated
on the basis of carbon and nitrogen mass balances solved
with the inlet mass flow measurements for air, water and nat-
ural gas and with exhaust gas analysis.

The unit could also be operated with gas mixture
containing hydrogen (0–70.0 ± 0.8 lN min–1), nitrogen
(0–70.0 ± 0.8 lN min–1) and steam (0–200 ± 2 gh–1). Water was
evaporated and mixed with gases by using a temperature-
controlled evaporative mixer (Bronkhorst CEM-202). The gas
mixture could be used to reduce the anode substrate after the
stack assembly, as fuel during system operation and as purge
gas during the heating and cooling of the unit to keep the
anode substrate at reducing atmosphere.

Unused fuel in the anode exhaust gas was oxidised with
air in a catalytic burner. The burner consisted of four succes-
sive segments equipped with cylindrical monolith catalysts.
The burner and catalysts were manufactured in-house.
Each catalyst segment had an individual air inlet. Air was
supplied to the burner with a thermal mass flow controller
(0–500 ± 6 lN min–1) and divided between the segments with
rotameters. Downstream from the burner, the exhaust gas
was fed through a water-cooled heat exchanger in order to
retrieve the heat and condensate the water vapour before the
exhaust.

2.3 Air System

Ambient air provides the source of oxygen, which is
needed for electrochemical reactions at the cathode, and the
air can be fed into the stack e.g. with air blowers. The use of
over-stoichiometric amounts of air is necessary to dissipate
the heat produced by the SOFC stack under electrical loading

and prevent overheating of the stack to excessive operating
temperatures. The inlet ambient air has to be preheated closer
to the operating temperature of the stack to avoid local cool-
ing of the stack at the air inlet, which could cause damaging
temperature gradients or decrease the stack voltage under
electric current by lowering the operating temperature [16].
The needed over-stoichiometric amount of air can vary
between 3 and 10 (UAIR between 0.10 and 0.33) depending on
the DoR and the permissible temperature increase of air in
the stack [19]. Such amounts of air lead to large air preheat
duty and the energy needed for preheating must be recuper-
ated from the stack’s exhaust gases in order to achieve practi-
cal system efficiencies.

Ambient air was supplied to the unit with two-side chan-
nel blowers connected mechanically into series (Ventur SC-
20C). Two blowers were used to reach pressures above
300 mbar. A filter was present at the blower inlet to remove
particles from the air. Rotation speed of the blower was con-
trolled with an inverter and the air flow was measured with a
thermal mass flow metre (0–1,000 ± 20 lN min–1). Two heat
exchangers for low and high temperature were connected in
series in order to pre-heat inlet air to the stack. The design
with two heat exchangers was chosen for the air system in
order to reduce the temperature difference between the inlet
and outlet and thus the thermal stresses induced to the heat
exchangers. Concurrently, poor commercial availability of
single heat exchanger that would meet the specified operat-
ing temperature necessitated this approach.

The low temperature heat exchanger was of a fully welded
plate type (Raucell 120-23). Maximum operating temperature
for this heat exchanger was designed to be below 450 °C. The
high temperature heat exchanger was of a tube and shell type
designed and manufactured in-house, and the maximum
operating temperature was designed to be below 800 °C. Steel
grades used in the construction of the heat exchangers were
1.4404 and 1.4835 for lower and higher operating tempera-
ture, respectively. Temperature was measured before, after
and between the heat exchangers at cold and hot sides (posi-
tions a1, a2, a3, a6, a7 and a8 in Figure 1). Pressure was mea-
sured before and after the two heat exchangers at hot and
cold sides (positions a1, a3, a6, and a8).

2.4 Power Conditioning Equipment and Automation System

Power conditioning equipment is needed in SOFC systems
in order to increase the stack’s DC voltage high enough to
enable high efficiency DC power conversion to AC power
and synchronisation with the electricity grid. Power condi-
tioning and grid interconnection equipment consisted of DC–
DC converters, regenerative inverter, LC-filter and transfor-
mer. DC–DC converters were used to increase the voltage of
the SOFC stack to ∼400 VDC required by the inverter. The
inverter transmuted DC to 200 VAC. A LC-filter was used to
compensate the possible current and voltage disturbance
from the system to electric grid. Finally, a transformer was
used to increase the voltage from 200 to 400 VAC. The power
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conversion unit was manufactured from off-the-
shelf components by Verteco Inc. Electric current
from the stack to the power conversion unit was
measured using a shunt resistor (Metrix Electronics)
with a maximum error of ±0.7 A. Alternatively, the
stack could be operated without the power conver-
sion unit by dissipating the produced electricity
with a DC load (Chroma 63203) e.g. during initial
characterisation of the stacks with hydrogen as a
fuel. The DC load was connected parallel to the
stack with grid interconnection equipment. The
maximum error for the current measurement of the
DC load was ±1.2 A.

In order to provide the capability for long term
testing in a safe and reliable way, the demonstration
unit was designed to be capable of unmanned
operation. This was made viable by constructing an
automation and control system, which consisted of
a standard industrial PLC (Schneider Premium Ser-
ies) and a PC-based monitoring station. The PC-
based monitoring station was used as a human-
machine-interface and as a measurement database.
During unmanned operation, several critical pro-
cess measurements i.e. individual cell voltages, tem-
perature of the inlet and outlet gases of the stack,
supply pressure of the reactants, air blower or
power conditioning faults, temperature of the refor-
mer reactor and system-wide pressure measure-
ments were used to monitor the safe operating
conditions of the unit. If the critical process mea-
surements deviated beyond predefined limits, the
unit was brought to a stand-by state by disconnect-
ing the stack from the electric grid and aborting the
fuel feed to the unit. Air and safety gas containing
97% Ar and 3% H2 were supplied from gas bottles to the
respective sides of the unit to keep the anode at reducing and
cathode at oxidising atmosphere. The gas flow through the
system during emergency shutdown situations was set to be
∼1 lN min–1.

3 Results and Discussion
3.1 Performance and Durability of the Stack

A long-term test run for a total period of 7,000 h was con-
ducted with the demonstration unit, during which the stack
was electrically loaded for over 6,000 h. During the experi-
ment, the system was operated both at steady-state operating
conditions, to assess the durability of the stack and BoP-com-
ponents, and at varying operating conditions, to measure the
characteristic operation of the unit components. The gross DC
power (Pel,stack) of the stack along with the gross DC effi-
ciency (gel,stack), the current density, the air utilisation (UAIR)
and the degree of pre-reforming (DoR) of the fed methane
(98% in natural gas) during the experiment are depicted in
Figure 2. During the first 500 h of the experiment, fuel utilisa-

tion (UFUEL) of the stack was 51%. During 500 to 4,500 h,
UFUEL was kept at 71% and the current density at 0.35 A cm–2

in order to measure the durability of the unit at nominal oper-
ating conditions. During this period, the Pel,stack was between
4.5 and 5 kW and the gel,stack between 45 and 50%, depending
on the operating parameters and duration of the experiment.
After 4,500 h, the unit was used at lower current densities to
measure the performance at part-load conditions at 0.2–
0.25 A cm–2, and also at lower operating temperature. Until
5,900 h, temperature of the furnace was kept at 780 °C during
which gel,stack of 50% was achieved at part-load operating
conditions. After 5,900 h, furnace temperature was decreased
to 730 °C and a lower gel,stack of 40–45% was measured due to
decreased stack voltage. At the end of the long term testing,
at 7,000 h, the stack was insulated and the unit was operated
without heating of the furnace in order to measure the effect
of varying DoR to the temperature, voltage and effciency of
the stack.

The demonstration unit and the stack could be operated
over a wide range of operating conditions. During the experi-
ment, the DoR varied between 0.1 and 0.9, UFUEL between
0.51 and 0.71 and UAIR between 0.17 and 0.68 when the cur-
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Fig. 2 Operating conditions of the demonstration unit and the electric power of the
stack during the experiment. a) Gross electric power of the stack (Pel,stack). b) current
density (j, dashed line) and gross electric efficiency (gel,stack, solid line). c) Air utilisa-
tion (UAIR, solid line) and degree of pre-reforming (DoR, dashed line). Shutdown situa-
tions are marked with numbers in the top figure.
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heating the inlet gases with electric heaters. Additionally,
heat was supplied to the reactor by exothermic partial oxida-
tion reactions when air was fed to the reformer unit. Temper-
ature was measured at the reactor inlet, from the leading sur-
face of the catalyst and at the reactor outlet (positions f4, f5
and f6 in Figure 1). Pressure was measured from the natural
gas inlet before the gas atomising nozzle and from the vapori-
sation chamber (positions f1 and f2). A heat exchanger was
situated between the reactor and the stack in order to increase
the temperature of the fuel before the stack inlet. The heat
exchanger was of a welded plate type and it was manufac-
tured in-house. Temperature (positions f7, f8 and f11) and
pressure (positions f7, f8, f10 and f11) were measured before
and after the heat exchanger. Steel grade 1.4404 was used for
the vaporiser and steel grade 1.4835 was used for all other
components and piping at the fuel system of the demonstra-
tion unit.

Reformer exhaust gas was analysed with an online gas
analyser (Sick S710 series) and with gas chromatographs (HP
6850A and HP 5890 Series II). The accuracy of the online ana-
lyser was further improved by calibrating it with varying gas
mixture that correspond the different compositions of the
exhaust gas. After calibration, the accuracy of the online ana-
lyser was ±0.5% for CO, CO2 and CH4 and ±1% for H2. The
composition of the exhaust gas on wet basis was calculated
on the basis of carbon and nitrogen mass balances solved
with the inlet mass flow measurements for air, water and nat-
ural gas and with exhaust gas analysis.

The unit could also be operated with gas mixture
containing hydrogen (0–70.0 ± 0.8 lN min–1), nitrogen
(0–70.0 ± 0.8 lN min–1) and steam (0–200 ± 2 gh–1). Water was
evaporated and mixed with gases by using a temperature-
controlled evaporative mixer (Bronkhorst CEM-202). The gas
mixture could be used to reduce the anode substrate after the
stack assembly, as fuel during system operation and as purge
gas during the heating and cooling of the unit to keep the
anode substrate at reducing atmosphere.

Unused fuel in the anode exhaust gas was oxidised with
air in a catalytic burner. The burner consisted of four succes-
sive segments equipped with cylindrical monolith catalysts.
The burner and catalysts were manufactured in-house.
Each catalyst segment had an individual air inlet. Air was
supplied to the burner with a thermal mass flow controller
(0–500 ± 6 lN min–1) and divided between the segments with
rotameters. Downstream from the burner, the exhaust gas
was fed through a water-cooled heat exchanger in order to
retrieve the heat and condensate the water vapour before the
exhaust.

2.3 Air System

Ambient air provides the source of oxygen, which is
needed for electrochemical reactions at the cathode, and the
air can be fed into the stack e.g. with air blowers. The use of
over-stoichiometric amounts of air is necessary to dissipate
the heat produced by the SOFC stack under electrical loading

and prevent overheating of the stack to excessive operating
temperatures. The inlet ambient air has to be preheated closer
to the operating temperature of the stack to avoid local cool-
ing of the stack at the air inlet, which could cause damaging
temperature gradients or decrease the stack voltage under
electric current by lowering the operating temperature [16].
The needed over-stoichiometric amount of air can vary
between 3 and 10 (UAIR between 0.10 and 0.33) depending on
the DoR and the permissible temperature increase of air in
the stack [19]. Such amounts of air lead to large air preheat
duty and the energy needed for preheating must be recuper-
ated from the stack’s exhaust gases in order to achieve practi-
cal system efficiencies.

Ambient air was supplied to the unit with two-side chan-
nel blowers connected mechanically into series (Ventur SC-
20C). Two blowers were used to reach pressures above
300 mbar. A filter was present at the blower inlet to remove
particles from the air. Rotation speed of the blower was con-
trolled with an inverter and the air flow was measured with a
thermal mass flow metre (0–1,000 ± 20 lN min–1). Two heat
exchangers for low and high temperature were connected in
series in order to pre-heat inlet air to the stack. The design
with two heat exchangers was chosen for the air system in
order to reduce the temperature difference between the inlet
and outlet and thus the thermal stresses induced to the heat
exchangers. Concurrently, poor commercial availability of
single heat exchanger that would meet the specified operat-
ing temperature necessitated this approach.

The low temperature heat exchanger was of a fully welded
plate type (Raucell 120-23). Maximum operating temperature
for this heat exchanger was designed to be below 450 °C. The
high temperature heat exchanger was of a tube and shell type
designed and manufactured in-house, and the maximum
operating temperature was designed to be below 800 °C. Steel
grades used in the construction of the heat exchangers were
1.4404 and 1.4835 for lower and higher operating tempera-
ture, respectively. Temperature was measured before, after
and between the heat exchangers at cold and hot sides (posi-
tions a1, a2, a3, a6, a7 and a8 in Figure 1). Pressure was mea-
sured before and after the two heat exchangers at hot and
cold sides (positions a1, a3, a6, and a8).

2.4 Power Conditioning Equipment and Automation System

Power conditioning equipment is needed in SOFC systems
in order to increase the stack’s DC voltage high enough to
enable high efficiency DC power conversion to AC power
and synchronisation with the electricity grid. Power condi-
tioning and grid interconnection equipment consisted of DC–
DC converters, regenerative inverter, LC-filter and transfor-
mer. DC–DC converters were used to increase the voltage of
the SOFC stack to ∼400 VDC required by the inverter. The
inverter transmuted DC to 200 VAC. A LC-filter was used to
compensate the possible current and voltage disturbance
from the system to electric grid. Finally, a transformer was
used to increase the voltage from 200 to 400 VAC. The power
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can be due to differing contact resistances caused by inhomo-
geneous settling of the stack during the stack assembly and
curing.

I–V curves of the stack with reformed natural gas at UFUEL

of 51% and 71% are depicted in Figure 4. After each current
step, the system was left to stabilise for at least 24 h to reach
new system-wide steady-state conditions i.e. so that no
changes in the temperature measurements were observed.
The time between the two different I–V curves depicted in
Figure 4 is ∼250 hundred hours. Electric power of 5.1 kW
with UFUEL of 51% was achieved at 0.35 A cm–2. However,
the gel,stack was only 33–35% due to low fuel utilisation level
of the stack and also due to high inlet air O2/C -ratio to the
reformer, as part of the natural gas was oxidised already in

the reformer reactor (see Section 3.2). The efficiency was
improved by higher fuel utilisation and lower inlet air O2/C
ratios, as relatively larger fraction of the inlet fuel was used to
produce electricity. With UFUEL of 71%, electric power of
4.7 kW was achieved and the gel,stack was increased to ∼48%.
The short-circuited cell caused a decrease in the performance
of the stack by lowering the stack voltage up to 2.5% during
the I–V measurements. However, despite the performance
loss, the robustness of the stack design towards short-circuits
was demonstrated as stable operation was maintained up to
6,000 h during the experiment.

Performance degradation of varying magnitude was ob-
served in the stack throughout the experiment. The measure-
ments from the 5 kW stack were compared to the inherent
voltage degradation of stacks with similar design and materi-
als. The performance degradation of SOFC stacks is typically
measured by operating the stack galvanostatically at constant
operating conditions for several thousands of hours. The deg-
radation can then be calculated from the absolute [DUDt–1

(mV kh–1)] or relative [DUU1
–1Dt–1 (%kh–1)] voltage drop over

time and the resulting value can be used to express the dur-
ability of the stack. As the demonstration unit and the stack
were used in varying operating conditions throughout the
experiment, it is impossible to calculate any single value for
stack voltage drop for the entire duration of the test based on
the above described practice. Instead, the degradation of the
stack is evaluated here by observing the evolution of absolute
voltage drop of the stack voltage over time.

The average cell voltage of the stack during the experiment
is depicted in Figure 5a. The absolute voltage drop is calcu-
lated with linear regression for all periods at steady-state
operating conditions over 100 h. Measurements from the
short-circuited cell (#8) are not used in the linear regression,
as this generates step transitions in the voltage, which would
produce misleading values for linear regression. Additionally
to the steady-state conditions, the voltage drop is calculated
with linear regression between periods where operation at
identical conditions was resumed. The time periods and oper-
ating conditions used to calculate the absolute voltage drop,
along with the results of linear regression are summarised in
Table 1.

The resulting values for absolute voltage drop over time
are depicted in Figure 5b. The absolute voltage drop was
20–135 mV kh–1 during the first 400 h of operating conditions
and the voltage drop gets smaller over time. After the initial
400 h, the voltage drop settles at 6–12 mV kh–1. After 4,000 h,
the result suggests that the voltage drop is again increasing.
Comparable values of absolute voltage drop over time for
similar first generation (1-G) F-design short stacks have been
reported by de Haart et al [5]. With 1-G short stacks, the
initial voltage drop was 100–135 mV kh–1 during the first
300 h, which corresponds to the values obtained in the dem-
onstration unit. Concurrently, after the initial drop in voltage,
a linear decrease in voltage was measured over time. The lin-
ear decrease of voltage for 1-G short stacks was 6 mV kh–1 at
0.3 A cm–2, and 16 mV kh–1 at 0.4 A cm–2, which again corre-
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rent density was at or above 0.2 A cm–2. For the major part of
the test, when the furnace was in use, varying the DoR did
not result in significant changes in the temperature or voltage
of stack, and the stack could be operated with DoR of 0.1
between 0.25 and 0.35 A cm–2. At the end of the long term
testing, when the furnace was not in use, a more pronounced
effect of the DoR was observed, and DoR below 0.5 could not
be achieved with 0.2 A cm–2. This was due to the temperature
smoothing effect of the furnace because of its high heat trans-
fer area: the higher the temperature of the stack was with
respect to the furnace temperature, the higher were the heat
losses from the stack and vice versa. Therefore, the use of fur-
nace affected the thermal balance of the stack to a great extent
and provided an increased operability for the system, which
would not have been possible without the furnace. It was ob-
served that at low UAIR values, the stack voltage decreased as
the temperature of the stack was decreased due to increased
air flow rate (Figure 2, 3,000–3,500 h). Interestingly, the oper-
ability of the stack was maintained at high UAIR (above 0.33
[19]) values and no overheating of the stack occurred. This
can be explained again by the use of furnace during the
experiment.

As can be seen in Figure 2, the experiment was interrupted
and the electric loading of the stack discontinued several
times during the test run. Shutdown #1 at 2,200 h was
initiated due to system servicing. The system was brought to
a standby state and switched to hydrogen-nitrogen purge gas
in order to clean the atomising nozzle of the fuel processor.
The nozzle was clogged due to saturation of the ion-exchange
resin, and the impurities present in the water deposited at the
orifice of the nozzle. This induced a pressure drop increase
over the nozzle (between f1 and f2), which would have even-
tually hindered the fuel and water flow to the fuel processing
unit. As the ion-exchange mass was changed on a more regu-
lar basis based on the conductivity measurement of the water,
clogging was not observed later during the experiment. Shut-
down #2 at 4,500 h, occurred automatically due to supply fail-
ure of the natural gas and the system was brought to emer-
gency shutdown. The fuel and air feeds were immediately
discontinued and the unit was purged with a safety gas from
gas bottles. Shutdowns #3 and #4 at 5,800 and 6,100 h, respec-
tively, occurred automatically due to high pressure and low
voltage alarms caused by partially frozen exhaust pipeline.
The dew point of the anode exhaust gas after heat recovery
and condensation was ∼10 °C and the coincident outside tem-
perature was –20 °C. As a result, the water vapour left in the
exhaust gas froze in the exhaust pipeline obstructing the gas
flow. The problem was solved by installing an electric trace
heater to the exhaust pipeline.

After each of the above-mentioned shutdown situations,
the individual cell voltages were compared at identical oper-
ating conditions with respect to current density, UFUEL, UAIR,
DoR and furnace and stack temperature. The difference
between individual cell voltages was at maximum ±20 mV
before and after each shutdown, as some of the cells exhibited
an increase in voltage. An exception to this was after the shut-

down #3 at 5,800 h, where the flow of air purge gas was cut
off for 3 h, due to exhaustion of purge air container, resulting
in a significant loss of performance in cells number 1 and 7.
With respect to these results, it can be concluded that the
shutdown routines developed for the unit, if executed in a de-
signed manner, along with a robust enough stack design,
were sufficient to bring the system down safely without rele-
vant decrease in the performance.

The shutdown #5 at 6,400 h was initiated to cool down the
stack to room temperature to assemble insulation layer as the
adjacent cells to cell #8 had already started to show progres-
sive decrease in voltage after the shutdown at 5,800 h. The
stack was then insulated with microporous insulation layer,
heated back up to operating temperature mainly by pre-heat-
ing the inlet gases of the stack, and operated for another
∼200 h. During this time, the effect of DoR on the tempera-
ture, voltage and efficiency of the stack was measured with-
out external heating of the furnace. The final shutdown #6 at
7,400 h was initiated automatically due to progressive fail-
ures of the cells adjacent to short-circuited cell #8, which led
to increasing leakages between the fuel and air sides of the
stack and excessive temperatures, both in the stack and at the
exhaust pipeline due to the burning of the fuel. This was seen
as a catastrophic failure of the stack.

Additionally, between 2,500 and 3,500 h recurring difficul-
ties related to the control of the inlet cathode air flow caused
a steady increase in the inlet air flow, which manifests as a
decrease of UAIR in Figure 2. As a result of increased inlet air,
the stack was cooled down progressively and the tempera-
ture and voltage of the stack were decreased. This decrease in
voltage is seen as a decrease in Pel,stack in Figure 2, as the
stack was used with constant current density. The problem
was solved by reconfiguring the control loop for cathode air,
and thus a steady supply of air was restored.

Polarisation of the 5 kW stack was measured with hydro-
gen immediately after assembly and curing. After the curing
and evaluation of stack performance with hydrogen, the unit
and the stack were cooled down to ambient temperature for
inspection and heated back to operating temperature to com-
mence the experiments. Individual cell voltages of the stack
with hydrogen at current density of 0.25 A cm–2 are depicted
in Figure 3. Additionally, individual cell voltages measured
during the experiment with reformed natural gas at
0.35 A cm–2 are shown for comparison. The distribution of in-
dividual cell voltages is identical with hydrogen and refor-
mate gas i.e. the initial thermal cycle did not cause changes in
the voltage distribution. Voltage of the cell #1 (bottom cell)
was 50–100 mV lower compared to the other cells, and short-
circuit was measured in the cell #8. The other cell voltages
were within ±25 mV and similar values have been reported
previously for FZJ stacks [23]. A slight increase in the voltage
is observed towards the top of the stack, which is probably
caused by the heating effect of the furnace, and due to the
heat loss through the ceramic bricks at the bottom of the fur-
nace. The differences between individual cell voltages, which
are more pronounced in the middle of the stack (cells 20–30),
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can be due to differing contact resistances caused by inhomo-
geneous settling of the stack during the stack assembly and
curing.

I–V curves of the stack with reformed natural gas at UFUEL

of 51% and 71% are depicted in Figure 4. After each current
step, the system was left to stabilise for at least 24 h to reach
new system-wide steady-state conditions i.e. so that no
changes in the temperature measurements were observed.
The time between the two different I–V curves depicted in
Figure 4 is ∼250 hundred hours. Electric power of 5.1 kW
with UFUEL of 51% was achieved at 0.35 A cm–2. However,
the gel,stack was only 33–35% due to low fuel utilisation level
of the stack and also due to high inlet air O2/C -ratio to the
reformer, as part of the natural gas was oxidised already in

the reformer reactor (see Section 3.2). The efficiency was
improved by higher fuel utilisation and lower inlet air O2/C
ratios, as relatively larger fraction of the inlet fuel was used to
produce electricity. With UFUEL of 71%, electric power of
4.7 kW was achieved and the gel,stack was increased to ∼48%.
The short-circuited cell caused a decrease in the performance
of the stack by lowering the stack voltage up to 2.5% during
the I–V measurements. However, despite the performance
loss, the robustness of the stack design towards short-circuits
was demonstrated as stable operation was maintained up to
6,000 h during the experiment.

Performance degradation of varying magnitude was ob-
served in the stack throughout the experiment. The measure-
ments from the 5 kW stack were compared to the inherent
voltage degradation of stacks with similar design and materi-
als. The performance degradation of SOFC stacks is typically
measured by operating the stack galvanostatically at constant
operating conditions for several thousands of hours. The deg-
radation can then be calculated from the absolute [DUDt–1

(mV kh–1)] or relative [DUU1
–1Dt–1 (%kh–1)] voltage drop over

time and the resulting value can be used to express the dur-
ability of the stack. As the demonstration unit and the stack
were used in varying operating conditions throughout the
experiment, it is impossible to calculate any single value for
stack voltage drop for the entire duration of the test based on
the above described practice. Instead, the degradation of the
stack is evaluated here by observing the evolution of absolute
voltage drop of the stack voltage over time.

The average cell voltage of the stack during the experiment
is depicted in Figure 5a. The absolute voltage drop is calcu-
lated with linear regression for all periods at steady-state
operating conditions over 100 h. Measurements from the
short-circuited cell (#8) are not used in the linear regression,
as this generates step transitions in the voltage, which would
produce misleading values for linear regression. Additionally
to the steady-state conditions, the voltage drop is calculated
with linear regression between periods where operation at
identical conditions was resumed. The time periods and oper-
ating conditions used to calculate the absolute voltage drop,
along with the results of linear regression are summarised in
Table 1.

The resulting values for absolute voltage drop over time
are depicted in Figure 5b. The absolute voltage drop was
20–135 mV kh–1 during the first 400 h of operating conditions
and the voltage drop gets smaller over time. After the initial
400 h, the voltage drop settles at 6–12 mV kh–1. After 4,000 h,
the result suggests that the voltage drop is again increasing.
Comparable values of absolute voltage drop over time for
similar first generation (1-G) F-design short stacks have been
reported by de Haart et al [5]. With 1-G short stacks, the
initial voltage drop was 100–135 mV kh–1 during the first
300 h, which corresponds to the values obtained in the dem-
onstration unit. Concurrently, after the initial drop in voltage,
a linear decrease in voltage was measured over time. The lin-
ear decrease of voltage for 1-G short stacks was 6 mV kh–1 at
0.3 A cm–2, and 16 mV kh–1 at 0.4 A cm–2, which again corre-
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j = 0.25 A cm–2; � : natural gas, UFUEL = 0.51, j = 0.35 A cm–2; × : nat-
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bottom of the stack. Error bars represent 2r error.
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rent density was at or above 0.2 A cm–2. For the major part of
the test, when the furnace was in use, varying the DoR did
not result in significant changes in the temperature or voltage
of stack, and the stack could be operated with DoR of 0.1
between 0.25 and 0.35 A cm–2. At the end of the long term
testing, when the furnace was not in use, a more pronounced
effect of the DoR was observed, and DoR below 0.5 could not
be achieved with 0.2 A cm–2. This was due to the temperature
smoothing effect of the furnace because of its high heat trans-
fer area: the higher the temperature of the stack was with
respect to the furnace temperature, the higher were the heat
losses from the stack and vice versa. Therefore, the use of fur-
nace affected the thermal balance of the stack to a great extent
and provided an increased operability for the system, which
would not have been possible without the furnace. It was ob-
served that at low UAIR values, the stack voltage decreased as
the temperature of the stack was decreased due to increased
air flow rate (Figure 2, 3,000–3,500 h). Interestingly, the oper-
ability of the stack was maintained at high UAIR (above 0.33
[19]) values and no overheating of the stack occurred. This
can be explained again by the use of furnace during the
experiment.

As can be seen in Figure 2, the experiment was interrupted
and the electric loading of the stack discontinued several
times during the test run. Shutdown #1 at 2,200 h was
initiated due to system servicing. The system was brought to
a standby state and switched to hydrogen-nitrogen purge gas
in order to clean the atomising nozzle of the fuel processor.
The nozzle was clogged due to saturation of the ion-exchange
resin, and the impurities present in the water deposited at the
orifice of the nozzle. This induced a pressure drop increase
over the nozzle (between f1 and f2), which would have even-
tually hindered the fuel and water flow to the fuel processing
unit. As the ion-exchange mass was changed on a more regu-
lar basis based on the conductivity measurement of the water,
clogging was not observed later during the experiment. Shut-
down #2 at 4,500 h, occurred automatically due to supply fail-
ure of the natural gas and the system was brought to emer-
gency shutdown. The fuel and air feeds were immediately
discontinued and the unit was purged with a safety gas from
gas bottles. Shutdowns #3 and #4 at 5,800 and 6,100 h, respec-
tively, occurred automatically due to high pressure and low
voltage alarms caused by partially frozen exhaust pipeline.
The dew point of the anode exhaust gas after heat recovery
and condensation was ∼10 °C and the coincident outside tem-
perature was –20 °C. As a result, the water vapour left in the
exhaust gas froze in the exhaust pipeline obstructing the gas
flow. The problem was solved by installing an electric trace
heater to the exhaust pipeline.

After each of the above-mentioned shutdown situations,
the individual cell voltages were compared at identical oper-
ating conditions with respect to current density, UFUEL, UAIR,
DoR and furnace and stack temperature. The difference
between individual cell voltages was at maximum ±20 mV
before and after each shutdown, as some of the cells exhibited
an increase in voltage. An exception to this was after the shut-

down #3 at 5,800 h, where the flow of air purge gas was cut
off for 3 h, due to exhaustion of purge air container, resulting
in a significant loss of performance in cells number 1 and 7.
With respect to these results, it can be concluded that the
shutdown routines developed for the unit, if executed in a de-
signed manner, along with a robust enough stack design,
were sufficient to bring the system down safely without rele-
vant decrease in the performance.

The shutdown #5 at 6,400 h was initiated to cool down the
stack to room temperature to assemble insulation layer as the
adjacent cells to cell #8 had already started to show progres-
sive decrease in voltage after the shutdown at 5,800 h. The
stack was then insulated with microporous insulation layer,
heated back up to operating temperature mainly by pre-heat-
ing the inlet gases of the stack, and operated for another
∼200 h. During this time, the effect of DoR on the tempera-
ture, voltage and efficiency of the stack was measured with-
out external heating of the furnace. The final shutdown #6 at
7,400 h was initiated automatically due to progressive fail-
ures of the cells adjacent to short-circuited cell #8, which led
to increasing leakages between the fuel and air sides of the
stack and excessive temperatures, both in the stack and at the
exhaust pipeline due to the burning of the fuel. This was seen
as a catastrophic failure of the stack.

Additionally, between 2,500 and 3,500 h recurring difficul-
ties related to the control of the inlet cathode air flow caused
a steady increase in the inlet air flow, which manifests as a
decrease of UAIR in Figure 2. As a result of increased inlet air,
the stack was cooled down progressively and the tempera-
ture and voltage of the stack were decreased. This decrease in
voltage is seen as a decrease in Pel,stack in Figure 2, as the
stack was used with constant current density. The problem
was solved by reconfiguring the control loop for cathode air,
and thus a steady supply of air was restored.

Polarisation of the 5 kW stack was measured with hydro-
gen immediately after assembly and curing. After the curing
and evaluation of stack performance with hydrogen, the unit
and the stack were cooled down to ambient temperature for
inspection and heated back to operating temperature to com-
mence the experiments. Individual cell voltages of the stack
with hydrogen at current density of 0.25 A cm–2 are depicted
in Figure 3. Additionally, individual cell voltages measured
during the experiment with reformed natural gas at
0.35 A cm–2 are shown for comparison. The distribution of in-
dividual cell voltages is identical with hydrogen and refor-
mate gas i.e. the initial thermal cycle did not cause changes in
the voltage distribution. Voltage of the cell #1 (bottom cell)
was 50–100 mV lower compared to the other cells, and short-
circuit was measured in the cell #8. The other cell voltages
were within ±25 mV and similar values have been reported
previously for FZJ stacks [23]. A slight increase in the voltage
is observed towards the top of the stack, which is probably
caused by the heating effect of the furnace, and due to the
heat loss through the ceramic bricks at the bottom of the fur-
nace. The differences between individual cell voltages, which
are more pronounced in the middle of the stack (cells 20–30),
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f6, Figure 1) of the reactor and on the gas composition of the
reactor exhaust gas is depicted in Figure 6. The temperature
at the reactor inlet (position f5) varied between 530 and
550 °C. At steam reforming mode (O2/C ratio = 0), the DoR
of methane in the natural gas was ∼10%, and the DoR of
ethane and propane was above 97% while the rest of the high-
er hydrocarbons in the natural gas were below detection
limit. It should be noted that the DoR was nearly proportional
to the inlet O2/C-ratio and at O2/C-ratio of 0.4 the degree of
pre-reforming was increased to 90%. Concurrently, gfar

decreased from 100% at steam reforming mode to 80% at O2/
C-ratio of 0.4.

The experimental results of the reformer characterisation
were compared to the thermodynamic equilibrium at corre-
sponding conditions. The equilibrium temperature and the
composition of the reformate gas was calculated with Cantera
toolbox [25] using GRI-Mech 3.0 reactions developed for nat-
ural gas combustion [26]. Equilibrium was solved for an adia-
batic system, where the total enthalpy and pressure between
reactants and products were kept constant. Temperature

measurement at the reactor inlet (Figure 6) and measure-
ments from mass flow controllers were used to define inlet
gas mixture temperature and composition.

The experimental values are within the error limits when
compared to the corresponding equilibrium values, except at
O2/C -ratios below 0.1 (Figure 6). At O2/C -ratios below 0.1
the measured outlet temperature methane concentration are
higher with respect to the equilibrium values. This deviation
can be due to the catalyst kinetics, which limit the extent of
the endothermic steam reforming reactions, as both the
methane concentration and temperature at the outlet are
higher than the corresponding equilibrium values.

Ageing of a natural gas pre-reformer catalyst can be
assessed by observing the change in the methane conversion
over time [27]. Decrease in the catalyst activity towards con-
version of methane with an adiabatic reactor would show as
decrease in the DoR and increase in the reactor outlet temper-
ature, as less methane is consumed by endothermic steam
reforming reactions. The long-term performance of the cata-
lyst with respect to DoR and reactor outlet temperature is
depicted in Figure 7. Again, both experimental and equilib-
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spond to the values between 1,000 and 4,000 h of operation
presented in Figure 5b. When the 1-G short stacks were used
at current a density of 0.4 A cm–2 or higher, the voltage drop
started to increase progressively before 3,000 h of operation.
This progressive degradation was observed to increase
towards higher current densities. After 4,000 h, the stack in
the demonstration unit exhibits signs of progressive voltage
decrease as well. However, relatively large error margin for
the absolute voltage drop, due to measurement noise and
short period of constant operation conditions, prevents
obtaining a reliable value for the magnitude of progression.
Nevertheless, both the magnitude and the different periods
in the evolution of the absolute voltage drop over time corre-
spond well between the 5 kW stack and similar 1-G stacks.
Therefore, it can be concluded that the voltage degradation of
the stack is inherent to the stack design itself i.e. no distinct
increase in the degradation is observed due to choice of BoP-
components, materials and design or system operating condi-
tions.

3.2 Performance and Durability of BoP-components

The performance of the BoP-components used in the dem-
onstration unit was suffcient to obtain the designed electrical
output for the stack with gross electric efficiency of 45–50%.
Fuel processing unit, air and fuel heat exchangers and the
automation system worked as designed and performed reli-
ably during the test run. The performances of the afterburner
and power conversion unit were sub-optimal, but did not
impede the performance of the stack.

The fuel reformer used in the demonstration unit provided
means to control the degree of pre-reforming of the natural
gas by varying the inlet air O2/C-ratio and the H2O/C-ratio
[22]. By increasing the inlet air O2/C-ratio, the faradic equiva-
lent current efficiency of the reformer is lowered [24], as the

part of the inlet fuel reacts with oxygen
via partial oxidation reactions (Eq. 1).

gfar � 1 � 0�5 ×
O2

C

� �
�1�

In order to minimise the risk of carbon
formation in the reactor, fuel pipelines
and stack, the H2O/C-ratio was increased
as the O2/C-ratio was decreased. The
minimum H2O/C-ratio in relation to O2/
C-ratio was selected to exhibit no graph-
ite formation at thermodynamic equilib-
rium above 350 °C, and was defined
according to Equation 2.
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The effect of varying inlet air O2/C-
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Fig. 5 Evolution of the stack voltage during experiment. a) Average cell
voltage of the stack over time without cell #8 (grey line), linear fit for volt-
age at steady-state operating conditions (black solid line) and linear fit
between identical operating conditions (black dashed line). b) Voltage
decrease obtained with linear fitting at steady-state operating conditions
(�) and between identical operating conditions (�). Error bars represent
2r error in linear fit.

Table 1 Time period and operating conditions where the absolute voltage drop over time is calcu-
lated with linear regression. Error estimate for linear regression that meets 2r variance in voltage
measurements.

t1 t2 j UFUEL UAIR Inlet O2/C Operating DU DU 2r error
Hours A cm–2 Conditions mV kh–1 mV kh–1

185 345 0.35 0.51 0.35 0.25 Steady-state –136 21
156 462 0.25 0.51 0.38 0.30 Identical –77 11
355 465 0.25 0.51 0.37 0.35 Steady-state –28 32
545 660 0.30 0.71 0.37 0.10 Steady-state –1 68
670 2 130 0.35 0.71 0.36 0.10 Steady-state –10 6
510 2 428 0.25 0.71 0.38 0.19 Identical –8 4
650 2 509 0.30 0.71 0.38 0.10 Identical –6 4
650 4 460 0.30 0.71 0.37 0.10 Identical –9 2
2 509 4 460 0.30 0.71 0.38 0.10 Identical –12 3
3 590 4 200 0.35 0.71 0.26 0.00 Steady-state –7 20
4 890 5 000 0.20 0.71 0.64 0.00 Steady-state –28 81
5 000 5 130 0.20 0.71 0.68 0.00 Steady-state –31 67
5 370 5 720 0.25 0.71 0.49 0.00 Steady-state –2 27
6 190 6 345 0.20 0.71 0.59 0.20 Steady-state –31 38
6 445 6 600 0.20 0.70 0.54 0.20 Steady-state –16 42
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f6, Figure 1) of the reactor and on the gas composition of the
reactor exhaust gas is depicted in Figure 6. The temperature
at the reactor inlet (position f5) varied between 530 and
550 °C. At steam reforming mode (O2/C ratio = 0), the DoR
of methane in the natural gas was ∼10%, and the DoR of
ethane and propane was above 97% while the rest of the high-
er hydrocarbons in the natural gas were below detection
limit. It should be noted that the DoR was nearly proportional
to the inlet O2/C-ratio and at O2/C-ratio of 0.4 the degree of
pre-reforming was increased to 90%. Concurrently, gfar

decreased from 100% at steam reforming mode to 80% at O2/
C-ratio of 0.4.

The experimental results of the reformer characterisation
were compared to the thermodynamic equilibrium at corre-
sponding conditions. The equilibrium temperature and the
composition of the reformate gas was calculated with Cantera
toolbox [25] using GRI-Mech 3.0 reactions developed for nat-
ural gas combustion [26]. Equilibrium was solved for an adia-
batic system, where the total enthalpy and pressure between
reactants and products were kept constant. Temperature

measurement at the reactor inlet (Figure 6) and measure-
ments from mass flow controllers were used to define inlet
gas mixture temperature and composition.

The experimental values are within the error limits when
compared to the corresponding equilibrium values, except at
O2/C -ratios below 0.1 (Figure 6). At O2/C -ratios below 0.1
the measured outlet temperature methane concentration are
higher with respect to the equilibrium values. This deviation
can be due to the catalyst kinetics, which limit the extent of
the endothermic steam reforming reactions, as both the
methane concentration and temperature at the outlet are
higher than the corresponding equilibrium values.

Ageing of a natural gas pre-reformer catalyst can be
assessed by observing the change in the methane conversion
over time [27]. Decrease in the catalyst activity towards con-
version of methane with an adiabatic reactor would show as
decrease in the DoR and increase in the reactor outlet temper-
ature, as less methane is consumed by endothermic steam
reforming reactions. The long-term performance of the cata-
lyst with respect to DoR and reactor outlet temperature is
depicted in Figure 7. Again, both experimental and equilib-
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spond to the values between 1,000 and 4,000 h of operation
presented in Figure 5b. When the 1-G short stacks were used
at current a density of 0.4 A cm–2 or higher, the voltage drop
started to increase progressively before 3,000 h of operation.
This progressive degradation was observed to increase
towards higher current densities. After 4,000 h, the stack in
the demonstration unit exhibits signs of progressive voltage
decrease as well. However, relatively large error margin for
the absolute voltage drop, due to measurement noise and
short period of constant operation conditions, prevents
obtaining a reliable value for the magnitude of progression.
Nevertheless, both the magnitude and the different periods
in the evolution of the absolute voltage drop over time corre-
spond well between the 5 kW stack and similar 1-G stacks.
Therefore, it can be concluded that the voltage degradation of
the stack is inherent to the stack design itself i.e. no distinct
increase in the degradation is observed due to choice of BoP-
components, materials and design or system operating condi-
tions.

3.2 Performance and Durability of BoP-components

The performance of the BoP-components used in the dem-
onstration unit was suffcient to obtain the designed electrical
output for the stack with gross electric efficiency of 45–50%.
Fuel processing unit, air and fuel heat exchangers and the
automation system worked as designed and performed reli-
ably during the test run. The performances of the afterburner
and power conversion unit were sub-optimal, but did not
impede the performance of the stack.

The fuel reformer used in the demonstration unit provided
means to control the degree of pre-reforming of the natural
gas by varying the inlet air O2/C-ratio and the H2O/C-ratio
[22]. By increasing the inlet air O2/C-ratio, the faradic equiva-
lent current efficiency of the reformer is lowered [24], as the

part of the inlet fuel reacts with oxygen
via partial oxidation reactions (Eq. 1).

gfar � 1 � 0�5 ×
O2

C

� �
�1�

In order to minimise the risk of carbon
formation in the reactor, fuel pipelines
and stack, the H2O/C-ratio was increased
as the O2/C-ratio was decreased. The
minimum H2O/C-ratio in relation to O2/
C-ratio was selected to exhibit no graph-
ite formation at thermodynamic equilib-
rium above 350 °C, and was defined
according to Equation 2.
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Fig. 5 Evolution of the stack voltage during experiment. a) Average cell
voltage of the stack over time without cell #8 (grey line), linear fit for volt-
age at steady-state operating conditions (black solid line) and linear fit
between identical operating conditions (black dashed line). b) Voltage
decrease obtained with linear fitting at steady-state operating conditions
(�) and between identical operating conditions (�). Error bars represent
2r error in linear fit.

Table 1 Time period and operating conditions where the absolute voltage drop over time is calcu-
lated with linear regression. Error estimate for linear regression that meets 2r variance in voltage
measurements.

t1 t2 j UFUEL UAIR Inlet O2/C Operating DU DU 2r error
Hours A cm–2 Conditions mV kh–1 mV kh–1

185 345 0.35 0.51 0.35 0.25 Steady-state –136 21
156 462 0.25 0.51 0.38 0.30 Identical –77 11
355 465 0.25 0.51 0.37 0.35 Steady-state –28 32
545 660 0.30 0.71 0.37 0.10 Steady-state –1 68
670 2 130 0.35 0.71 0.36 0.10 Steady-state –10 6
510 2 428 0.25 0.71 0.38 0.19 Identical –8 4
650 2 509 0.30 0.71 0.38 0.10 Identical –6 4
650 4 460 0.30 0.71 0.37 0.10 Identical –9 2
2 509 4 460 0.30 0.71 0.38 0.10 Identical –12 3
3 590 4 200 0.35 0.71 0.26 0.00 Steady-state –7 20
4 890 5 000 0.20 0.71 0.64 0.00 Steady-state –28 81
5 000 5 130 0.20 0.71 0.68 0.00 Steady-state –31 67
5 370 5 720 0.25 0.71 0.49 0.00 Steady-state –2 27
6 190 6 345 0.20 0.71 0.59 0.20 Steady-state –31 38
6 445 6 600 0.20 0.70 0.54 0.20 Steady-state –16 42
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backpressure of the system (a1, Figure 1). Constant total effi-
ciency (electricity to pV-work) was assumed for the entire
operating range of the blower. The power consumption of the
blower is calculated to be 300 W at 400 lN min–1, which corre-
sponds 26% of UAIR at a current density of 0.35 A cm–2. With
Pel,stack of 4.5–5 kW, the power consumption of the blower is
below 10% of the gross stack electric power, and the decrease
in the gel,stack is below 3%-units. The pressure loss of each
component at the air system contributes to the total backpres-
sure. With 400 lN min–1, the individual pressure losses of the
hot and cold side of the heat exchanger bundle, and the stack
are ∼30 mbar. With this backpressure, the use of regular side-
channel blowers is feasible as the parasitic power losses
caused by the air blower remain below 300 W and the result-
ing decrease in the electrical efficiency is kept at an adequate
level.

Two BoP -components, the power conversion unit and the
afterburner, failed to operate as expected. The SOFC stack
was connected to the electric grid with a power conversion
unit whenever electric load was applied during the test run.
A current setpoint was imposed on the power conversion
unit, which limited the current density of the stack to the
desired value. However, at maximum, half of the electricity
produced by the stack could be supplied to the grid as the
power conversion equipment caused an increasing voltage
ripple on the stack at higher current levels. Therefore, the
stack was loaded in parallel with the DC load to limit the cur-
rent to the power conversion unit and to obtain high enough
current densities for the test.

Cabling losses were 5–10%, calculated as loss of voltage
between the stack end plates and the power conversion unit,
and redesign of the current collection and cabling is required
to decrease the losses. The conversion efficiency from DC
input to AC output of the power conversion unit was ∼70%
with 2.5 kW input power. DC–DC converters that increased
the DC voltage of the stack to 400 VDC for the inverter were

the primary cause for the poor efficiency, having efficiency of
∼80%. The low efficiency of the power conversion unit is
partly explained by the use of regular off-the-shelf compo-
nents that were not optimised for the low voltage and high
current output of the stack. Significant improvements in the
power conversion unit can be expected by utilising custo-
mised components.

Shortly after the stack assembly and system start-up, the
burner failed to ignite and burn the anode off-gas from the
stack. The failure was probably caused by condensation of
liquid water to the surface of the catalysts during commis-
sioning of the stack and the first thermal cycle. The con-
densed water rinsed away the catalytically active material,
and no oxidation of fuel could occur in the afterburner. Prior
to the long term testing, the afterburner was characterised in
a separate test bench [24] and an endurance test of 1,000 h
was conducted before assembling the burner to the demo
unit. During the endurance test the burner showed no mea-
surable decrease in performance. In the future experiments, a
more robust afterburning catalyst tolerant to water condensa-
tion is needed or the condensation has to be prevented by
redesigning the burner.

4 Conclusion
A SOFC demonstration unit was designed and con-

structed. The unit was operated with a planar SOFC stack for
a total of over 7,000 h. During the test run the performance
and durability of the stack and other BoP-components were
assessed. Two components, the afterburner and the power
conversion unit failed to operate as intended, but the perfor-
mance of other components was satisfactory during the test
run. The SOFC stack used in the system showed stable opera-
tion for long term testing and towards several shutdown
situations, even with one cell in short-circuit.

The heat exchanger bundle at the air system operated with
sufficient effectiveness to pre-heat the inlet air for stack
operation. The total pressure losses at the air system were
low enough to make use of regular side channel blowers fea-
sible. At the fuel system, the combined effect of high heat loss
and the use of trace heating prevented the assessing of the
effectiveness of the heat exchanger. Nevertheless, the fuel
heat exchanger was used successfully throughout the experi-
ment and no distinct changes in the pressure loss or stack
inlet temperature at the fuel side were observed. The opera-
tional characteristics of the reformer unit are assessed by
comparison with thermodynamic equilibrium. A minor
decrease in the DoR of the reformer was measured during the
test run, but the change is not significant for system operation
and was not observed to impede the performance of the
stack.

The evolution of the voltage drop of the 5 kW power class
stack used during the test run corresponds with the measure-
ments conducted with similar short stacks. A period of large
initial drop in voltage, followed by a period of nearly con-
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rium results are presented. The performance can be evaluated
with several inlet O2/C -ratios as the demo unit was used at
varying conditions. With inlet O2/C -ratio of 0.2, no changes
in either the temperature or the DoR can be seen over time.
With lower O2/C -ratios, the difference in the reactor outlet
temperature increases by a maximum of 25 °C as the experi-
ment proceeds further when compared to equilibrium values.
A similar effect can be perceived with DoR, but the effect is
not so pronounced as with temperature. These results indi-
cate that some deactivation of the catalyst occurred, as the
extent of steam reforming reactions decreased during the test
run. Moreover, the deactivation can be more pronounced
towards lower O2/C -ratios, where larger portion of the
methane is converted via steam reforming instead of partial
oxidation reactions. However, the changes in the temperature
are within 25 °C and the corresponding change in the DoR is
only a few percent units. It can be argued that a deactivation
of this magnitude is not an issue in the system operation, as
the heat balance of the system is not significantly changed.

The characteristic performance of the air heat exchanger
bundle is depicted in Figure 8a. It can be seen that the inlet
air (position a3) was preheated to 530–580 °C and the temper-
ature was increasing with the inlet air flow. The conductance
of the heat exchanger bundle was 28.5 W K–1 and 79 W K–1

with 200 lN min–1 and 600 lN min–1, respectively. The conduc-
tance increased linearly as a function of air flow rate. The rel-
ative decrease in temperature at lower air flow rates is due to
considerable heat losses from the air exhaust pipeline
between the stack and the heat exchangers, and from the heat
exchanger bundle itself. Heat loss was calculated to be 13–
15% from the hot air flow in the heat exchangers and 6–12%
in the stack exhaust pipeline, depending on the air flow rate
(data not shown). The temperature difference between the air
flows at the stack end of the heat exchanger bundle remained
at 150 ± 10 °C, regardless of the variation in the inlet air flow
rate and the temperature of the hot air from the stack.

The characteristic performance of the air heat exchanger
bundle remained constant during the test run. Figure 8b
depicts the difference between temperature measurements at
the stack end and blower end of the heat exchanger bundle. It
is clear that the temperature difference remains at the above
mentioned 150 ± 10 °C over time with some fluctuations
caused by system stand-by situations. This indicates that the
heat-transfer properties of the heat exchangers remain
unchanged during the experiment. Likewise, no changes in
the characteristic pressure drop at the hot side and the cold
side of the HEX bundle were measured (data not shown).

No changes in the pressure losses at the fuel heat exchan-
ger were observed over time. The pressure loss at each side of
the fuel exchanger and in the fuel side of the stack was
5–20 mbar depending on inlet fuel flow rate, degree of pre-
reforming and fuel utilisation of the stack. The pressure loss
of the reformer reactor was below 5 mbar, while the vaporiser
and fuel heater contributed 40–100 mbar to the total back-
pressure of the fuel system. The total backpressure of the
components at the fuel system remained below 200 mbar

during the experiment. The heat transfer properties of the
fuel heat exchanger cannot be evaluated reliably as the trace
heating elements inflicted bias to the temperature measure-
ments of the fuel and exhaust gases. Additionally, the vicinity
of the air heat exchanger of considerably larger mass may
have caused bias in the measurements as the heat exchangers
were insulated under the same insulation layer. However, the
heat exchanger operated through the entire test run and pro-
vided sufficient pre-heating of inlet fuel to operate the unit.

In atmospheric SOFC systems, the air blower is typically
largest consumer of electric power among all auxiliary com-
ponents [19]. Therefore, the characteristic backpressure of a
SOFC system largely defines the parasitic power losses and
the resulting decrease in the electric efficiency. The backpres-
sure at different measurement positions at the air system ver-
sus the inlet air flow, along with the calculated power con-
sumption of the air blower, are depicted in Figure 9. The
power consumption of the air blower as a function of the air
flow rate is calculated with fan efficiency of 25% and the total
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backpressure of the system (a1, Figure 1). Constant total effi-
ciency (electricity to pV-work) was assumed for the entire
operating range of the blower. The power consumption of the
blower is calculated to be 300 W at 400 lN min–1, which corre-
sponds 26% of UAIR at a current density of 0.35 A cm–2. With
Pel,stack of 4.5–5 kW, the power consumption of the blower is
below 10% of the gross stack electric power, and the decrease
in the gel,stack is below 3%-units. The pressure loss of each
component at the air system contributes to the total backpres-
sure. With 400 lN min–1, the individual pressure losses of the
hot and cold side of the heat exchanger bundle, and the stack
are ∼30 mbar. With this backpressure, the use of regular side-
channel blowers is feasible as the parasitic power losses
caused by the air blower remain below 300 W and the result-
ing decrease in the electrical efficiency is kept at an adequate
level.

Two BoP -components, the power conversion unit and the
afterburner, failed to operate as expected. The SOFC stack
was connected to the electric grid with a power conversion
unit whenever electric load was applied during the test run.
A current setpoint was imposed on the power conversion
unit, which limited the current density of the stack to the
desired value. However, at maximum, half of the electricity
produced by the stack could be supplied to the grid as the
power conversion equipment caused an increasing voltage
ripple on the stack at higher current levels. Therefore, the
stack was loaded in parallel with the DC load to limit the cur-
rent to the power conversion unit and to obtain high enough
current densities for the test.

Cabling losses were 5–10%, calculated as loss of voltage
between the stack end plates and the power conversion unit,
and redesign of the current collection and cabling is required
to decrease the losses. The conversion efficiency from DC
input to AC output of the power conversion unit was ∼70%
with 2.5 kW input power. DC–DC converters that increased
the DC voltage of the stack to 400 VDC for the inverter were

the primary cause for the poor efficiency, having efficiency of
∼80%. The low efficiency of the power conversion unit is
partly explained by the use of regular off-the-shelf compo-
nents that were not optimised for the low voltage and high
current output of the stack. Significant improvements in the
power conversion unit can be expected by utilising custo-
mised components.

Shortly after the stack assembly and system start-up, the
burner failed to ignite and burn the anode off-gas from the
stack. The failure was probably caused by condensation of
liquid water to the surface of the catalysts during commis-
sioning of the stack and the first thermal cycle. The con-
densed water rinsed away the catalytically active material,
and no oxidation of fuel could occur in the afterburner. Prior
to the long term testing, the afterburner was characterised in
a separate test bench [24] and an endurance test of 1,000 h
was conducted before assembling the burner to the demo
unit. During the endurance test the burner showed no mea-
surable decrease in performance. In the future experiments, a
more robust afterburning catalyst tolerant to water condensa-
tion is needed or the condensation has to be prevented by
redesigning the burner.

4 Conclusion
A SOFC demonstration unit was designed and con-

structed. The unit was operated with a planar SOFC stack for
a total of over 7,000 h. During the test run the performance
and durability of the stack and other BoP-components were
assessed. Two components, the afterburner and the power
conversion unit failed to operate as intended, but the perfor-
mance of other components was satisfactory during the test
run. The SOFC stack used in the system showed stable opera-
tion for long term testing and towards several shutdown
situations, even with one cell in short-circuit.

The heat exchanger bundle at the air system operated with
sufficient effectiveness to pre-heat the inlet air for stack
operation. The total pressure losses at the air system were
low enough to make use of regular side channel blowers fea-
sible. At the fuel system, the combined effect of high heat loss
and the use of trace heating prevented the assessing of the
effectiveness of the heat exchanger. Nevertheless, the fuel
heat exchanger was used successfully throughout the experi-
ment and no distinct changes in the pressure loss or stack
inlet temperature at the fuel side were observed. The opera-
tional characteristics of the reformer unit are assessed by
comparison with thermodynamic equilibrium. A minor
decrease in the DoR of the reformer was measured during the
test run, but the change is not significant for system operation
and was not observed to impede the performance of the
stack.

The evolution of the voltage drop of the 5 kW power class
stack used during the test run corresponds with the measure-
ments conducted with similar short stacks. A period of large
initial drop in voltage, followed by a period of nearly con-
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rium results are presented. The performance can be evaluated
with several inlet O2/C -ratios as the demo unit was used at
varying conditions. With inlet O2/C -ratio of 0.2, no changes
in either the temperature or the DoR can be seen over time.
With lower O2/C -ratios, the difference in the reactor outlet
temperature increases by a maximum of 25 °C as the experi-
ment proceeds further when compared to equilibrium values.
A similar effect can be perceived with DoR, but the effect is
not so pronounced as with temperature. These results indi-
cate that some deactivation of the catalyst occurred, as the
extent of steam reforming reactions decreased during the test
run. Moreover, the deactivation can be more pronounced
towards lower O2/C -ratios, where larger portion of the
methane is converted via steam reforming instead of partial
oxidation reactions. However, the changes in the temperature
are within 25 °C and the corresponding change in the DoR is
only a few percent units. It can be argued that a deactivation
of this magnitude is not an issue in the system operation, as
the heat balance of the system is not significantly changed.

The characteristic performance of the air heat exchanger
bundle is depicted in Figure 8a. It can be seen that the inlet
air (position a3) was preheated to 530–580 °C and the temper-
ature was increasing with the inlet air flow. The conductance
of the heat exchanger bundle was 28.5 W K–1 and 79 W K–1

with 200 lN min–1 and 600 lN min–1, respectively. The conduc-
tance increased linearly as a function of air flow rate. The rel-
ative decrease in temperature at lower air flow rates is due to
considerable heat losses from the air exhaust pipeline
between the stack and the heat exchangers, and from the heat
exchanger bundle itself. Heat loss was calculated to be 13–
15% from the hot air flow in the heat exchangers and 6–12%
in the stack exhaust pipeline, depending on the air flow rate
(data not shown). The temperature difference between the air
flows at the stack end of the heat exchanger bundle remained
at 150 ± 10 °C, regardless of the variation in the inlet air flow
rate and the temperature of the hot air from the stack.

The characteristic performance of the air heat exchanger
bundle remained constant during the test run. Figure 8b
depicts the difference between temperature measurements at
the stack end and blower end of the heat exchanger bundle. It
is clear that the temperature difference remains at the above
mentioned 150 ± 10 °C over time with some fluctuations
caused by system stand-by situations. This indicates that the
heat-transfer properties of the heat exchangers remain
unchanged during the experiment. Likewise, no changes in
the characteristic pressure drop at the hot side and the cold
side of the HEX bundle were measured (data not shown).

No changes in the pressure losses at the fuel heat exchan-
ger were observed over time. The pressure loss at each side of
the fuel exchanger and in the fuel side of the stack was
5–20 mbar depending on inlet fuel flow rate, degree of pre-
reforming and fuel utilisation of the stack. The pressure loss
of the reformer reactor was below 5 mbar, while the vaporiser
and fuel heater contributed 40–100 mbar to the total back-
pressure of the fuel system. The total backpressure of the
components at the fuel system remained below 200 mbar

during the experiment. The heat transfer properties of the
fuel heat exchanger cannot be evaluated reliably as the trace
heating elements inflicted bias to the temperature measure-
ments of the fuel and exhaust gases. Additionally, the vicinity
of the air heat exchanger of considerably larger mass may
have caused bias in the measurements as the heat exchangers
were insulated under the same insulation layer. However, the
heat exchanger operated through the entire test run and pro-
vided sufficient pre-heating of inlet fuel to operate the unit.

In atmospheric SOFC systems, the air blower is typically
largest consumer of electric power among all auxiliary com-
ponents [19]. Therefore, the characteristic backpressure of a
SOFC system largely defines the parasitic power losses and
the resulting decrease in the electric efficiency. The backpres-
sure at different measurement positions at the air system ver-
sus the inlet air flow, along with the calculated power con-
sumption of the air blower, are depicted in Figure 9. The
power consumption of the air blower as a function of the air
flow rate is calculated with fan efficiency of 25% and the total
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stant voltage drop, is evident in the experimental results.
Moreover, both the magnitude and time scale of these two
phenomena match with the short stack experiments. It can,
therefore, be concluded that the different system components,
e.g. reformer or heat exchangers upstream of the stack, and
varying operating conditions during the test run, did not
cause a measurable increase in the inherent voltage degrada-
tion of the stack.
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stant voltage drop, is evident in the experimental results.
Moreover, both the magnitude and time scale of these two
phenomena match with the short stack experiments. It can,
therefore, be concluded that the different system components,
e.g. reformer or heat exchangers upstream of the stack, and
varying operating conditions during the test run, did not
cause a measurable increase in the inherent voltage degrada-
tion of the stack.
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Experimental results of the performance of a solid oxide fuel cell 
(SOFC) unit are presented. The unit was designed, manufactured 
and tested at the VTT Technical Research Centre of Finland. The 
10 kW power class SOFC stack and stack module were designed 
and manufactured by Versa Power Systems (VPS).  A successful 
commissioning test of the unit was conducted in 2010. Long term 
testing of the unit was started in November 2010. The unit has 
been operated with natural gas for over 1500 hours supplying 
electricity to the local grid. The unit has shown robust and 
uninterrupted performance. Stack DC efficiency of 60% and 
system net AC efficiency of 43% has been measured during the 
operation. 
 
 

Introduction 
 
The high electrical efficiency obtained with SOFC-based power plants is the key benefit 
of the SOFC technology when competing in the power production market against 
conventional production technologies. However, a sufficiently long lifetime of both the 
SOFC stacks, as well as the necessary Balance of Plant (BoP) components, is an essential 
condition for the commercialization of SOFC power plants. With no large-scale 
production of such plants, the lifetime and performance of different system components 
as well as the SOFC stacks operated at in-system conditions are currently not well 
established. Furthermore, building large 100 kW to MW range SOFC power systems 
requires developing large-size SOFC stacks as well as developing the techniques for 
integrating such stacks with the BoP components. In order to assess the multiple technical 
challenges related to such SOFC power plants, it is necessary to design, build and 
experiment on complete SOFC demonstration systems. This paper presents the 
experimental results of the performance of such a SOFC demonstration unit. 
 
 

Experimental 
 
The aim of the system design was to realize a grid-connected, single stack SOFC 

system with a high electrical efficiency while having no external steam or heat supplied 
to the system. The targeted stack DC-efficiency and system net AC-efficiency at the 
nominal operating point were 60% and 50%, respectively. The system was designed 
around a 10 kW planar SOFC stack produced by VPS. An anode recycle loop was 
included to enable water independent operation for the fuel system. The unit consists of 
two interconnected modules, the balance of plant (BoP) and the stack module (1). A 
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power conversion unit converts the stack DC power to AC power and supplies it to the 
electric grid (2,3). A simplified process flow chart is shown in Figure 1 and a picture of 
the complete system in Figure 2. 
 

 
 

Figure 1.  Simplified process flow diagram of the SOFC demonstration unit. 
 

 
 
Figure 2.  10 kW SOFC demonstration unit. Physical dimensions are ca. 4 m x 1.5 m x 
1.5 m (L x W x H). 
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The stack module contains the stack and its compression system, thermal insulation, 
electrical start-up heater and stack-related instrumentation. The stack consists of 64 
anode-supported cells each having an active area of 550 cm2. The internal flow 
configuration of the stack is cross-flow. The cathode inlet is open to the module internals, 
and therefore, the inlet air circulates inside the module before entering the stack.  
 

The BoP-module contains the air and fuel processing systems. An air blower draws 
ambient air into the system and feeds the main flow through a heat exchanger and further 
into the stack module where it enters the stack cathode. From the cathode, the exhaust air 
is fed to a catalytic burner which helps in preheating the cathode inlet air. Through a 
control valve, the air blower also supplies additional cold air to the burner when 
necessary to prevent it from overheating. Part of the incoming fresh air can also be fed 
through a heat exchanger by-pass line. This by-pass can be tuned to achieve the desired 
thermal operating point for the stack. Thermal insulation of the BoP-module is such that 
all the components and pipelines are independently insulated. 
 

The natural gas fed in to the fuel system is mixed with the recycled anode exhaust gas 
and heated in the fuel heat exchanger before passing it to the pre-reformer. The pre-
reformer is based on a commercial noble metal catalyst. After the pre-reformer, the fuel 
enters the stack module and reacts in the stack anode. Approximately 12% of the methane 
present in the fuel is reformed in the pre-reformer. The rest is carried on to the stack, 
where it is reformed internally. The anode exhaust gas is fed through the heat exchanger 
to pre-heat the fresh fuel. An anode gas recycle blower draws part of the anode exhaust 
gas back to the fresh fuel side of the heat exchanger. The rest of the fuel is fed to a 
catalytic burner to help pre-heat the air. 
 

The unit is designed for unattended operation, and for this purpose a control system 
has been implemented in an industrial PLC environment. The primary reference variable 
for the overall system control is the stack DC current, which is set by the system operator. 
A variety of closed- and open-loop controls are utilized to achieve automated operation 
and to keep the stack and BoP –components within predefined operating boundaries. 
Safety logics have been implemented within the control system that monitors the critical 
process parameters and initiates various levels of shutdown sequences if needed. 

 
 

Results 
 

Overview of the Test Runs 
 
A successful commissioning test of the demo unit was conducted in April through 

June 2010 to validate the system design, layout and controls. For this purpose, a 
previously used stack that had already reached its end-of-life voltage was used. In total, 
approximately 1000 hours of operation was accumulated during commissioning, and 
current was drawn from the stack for 720 hours. Thermally self-sustained operation i.e. 
electric heaters off, as well as water independent operation via anode gas recycle alone i.e. 
external steam supply off, was accomplished. The control system worked reliably for the 
entire duration of the commissioning test demonstrating stable and robust operation of the 
unit. (1) 
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The stack module contains the stack and its compression system, thermal insulation, 
electrical start-up heater and stack-related instrumentation. The stack consists of 64 
anode-supported cells each having an active area of 550 cm2. The internal flow 
configuration of the stack is cross-flow. The cathode inlet is open to the module internals, 
and therefore, the inlet air circulates inside the module before entering the stack.  
 

The BoP-module contains the air and fuel processing systems. An air blower draws 
ambient air into the system and feeds the main flow through a heat exchanger and further 
into the stack module where it enters the stack cathode. From the cathode, the exhaust air 
is fed to a catalytic burner which helps in preheating the cathode inlet air. Through a 
control valve, the air blower also supplies additional cold air to the burner when 
necessary to prevent it from overheating. Part of the incoming fresh air can also be fed 
through a heat exchanger by-pass line. This by-pass can be tuned to achieve the desired 
thermal operating point for the stack. Thermal insulation of the BoP-module is such that 
all the components and pipelines are independently insulated. 
 

The natural gas fed in to the fuel system is mixed with the recycled anode exhaust gas 
and heated in the fuel heat exchanger before passing it to the pre-reformer. The pre-
reformer is based on a commercial noble metal catalyst. After the pre-reformer, the fuel 
enters the stack module and reacts in the stack anode. Approximately 12% of the methane 
present in the fuel is reformed in the pre-reformer. The rest is carried on to the stack, 
where it is reformed internally. The anode exhaust gas is fed through the heat exchanger 
to pre-heat the fresh fuel. An anode gas recycle blower draws part of the anode exhaust 
gas back to the fresh fuel side of the heat exchanger. The rest of the fuel is fed to a 
catalytic burner to help pre-heat the air. 
 

The unit is designed for unattended operation, and for this purpose a control system 
has been implemented in an industrial PLC environment. The primary reference variable 
for the overall system control is the stack DC current, which is set by the system operator. 
A variety of closed- and open-loop controls are utilized to achieve automated operation 
and to keep the stack and BoP –components within predefined operating boundaries. 
Safety logics have been implemented within the control system that monitors the critical 
process parameters and initiates various levels of shutdown sequences if needed. 

 
 

Results 
 

Overview of the Test Runs 
 
A successful commissioning test of the demo unit was conducted in April through 

June 2010 to validate the system design, layout and controls. For this purpose, a 
previously used stack that had already reached its end-of-life voltage was used. In total, 
approximately 1000 hours of operation was accumulated during commissioning, and 
current was drawn from the stack for 720 hours. Thermally self-sustained operation i.e. 
electric heaters off, as well as water independent operation via anode gas recycle alone i.e. 
external steam supply off, was accomplished. The control system worked reliably for the 
entire duration of the commissioning test demonstrating stable and robust operation of the 
unit. (1) 
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A long term test with a new stack with beginning-of-life voltage was started in 
November 2010. The purpose of the long term testing is to optimize the operating 
conditions to yield maximum electrical efficiency and to study the durability of the SOFC 
stack and the BoP –components. As of January 4, 2011, the unit has been operated for 
over 1500 hours. Operation of the unit has been robust with no control disturbances or 
component failures (Figure 3).  

 
The test run was initiated by heating the system with electric heaters up to operating 

temperature while flushing the fuel system and stack anode with a hydrogen-nitrogen 
purge gas mixture. Once the operating temperature was reached the natural gas supply 
and start-up steam supply were started and the stack current was ramped up to 135 A with 
5 A min-1. During the first 500 hours of the test, the unit was operated with varying stack 
current to measure the part-load operating characteristics of the stack and the BoP-
components. The nominal operating point of 200 A stack current, 20% air utilization and 
80% system fuel utilization was reached at 505 hours after the test start. At stack currents 
in excess of 115 A, the unit has relied only on anode gas recycle and no additional steam 
has been 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 or higher. With a lower 
stack current (135-160 A) the start-up heater power ranged from 150 to 400 W. 
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Figure 3. a) DC current and voltage of the SOFC stack and b) the stack DC and unit net 
AC power output to the grid during the test. 
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System Performance at Nominal Operating Conditions  
 
At nominal operating conditions, the stack DC efficiency was 60%, based on the 

lower heating value of natural gas, and DC power output was 9.8 kW. Due to parasitic 
power consumption of the air and recycle blowers, and the losses in the current collection 
and DC-AC power conversion, the resulting power output to the electric grid was lower 
(Figure 4). The net AC efficiency was 43% and the electric power output to the grid was 
7.1 kW.  

 
The overall design target of 50% net AC efficiency was not reached due to higher 

losses than anticipated e.g. in the DC current collection cabling and in the power 
conversion equipment. However, it is possible to significantly cut down the current 
collection losses by shortening the current cables and by reducing both bulk resistivity 
and the contact losses in the hot environment of the stack module as well as the contact 
losses at several locations in the ambient environment. Furthermore, the power 
conversion unit (PCU) used for the test run has an overall efficiency of 88%, which is 
lower than the projected final design value (>90%). By decreasing the current collection 
losses from 470 W to 150 W, and by increasing the PCU efficiency from 88% to 92%, 
the net AC efficiency could be improved up to 47%. 
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Figure 4. Power conversion and parasitic losses from the stack DC-power (9.8 kW) at 
nominal operating conditions.  
 
System Performance at Part-load 

 
Operating under partial load generally decreases the system efficiency. Demonstrated 

part-load operating characteristics and the effect of system controls to the unit and stack 
efficiency are depicted in Figure 5. It can be seen that though the stack voltage is higher 
when less current is drawn from the stack (Fig. 5a), the part-load operation results in 
decreased efficiency of both the stack and the system (Fig. 5b). This is because lower 
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Figure 3. a) DC current and voltage of the SOFC stack and b) the stack DC and unit net 
AC power output to the grid during the test. 
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nominal operating conditions.  
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part-load operating characteristics and the effect of system controls to the unit and stack 
efficiency are depicted in Figure 5. It can be seen that though the stack voltage is higher 
when less current is drawn from the stack (Fig. 5a), the part-load operation results in 
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system fuel utilization rate is used at part load (Fig. 5c) in order to increase the operating 
temperature of the catalytic burner. Higher burner temperature provides more efficient 
cathode air pre-heating, and increases the stack module air inlet temperature. (Fig. 5d). At 
part-load, less heat is generated in the stack proportionally to the heat losses, and higher 
stack module air inlet temperature is beneficial to maintain thermally self-sustained 
operation. 

 
Part load efficiency of the system has not yet been optimized, and electrical efficiency 

could likely be improved by making adjustments to increase system fuel utilization and 
decrease cathode air flow at part load.  
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Figure 5. Performance of the unit at part-load. a) Stack voltage, b) DC efficiency of the 
stack and system net AC efficiency, c) System fuel utilization and air utilization, and d) 
Stack module air inlet temperature and burner outlet temperature. 

 
Sensitivity to Process Parameters 
 

In order to achieve higher system electrical efficiency, a series of experiments were 
conducted to investigate the effect of different process control parameters to the power 
output and electrical efficiency. The control parameters under investigation were the 
system fuel utilization, recycle ratio and air utilization, where the flow rates of natural gas, 
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recycle gas and cathode air were varied, respectively. To examine the effect of air 
utilization, the cathode air flow rate was varied between 1060 and 1250 lN min-1, 
corresponding to air utilization rates between of 17% and 20%, respectively. The stack 
current was kept constant at 200 A and the system fuel utilization rate at 80%. The 
experiment results are depicted in Figure 6. 

 
Due to back-pressure characteristics of the system components and the operational 

characteristics of the air blower, the parasitic power consumption of the blower was 
decreased 1025 W to 790 W by lowering the air flow rate. Concurrently the stack voltage 
was increased by 0.2 V (~3 mV/cell) with smaller air flow rate, due to slightly increased 
stack temperature. However, the parasitic power consumption of the blower dominates 
the overall effect on the power output and efficiency (Figure 6). The net AC power output 
and the net AC electrical efficiency increased by 270 W and 1.6 %-units, respectively. 
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Figure 6. Effect of air flow rate to the a) net AC power output to the grid and b) net AC 
efficiency. Stack current = 200 A, System fuel utilization = 80%. 

 
 

Conclusions and Future Work 
 
The SOFC demo unit has been tested successfully at nominal operating conditions as 

well as under partial load. A DC power output of 9.8 kW with 60% gross DC efficiency 
was achieved for the SOFC stack. The corresponding values for the unit net AC power 
and efficiency were 7.1 kW and 43%, respectively. Operation of the unit has been robust 
for over 1500 hours without any control disturbances or component failures. The effects 
of several process parameters were investigated to optimize the electrical efficiency and 
power output of the unit. The experiments have proceeded to long-term testing where the 
purpose is to study the durability of the SOFC stack and the BoP –components during 
operation over several thousands of hours. 
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system fuel utilization rate is used at part load (Fig. 5c) in order to increase the operating 
temperature of the catalytic burner. Higher burner temperature provides more efficient 
cathode air pre-heating, and increases the stack module air inlet temperature. (Fig. 5d). At 
part-load, less heat is generated in the stack proportionally to the heat losses, and higher 
stack module air inlet temperature is beneficial to maintain thermally self-sustained 
operation. 

 
Part load efficiency of the system has not yet been optimized, and electrical efficiency 

could likely be improved by making adjustments to increase system fuel utilization and 
decrease cathode air flow at part load.  
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Figure 5. Performance of the unit at part-load. a) Stack voltage, b) DC efficiency of the 
stack and system net AC efficiency, c) System fuel utilization and air utilization, and d) 
Stack module air inlet temperature and burner outlet temperature. 
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recycle gas and cathode air were varied, respectively. To examine the effect of air 
utilization, the cathode air flow rate was varied between 1060 and 1250 lN min-1, 
corresponding to air utilization rates between of 17% and 20%, respectively. The stack 
current was kept constant at 200 A and the system fuel utilization rate at 80%. The 
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Figure 6. Effect of air flow rate to the a) net AC power output to the grid and b) net AC 
efficiency. Stack current = 200 A, System fuel utilization = 80%. 
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1 Introduction
Solid oxide fuel cells (SOFCs) are considered as a very

promising technology in the future of energy production due
to their high electrical efficiency. Additionally, SOFCs offer
fuel flexibility and the fuel processing is simpler compared to
fuel cells operating at lower temperature [1–3]. Fuel process-
ing is simplified by the possibility to use hydrogen, carbon
monoxide, and methane as a fuel and by the availability of
recoverable heat for steam reforming (SR).

It is well known that SR of hydrocarbon fuel, typically nat-
ural gas, can be done internally in the SOFC stack [3]. This
approach is advantageous due to the highly endothermal
reforming reactions with hydrocarbon fuel which reduce the
need for stack cooling with excess cathode air, decreases the
parasitic loss caused by air blowers and can thus increase the
electrical efficiency of the system. However, the temperature
gradient caused by internal reforming can lead to excessive
thermal stress which is detrimental for the lifetime of the
stack components [4]. Moreover, there is a risk of carbon for-
mation at the anode which can lead to a loss of performance
and ultimately destruction of the stack [5, 6]. Lastly, internal
reforming can decrease locally stack temperature and thus
voltage resulting in sub-optimal operation. Therefore, pre-
reforming of the hydrocarbon fuels is typically required in
SOFC systems to mitigate these effects. The fuel is partially

converted to syngas composed of methane, hydrogen, steam,
carbon monoxide, and carbon dioxide in a reformer upstream
of the stack. The optimum ratio between pre-reforming and
internal reforming is dependent on the SOFC stack and sys-
tem design, and selected operating parameters.

Recycling the hot anode off-gas to the reformer inlet is
desirable in SOFC systems to provide steam for fuel reform-
ing, since this can simplify the system design by eliminating
the need of external water supply and steam generator dur-
ing operation [7]. Additionally, recycling unused fuel back to
the SOFC inlet can increase the electrical efficiency, since the
system inlet fuel flow rate can be decreased and the system
fuel utilization increased [8, 9]. Concurrently, the stack fuel
utilization remains low, which has been shown to be benefi-
cial for the lifetime of the stack [10].

Sufficient recycling ratio of anode off-gas is required to
keep the SOFC, reformer, and other fuel system components
free of carbon formation. It is a common engineering practice
in SOFC system design to predict the gas composition, tem-
perature, and possibility of carbon formation in a fuel refor-
mer using thermodynamic equilibrium calculation. However,
the activity of the reforming catalyst dictates both the charac-

–
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Abstract
The effect of anode off-gas recycling (AOGR) on the charac-
teristic performance of a natural gas reformer equipped with
a precious metal catalyst is investigated experimentally. The
reformer is operated both with synthetic AOGR gas and in
steam reforming (SR) conditions. The characteristic perfor-
mance in SR and AOGR mode are compared with equili-
brium, and it is found that equilibrium is more readily
achieved in AOGR mode. The reformer is used for extended
periods of time (100–1,000 h) in conditions where carbon
formation is thermodynamically possible to measure any

changes in characteristic performance. No significant change
in the performance is observed due to carbon formation or
catalyst deactivation. The reformer could be successfully
implemented in a 10 kW SOFC system with an anode off-
gas recycling loop.
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Catalyst
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The natural gas used in Finland is of Russian origin and
contains a high content of methane (ca. 98%) and low amount
of higher hydrocarbon (typically 7,000 ppm of ethane,
2,000 ppm of propane, 680 ppm of butane, and trace amounts
of pentane and hexane). Carbon monoxide (>99% purity), car-
bon dioxide (>99.7% purity), and hydrogen (>99.5% purity)
were supplied from gas bottles and purified water (Millipore
Elix system) was used to create the synthetic recycling gas
mixture needed in the experiments.

Electric trace heating elements were used before and after
the reactor to prevent cooling of the gas. The heat used in the
SR reaction was provided by superheating the inlet gases
with electric heaters. In order to achieve operation conditions
as close to adiabatic as possible, the reactor was carefully
insulated and an electric heater was enclosed around the
insulation layer. The reactor and the catalyst were kept close
to adiabatic conditions during the experiments, and the heat-
ing element around the reactor insulation was used only to
minimize the heat losses through the inner insulation layer.

A filter thimble made of micro-quartz was installed in a
metallic casing after the reactor. The filter was used to
increase the probability to identify carbon formation in the
reformer during the experiment. Although carbon can
deposit at the surface of the catalyst, part of the carbon con-
taining particles may be carried from the reactor down-
stream. The particles can be accumulated in the filter thimble
gradually obstructing the gas flow. This would result as a
measurable pressure increase before the filter and could be
used to identify carbon formation in the reformer.

2.2 Experiment Conditions

In order to assess how the use of AOGR affects the perfor-
mance of the reformer, the reformer was used both in AOGR
mode and SR mode with an inlet temperature of 600 °C. The
experiments with recycling gas were conducted by supplying
a synthetic gas mixture. The AOGR gas mixture corresponds
to the composition of a reformer inlet gas, when a varying
fraction of the anode exhaust gases are recycled back to the
inlet of the reformer and mixed with natural gas. The inlet

gas composition and the gas hourly space velocity (GHSV) of
the catalyst at different experimental conditions are given in
Table 1.

The gas composition given in Table 1 was calculated prior
to the experiments on the basis of equilibrated gas with an in-
house developed code [9]. Since the results of this study were
meant to be used to build a fuel processing unit of an SOFC
demonstration unit [15], the experimental conditions given in
Table 1 were constrained by a set of pre-defined boundary
conditions for that specific system at nominal operating con-
ditions. The reformer inlet temperature was defined to be ca.
600 °C due to heat exchanger present in the fuel system to
pre-heat the inlet gas. Constant stack fuel utilization
(FUSOFC = 0.6), stack outlet temperature (T = 700 °C) and
electric current for the SOFC were used in the calculations.

In an SOFC system, the reformer GHSV should be as high
as possible to decrease the size of the reformer reactor, the
catalyst and by that the amount of expensive catalytic mate-
rial. Concurrently, the GHSV should be limited to a value
where there is still sufficient catalytic activity to achieve equi-
librium for the reformer outlet gas and the pressure drop at
the reformer is limited. A GHSV value of ca. 20,000 h–1 with
recycling ratio of 0.5 was selected as a reference condition for
this study. GHSV was allowed to vary according to recycling
ratio and other parameters to observe the effect on the refor-
mer performance. The GHSV of the reformer catalyst
increases with the recycling ratio which means that the resi-
dence time of the gas in the reformer reactor becomes shorter
(Figure 2, left). Moreover, since the stack fuel utilization is
kept constant in the calculations, less fuel is fed to the refor-
mer when the recycling ratio is increased (Figure 2, right).

Additionally, the atomic oxygen-to-carbon ratio (O/C) of
the gas and the conversion of methane at equilibrium are pro-
vided in Table 1. In AOGR mode, the O/C increases with the
recycling ratio since more oxygen containing species of the
anode off-gas are fed back to the reformer inlet. The conver-
sion of methane at equilibrium is calculated for an adiabatic
reactor with an inlet temperature of 600 °C. It should be
noted that in AOGR mode equilibrium conversion of
methane is generally lower compared to SR mode. However,

Table 1 Experimental conditions in SR and AOGR modes.

Inlet gas composition (vol%)

H2O/C Recycling ratio GHSV (h–1) Natural gas CO CO2 H2 H2O O/C
Methane
conversion (%)

SR
2.5 – 21,896 28.6 0.0 0.0 0.0 71.4 2.50 17
2 – 18,781 33.3 0.0 0.0 0.0 66.7 2.00 15
1.5 – 15,676 40.0 0.0 0.0 0.0 60.0 1.50 13

AOGR

0.2 10,209 56.7 5.5 8.8 14.1 14.8 0.53 5
0.28 12,118 46.0 6.4 11.6 16.5 19.5 0.77 5
0.36 14,470 37.1 6.9 14.0 17.9 24.0 1.02 6
0.4 15,760 33.3 6.8 15.3 18.1 26.4 1.15 7
0.5 19,974 25.0 6.7 18.3 17.9 32.2 1.51 9
0.55 22,707 21.5 6.4 19.8 17.4 35.0 1.70 11
0.6 26,053 18.2 6.0 21.2 16.5 38.0 1.90 13
0.65 30,286 15.3 5.5 22.7 15.4 41.1 2.12 16
0.7 35,833 12.5 5.0 24.1 14.1 44.3 2.34 19
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teristic performance of the catalyst, and if carbon formation
actually occurs to the extent that would threaten the system
operation. Therefore, experimental investigation of the cata-
lyst, reformer, and the whole fuel processing system at SOFC
system relevant conditions is needed to assess the characteris-
tic performance, measure possible deviations from the equi-
librium, and to map the safe operating region without carbon
formation.

Anode off-gas recycling (AOGR) has proven to be challen-
ging to implement in actual systems due to various technical
challenges, e.g., providing the motive force for recycling gas
at high temperature, and identifying the suitable reforming
catalyst with reliable and durable performance. Recycling
blowers and ejectors suitable for SOFC system use cannot be
found off-the-shelf and are still in the development phase [8].
SR of natural gas is traditionally performed with nickel-based
catalyst and the effect of AOGR on such a catalyst has been
previously reported in the literature. Peters et al. reported
that AOGR caused a decrease of activity of a nickel-based cat-
alyst which resulted in a decreased conversion of hydrocar-
bons [11]. On the other hand, Nummela and Noponen
reported that AOGR had no negative effect on the perfor-
mance of another pre-reformer nickel catalyst [12].

Little experimental data can be found in the literature on
the effects of AOGR on a precious metal catalyst using nat-
ural gas as a fuel. Precious metal catalysts have been less
investigated due to their higher price, despite having poten-
tial for higher resistance against sulfur poisoning, carbon for-
mation, and ageing [13]. Powell et al. reported using a pre-
cious metal catalyst with natural gas in an SOFC system
containing a recycling loop, but the study did not include the
evaluation of the reformer performance with different operat-
ing conditions [14]. Precious metal catalyst was also used by
Dietrich et al. who implemented successfully an anode off-
gas recycling loop in an SOFC test setup using propane [8].
The reformer was used at high temperature (>800 °C) and at
such high temperatures almost all hydrocarbons are reformed
to syngas, and little is left for internal reforming reactions in
the SOFC stack. In order to maintain the benefits of internal
reforming in an SOFC system, it is relevant to strive for lower
operating temperature for the reformer, where the conversion
of methane is not complete, i.e., at temperatures between 500
and 700 °C.

This study contributes to the field of fuel processing in
SOFC systems by assessing the characteristic performance of
a precious metal-based reformer using natural gas in AOGR
mode. Performance of the reformer in AOGR conditions is
compared against SR conditions at an inlet temperature of
600 °C. Additionally, the effect of varying the recycling ratio
is evaluated to determine its effect on the characteristic per-
formance, and to identify the minimum recycling ratio that
can be used safely in an SOFC system, i.e., corresponding to
carbon formation-free operation. Results of this work led to
the successful implementation of an anode off-gas recycling
loop in a 10 kW SOFC demonstration unit, where the system
is operated at nominal conditions without external water sup-
ply, and the motive force for AOGR is achieved by a recycling
blower [15].

2 Experimental
2.1 Experiment Setup

The experimental setup includes a natural gas reformer
and a gas analysis system. The reformer unit consists of mass
flow controllers for natural gas (0–10.0 ± 0.2 LN min–1), car-
bon monoxide (0–1.50 ± 0.03 LN min–1), carbon dioxide
(0–10.0 ± 0.2 LN min–1), hydrogen (0–5.0 ± 0.1 LN min–1),
water (0–10.0 ± 0.1 g min–1), nitrogen (0–10.0 ± 0.2 LN min–1),
and air (0–10.0 ± 0.2 LN min–1), sulfur removal reactor filled
with sulfur adsorbent (Süd-Chemie), water evaporator and
mixer (CEM-303, Bronkhorst), superheater, reactor chamber
equipped with a commercially available precious metal
monolithic catalyst (Süd-Chemie), a particle filter and an heat
exchanger (Alfa-Laval) to condensate water in the exhaust
gas (Figure 1). Similar reformer catalyst has been used pre-
viously at VTT in a 5 kW SOFC demonstration unit [16]. Tem-
perature of the process gas was measured after the evapora-
tor (TI1 in Figure 1), at the reactor inlet (TI2), from the
leading surface of the catalyst (TI3), at the center of the cata-
lyst (TI4), from the trailing surface of the catalyst (TI5), at the
reactor outlet (TI6), and after the filter (TI7). Pressure was
measured before the evaporator unit (PI1), before the reactor
(PI2), after the reactor (PI3), and after the particle filter (PI4).
Reformer exhaust gas was analyzed with an online gas analy-
zer (Sick S710 series) and with gas chromatographs (Agilent
6890 N, Agilent 6850, and HP 5890 Series II).
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Fig. 1 Principle layout of the test equipment.
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The natural gas used in Finland is of Russian origin and
contains a high content of methane (ca. 98%) and low amount
of higher hydrocarbon (typically 7,000 ppm of ethane,
2,000 ppm of propane, 680 ppm of butane, and trace amounts
of pentane and hexane). Carbon monoxide (>99% purity), car-
bon dioxide (>99.7% purity), and hydrogen (>99.5% purity)
were supplied from gas bottles and purified water (Millipore
Elix system) was used to create the synthetic recycling gas
mixture needed in the experiments.

Electric trace heating elements were used before and after
the reactor to prevent cooling of the gas. The heat used in the
SR reaction was provided by superheating the inlet gases
with electric heaters. In order to achieve operation conditions
as close to adiabatic as possible, the reactor was carefully
insulated and an electric heater was enclosed around the
insulation layer. The reactor and the catalyst were kept close
to adiabatic conditions during the experiments, and the heat-
ing element around the reactor insulation was used only to
minimize the heat losses through the inner insulation layer.

A filter thimble made of micro-quartz was installed in a
metallic casing after the reactor. The filter was used to
increase the probability to identify carbon formation in the
reformer during the experiment. Although carbon can
deposit at the surface of the catalyst, part of the carbon con-
taining particles may be carried from the reactor down-
stream. The particles can be accumulated in the filter thimble
gradually obstructing the gas flow. This would result as a
measurable pressure increase before the filter and could be
used to identify carbon formation in the reformer.

2.2 Experiment Conditions

In order to assess how the use of AOGR affects the perfor-
mance of the reformer, the reformer was used both in AOGR
mode and SR mode with an inlet temperature of 600 °C. The
experiments with recycling gas were conducted by supplying
a synthetic gas mixture. The AOGR gas mixture corresponds
to the composition of a reformer inlet gas, when a varying
fraction of the anode exhaust gases are recycled back to the
inlet of the reformer and mixed with natural gas. The inlet

gas composition and the gas hourly space velocity (GHSV) of
the catalyst at different experimental conditions are given in
Table 1.

The gas composition given in Table 1 was calculated prior
to the experiments on the basis of equilibrated gas with an in-
house developed code [9]. Since the results of this study were
meant to be used to build a fuel processing unit of an SOFC
demonstration unit [15], the experimental conditions given in
Table 1 were constrained by a set of pre-defined boundary
conditions for that specific system at nominal operating con-
ditions. The reformer inlet temperature was defined to be ca.
600 °C due to heat exchanger present in the fuel system to
pre-heat the inlet gas. Constant stack fuel utilization
(FUSOFC = 0.6), stack outlet temperature (T = 700 °C) and
electric current for the SOFC were used in the calculations.

In an SOFC system, the reformer GHSV should be as high
as possible to decrease the size of the reformer reactor, the
catalyst and by that the amount of expensive catalytic mate-
rial. Concurrently, the GHSV should be limited to a value
where there is still sufficient catalytic activity to achieve equi-
librium for the reformer outlet gas and the pressure drop at
the reformer is limited. A GHSV value of ca. 20,000 h–1 with
recycling ratio of 0.5 was selected as a reference condition for
this study. GHSV was allowed to vary according to recycling
ratio and other parameters to observe the effect on the refor-
mer performance. The GHSV of the reformer catalyst
increases with the recycling ratio which means that the resi-
dence time of the gas in the reformer reactor becomes shorter
(Figure 2, left). Moreover, since the stack fuel utilization is
kept constant in the calculations, less fuel is fed to the refor-
mer when the recycling ratio is increased (Figure 2, right).

Additionally, the atomic oxygen-to-carbon ratio (O/C) of
the gas and the conversion of methane at equilibrium are pro-
vided in Table 1. In AOGR mode, the O/C increases with the
recycling ratio since more oxygen containing species of the
anode off-gas are fed back to the reformer inlet. The conver-
sion of methane at equilibrium is calculated for an adiabatic
reactor with an inlet temperature of 600 °C. It should be
noted that in AOGR mode equilibrium conversion of
methane is generally lower compared to SR mode. However,

Table 1 Experimental conditions in SR and AOGR modes.

Inlet gas composition (vol%)

H2O/C Recycling ratio GHSV (h–1) Natural gas CO CO2 H2 H2O O/C
Methane
conversion (%)

SR
2.5 – 21,896 28.6 0.0 0.0 0.0 71.4 2.50 17
2 – 18,781 33.3 0.0 0.0 0.0 66.7 2.00 15
1.5 – 15,676 40.0 0.0 0.0 0.0 60.0 1.50 13

AOGR

0.2 10,209 56.7 5.5 8.8 14.1 14.8 0.53 5
0.28 12,118 46.0 6.4 11.6 16.5 19.5 0.77 5
0.36 14,470 37.1 6.9 14.0 17.9 24.0 1.02 6
0.4 15,760 33.3 6.8 15.3 18.1 26.4 1.15 7
0.5 19,974 25.0 6.7 18.3 17.9 32.2 1.51 9
0.55 22,707 21.5 6.4 19.8 17.4 35.0 1.70 11
0.6 26,053 18.2 6.0 21.2 16.5 38.0 1.90 13
0.65 30,286 15.3 5.5 22.7 15.4 41.1 2.12 16
0.7 35,833 12.5 5.0 24.1 14.1 44.3 2.34 19
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teristic performance of the catalyst, and if carbon formation
actually occurs to the extent that would threaten the system
operation. Therefore, experimental investigation of the cata-
lyst, reformer, and the whole fuel processing system at SOFC
system relevant conditions is needed to assess the characteris-
tic performance, measure possible deviations from the equi-
librium, and to map the safe operating region without carbon
formation.

Anode off-gas recycling (AOGR) has proven to be challen-
ging to implement in actual systems due to various technical
challenges, e.g., providing the motive force for recycling gas
at high temperature, and identifying the suitable reforming
catalyst with reliable and durable performance. Recycling
blowers and ejectors suitable for SOFC system use cannot be
found off-the-shelf and are still in the development phase [8].
SR of natural gas is traditionally performed with nickel-based
catalyst and the effect of AOGR on such a catalyst has been
previously reported in the literature. Peters et al. reported
that AOGR caused a decrease of activity of a nickel-based cat-
alyst which resulted in a decreased conversion of hydrocar-
bons [11]. On the other hand, Nummela and Noponen
reported that AOGR had no negative effect on the perfor-
mance of another pre-reformer nickel catalyst [12].

Little experimental data can be found in the literature on
the effects of AOGR on a precious metal catalyst using nat-
ural gas as a fuel. Precious metal catalysts have been less
investigated due to their higher price, despite having poten-
tial for higher resistance against sulfur poisoning, carbon for-
mation, and ageing [13]. Powell et al. reported using a pre-
cious metal catalyst with natural gas in an SOFC system
containing a recycling loop, but the study did not include the
evaluation of the reformer performance with different operat-
ing conditions [14]. Precious metal catalyst was also used by
Dietrich et al. who implemented successfully an anode off-
gas recycling loop in an SOFC test setup using propane [8].
The reformer was used at high temperature (>800 °C) and at
such high temperatures almost all hydrocarbons are reformed
to syngas, and little is left for internal reforming reactions in
the SOFC stack. In order to maintain the benefits of internal
reforming in an SOFC system, it is relevant to strive for lower
operating temperature for the reformer, where the conversion
of methane is not complete, i.e., at temperatures between 500
and 700 °C.

This study contributes to the field of fuel processing in
SOFC systems by assessing the characteristic performance of
a precious metal-based reformer using natural gas in AOGR
mode. Performance of the reformer in AOGR conditions is
compared against SR conditions at an inlet temperature of
600 °C. Additionally, the effect of varying the recycling ratio
is evaluated to determine its effect on the characteristic per-
formance, and to identify the minimum recycling ratio that
can be used safely in an SOFC system, i.e., corresponding to
carbon formation-free operation. Results of this work led to
the successful implementation of an anode off-gas recycling
loop in a 10 kW SOFC demonstration unit, where the system
is operated at nominal conditions without external water sup-
ply, and the motive force for AOGR is achieved by a recycling
blower [15].

2 Experimental
2.1 Experiment Setup

The experimental setup includes a natural gas reformer
and a gas analysis system. The reformer unit consists of mass
flow controllers for natural gas (0–10.0 ± 0.2 LN min–1), car-
bon monoxide (0–1.50 ± 0.03 LN min–1), carbon dioxide
(0–10.0 ± 0.2 LN min–1), hydrogen (0–5.0 ± 0.1 LN min–1),
water (0–10.0 ± 0.1 g min–1), nitrogen (0–10.0 ± 0.2 LN min–1),
and air (0–10.0 ± 0.2 LN min–1), sulfur removal reactor filled
with sulfur adsorbent (Süd-Chemie), water evaporator and
mixer (CEM-303, Bronkhorst), superheater, reactor chamber
equipped with a commercially available precious metal
monolithic catalyst (Süd-Chemie), a particle filter and an heat
exchanger (Alfa-Laval) to condensate water in the exhaust
gas (Figure 1). Similar reformer catalyst has been used pre-
viously at VTT in a 5 kW SOFC demonstration unit [16]. Tem-
perature of the process gas was measured after the evapora-
tor (TI1 in Figure 1), at the reactor inlet (TI2), from the
leading surface of the catalyst (TI3), at the center of the cata-
lyst (TI4), from the trailing surface of the catalyst (TI5), at the
reactor outlet (TI6), and after the filter (TI7). Pressure was
measured before the evaporator unit (PI1), before the reactor
(PI2), after the reactor (PI3), and after the particle filter (PI4).
Reformer exhaust gas was analyzed with an online gas analy-
zer (Sick S710 series) and with gas chromatographs (Agilent
6890 N, Agilent 6850, and HP 5890 Series II).
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temperature at 600 °C, the measured values match well with
the calculated values. Equilibrium is reached regardless of
the recycling ratio which shows good characteristic perfor-
mance of the reformer in AOGR mode.

The difference in behavior of the
reformer in SR and AOGR mode with
respect to achieving equilibrium could
be explained by the lower fuel inlet
flow rate in recycling condition (e.g.,
3.2 LN min–1 of natural gas for a recy-
cling ratio of 0.5) compared to SR condi-
tion (4 LN min–1, see Figure 2). In order
to investigate this reason, experiments
were conducted in AOGR mode (recy-
cling ratio 0.5) with varying space veloci-
ty and thus fuel inlet flow rate. The flow
rate of gases was increased to the maxi-
mum that was possible with the test
equipment. The space velocity and the
natural gas flow rate were increased up
to 35,000 h–1 and 5.4 LN min–1, respec-
tively. The results depicted in Figure 6
show that there is no increasing devia-
tion between experimental and equilib-
rium values for temperatures and gas
composition. Therefore, it can be con-
cluded that some other rate limiting phe-
nomena are preventing the achievement
of equilibrium condition in the SR condi-
tions tested. Additionally, these results
show that relatively high space velocity
can be achieved using this type of pre-
cious metal based catalyst in AOGR
mode. As a comparison, nickel-based cat-
alyst have been used at much lower
space velocity in the range of 2,000–
6,000 h–1 [12].

3.2 Performance of the Reformer in
Carbon Formation Prone Conditions

Periodically, the reformer was used in
certain AOGR conditions for a much
longer time to observe any changes in
performance of the reformer due to car-
bon formation and accumulation in the
catalyst, or due to other catalyst deactiva-
tion processes. The longest hold period
used in this study was 1,000 h. In addi-
tion to the recycling ratio, the reformer
reactor inlet temperature and/or space
velocity was varied for selected experi-
ment conditions to see any short term
changes in the performance (Table 2).
The primary characteristic performance
measurements that were monitored dur-

ing these extended holds were the reformer outlet gas compo-
sition, gas temperature, and pressure drop over the catalyst
and filter. Additionally, after each extended hold period, the
entire test equipment was flushed with nitrogen and air to
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above recycling ratio of ca. 0.30 the amount of methane in the
reformer outlet gas becomes lower in AOGR mode than SR
mode since the inlet natural gas flow rate decreases with
recycling ratio (Figure 2, right). Thus, with recycling ratio
above 0.30, less internal reforming would occur in the SOFC
stack in AOGR than in SR mode.

The temperature limit of carbon formation in AOGR mode
was calculated using HSC 6.1 [17] software to assess which
experimental conditions could potentially lead to carbon for-
mation in the reformer. According to the equilibrium calcula-
tions, the risk of carbon formation becomes more severe with
lower recycling ratios (Figure 3). This is due to the lower oxy-
gen-to-carbon ratio of the inlet gas, i.e., with lower recycling
ratios, less steam and other oxygen containing species are
recycled back to the system inlet. With recycling ratio below
0.5, the temperature limit of carbon formation is already
above the typical operating temperatures of anode supported
SOFCs (above 700 °C). On the other hand, reformer can be
operated at lower temperatures, e.g., 500–600 °C depending
on the system design, and therefore is more prone to carbon
formation since thermodynamics predict an increased risk of
carbon formation for decreasing temperature.

To assess the characteristic perfor-
mance of the reformer in AORG and SR
modes the experimental results from gas
analysis and the temperature measure-
ment at the trailing edge of the catalyst
were compared to the thermodynamic
equilibrium at corresponding conditions.
The equilibrium temperature and the
composition of the reformate gas was cal-
culated with Cantera toolbox [18] using
GRI-Mech 3.0 reactions developed for
natural gas combustion [19]. Equilibrium
was solved for an adiabatic system,
where the total enthalpy and pressure
between reactants and products was kept
constant, i.e., the total enthalpy of the
inlet gases equals to the total enthalpy of

the outlet gases and the sum of reaction enthalpies. Tempera-
ture measurement at the reactor inlet and measurements from
mass flow controllers were used to define the inlet gas mix-
ture temperature and composition for the calculations.

3 Results and Discussion
3.1 Performance of the Reformer in SR and AOGR Modes

The total duration of the experiment was over 2,500 h.
During that time the reformer was used with a set of pre-
defined operating conditions in SR and AOGR modes
(Table 1). In order to achieve steady-state results, the refor-
mer was left to stabilize for at least 24 h before each measure-
ment. The measured inlet and outlet temperature, and the cal-
culated reformer outlet temperature at equilibrium with
different operating conditions are depicted in Figure 4. It can
be seen that higher reformer outlet temperature can be
achieved in AOGR mode than in SR mode. The measured
and calculated equilibrium temperatures at reformer outlet
correspond well in AOGR mode, where the difference
between measured and calculated temperature is below
13 °C with every condition. However, in SR mode larger
deviation exists between the measured and equilibrium outlet
temperature, where the difference is 30–43 °C.

The measured and calculated molar fractions of methane
and hydrogen in the reformer outlet gas are presented in Fig-
ure 5. The molar fractions are given on dry basis. Similarly to
the reformer outlet temperature (Figure 4), there is a larger
deviation between the measured and calculated values in SR
than in AOGR mode. The difference between the values in SR
mode cannot be explained only by the uncertainty related to
the gas analysis (ca. 4% of the measured value).

Since both the outlet temperature and mole fraction of
methane are higher than corresponding equilibrium values,
kinetics are limiting the extent of the SR reaction. This indi-
cates that either the space velocity should be decreased or the
inlet temperature should be increased to achieve thermody-
namic equilibrium. In AOGR mode and the same reactor inlet
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temperature at 600 °C, the measured values match well with
the calculated values. Equilibrium is reached regardless of
the recycling ratio which shows good characteristic perfor-
mance of the reformer in AOGR mode.

The difference in behavior of the
reformer in SR and AOGR mode with
respect to achieving equilibrium could
be explained by the lower fuel inlet
flow rate in recycling condition (e.g.,
3.2 LN min–1 of natural gas for a recy-
cling ratio of 0.5) compared to SR condi-
tion (4 LN min–1, see Figure 2). In order
to investigate this reason, experiments
were conducted in AOGR mode (recy-
cling ratio 0.5) with varying space veloci-
ty and thus fuel inlet flow rate. The flow
rate of gases was increased to the maxi-
mum that was possible with the test
equipment. The space velocity and the
natural gas flow rate were increased up
to 35,000 h–1 and 5.4 LN min–1, respec-
tively. The results depicted in Figure 6
show that there is no increasing devia-
tion between experimental and equilib-
rium values for temperatures and gas
composition. Therefore, it can be con-
cluded that some other rate limiting phe-
nomena are preventing the achievement
of equilibrium condition in the SR condi-
tions tested. Additionally, these results
show that relatively high space velocity
can be achieved using this type of pre-
cious metal based catalyst in AOGR
mode. As a comparison, nickel-based cat-
alyst have been used at much lower
space velocity in the range of 2,000–
6,000 h–1 [12].

3.2 Performance of the Reformer in
Carbon Formation Prone Conditions

Periodically, the reformer was used in
certain AOGR conditions for a much
longer time to observe any changes in
performance of the reformer due to car-
bon formation and accumulation in the
catalyst, or due to other catalyst deactiva-
tion processes. The longest hold period
used in this study was 1,000 h. In addi-
tion to the recycling ratio, the reformer
reactor inlet temperature and/or space
velocity was varied for selected experi-
ment conditions to see any short term
changes in the performance (Table 2).
The primary characteristic performance
measurements that were monitored dur-

ing these extended holds were the reformer outlet gas compo-
sition, gas temperature, and pressure drop over the catalyst
and filter. Additionally, after each extended hold period, the
entire test equipment was flushed with nitrogen and air to
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above recycling ratio of ca. 0.30 the amount of methane in the
reformer outlet gas becomes lower in AOGR mode than SR
mode since the inlet natural gas flow rate decreases with
recycling ratio (Figure 2, right). Thus, with recycling ratio
above 0.30, less internal reforming would occur in the SOFC
stack in AOGR than in SR mode.

The temperature limit of carbon formation in AOGR mode
was calculated using HSC 6.1 [17] software to assess which
experimental conditions could potentially lead to carbon for-
mation in the reformer. According to the equilibrium calcula-
tions, the risk of carbon formation becomes more severe with
lower recycling ratios (Figure 3). This is due to the lower oxy-
gen-to-carbon ratio of the inlet gas, i.e., with lower recycling
ratios, less steam and other oxygen containing species are
recycled back to the system inlet. With recycling ratio below
0.5, the temperature limit of carbon formation is already
above the typical operating temperatures of anode supported
SOFCs (above 700 °C). On the other hand, reformer can be
operated at lower temperatures, e.g., 500–600 °C depending
on the system design, and therefore is more prone to carbon
formation since thermodynamics predict an increased risk of
carbon formation for decreasing temperature.

To assess the characteristic perfor-
mance of the reformer in AORG and SR
modes the experimental results from gas
analysis and the temperature measure-
ment at the trailing edge of the catalyst
were compared to the thermodynamic
equilibrium at corresponding conditions.
The equilibrium temperature and the
composition of the reformate gas was cal-
culated with Cantera toolbox [18] using
GRI-Mech 3.0 reactions developed for
natural gas combustion [19]. Equilibrium
was solved for an adiabatic system,
where the total enthalpy and pressure
between reactants and products was kept
constant, i.e., the total enthalpy of the
inlet gases equals to the total enthalpy of

the outlet gases and the sum of reaction enthalpies. Tempera-
ture measurement at the reactor inlet and measurements from
mass flow controllers were used to define the inlet gas mix-
ture temperature and composition for the calculations.

3 Results and Discussion
3.1 Performance of the Reformer in SR and AOGR Modes

The total duration of the experiment was over 2,500 h.
During that time the reformer was used with a set of pre-
defined operating conditions in SR and AOGR modes
(Table 1). In order to achieve steady-state results, the refor-
mer was left to stabilize for at least 24 h before each measure-
ment. The measured inlet and outlet temperature, and the cal-
culated reformer outlet temperature at equilibrium with
different operating conditions are depicted in Figure 4. It can
be seen that higher reformer outlet temperature can be
achieved in AOGR mode than in SR mode. The measured
and calculated equilibrium temperatures at reformer outlet
correspond well in AOGR mode, where the difference
between measured and calculated temperature is below
13 °C with every condition. However, in SR mode larger
deviation exists between the measured and equilibrium outlet
temperature, where the difference is 30–43 °C.

The measured and calculated molar fractions of methane
and hydrogen in the reformer outlet gas are presented in Fig-
ure 5. The molar fractions are given on dry basis. Similarly to
the reformer outlet temperature (Figure 4), there is a larger
deviation between the measured and calculated values in SR
than in AOGR mode. The difference between the values in SR
mode cannot be explained only by the uncertainty related to
the gas analysis (ca. 4% of the measured value).

Since both the outlet temperature and mole fraction of
methane are higher than corresponding equilibrium values,
kinetics are limiting the extent of the SR reaction. This indi-
cates that either the space velocity should be decreased or the
inlet temperature should be increased to achieve thermody-
namic equilibrium. In AOGR mode and the same reactor inlet
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mance of the reformer and compromise operation in SOFC
system conditions.

According to the results presented in this study, the refor-
mer unit is suitable to be used in an SOFC fuel processing
system which includes an anode off-gas recycling loop. Since
good correspondence with equilibrium was always reached
when AOGR mode was used, further experiments are needed
to assess the operating parameters, e.g., maximum space ve-
locity, where equilibrium is not reached anymore. Further-
more, the natural gas used in the experiments contains less
than 1% of higher hydrocarbons than methane. Sufficient con-
version of C2+ hydrocarbons has to be addressed by conduct-
ing future experiments with a fuel gas that contains higher
hydrocarbon content.
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List of Symbols

RR �
�V
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�Vout
SOFC

Recycling ratio

GHSV �
�Vin

reformer
Vreformer

GHSV of the reformer at NTP, h–1

FUSOFC � I

F 2 �nrecycled
H2

� 2 �nrecycled
CO � 8 �nrecycled

CH4
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� �
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Fuel utilization of the whole SOFC system

O�C � �nCO � 2 �nCO2
� �nH2O

�nCH4
� �nCO � �nCO2

Oxygen-to-carbon ratio

F Faraday’s constant, 96,485 A s mol–1

I Current, A
�n Molar flow, mol s–1

Vreformer Geometrical volume of the reformer
�V Volume flow in NTP, m3 s–1

zNG Valence number for natural gas
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oxidize possible carbon deposits, and to detect any oxidized
carbon as CO and CO2 with the online gas analysis equip-
ment. It should be noted that carbon formation is thermody-
namically possible at the measured reformer reactor outlet
temperature with all the conditions given in Table 2 (see Fig-
ure 3).

The reactor outlet temperature and fraction of methane at
the outlet gas during the periods of extended hold, along
with the corresponding equilibrium values, are depicted in
Figure 7. It should be noted that no significant changes in the
outlet gas composition or gas temperature occurs during the
different hold periods. Concurrently, a good correspondence
with equilibrium values is maintained over the hold period.
Toward the end of the experiments, at low recycling ratio of
0.2, a small increase of methane fraction is observed at higher
inlet temperature. However, with this low recycling ratio, car-
bon can already form readily at the operating temperature of
the SOFC and it is very unlikely that an actual system could
be operated safely with such a low recycling ratio without
additional steam supply.

Similarly to the outlet temperature and methane fraction,
the pressure drop over the reformer reactor and filter
remained unchanged (measured
changes in pressure drop
<1 mbar) during the different
operating conditions. Addition-
ally, no carbon deposits were
detected at the catalyst and down-
stream with the oxidation proce-
dure performed at the end of each
hold period. It is possible that
minor carbon deposits were accu-
mulated to the superheater
located upstream to the catalyst,
but the amount of carbon was
very small, only a few milligrams,
and did not increase during
longer hold periods. These results
clearly demonstrate that carbon
formation is not occurring in the
experimental conditions tested to
an extent that would compromise
the operation of this reformer in
an SOFC system.

4 Conclusion and Future Work
The performance of a natural gas reformer with a precious

metal catalyst was experimentally evaluated using a set of
operating conditions in SR and AOGR modes. The experi-
ments revealed that thermodynamic equilibrium was
achieved in AOGR mode. On the other hand, in SR mode,
equilibrium was not achieved; both outlet temperature and
methane mole fraction were higher than the values at thermo-
dynamic equilibrium. These results indicate that the SR reac-
tions were kinetically limited and that the space velocities
used in the experiments were too high to reach equilibrium.

Therefore, it is clear that equilibrium is more readily
achieved in AOGR mode than SR with this precious metal
catalyst. When these results are utilized for SOFC system
design and operation, it can be concluded that the size of the
catalyst and the reformer can be decreased when an anode
off-gas recycling loop is used for fuel processing instead of
SR.

The reformer unit was used for over 2,000 h with operat-
ing conditions where carbon formation is predicted at ther-
modynamic equilibrium. Recycling ratios as low as 0.2 were
used during the experiments, which are already beyond safe
operating limits in an actual SOFC system since carbon for-
mation at Ni-YSZ anode would be expected. However, no
significant changes in performance were observed based on
measurements of outlet gas composition, pressure drop, and
temperature. Additionally, the periodic oxidation cycles did
not reveal any significant carbon deposits in the reformer.
Therefore, no significant carbon formation occurred during
the experiment that would change the characteristic perfor-

Table 2 Operating conditions during extended holds.

Hold no. Recycling ratio Inlet temperature (°C) GHSV (h–1) Hold time (h)

1 0.60 609 26,053 122
2 0.50 597 19,979 121
3 0.50 598 19,965 117
4 0.50 513 19,981 67
5 0.50 600 19,981 1,000
6 0.20 589 10,209 165
7 0.20 646 20,260 165

0 500 1000 1500 2000 2500 3000
490

500

510

520

530

540

Time / h

T
em

pe
ra

tu
re

 / 
°C

Outlet temperature of the reformer reactor

measured

equilibrium

0 500 1000 1500 2000 2500 3000
0.2

0.3

0.4

0.5

0.6

Time / h

C
H

4 / 
m

ol
−x

, d
ry

Fraction of methane in dry gas #1
#2
#3
#4
#5
#6
#7

Fig. 7 Temperature (above) and mole fraction of methane (below) at reactor 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 ends. Measured data in other process conditions is excluded to improve the clarity of the figure.

O
R
IG

IN
A
L

R
ES

EA
R
C
H

P
A
P
ER

FUEL CELLS 12, 2012, No. 5, 754–760 © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 759www.fuelcells.wiley-vch.de

http://www.fuelcells.wiley-vch.de


III/6 III/7

Halinen et al.: Effect of Anode off-gas Recycling on Reforming of Natural Gas for Solid Oxide Fuel Cell Systems

mance of the reformer and compromise operation in SOFC
system conditions.

According to the results presented in this study, the refor-
mer unit is suitable to be used in an SOFC fuel processing
system which includes an anode off-gas recycling loop. Since
good correspondence with equilibrium was always reached
when AOGR mode was used, further experiments are needed
to assess the operating parameters, e.g., maximum space ve-
locity, where equilibrium is not reached anymore. Further-
more, the natural gas used in the experiments contains less
than 1% of higher hydrocarbons than methane. Sufficient con-
version of C2+ hydrocarbons has to be addressed by conduct-
ing future experiments with a fuel gas that contains higher
hydrocarbon content.
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List of Symbols

RR �
�V

recycled

�Vout
SOFC

Recycling ratio

GHSV �
�Vin

reformer
Vreformer

GHSV of the reformer at NTP, h–1

FUSOFC � I

F 2 �nrecycled
H2

� 2 �nrecycled
CO � 8 �nrecycled

CH4
� zNG �nNG

� �

Fuel utilization of the SOFC

FUSYS � I
zNGF �nNG

Fuel utilization of the whole SOFC system

O�C � �nCO � 2 �nCO2
� �nH2O

�nCH4
� �nCO � �nCO2

Oxygen-to-carbon ratio

F Faraday’s constant, 96,485 A s mol–1

I Current, A
�n Molar flow, mol s–1

Vreformer Geometrical volume of the reformer
�V Volume flow in NTP, m3 s–1

zNG Valence number for natural gas
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oxidize possible carbon deposits, and to detect any oxidized
carbon as CO and CO2 with the online gas analysis equip-
ment. It should be noted that carbon formation is thermody-
namically possible at the measured reformer reactor outlet
temperature with all the conditions given in Table 2 (see Fig-
ure 3).

The reactor outlet temperature and fraction of methane at
the outlet gas during the periods of extended hold, along
with the corresponding equilibrium values, are depicted in
Figure 7. It should be noted that no significant changes in the
outlet gas composition or gas temperature occurs during the
different hold periods. Concurrently, a good correspondence
with equilibrium values is maintained over the hold period.
Toward the end of the experiments, at low recycling ratio of
0.2, a small increase of methane fraction is observed at higher
inlet temperature. However, with this low recycling ratio, car-
bon can already form readily at the operating temperature of
the SOFC and it is very unlikely that an actual system could
be operated safely with such a low recycling ratio without
additional steam supply.

Similarly to the outlet temperature and methane fraction,
the pressure drop over the reformer reactor and filter
remained unchanged (measured
changes in pressure drop
<1 mbar) during the different
operating conditions. Addition-
ally, no carbon deposits were
detected at the catalyst and down-
stream with the oxidation proce-
dure performed at the end of each
hold period. It is possible that
minor carbon deposits were accu-
mulated to the superheater
located upstream to the catalyst,
but the amount of carbon was
very small, only a few milligrams,
and did not increase during
longer hold periods. These results
clearly demonstrate that carbon
formation is not occurring in the
experimental conditions tested to
an extent that would compromise
the operation of this reformer in
an SOFC system.

4 Conclusion and Future Work
The performance of a natural gas reformer with a precious

metal catalyst was experimentally evaluated using a set of
operating conditions in SR and AOGR modes. The experi-
ments revealed that thermodynamic equilibrium was
achieved in AOGR mode. On the other hand, in SR mode,
equilibrium was not achieved; both outlet temperature and
methane mole fraction were higher than the values at thermo-
dynamic equilibrium. These results indicate that the SR reac-
tions were kinetically limited and that the space velocities
used in the experiments were too high to reach equilibrium.

Therefore, it is clear that equilibrium is more readily
achieved in AOGR mode than SR with this precious metal
catalyst. When these results are utilized for SOFC system
design and operation, it can be concluded that the size of the
catalyst and the reformer can be decreased when an anode
off-gas recycling loop is used for fuel processing instead of
SR.

The reformer unit was used for over 2,000 h with operat-
ing conditions where carbon formation is predicted at ther-
modynamic equilibrium. Recycling ratios as low as 0.2 were
used during the experiments, which are already beyond safe
operating limits in an actual SOFC system since carbon for-
mation at Ni-YSZ anode would be expected. However, no
significant changes in performance were observed based on
measurements of outlet gas composition, pressure drop, and
temperature. Additionally, the periodic oxidation cycles did
not reveal any significant carbon deposits in the reformer.
Therefore, no significant carbon formation occurred during
the experiment that would change the characteristic perfor-

Table 2 Operating conditions during extended holds.

Hold no. Recycling ratio Inlet temperature (°C) GHSV (h–1) Hold time (h)

1 0.60 609 26,053 122
2 0.50 597 19,979 121
3 0.50 598 19,965 117
4 0.50 513 19,981 67
5 0.50 600 19,981 1,000
6 0.20 589 10,209 165
7 0.20 646 20,260 165
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Fig. 7 Temperature (above) and mole fraction of methane (below) at reactor 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 ends. Measured data in other process conditions is excluded to improve the clarity of the figure.
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Abstract

A solid oxide fuel cell (SOFC) stack can exhibit both anodic
and cathodic leakages, i.e. a fuel leak from the anode side
and an air leak from the cathode side of the stack, respec-
tively. This study describes the results of an in-situ leakage
analysis conducted for a planar SOFC stack during 2000 hours
of operation in an actual system environment. The leakages
are quantified experimentally at nominal system operating
conditions by conducting composition analysis and flow
metering of gases for both fuel and air subsystems. Based on
the calculated atomic hydrogen-to-carbon ratio of the fuel

and air gases, it is found that the fuel leakages are mostly
selective by nature: the leaking fuel gas does not have the
same composition as the fuel system gas. A simple diffusive
leakage model, based on the leakage being driven by concen-
tration differences weighted by diffusion coefficients, is
applied to quantify the amount of leakages. The leakage
model provides a good correspondence with the experimen-
tal results of the gas analysis.

Keywords: Diagnosis, Experimental Results, Fuel Cell
System, Leakage, Mass Transport, Solid Oxide Fuel Cell,
Stack, Testing

1 Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices
operating at a high temperature. SOFCs have several benefits,
such as high efficiency, low emissions, and fuel flexibility, which
make them an attractive technology for distributed power gen-
eration, auxillary power units (APUs), and various other appli-
cations. A planar SOFC stack requires a gas-tight electrolyte as
well as high-temperature seals between the different stack com-
ponents, to prevent harmful mixing of the anode fuel gas (typi-
cally reformed gaseous hydrocarbons) and cathode oxidant gas
(typically ambient air). Thus, sufficient gas-tightness is required
to realize a working and robust SOFC stack, and there aremany
different techniques and materials developed to achieve this
goal [1]. However, experimental work has shown that an SOFC
can have both internal leakages between the anode and cathode,
e.g. through the electrolyte as well as external leakages between
the SOFC and surroundings [2, 3]. Therefore, an SOFC may ex-
hibit a certain characteristic and admissible amount of leakages,
which has to be taken into account in the design and operation
of SOFC stacks and systems.

In a complete SOFC system, the stack leakages affect the sys-
tem design, since the leakage can alter the heat production
between the different system components. For example, if lea-
kages cause oxidation of a larger amount of the fuel gas already
in the stack, then a smaller amount of fuel is fed to the burner
downstream of the SOFC stack, thus decreasing the outlet tem-
perature of the burner. Concurrently, there is more heat produc-
tion in the SOFC stack than is the case without leakages. More-

over, in systems with anode off-gas recycling (AOGR), leakages
can create adverse effects during systemheat-up and cool-down
cycles, and can compromise safe operation of the system [4].
Naturally, leakages mean that less fuel than intended is fed to
the anode, thus increasing the fuel utilization of the stack,which
can lead to fuel starvation and anode oxidation [5]. Therefore,
information on the leakages is relevant and even crucial for var-
ious aspects of SOFC systemdesign and operation.

The leakages may be driven by the pressure and concentra-
tion differences present between the anode and cathode sides
of the stack [2, 5]. A viscous leakage, driven by a pressure dif-
ference, has the same composition as the respective bulk gas
flowing at the anode or cathode. A diffusive leakage, driven
by the concentration difference, does not necessarily have the
same composition as the bulk gas, since the composition of
such a leak depends on the diffusivity of various substances in
the bulk gas. The diffusion mass transport mechanism is rele-
vant especially for fuel gas leakages, since the gas compo-
nents, such as hydrogen and steam, have large differences in
their molecular size. Regardless of the dominating mass trans-
port mechanism, the leakage changes the composition of fuel
and air system gases in a similar manner: fuel leaking into an
air system combusts to carbon dioxide and steam, while air
leaking into a fuel system will oxidize flammable substances
of the fuel gas. The nature and quantity of the leakages can be
investigated by measuring the changes they make to the com-
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interfaces for the leakages to occur, but both the anodic and
cathodic leakages can be differentiated from internal and
external leakages as follows:
(i) External leakages (Figure 1a) occur between the gas mani-

folds and the module air inlet flush e.g. through manifold
seals. Due to the air inlet flush, anodic external leakages
are fed into the cathode inlet and, after passing through
the stack, end up at the cathode outlet manifold.

(ii) Internal leakages (Figure 1b–c) occur inside the stack and be-
tween the inlet and outlet manifolds, e.g. through the elec-
trolyte or stack seals. Any anodic internal leakages end up
at the cathode outlet manifold (Figure 1b). Similarly, any
cathodic internal leakages end up at the anode outlet
manifold (Figure 1c).
Due to the many possible leakage paths, the composition of

the leakage may not be a single value. The composition
depends on the location of the leakage at the various interfaces
in the stack, where chemical and electrochemical reactions
constantly alter the gas composition according to prevailing
conditions (see e.g. [8] for details). However, any leakages
depicted in Figure 1a-c mix with a significantly larger amount
of bulk gas, fuel, or air, flowing through the anode and cath-
ode and around the stack as air inlet flush. Additionally, due
to the high operating temperature and the presence of catalyti-
cally active materials, it is expected that reactions occur
between the leakages and the bulk gases according to Eqs. (1)–
(3). Flammable substances in an anodic leakage react with
oxygen and are combusted to CO2 and H2O at the cathode
side. Similarly, oxygen in a cathodic leakage reacts with fuel
gas at the anode side.

CH4 þ 2O2 fi CO2 þ 2H2O (1)

COþ 1=2 O2 fi CO2 (2)

H2 þ 1=2 O2 fi H2O (3)

Since the individual leakages mix and react with a larger
amount of bulk gas, this study does not try to model or quan-
tify any spatially distributed individual leakages of the stack.
Instead of the individual leakage routes illustrated in
Figure 1a–c, this study considers the leakages in a form in
which the total amounts of the leakages ( _nAtot and _nCtot) are
expressed as flow rates, where:

_nAtot is the sum of anodic leakages _nAext þ _nAint, where
. _nAext, anodic external leakage, is the total amount of fuel
leaking from the anode inlet and outlet manifolds to the air
inlet flush, as depicted in Figure 1a.

. _nAint, anodic internal leakage, is the total amount of fuel
leaking from anode to cathode air flow, as depicted in
Figure 1b.
_nCtot is the sum of cathodic leakages _nCext þ _nCint, where

. _nCext, cathodic external leakage, is the total amount of air
leaking from the air inlet flush to the stack fuel manifolds,
as depicted in Figure 1a.

. _nCint, cathodic internal leakage, is the total amount of air
leaking from cathode to anode fuel flow, as depicted in
Figure 1c.

2.3 Measurements
The experimental setup used in this study to detect and

quantify the leakages _nCtot or _nAtot is depicted in Figure 2, and
the description of the measured process variables denoted
with circles is given in Table 1. In the air subsystem, the frac-
tions of CO2, H2O, and O2 in the cathode air were continu-
ously sampled and measured at module inlet (yMin), cathode
inlet (yCin), and cathode outlet (yCout). Anodic leakages are
detected by observing the changes in the measured gas compo-
sition between the sampling locations according to Eqs. (1)–(3).
Additionally,measurementswith FTIR andGCwere conducted
for Cin and Cout gas to ensure that anodic leakage is completely
combusted toCO2 andH2O. Themodule inlet air ( _nCin) flow rate
wasmeasuredwith a thermalmass flowmeter.
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Fig. 2 Experimental setup. Anodic and cathodic leakages are marked with dashed lines. Other system mass flows (air and fuel gas, as well as trans-
port of oxygen) are marked with solid lines. Measured variables are denoted with circles.
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position of the bulk gas, and this approach is used in this
study as well.

Online and in situmethods to detect or quantify any changes
in stack leakages could potentially be used for system fault diag-
nostics and to evaluate the mechanisms causing stack degrada-
tion. Increased stack leakages induce voltage degradation and
temperature increases in the stack. Quantification of any
changes in the stack leakages during operation would thus be
beneficial for distinguishing them from other reasons causing
stack voltage degradation, such as an increase in contact resis-
tance, or system faults such as sulphur poisoning or measure-
ment errors. Prior to this study, leakages have been investigated
extensively by ex situ testing of different materials used as seals
for stacks [1], and also by simulations for complete stack aggre-
gates [5], as well as experimentally in single cell test stands [2].
However, to the authors’ knowledge, no studies have been pub-
lished previously on the quantification of leakages for complete
stacks operated in an actual system environment.

In this study, a method is presented to: (i) identify the pre-
vailing mass-transport phenomenon causing the anodic lea-
kages; and (ii) quantify the anodic and cathodic leakages. The
method is applied for an SOFC stack operated in an actual sys-
tem environment at nominal operating conditions. The experi-
mental setup and the basis of the analysis method – the use of
measurements for both fuel and air systems, together with
simple leakage models for diffusive and viscous mass-trans-
port phenomena – are described in Section 2. In Section 3, the
composition of the fuel and air systems’ gases is determined
experimentally, and the prevailing mass-transport mechanism
of anodic leakage is identified. Finally, the effects of the lea-
kages on selected characteristics related to the system design
and operation are presented and discussed.

2 Experimental

2.1 10 kW SOFC Demonstration Unit

The experiments were conducted with a planar SOFC stack
operated in a 10 kW SOFC system at VTT Technical Research
Centre of Finland. The 10 kW SOFC system consists of two

interconnected modules, the balance of plant (BoP) and the
stack module. It utilises an AOGR loop, which enables system
operation without an external steam supply when the stack
current and single-pass fuel utilization are high enough.
Ambient air is fed into the system with a blower and filtered
with a particle filter. Other system components include heat
exchangers, a catalytic burner, and a reformer to maintain the
thermal balance of the system and stack during operation [6].

The SOFC stack was designed, manufactured, and installed
in the 10 kW SOFC system by Versa Power Systems (VPS),
and it consisted of 64 planar anode supported cells with
550 cm2 of active area each, and cross-flow geometry for fuel
and air gases [7]. The SOFC stack is located inside a thermally
insulated and gas-tight module designed by VPS. Inlet air fed
to the module flushes the module internal space around the
stack before it is forced into cathode inlet air manifolds and
through the stack, an arrangement known as air inlet flush
(Figure 1). Fuel and cathode outlet gases flow in separate
pipes connected to the stack manifold.

The experimental results presented in this study were
recorded during a 2,000 h test run, during which the system
was operated constantly at the same nominal operating condi-
tions with a stack current of 200 A, an air flow rate of
973 NLPM, a natural gas flow rate of 27.9 NLPM, and a
recycle flow rate of 174.7 NLPM. The pressure difference
between the anode and cathode of the stack was below 15 hPa
at said nominal operating conditions. The pressure was mea-
sured from the stack inlet and outlet manifolds.

2.2 Leakage Definitions

As described above, an SOFC stack can exhibit leakages,
e.g. through the electrolyte and various interfaces between dif-
ferent parts of the stack assembly. Figure 1 illustrates possible
routes for gas leaks taken into account for a planar cross-flow
SOFC stack in a gas-tight module with air inlet flush flow con-
figuration. Fuel leakages from the anode side of the stack and
from fuel manifolds are called anodic leakages, and air leakages
from the SOFC cathode side and air manifolds are called
cathodic leakages. It is evident that there are many possible

Fig. 1 Valid leakage routes for: a) external anodic (Aext) and cathodic (Cext) leakages, b) internal anodic (Aint) leakages, and c) internal cathodic
(Cint) leakages.
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interfaces for the leakages to occur, but both the anodic and
cathodic leakages can be differentiated from internal and
external leakages as follows:
(i) External leakages (Figure 1a) occur between the gas mani-

folds and the module air inlet flush e.g. through manifold
seals. Due to the air inlet flush, anodic external leakages
are fed into the cathode inlet and, after passing through
the stack, end up at the cathode outlet manifold.

(ii) Internal leakages (Figure 1b–c) occur inside the stack and be-
tween the inlet and outlet manifolds, e.g. through the elec-
trolyte or stack seals. Any anodic internal leakages end up
at the cathode outlet manifold (Figure 1b). Similarly, any
cathodic internal leakages end up at the anode outlet
manifold (Figure 1c).
Due to the many possible leakage paths, the composition of

the leakage may not be a single value. The composition
depends on the location of the leakage at the various interfaces
in the stack, where chemical and electrochemical reactions
constantly alter the gas composition according to prevailing
conditions (see e.g. [8] for details). However, any leakages
depicted in Figure 1a-c mix with a significantly larger amount
of bulk gas, fuel, or air, flowing through the anode and cath-
ode and around the stack as air inlet flush. Additionally, due
to the high operating temperature and the presence of catalyti-
cally active materials, it is expected that reactions occur
between the leakages and the bulk gases according to Eqs. (1)–
(3). Flammable substances in an anodic leakage react with
oxygen and are combusted to CO2 and H2O at the cathode
side. Similarly, oxygen in a cathodic leakage reacts with fuel
gas at the anode side.

CH4 þ 2O2 fi CO2 þ 2H2O (1)

COþ 1=2 O2 fi CO2 (2)

H2 þ 1=2 O2 fi H2O (3)

Since the individual leakages mix and react with a larger
amount of bulk gas, this study does not try to model or quan-
tify any spatially distributed individual leakages of the stack.
Instead of the individual leakage routes illustrated in
Figure 1a–c, this study considers the leakages in a form in
which the total amounts of the leakages ( _nAtot and _nCtot) are
expressed as flow rates, where:

_nAtot is the sum of anodic leakages _nAext þ _nAint, where
. _nAext, anodic external leakage, is the total amount of fuel
leaking from the anode inlet and outlet manifolds to the air
inlet flush, as depicted in Figure 1a.

. _nAint, anodic internal leakage, is the total amount of fuel
leaking from anode to cathode air flow, as depicted in
Figure 1b.
_nCtot is the sum of cathodic leakages _nCext þ _nCint, where

. _nCext, cathodic external leakage, is the total amount of air
leaking from the air inlet flush to the stack fuel manifolds,
as depicted in Figure 1a.

. _nCint, cathodic internal leakage, is the total amount of air
leaking from cathode to anode fuel flow, as depicted in
Figure 1c.

2.3 Measurements
The experimental setup used in this study to detect and

quantify the leakages _nCtot or _nAtot is depicted in Figure 2, and
the description of the measured process variables denoted
with circles is given in Table 1. In the air subsystem, the frac-
tions of CO2, H2O, and O2 in the cathode air were continu-
ously sampled and measured at module inlet (yMin), cathode
inlet (yCin), and cathode outlet (yCout). Anodic leakages are
detected by observing the changes in the measured gas compo-
sition between the sampling locations according to Eqs. (1)–(3).
Additionally,measurementswith FTIR andGCwere conducted
for Cin and Cout gas to ensure that anodic leakage is completely
combusted toCO2 andH2O. Themodule inlet air ( _nCin) flow rate
wasmeasuredwith a thermalmass flowmeter.
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Fig. 2 Experimental setup. Anodic and cathodic leakages are marked with dashed lines. Other system mass flows (air and fuel gas, as well as trans-
port of oxygen) are marked with solid lines. Measured variables are denoted with circles.
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position of the bulk gas, and this approach is used in this
study as well.

Online and in situmethods to detect or quantify any changes
in stack leakages could potentially be used for system fault diag-
nostics and to evaluate the mechanisms causing stack degrada-
tion. Increased stack leakages induce voltage degradation and
temperature increases in the stack. Quantification of any
changes in the stack leakages during operation would thus be
beneficial for distinguishing them from other reasons causing
stack voltage degradation, such as an increase in contact resis-
tance, or system faults such as sulphur poisoning or measure-
ment errors. Prior to this study, leakages have been investigated
extensively by ex situ testing of different materials used as seals
for stacks [1], and also by simulations for complete stack aggre-
gates [5], as well as experimentally in single cell test stands [2].
However, to the authors’ knowledge, no studies have been pub-
lished previously on the quantification of leakages for complete
stacks operated in an actual system environment.

In this study, a method is presented to: (i) identify the pre-
vailing mass-transport phenomenon causing the anodic lea-
kages; and (ii) quantify the anodic and cathodic leakages. The
method is applied for an SOFC stack operated in an actual sys-
tem environment at nominal operating conditions. The experi-
mental setup and the basis of the analysis method – the use of
measurements for both fuel and air systems, together with
simple leakage models for diffusive and viscous mass-trans-
port phenomena – are described in Section 2. In Section 3, the
composition of the fuel and air systems’ gases is determined
experimentally, and the prevailing mass-transport mechanism
of anodic leakage is identified. Finally, the effects of the lea-
kages on selected characteristics related to the system design
and operation are presented and discussed.

2 Experimental

2.1 10 kW SOFC Demonstration Unit

The experiments were conducted with a planar SOFC stack
operated in a 10 kW SOFC system at VTT Technical Research
Centre of Finland. The 10 kW SOFC system consists of two

interconnected modules, the balance of plant (BoP) and the
stack module. It utilises an AOGR loop, which enables system
operation without an external steam supply when the stack
current and single-pass fuel utilization are high enough.
Ambient air is fed into the system with a blower and filtered
with a particle filter. Other system components include heat
exchangers, a catalytic burner, and a reformer to maintain the
thermal balance of the system and stack during operation [6].

The SOFC stack was designed, manufactured, and installed
in the 10 kW SOFC system by Versa Power Systems (VPS),
and it consisted of 64 planar anode supported cells with
550 cm2 of active area each, and cross-flow geometry for fuel
and air gases [7]. The SOFC stack is located inside a thermally
insulated and gas-tight module designed by VPS. Inlet air fed
to the module flushes the module internal space around the
stack before it is forced into cathode inlet air manifolds and
through the stack, an arrangement known as air inlet flush
(Figure 1). Fuel and cathode outlet gases flow in separate
pipes connected to the stack manifold.

The experimental results presented in this study were
recorded during a 2,000 h test run, during which the system
was operated constantly at the same nominal operating condi-
tions with a stack current of 200 A, an air flow rate of
973 NLPM, a natural gas flow rate of 27.9 NLPM, and a
recycle flow rate of 174.7 NLPM. The pressure difference
between the anode and cathode of the stack was below 15 hPa
at said nominal operating conditions. The pressure was mea-
sured from the stack inlet and outlet manifolds.

2.2 Leakage Definitions

As described above, an SOFC stack can exhibit leakages,
e.g. through the electrolyte and various interfaces between dif-
ferent parts of the stack assembly. Figure 1 illustrates possible
routes for gas leaks taken into account for a planar cross-flow
SOFC stack in a gas-tight module with air inlet flush flow con-
figuration. Fuel leakages from the anode side of the stack and
from fuel manifolds are called anodic leakages, and air leakages
from the SOFC cathode side and air manifolds are called
cathodic leakages. It is evident that there are many possible

Fig. 1 Valid leakage routes for: a) external anodic (Aext) and cathodic (Cext) leakages, b) internal anodic (Aint) leakages, and c) internal cathodic
(Cint) leakages.
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The total cathodic leakage _nCtot is assumed to occur viscously
at all times, having an idealised composition of 21 vol-% of O2

and 79 vol-% of N2. The simplification is reasonable, since the
amount of carbon dioxide and water vapour in _nCtot is very
small and has a negligible effect on the results.

2.4.3 Diffusive Leakage

The composition yAtot;diff
� �

of a diffusive leakage, driven by
the difference in concentration between the anode and cathode
sides of the stack, is approximated by weighting the molar
fraction of substances in the fuel gas at the SOFC anode by
their relative binary diffusion coefficients, using Eq. (11).

yAtot;diffj ¼
Dair

jP
j D

air
j yanodej

yanodej � ycathodej

� �
»

Dair
jP

j D
air
j yanodej

yanodej

� �
;

where yanode ¼ yAin; yAout

(11)

Dair
j are the binary diffusion coefficients of each substance in

air, estimated according to Fuller et al. [9]. The simplification
to use only the composition of the fuel gas is reasonable, since
yanodej � ycathodej for CH4, CO, CO2, H2, and H2O components.
Similarly, it is reasoned that no nitrogen or oxygen are leaking
diffusively from anode to cathode, since yanodeN2

� ycathodeN2
and

yanodeO2
¼ 0, respectively.

2.4.4 Distinction between Viscous and Diffusive Leakage

The anodic leakage will introduce an additional flux of C
and H-containing substances into the air system. As long as
the compounds that contain the elements C and H are oxi-
dized completely, according to Eqs. (1)–(3), these element
fluxes can be expressed as Eqs. (12) and (13).

_nAtotðoxÞC ¼ _nCoutC � _nMin
C þ _nCtotC » _nCoutyCoutCO2

� _nMinyMin
CO2

(12)

_nAtotðoxÞH ¼ _nCoutH � _nMin
H þ _nCtotH » 2 _nCoutyCoutH2O � _nMinyMin

H2O

� �

(13)

where _nAtotðoxÞe is the flux of elements due to anodic leakage
after complete oxidation of flammable substances. Simplifica-
tion of Eqs. (12) and (13) is reasonable, as _nCtotC ; _nCtotH � _nAtotC ,
_nAtotH : The _nCout flow rate in Eqs. (12) and (13) is calculated
using the nitrogen balance between the module inlet and the
cathode outlet, as in:

_nCout ¼
_nMinyMin

N2 � _nCtotN2
þ _nAtotN2

yCoutN2
@

yMin
N2

yCoutN2

_nMin;

where yN2 ¼ 1�
X
j

yj
(14)

where j ¼ CO2;H2O;O2. The simplification of Eq. (14) is rea-
sonable, since _nMin

N2
; _nCoutN2

� _nCtotN2
, _nAtotN2

.
The distinction between the viscous and diffusive leakage

in the system is done by comparing independently measured
HC-ratios of the anodic leakage to each other, according to
Eqs. (15) and (16).

HCAtot;a ¼ YAtot;a
H

YAtot;a
C

¼
4yAtot;aCH4

þ 2yAtot;aH2
þ 2yAtot;aH2O

yAtot;aCH4
þ yAtot;aCO þ yAtot;aCO2

;

where a ¼ diff ; visc

(15)

HCAtotðoxÞ ¼
_nAtotðoxÞH

_nAtotðoxÞC

(16)

It should be noted that the HC-ratio in Eq. (15) is obtained
with fuel system measurements and the leakage models, while
only air system measurements are used for Eq. (16).

2.4.5 Quantification of Leakages

Once the prevailing leakage mechanism has been identi-
fied, the anodic leakage is quantified as Eq. (17).

_nAtot ¼
_nAtotC

YAtot;a
C

¼
_nAtotðoxÞC

yAtot;aCH4
þ yAtot;aCO þ yAtot;aCO2

� � ;

where a ¼ diff ; visc

(17)

Eq. (17) is based on Eq. (6) for the mass balance of carbon.
Quantification of cathodic leakage _nCtot is done using

Eq. (18).

_nCtot ¼

_nAinC � _nAtotC

YAout
C

yAoutN2
� _nAinN2

þ _nAtotyAtotN2

0:79
(18)

where yAtotN2
¼ 0 for diffusive anodic leakage. Eq. (18) is based

on Eq. (8) for both nitrogen and carbon balances between Ain
and Aout.

2.5 Uncertainty Analysis

The propagation of the uncertainty of the calculated vari-
ables due to the measurements (Table 1) and the inlet natural
gas composition (Table 2) is evaluated using Eq. (19):

sy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1

¶f
¶xi

sxi

� �2
vuut ; y ¼ f ðx1; . . . ; xnÞ (19)

where sy is the uncertainty of the calculated value y, and sxi is
the uncertainty of the measured value xi. Due to large number
of measurements (xi) it is necessary to use symbolic math soft-
ware to obtain the partial derivates for Eqs. (4)–(18) and calcu-
late their uncertainties numerically. The error bars in all the
figures and tables in this manuscript depict either sX of a cal-
culated value according to (19), or uncertainty related to the
measurement according to Table 1.

3 Results and Discussion

3.1 Air System Measurement Results

Figure 3a–c depicts measured air system gas composition
at Min, Cin, and Cout at the time of periodic gas sampling. It is
seen that both CO2 and H2O fraction at the cathode increases
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A more complex arrangement is required for the fuel sub-
system, to detect and quantify the flow rate and composition
(yj) of the gases flowing in the fuel system on a wet basis.
Complexity arises because the humid fuel gas was cooled
down to 2–3 �C to condensate the water vapour from the gas
samples, and the gas analysis was done on a dry basis (xi).
From the dried fuel gas, CH4, CO, CO2, H2, N2, CxHy com-
pounds up to C5 hydrocarbons, and O2/Argon were analyzed
with GCs. The composition was analysed from periodically
extracted gas samples at anode inlet (xAin) and anode outlet
(xAout). A portion of the anode outlet gas (xAout) is recycled
back into the system inlet, thus the recycling gas (xrec) has the
same composition. Composition of the fuel at the system inlet
(yin), high-grade natural gas from the Finnish gas grid, used in
the experiment was not directly measured due to its stable
composition, consisting of more than 98% methane and other
hydrocarbons (Table 2). The inlet natural gas ( _nin) flow rate
was measured with a thermal mass flow meter, and the
recycle gas flow ( _nrec) with a turbine meter.

2.4 Leakage Analysis

2.4.1 Approach

It is clear that quantification of _nCtot or _nAtot, depicted in Fig-
ure 2, with any direct physical measurement devices would be
extremely challenging to realize in an actual system environ-
ment due to, e.g. the high temperature of the gases and var-
ious reactions within the SOFC, affecting the composition as
well as the molar flow of both the bulk gases and the leakages.
Thus, the experimental setup for leakage analysis is based on
the fact that leakages will change the flux of the elements,

_ne; e ¼ C;H;O;N, between the inlet and the outlet of the
anode and cathode of the stack, according to Eqs. (4) and (5),
respectively.

_nAoute ¼ _nAine � _nAtote þ _nCtote þ _nelO (4)

_nCoute ¼ _nMin
e þ _nAtote � _nCtote � _nelO (5)

In Eq. (4), _nCtot leakage supplies additional O and N to the
fuel system gas, which consists mostly of substances contain-
ing the elements H and C – the main constituents of the inlet
natural gas. Similarly, _nAtot in Eq. (5) supplies additional H
and C to the air system, where any indigenous flux of these ele-
ments originates from the inlet ambient air as H2O and CO2,
respectively. Flux of O through the electrolyte is denoted as _nelO.

The flux of elements takes place as a flow of the substances
in the fuel and air system gases. Thus, the element flux at any
process location can be determined based on the molar frac-
tions of each substance containing the given element, and the
total flow rate of the gas according to Eqs. (6) and (7).

_ne ¼ Ye _n (6)

Ye ¼
X
j

Ae;jyj (7)

For example, for H, Eq. (7) is YH = 4yCH4 + 2yH2 + 2yH2O +
myCnHm. Now, Eqs. (4) and (5) can be derived using Eqs. (6)
and (7) as (8) and (9):

_nAoutYAout
e ¼ _nAinYAin

e � _nAtotYAtot
e þ _nCtotYCtot

e þ _nelO (8)

_nCoutYCout
e ¼ _nMinYMin

e þ _nAtotYAtot
e � _nCtotYCtot

e � _nelO (9)

It should be noted that Eqs. (6)–(9) contain practically mea-
surable process variables, i.e. molar fractions of substances
and flow rates at various process locations (see Figure 2),
which enable in situ leakage analysis of an SOFC stack while
operated in an actual system environment. However, it
becomes clear when looking into Eqs. (6)–(9) that the composi-
tion of the anodic leakage yAtot is required to quantify the lea-
kages. Since yAtot cannot be measured directly, two simple
leakage models based on different mass-transport phenomena,
viscous and diffusive, are considered in the next chapters, to
calculate the composition yAtot.

2.4.2 Viscous Leakage

The composition (yAtot;visc) of a viscous leakage, driven by
the pressure difference between the anode and cathode sides
of the stack, is assumed simply to be identical to the fuel gas
composition at the SOFC anode, as in Eq. (10).

yAtot;viscj ¼ yanodej ; where yanode ¼ yAin; yAout (10)

The composition of yanode is approximated with a single val-
ue by using either yAin or yAout. yAin and yAout are selected as
representative values for yanode since they represent the two
extremes of the gas distribution within the SOFC stack [8],
and they are calculated using the fuel system’s measurements
according to Appendix A.

Table 1 The measured variables and their uncertainty.

Measurement Variable Uncertainty

Natural gas _nin +1% of value

Module inlet air _nMin +3% of value

Recycle gas _nrec +3% of value

Composition of humid air
at Min, Cin, and Cout

yH2O +450 ppm

yCO2
+(5 ppm + 2% of value)

yO2
+(0.2%-units + 2% of value)

Composition of dried fuel
gas at Ain and Aout

xCH4
; xCO; xCO2

xH2
; xO2

; xN2
xCnCm

+3% of value

Table 2 Average composition of system inlet fuel (natural gas) and
uncertainty.

Substance Variable Average Uncertainty

Methane yinCH4
97.9 mol-% +1.0 mol-%

Ethane yinC2H6
0.8 mol-% +0.5 mol-%

Propane yinC3H8
3,000 ppm +2,000 ppm

Butane yinC4H10
1,000 ppm +600 ppm

Nitrogen yinN2
1 mol-% +0.5 mol-%
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The total cathodic leakage _nCtot is assumed to occur viscously
at all times, having an idealised composition of 21 vol-% of O2

and 79 vol-% of N2. The simplification is reasonable, since the
amount of carbon dioxide and water vapour in _nCtot is very
small and has a negligible effect on the results.

2.4.3 Diffusive Leakage

The composition yAtot;diff
� �

of a diffusive leakage, driven by
the difference in concentration between the anode and cathode
sides of the stack, is approximated by weighting the molar
fraction of substances in the fuel gas at the SOFC anode by
their relative binary diffusion coefficients, using Eq. (11).

yAtot;diffj ¼
Dair

jP
j D

air
j yanodej

yanodej � ycathodej

� �
»

Dair
jP

j D
air
j yanodej

yanodej

� �
;

where yanode ¼ yAin; yAout

(11)

Dair
j are the binary diffusion coefficients of each substance in

air, estimated according to Fuller et al. [9]. The simplification
to use only the composition of the fuel gas is reasonable, since
yanodej � ycathodej for CH4, CO, CO2, H2, and H2O components.
Similarly, it is reasoned that no nitrogen or oxygen are leaking
diffusively from anode to cathode, since yanodeN2

� ycathodeN2
and

yanodeO2
¼ 0, respectively.

2.4.4 Distinction between Viscous and Diffusive Leakage

The anodic leakage will introduce an additional flux of C
and H-containing substances into the air system. As long as
the compounds that contain the elements C and H are oxi-
dized completely, according to Eqs. (1)–(3), these element
fluxes can be expressed as Eqs. (12) and (13).

_nAtotðoxÞC ¼ _nCoutC � _nMin
C þ _nCtotC » _nCoutyCoutCO2

� _nMinyMin
CO2

(12)

_nAtotðoxÞH ¼ _nCoutH � _nMin
H þ _nCtotH » 2 _nCoutyCoutH2O � _nMinyMin

H2O

� �

(13)

where _nAtotðoxÞe is the flux of elements due to anodic leakage
after complete oxidation of flammable substances. Simplifica-
tion of Eqs. (12) and (13) is reasonable, as _nCtotC ; _nCtotH � _nAtotC ,
_nAtotH : The _nCout flow rate in Eqs. (12) and (13) is calculated
using the nitrogen balance between the module inlet and the
cathode outlet, as in:

_nCout ¼
_nMinyMin

N2 � _nCtotN2
þ _nAtotN2

yCoutN2
@

yMin
N2

yCoutN2

_nMin;

where yN2 ¼ 1�
X
j

yj
(14)

where j ¼ CO2;H2O;O2. The simplification of Eq. (14) is rea-
sonable, since _nMin

N2
; _nCoutN2

� _nCtotN2
, _nAtotN2

.
The distinction between the viscous and diffusive leakage

in the system is done by comparing independently measured
HC-ratios of the anodic leakage to each other, according to
Eqs. (15) and (16).

HCAtot;a ¼ YAtot;a
H

YAtot;a
C

¼
4yAtot;aCH4

þ 2yAtot;aH2
þ 2yAtot;aH2O

yAtot;aCH4
þ yAtot;aCO þ yAtot;aCO2

;

where a ¼ diff ; visc

(15)

HCAtotðoxÞ ¼
_nAtotðoxÞH

_nAtotðoxÞC

(16)

It should be noted that the HC-ratio in Eq. (15) is obtained
with fuel system measurements and the leakage models, while
only air system measurements are used for Eq. (16).

2.4.5 Quantification of Leakages

Once the prevailing leakage mechanism has been identi-
fied, the anodic leakage is quantified as Eq. (17).

_nAtot ¼
_nAtotC

YAtot;a
C

¼
_nAtotðoxÞC

yAtot;aCH4
þ yAtot;aCO þ yAtot;aCO2

� � ;

where a ¼ diff ; visc

(17)

Eq. (17) is based on Eq. (6) for the mass balance of carbon.
Quantification of cathodic leakage _nCtot is done using

Eq. (18).

_nCtot ¼

_nAinC � _nAtotC

YAout
C

yAoutN2
� _nAinN2

þ _nAtotyAtotN2

0:79
(18)

where yAtotN2
¼ 0 for diffusive anodic leakage. Eq. (18) is based

on Eq. (8) for both nitrogen and carbon balances between Ain
and Aout.

2.5 Uncertainty Analysis

The propagation of the uncertainty of the calculated vari-
ables due to the measurements (Table 1) and the inlet natural
gas composition (Table 2) is evaluated using Eq. (19):

sy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1

¶f
¶xi

sxi

� �2
vuut ; y ¼ f ðx1; . . . ; xnÞ (19)

where sy is the uncertainty of the calculated value y, and sxi is
the uncertainty of the measured value xi. Due to large number
of measurements (xi) it is necessary to use symbolic math soft-
ware to obtain the partial derivates for Eqs. (4)–(18) and calcu-
late their uncertainties numerically. The error bars in all the
figures and tables in this manuscript depict either sX of a cal-
culated value according to (19), or uncertainty related to the
measurement according to Table 1.

3 Results and Discussion

3.1 Air System Measurement Results

Figure 3a–c depicts measured air system gas composition
at Min, Cin, and Cout at the time of periodic gas sampling. It is
seen that both CO2 and H2O fraction at the cathode increases
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A more complex arrangement is required for the fuel sub-
system, to detect and quantify the flow rate and composition
(yj) of the gases flowing in the fuel system on a wet basis.
Complexity arises because the humid fuel gas was cooled
down to 2–3 �C to condensate the water vapour from the gas
samples, and the gas analysis was done on a dry basis (xi).
From the dried fuel gas, CH4, CO, CO2, H2, N2, CxHy com-
pounds up to C5 hydrocarbons, and O2/Argon were analyzed
with GCs. The composition was analysed from periodically
extracted gas samples at anode inlet (xAin) and anode outlet
(xAout). A portion of the anode outlet gas (xAout) is recycled
back into the system inlet, thus the recycling gas (xrec) has the
same composition. Composition of the fuel at the system inlet
(yin), high-grade natural gas from the Finnish gas grid, used in
the experiment was not directly measured due to its stable
composition, consisting of more than 98% methane and other
hydrocarbons (Table 2). The inlet natural gas ( _nin) flow rate
was measured with a thermal mass flow meter, and the
recycle gas flow ( _nrec) with a turbine meter.

2.4 Leakage Analysis

2.4.1 Approach

It is clear that quantification of _nCtot or _nAtot, depicted in Fig-
ure 2, with any direct physical measurement devices would be
extremely challenging to realize in an actual system environ-
ment due to, e.g. the high temperature of the gases and var-
ious reactions within the SOFC, affecting the composition as
well as the molar flow of both the bulk gases and the leakages.
Thus, the experimental setup for leakage analysis is based on
the fact that leakages will change the flux of the elements,

_ne; e ¼ C;H;O;N, between the inlet and the outlet of the
anode and cathode of the stack, according to Eqs. (4) and (5),
respectively.

_nAoute ¼ _nAine � _nAtote þ _nCtote þ _nelO (4)

_nCoute ¼ _nMin
e þ _nAtote � _nCtote � _nelO (5)

In Eq. (4), _nCtot leakage supplies additional O and N to the
fuel system gas, which consists mostly of substances contain-
ing the elements H and C – the main constituents of the inlet
natural gas. Similarly, _nAtot in Eq. (5) supplies additional H
and C to the air system, where any indigenous flux of these ele-
ments originates from the inlet ambient air as H2O and CO2,
respectively. Flux of O through the electrolyte is denoted as _nelO.

The flux of elements takes place as a flow of the substances
in the fuel and air system gases. Thus, the element flux at any
process location can be determined based on the molar frac-
tions of each substance containing the given element, and the
total flow rate of the gas according to Eqs. (6) and (7).

_ne ¼ Ye _n (6)

Ye ¼
X
j

Ae;jyj (7)

For example, for H, Eq. (7) is YH = 4yCH4 + 2yH2 + 2yH2O +
myCnHm. Now, Eqs. (4) and (5) can be derived using Eqs. (6)
and (7) as (8) and (9):

_nAoutYAout
e ¼ _nAinYAin

e � _nAtotYAtot
e þ _nCtotYCtot

e þ _nelO (8)

_nCoutYCout
e ¼ _nMinYMin

e þ _nAtotYAtot
e � _nCtotYCtot

e � _nelO (9)

It should be noted that Eqs. (6)–(9) contain practically mea-
surable process variables, i.e. molar fractions of substances
and flow rates at various process locations (see Figure 2),
which enable in situ leakage analysis of an SOFC stack while
operated in an actual system environment. However, it
becomes clear when looking into Eqs. (6)–(9) that the composi-
tion of the anodic leakage yAtot is required to quantify the lea-
kages. Since yAtot cannot be measured directly, two simple
leakage models based on different mass-transport phenomena,
viscous and diffusive, are considered in the next chapters, to
calculate the composition yAtot.

2.4.2 Viscous Leakage

The composition (yAtot;visc) of a viscous leakage, driven by
the pressure difference between the anode and cathode sides
of the stack, is assumed simply to be identical to the fuel gas
composition at the SOFC anode, as in Eq. (10).

yAtot;viscj ¼ yanodej ; where yanode ¼ yAin; yAout (10)

The composition of yanode is approximated with a single val-
ue by using either yAin or yAout. yAin and yAout are selected as
representative values for yanode since they represent the two
extremes of the gas distribution within the SOFC stack [8],
and they are calculated using the fuel system’s measurements
according to Appendix A.

Table 1 The measured variables and their uncertainty.

Measurement Variable Uncertainty

Natural gas _nin +1% of value

Module inlet air _nMin +3% of value

Recycle gas _nrec +3% of value

Composition of humid air
at Min, Cin, and Cout

yH2O +450 ppm

yCO2
+(5 ppm + 2% of value)

yO2
+(0.2%-units + 2% of value)

Composition of dried fuel
gas at Ain and Aout

xCH4
; xCO; xCO2

xH2
; xO2

; xN2
xCnCm

+3% of value

Table 2 Average composition of system inlet fuel (natural gas) and
uncertainty.

Substance Variable Average Uncertainty

Methane yinCH4
97.9 mol-% +1.0 mol-%

Ethane yinC2H6
0.8 mol-% +0.5 mol-%

Propane yinC3H8
3,000 ppm +2,000 ppm

Butane yinC4H10
1,000 ppm +600 ppm

Nitrogen yinN2
1 mol-% +0.5 mol-%
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below 35 ppm for xAin and below detection limits for xAout.
Figure 4 shows that fuel system gas composition remains rela-
tively stable during the experiment, as the system is operated
constantly at nominal operating conditions. According to the
first-order linear fit on the measurements, a small trend over
time is observed for nearly all gas components. The trend can
be related to the temperature increase of the stack during the
experiments, which changes gas composition according to the
thermodynamic equilibrium.

The wet gas composition at Ain and Aout, calculated
according to Appendix A, is depicted in Figure 5. The wet gas
composition is needed to resolve the composition of the anod-
ic leakage in Eqs. (10) and (11), and to quantify the anodic and
cathodic leakages according to Eqs. (17) and (18). Similarly to
the dry gas composition, the wet gas composition in Figure 5
remains very stable during the experiment. Only a few quali-
tative observations can be made by inspecting the changes
between Ain and Aout; for example: (i) nearly all methane is
reformed in the stack as the yAinCH4 is < 0.1 mol-%; and (ii)
cathodic leakages are present in the system, since yAoutN2 > yAinN2
and if no cathodic leakages occur then yAoutN2 < yAinN2 , as all
methane is reformed and thus the molar flow at Aout is larger
than at Ain.

3.3 Determination of Prevailing Leakage Mechanism and
Quantification of Leakages

The prevailing mass-transport mechanism of the anodic
leakage is determined by utilising the independent measure-
ments from the fuel and air subsystems. The leakage models
in Eqs. (10) and (11) produce different gas compositions and
HC-ratios for the leaking fuel gas. By comparing the HC-ratios
obtained (i) with Eq. (16) using air system measurements, and
(ii) with Eq. (15) using fuel system measurements and the two
leakage models, the leakage mechanism can be determined.

The HC-ratio can be assessed intuitively, even without any
analysis results from the fuel system: as the natural gas
(mostly CH4) is the prevailing supply of H and C in the fuel
system, then the HC-ratio of the gas in any location of the fuel
system should be nearly identical to the inlet natural gas HC
ratio of approximately 4. Therefore, if the anodic leakages
occur in a viscous manner, a corresponding value of approxi-
mately 4 should result for HCAtotðoxÞ in Eq. (16) as well, regard-
less of the actual location of the leakage paths within the stack
or its manifolds. However, ifHCAtotðoxÞ differs from the inlet nat-
ural gas HC-ratio, then the leakage is not occurring viscously,
meaning that the composition of the anodic leakage differs from
the composition of the fuel gas flowing through the stack.

Figure 6 depicts the HC-ratios obtained by air and fuel sys-
tem measurements and the two leakage models. The HC-ratios
in Figure 6a are calculated with Ain gas composition, and in
Figure 6b with Aout composition, which represent the two
extremes in the gas distribution within the stack. It is observed
in Figure 6a–b that the HC-ratios given by the viscous leakage
model (HCAtot;visc) are approximately 4, which are sensible
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Fig. 5 Composition of the (·) Ain and (s) Aout gas on a wet basis. A linear fit is shown as a solid trend line.
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from the module air inlet to the cathode outlet. These changes
can be associated to anodic leakages, since there is no other
supply of such substances into the air system. Thus, changes
in gas composition between the sampling locations Min to
Cin, Cin to Cout, and Min to Cout manifest the effects of the
leakages Aext, Aint, and Atot, respectively (see Figure 2), and
thus can be used to obtain the HC ratio for any of these
leakages, using Eqs. (12)–(14).

The CO2 and O2 fractions at Min remain nearly constant at
approximately 400 ppm and 21.2 vol-%, respectively, while
the H2O fraction varies between 1,000 to 6,000 ppm, according
to the prevailing ambient conditions. Compared to Min, the
measurements at Cin show a significant increase for both CO2

and H2O, and a much smaller decrease for O2. The small
decrease of O2 fraction can be associated to the combustion of
flammable substances (CH4, CO, and H2) of Aext, which con-
sume oxygen, and to depletion of air due to Cext leakages.
However, this small change in the O2 fraction can be asso-
ciated to the rather large uncertainty of the O2 sensor as well.

Similarly, compared to Min, even a larger increase for H2O
and CO2 is evident in Cout measurements (Figure 3a–b), due
to internal anodic leakages Aint, which suggests that Aint
leakage is of higher magnitude than Aext. The O2 fraction at
Cout (Figure 3c) is now significantly decreased, mainly due to
the utilization of oxygen in the fuel cell reactions.
Generally, due to the high uncertainty associated with the
oxygen measurement, quantification of the air leakages cannot
be done reliably using air system gas analysis. However, this
is not the case for the H2O and CO2 measurements – the fuel
leakage is significant enough to generate a difference in the
measured values that is greater than the sensors’ uncertainty,
which enables the use of Eqs. (12) and (13) to resolve the ele-
ment fluxes of the anodic leakage.

3.2 Fuel System Measurement Results

Measured dry fuel gas composition at Ain and Aout is pre-
sented in Figure 4. The total fraction of C2+ hydrocarbons was
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below 35 ppm for xAin and below detection limits for xAout.
Figure 4 shows that fuel system gas composition remains rela-
tively stable during the experiment, as the system is operated
constantly at nominal operating conditions. According to the
first-order linear fit on the measurements, a small trend over
time is observed for nearly all gas components. The trend can
be related to the temperature increase of the stack during the
experiments, which changes gas composition according to the
thermodynamic equilibrium.

The wet gas composition at Ain and Aout, calculated
according to Appendix A, is depicted in Figure 5. The wet gas
composition is needed to resolve the composition of the anod-
ic leakage in Eqs. (10) and (11), and to quantify the anodic and
cathodic leakages according to Eqs. (17) and (18). Similarly to
the dry gas composition, the wet gas composition in Figure 5
remains very stable during the experiment. Only a few quali-
tative observations can be made by inspecting the changes
between Ain and Aout; for example: (i) nearly all methane is
reformed in the stack as the yAinCH4 is < 0.1 mol-%; and (ii)
cathodic leakages are present in the system, since yAoutN2 > yAinN2
and if no cathodic leakages occur then yAoutN2 < yAinN2 , as all
methane is reformed and thus the molar flow at Aout is larger
than at Ain.

3.3 Determination of Prevailing Leakage Mechanism and
Quantification of Leakages

The prevailing mass-transport mechanism of the anodic
leakage is determined by utilising the independent measure-
ments from the fuel and air subsystems. The leakage models
in Eqs. (10) and (11) produce different gas compositions and
HC-ratios for the leaking fuel gas. By comparing the HC-ratios
obtained (i) with Eq. (16) using air system measurements, and
(ii) with Eq. (15) using fuel system measurements and the two
leakage models, the leakage mechanism can be determined.

The HC-ratio can be assessed intuitively, even without any
analysis results from the fuel system: as the natural gas
(mostly CH4) is the prevailing supply of H and C in the fuel
system, then the HC-ratio of the gas in any location of the fuel
system should be nearly identical to the inlet natural gas HC
ratio of approximately 4. Therefore, if the anodic leakages
occur in a viscous manner, a corresponding value of approxi-
mately 4 should result for HCAtotðoxÞ in Eq. (16) as well, regard-
less of the actual location of the leakage paths within the stack
or its manifolds. However, ifHCAtotðoxÞ differs from the inlet nat-
ural gas HC-ratio, then the leakage is not occurring viscously,
meaning that the composition of the anodic leakage differs from
the composition of the fuel gas flowing through the stack.

Figure 6 depicts the HC-ratios obtained by air and fuel sys-
tem measurements and the two leakage models. The HC-ratios
in Figure 6a are calculated with Ain gas composition, and in
Figure 6b with Aout composition, which represent the two
extremes in the gas distribution within the stack. It is observed
in Figure 6a–b that the HC-ratios given by the viscous leakage
model (HCAtot;visc) are approximately 4, which are sensible
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Fig. 5 Composition of the (·) Ain and (s) Aout gas on a wet basis. A linear fit is shown as a solid trend line.
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from the module air inlet to the cathode outlet. These changes
can be associated to anodic leakages, since there is no other
supply of such substances into the air system. Thus, changes
in gas composition between the sampling locations Min to
Cin, Cin to Cout, and Min to Cout manifest the effects of the
leakages Aext, Aint, and Atot, respectively (see Figure 2), and
thus can be used to obtain the HC ratio for any of these
leakages, using Eqs. (12)–(14).

The CO2 and O2 fractions at Min remain nearly constant at
approximately 400 ppm and 21.2 vol-%, respectively, while
the H2O fraction varies between 1,000 to 6,000 ppm, according
to the prevailing ambient conditions. Compared to Min, the
measurements at Cin show a significant increase for both CO2

and H2O, and a much smaller decrease for O2. The small
decrease of O2 fraction can be associated to the combustion of
flammable substances (CH4, CO, and H2) of Aext, which con-
sume oxygen, and to depletion of air due to Cext leakages.
However, this small change in the O2 fraction can be asso-
ciated to the rather large uncertainty of the O2 sensor as well.

Similarly, compared to Min, even a larger increase for H2O
and CO2 is evident in Cout measurements (Figure 3a–b), due
to internal anodic leakages Aint, which suggests that Aint
leakage is of higher magnitude than Aext. The O2 fraction at
Cout (Figure 3c) is now significantly decreased, mainly due to
the utilization of oxygen in the fuel cell reactions.
Generally, due to the high uncertainty associated with the
oxygen measurement, quantification of the air leakages cannot
be done reliably using air system gas analysis. However, this
is not the case for the H2O and CO2 measurements – the fuel
leakage is significant enough to generate a difference in the
measured values that is greater than the sensors’ uncertainty,
which enables the use of Eqs. (12) and (13) to resolve the ele-
ment fluxes of the anodic leakage.

3.2 Fuel System Measurement Results

Measured dry fuel gas composition at Ain and Aout is pre-
sented in Figure 4. The total fraction of C2+ hydrocarbons was
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The actual fuel utilization of an SOFC stack, with anodic
leakages taken into account, is calculated using Eq. (22). Here,
it is assumed the total anodic leakage occurs at the stack inlet
manifolds before the anode. Heat produced by complete com-
bustion of the anodic leakages is calculated using Eq. (23).

FUleak
SOFC ¼ I

P
j zj _nAinj � _nAtotj

� �� �
F

(22)

Pth ¼
X
j

DHj _n
Atot
j (23)

Figure 8a depicts both the ideal single-pass fuel utilization
of the SOFC stack without leakages (Eq. (20)) and the actual
FU with leakages taken into account (Eq. (22)). The results
clearly illustrate that the anodic leakages can affect the stack
single-pass fuel utilization significantly. The fuel utilization of
the stack is increased from approximately 56% up to approxi-
mately 62%. It should be noted, however, that Eq. (22) rep-
resents the maximum worst-case stack fuel utilization, since
all fuel leaks before the anode inlet. In reality, the actual fuel
utilization would be lower for the given stack, if leakages are
distributed more evenly along the interfaces and occur
towards the anode outlet as well. Finally, it is seen that the
actual composition of the diffusive anodic leakage will not
affect the actual stack fuel utilization significantly, as the dif-
ference between the two approximations (i.e. with Ain and
Aout gas compositions) is only approximately 1%-unit.

Combustion of anodic leakages increases the heat produc-
tion in the stack and its surroundings as depicted in Figure 8b.
Here, a diffusive leak approximated by Ain gas composition
produces more heat, as it contains a higher amount of flam-
mable substances, especially methane. The increased heat
production in the stack can be perceived as both a negative
and a positive issue with respect to the system operation and
design. On the negative side, the increased internal heat
production of the stack may require additional cooling - typi-
cally accomplished by increasing the cathode air flow rate.
Consequently, a penalty to the overall system efficiency is gen-
erated as the parasitic power consumption of the air blower
increases. On the positive side, leakages may alleviate the
need to pre-heat the inlet gas streams using heat exchangers,
especially in the case of external anodic leakages, since they
will directly heat up the air at the inlet flush. Thus, it may be
possible to decrease the size of the air system heat exchangers,
which can lower the final cost of the system, provided that the
leakages remain the same over the system lifetime.

3.5.2 Online Diagnosis

A high enough cross-leakage of hydrogen-containing fuel
gas into the air system, for example due to the failure of a seal
in an SOFC stack, is detrimental to system reliability and life-
time. The combustion of a leakage concentrated in a specific
location is a strong exothermal reaction triggering structural
damage, which can in turn increase the leakage and lead to
severe equipment failures. Thus, early detection of increased

fuel leakages can be beneficial in alleviating the consequences
of such failures by using preventive measures such as system
shutdown and servicing.

The measurement method presented in this study provides
means to detect both (i) increases in the absolute amount of
leakages, and (ii) changes in the prevailing mass transport
mechanism of the leakages. Obviously, any increase of the an-
odic leakage can be directly detected as an increased flux of
carbon and hydrogen in the air system, according to Eqs. (12)
and (13). Likewise, the increase of an anodic leakage with a
differing mass transport mechanism can be observed as a
respective change in the HC-ratio, detectable using the air sys-
tem measurements, according to Eq. (16). The latter argument
is illustrated by a simulated case example, depicted in Figure 9,
where a diffusive anodic leakage of approximately 7 NLPM is
present in the system, according to the results of this study. A
viscous leakage starts to evolve at t = 1,000 h, which can be
detected as a progressive decrease of the HC-ratio of the total
anodic leakage. Thus, the method presented in this study
could be applied, in addition to the general quality assurance
for SOFC stacks, for case-specific online fault diagnosis of
SOFC systems.

4 Conclusions

In this study, an experimental setup and method is pre-
sented to (i) identify the prevailing mass transport mechanism
of anodic leakages, and (ii) quantify the anodic and cathodic
leakages of an SOFC stack operated in an actual system envi-
ronment. Identification of the mass transfer phenomenon of
anodic leakage cannot be done only by analysing the fuel sys-
tem’s gas composition, but requires measuring the fractions of
CO2, H2O, and O2 in the air system, as well as utilization of
simple leakage models for diffusive and viscous leakages. Dis-
tinction between viscous and diffusive leakages is possible by
comparing the HC ratios obtained independently by (i) leak-
age models and fuel system gas analysis, and (ii) air system
gas analysis.
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values that correspond to the properties of the inlet natural
gas. However, HCAtotðoxÞ is approximately 8, which proves that
the anodic leakage is not viscous. On the contrary, HC-ratios
given by the diffusive leakage model (HCAtot;diff ) correspond
very well to HCAtotðoxÞ. Additionally, within the calculation
uncertainty, the HC-ratios for Aint and Aext leakages are the
same as for Atot leakage (results omitted for brevity), demon-
strating a diffusion-type mass-transfer for both external and
internal anodic leakages.

Quantification of the total diffusive anodic and cathodic
leakages is now possible using Eqs. (17) and (18), and the
results are depicted in Figure 7. Anodic leakages constitute
approximately 3% of the anode inlet flow, and it is seen that
the leak rate is somewhat higher when yAout is used as a repre-
sentative value of the fuel gas composition at the anode.
Importantly, it is observed that the leakages of the stack do
not increase during the experiment, demonstrating that the
gas-tightness characteristics of the stack do not deteriorate,
but retain initial performance.

3.4 Complete Combustion of the Anodic Leakage

Calculation of the HC-ratio using Eq. (16) assumes com-
plete combustion of anodic leakage, according to Eqs. (1)–(3),
before the gas sample extraction locations in the air system.
Incomplete combustion could induce a significant error in the
calculated HC-ratio, which can in turn hamper identification
of the prevailing mechanism of anodic leakage. Importantly, if
any significant amount of unburned CO from anodic leakage

was present in the air system, an erroneously high value for
the HC-ratio would be obtained.

Table 3 presents the fraction of CH4, CO, and H2 at Cin and
Cout gas, measured with GCs and FTIR. The fraction of flam-
mable substances is either below the detection limit or present
only as trace amounts, thus their combustion is complete or
near-to-complete. In order to emphasize the insignificance of
the trace amounts of flammable substances, corresponding
values are calculated with 8 NLPM anodic leakage without
any combustion taking place.

A comparison of the measured and calculated results
clearly reveals that effects of the trace amounts of unburned
CH4, CO, and H2 on the calculation results are negligible. This
is important, since it facilitates the use of simple CO2 and H2O
sensors to detect anodic leakages, instead of more complex
GC and FTIR analysis equipment.

3.5 Application of the Analysis Method for System Design and
Diagnosis Purposes

The applicability and significance of the developed method
for system applications is briefly illustrated next.

3.5.1 System and Stack Design

The presented method can be used to define important
operational characteristics for the design of SOFC stacks and
systems. To illustrate the applicability of the method, the
effects of diffusive anodic leakages on selected important
operational characteristics, namely fuel utilization and the
additional heat production of the stack, are assessed and dis-
cussed. In an ideal case without any leakages, the single-pass
fuel utilisation of an SOFC stack in an AOGR system environ-
ment can be calculated using Eqs. (20) and (21) [10].

FUSOFC ¼ FUSYS 1� Rð Þ
1� FUSYSR

(20)

FUSYS ¼ IP
j zj _n

in
j F

(21)
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Fig. 7 a) Total anodic leakage calculated using (£) Ain and (·) Aout
gas composition, and b) total cathodic leakage. A linear fit is shown as
a solid trend line.

Table 3 Fraction of flammable substances at Cin and Cout. The mea-
sured value and calculated value for an uncombusted anodic leakage
are given.

Substance Unit Measured Calculated
(uncombusted)

Cin Cout Cin Cout

yCH4
ppm, dry 2 <2 917 893

yCO 2 10 329 321

yH2
<5 <5 1,828 1,782
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Fig. 8 a) SOFC stack fuel utilisation, and b) heat of combustion due to
diffusive anodic leakages with (£) Ain and (~) Aout gas composition.
(·) Ideal fuel utilization without leakages. A linear fit is shown as a solid
trend line.
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The actual fuel utilization of an SOFC stack, with anodic
leakages taken into account, is calculated using Eq. (22). Here,
it is assumed the total anodic leakage occurs at the stack inlet
manifolds before the anode. Heat produced by complete com-
bustion of the anodic leakages is calculated using Eq. (23).

FUleak
SOFC ¼ I

P
j zj _nAinj � _nAtotj

� �� �
F

(22)

Pth ¼
X
j

DHj _n
Atot
j (23)

Figure 8a depicts both the ideal single-pass fuel utilization
of the SOFC stack without leakages (Eq. (20)) and the actual
FU with leakages taken into account (Eq. (22)). The results
clearly illustrate that the anodic leakages can affect the stack
single-pass fuel utilization significantly. The fuel utilization of
the stack is increased from approximately 56% up to approxi-
mately 62%. It should be noted, however, that Eq. (22) rep-
resents the maximum worst-case stack fuel utilization, since
all fuel leaks before the anode inlet. In reality, the actual fuel
utilization would be lower for the given stack, if leakages are
distributed more evenly along the interfaces and occur
towards the anode outlet as well. Finally, it is seen that the
actual composition of the diffusive anodic leakage will not
affect the actual stack fuel utilization significantly, as the dif-
ference between the two approximations (i.e. with Ain and
Aout gas compositions) is only approximately 1%-unit.

Combustion of anodic leakages increases the heat produc-
tion in the stack and its surroundings as depicted in Figure 8b.
Here, a diffusive leak approximated by Ain gas composition
produces more heat, as it contains a higher amount of flam-
mable substances, especially methane. The increased heat
production in the stack can be perceived as both a negative
and a positive issue with respect to the system operation and
design. On the negative side, the increased internal heat
production of the stack may require additional cooling - typi-
cally accomplished by increasing the cathode air flow rate.
Consequently, a penalty to the overall system efficiency is gen-
erated as the parasitic power consumption of the air blower
increases. On the positive side, leakages may alleviate the
need to pre-heat the inlet gas streams using heat exchangers,
especially in the case of external anodic leakages, since they
will directly heat up the air at the inlet flush. Thus, it may be
possible to decrease the size of the air system heat exchangers,
which can lower the final cost of the system, provided that the
leakages remain the same over the system lifetime.

3.5.2 Online Diagnosis

A high enough cross-leakage of hydrogen-containing fuel
gas into the air system, for example due to the failure of a seal
in an SOFC stack, is detrimental to system reliability and life-
time. The combustion of a leakage concentrated in a specific
location is a strong exothermal reaction triggering structural
damage, which can in turn increase the leakage and lead to
severe equipment failures. Thus, early detection of increased

fuel leakages can be beneficial in alleviating the consequences
of such failures by using preventive measures such as system
shutdown and servicing.

The measurement method presented in this study provides
means to detect both (i) increases in the absolute amount of
leakages, and (ii) changes in the prevailing mass transport
mechanism of the leakages. Obviously, any increase of the an-
odic leakage can be directly detected as an increased flux of
carbon and hydrogen in the air system, according to Eqs. (12)
and (13). Likewise, the increase of an anodic leakage with a
differing mass transport mechanism can be observed as a
respective change in the HC-ratio, detectable using the air sys-
tem measurements, according to Eq. (16). The latter argument
is illustrated by a simulated case example, depicted in Figure 9,
where a diffusive anodic leakage of approximately 7 NLPM is
present in the system, according to the results of this study. A
viscous leakage starts to evolve at t = 1,000 h, which can be
detected as a progressive decrease of the HC-ratio of the total
anodic leakage. Thus, the method presented in this study
could be applied, in addition to the general quality assurance
for SOFC stacks, for case-specific online fault diagnosis of
SOFC systems.

4 Conclusions

In this study, an experimental setup and method is pre-
sented to (i) identify the prevailing mass transport mechanism
of anodic leakages, and (ii) quantify the anodic and cathodic
leakages of an SOFC stack operated in an actual system envi-
ronment. Identification of the mass transfer phenomenon of
anodic leakage cannot be done only by analysing the fuel sys-
tem’s gas composition, but requires measuring the fractions of
CO2, H2O, and O2 in the air system, as well as utilization of
simple leakage models for diffusive and viscous leakages. Dis-
tinction between viscous and diffusive leakages is possible by
comparing the HC ratios obtained independently by (i) leak-
age models and fuel system gas analysis, and (ii) air system
gas analysis.
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Fig. 9 Simulated case of increasing anodic viscous leakage: a) total an-
odic (solid line), diffusive (dotted), and viscous (dashed) leakage; b) HC
ratio of the total anodic leakage.
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values that correspond to the properties of the inlet natural
gas. However, HCAtotðoxÞ is approximately 8, which proves that
the anodic leakage is not viscous. On the contrary, HC-ratios
given by the diffusive leakage model (HCAtot;diff ) correspond
very well to HCAtotðoxÞ. Additionally, within the calculation
uncertainty, the HC-ratios for Aint and Aext leakages are the
same as for Atot leakage (results omitted for brevity), demon-
strating a diffusion-type mass-transfer for both external and
internal anodic leakages.

Quantification of the total diffusive anodic and cathodic
leakages is now possible using Eqs. (17) and (18), and the
results are depicted in Figure 7. Anodic leakages constitute
approximately 3% of the anode inlet flow, and it is seen that
the leak rate is somewhat higher when yAout is used as a repre-
sentative value of the fuel gas composition at the anode.
Importantly, it is observed that the leakages of the stack do
not increase during the experiment, demonstrating that the
gas-tightness characteristics of the stack do not deteriorate,
but retain initial performance.

3.4 Complete Combustion of the Anodic Leakage

Calculation of the HC-ratio using Eq. (16) assumes com-
plete combustion of anodic leakage, according to Eqs. (1)–(3),
before the gas sample extraction locations in the air system.
Incomplete combustion could induce a significant error in the
calculated HC-ratio, which can in turn hamper identification
of the prevailing mechanism of anodic leakage. Importantly, if
any significant amount of unburned CO from anodic leakage

was present in the air system, an erroneously high value for
the HC-ratio would be obtained.

Table 3 presents the fraction of CH4, CO, and H2 at Cin and
Cout gas, measured with GCs and FTIR. The fraction of flam-
mable substances is either below the detection limit or present
only as trace amounts, thus their combustion is complete or
near-to-complete. In order to emphasize the insignificance of
the trace amounts of flammable substances, corresponding
values are calculated with 8 NLPM anodic leakage without
any combustion taking place.

A comparison of the measured and calculated results
clearly reveals that effects of the trace amounts of unburned
CH4, CO, and H2 on the calculation results are negligible. This
is important, since it facilitates the use of simple CO2 and H2O
sensors to detect anodic leakages, instead of more complex
GC and FTIR analysis equipment.

3.5 Application of the Analysis Method for System Design and
Diagnosis Purposes

The applicability and significance of the developed method
for system applications is briefly illustrated next.

3.5.1 System and Stack Design

The presented method can be used to define important
operational characteristics for the design of SOFC stacks and
systems. To illustrate the applicability of the method, the
effects of diffusive anodic leakages on selected important
operational characteristics, namely fuel utilization and the
additional heat production of the stack, are assessed and dis-
cussed. In an ideal case without any leakages, the single-pass
fuel utilisation of an SOFC stack in an AOGR system environ-
ment can be calculated using Eqs. (20) and (21) [10].

FUSOFC ¼ FUSYS 1� Rð Þ
1� FUSYSR

(20)

FUSYS ¼ IP
j zj _n

in
j F

(21)
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Fig. 7 a) Total anodic leakage calculated using (£) Ain and (·) Aout
gas composition, and b) total cathodic leakage. A linear fit is shown as
a solid trend line.

Table 3 Fraction of flammable substances at Cin and Cout. The mea-
sured value and calculated value for an uncombusted anodic leakage
are given.

Substance Unit Measured Calculated
(uncombusted)

Cin Cout Cin Cout

yCH4
ppm, dry 2 <2 917 893

yCO 2 10 329 321

yH2
<5 <5 1,828 1,782
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Fig. 8 a) SOFC stack fuel utilisation, and b) heat of combustion due to
diffusive anodic leakages with (£) Ain and (~) Aout gas composition.
(·) Ideal fuel utilization without leakages. A linear fit is shown as a solid
trend line.
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FUSYS System fuel utilization / 1
FUSOFC SOFC single-pass fuel utilization / 1
R Recirculation ratio of anode-off gas / 1
z Number of free electrons in component j / 1
DH Heat of combustion / kJ mol–1

Superscripts

Ain Anode inlet gas
Aout Anode outlet gas
rec Recycle gas
in System inlet fuel, e.g. natural gas
k Ain, Aout, in, rec process location
Min Module inlet air
Cin Cathode inlet air
Cout Cathode outlet air
Atot Total anodic leakage
Atot(ox) Total fully combusted anodic leakage
Atot,visc Viscous anodic leakage
Atot,diff Diffusive anodic leakage
Ctot Total cathodic leakage

Subscripts

e elements C, H, O, N
j substances of humid fuel gas CnHm, CO, CO2, H2,

H2O, O2, N2

i substances of dried fuel gas CnHm, CO, CO2, H2,
O2, N2

n number of carbon atoms in compound
m number of hydrogen atoms in compound
LHV lower heating value

Units

NLPM flow rate in litres per minute at nominal conditions
T = 0 �C, p=1013.25 hPa

mol-% mole fraction as a percentage
ppm mole fraction as parts per million
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A simple diffusive leakage model provides good correspon-
dence with the HC-ratio calculated directly from the measure-
ment data, and thus it is concluded that the anodic leakages
for the given stack occur mainly in a diffusive manner. The
effects of diffusive fuel leakages on selected operational char-
acteristics of an SOFC system were studied. Leakages can
have negative, but also potentially positive, effects on system
design and operation. Importantly, the results of this study
demonstrate that the SOFC stack used in the experiments
retained its characteristic gas-tightness in a system environ-
ment over the whole experiment period, since no changes in
either anodic or cathodic leakages were observed.

The experimental method presented in this study was used
successfully for in situ quantification of leakages during con-
tinuous operation of SOFC systems using actual fuel, and
without any operational disturbances. Thus, it is possible to
utilise the method presented in this study for quality assur-
ance of the SOFC stacks after the manufacturing process, or
for fault identification in real-world systems, such as distin-
guishing a voltage decrease caused by leakages from other
degradation mechanisms.

Acknowledgements

Funding for this study was obtained through the projects
SofcPower (40074/11) and RealDemo (40076/12). The Finnish
Funding Agency for Technology and Innovation (TEKES) and
the companies participating in the project are gratefully ac-
knowledged for their financial support. Additionally, M. Hali-
nenwould like to thank the following personnel at VTT for their
contribution: Kaija Luomanperä and Päivi Jokimies (GC analy-
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Appendix A. Calculation ofwet gas composition at
anode inlet (yAin) and anode outlet (yAout )

The solution for yAin and yAout is based on the preservation
of matter in the elemental flux of the inlet natural gas, recycle,
and anode inlet gases (see Figure 2), according to Eq. (A1).

_nAine ¼ _nrece þ _nine (A1)

We start by defining Eqs. (A2)–(A4), since the fraction of
substances in the fuel gas is analyzed from dried fuel gas xk,
for example for H, Eq. (A4) is Xk

H ¼ 4xkCH4 þ 2xkH2 þmxkCnHm.

_nk ¼ _nkdry þ _nkH2O (A2)

_nkdry ¼
X
i

_nki (A3)

Xk
e ¼

X
e

Ae;ix
k
i (A4)

Now, by using Eqs. (A2)–(A4), Eq. (A1) can bewritten for ele-
ments C, O, and H, using separate variables for steam and the
remaining substances in the dried gas, as in Eqs. (A5)–(A7).

C : _nAindry X
Ain
C ¼ _nrecdryX

Aout
C þ _ninC (A5)

O : _nAindry X
Ain
O þ _nAinH2O ¼ _nrecdryX

Aout
O þ _ninO þ _nrecH2O (A6)

H : _nAindry X
Ain
H þ 2 _nAinH2O ¼ _nrecdryX

Aout
H þ _ninH þ 2 _nrecH2O (A7)

Solving (A5)–(A7) for _nrecdry by eliminating _nrecH2O
and _nAindry , we

get Eq. (A8).

_nrecdry ¼
_ninC XAin

O � 0:5XAin
H

� �
þ 0:5 _ninH XAin

C

� �
þ _ninO XAin

C

� �

XAin
C XAout

O � 0:5XAout
H

� �
� XAout

C XAin
O � 0:5XAin

H

� � (A8)

Now, the gas composition on a wet basis at rec and Aout
can be calculated using Eq. (A8), and the measurements for
dry gas composition and recycle flow rate using Eqs. (A9)–
(A11).

_nreci ¼ xAouti _nrecdry (A9)

_nrecH2O ¼ _nrec � _nrecdry (A10)

yAoutj ¼ yrecj ¼
_nrecj

_nrec
(A11)

Similarly, the molar flow rates and gas composition on a
wet basis at Ain can be calculated using Eqs. (A12)–(A15).

_nAindry ¼
_nrecdryX

Aout
C þ _ninC
XAin
C

(A12)

_nAinH2O ¼ 0:5 _nrecdryX
Aout
H þ _nrecH2O þ 0:5 _ninH þ 0:5 _nAindry X

Ain
H (A13)

_nAini ¼ xAini _nAindry (A14)

yAinj ¼
_nAinj

_nAindry þ _nAinH2O
(A15)

List of symbols

Abbreviations

AOGR Anode off-gas recycling

Variables and Constants

_n Flow rate / mol s–1 or NLPM
yj Fraction of substance j in humid gas / 1
Ye Sum of fractions y of element e in humid gas / 1
xi Fraction of substance i in dried gas / 1
Xe Sum of fractions x of element e in dried gas / 1
Ae,j, Ae,i Number of elements e in substance j,i / 1
F Faraday constant / 96485 C mol–1
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FUSYS System fuel utilization / 1
FUSOFC SOFC single-pass fuel utilization / 1
R Recirculation ratio of anode-off gas / 1
z Number of free electrons in component j / 1
DH Heat of combustion / kJ mol–1

Superscripts

Ain Anode inlet gas
Aout Anode outlet gas
rec Recycle gas
in System inlet fuel, e.g. natural gas
k Ain, Aout, in, rec process location
Min Module inlet air
Cin Cathode inlet air
Cout Cathode outlet air
Atot Total anodic leakage
Atot(ox) Total fully combusted anodic leakage
Atot,visc Viscous anodic leakage
Atot,diff Diffusive anodic leakage
Ctot Total cathodic leakage

Subscripts

e elements C, H, O, N
j substances of humid fuel gas CnHm, CO, CO2, H2,

H2O, O2, N2

i substances of dried fuel gas CnHm, CO, CO2, H2,
O2, N2

n number of carbon atoms in compound
m number of hydrogen atoms in compound
LHV lower heating value

Units

NLPM flow rate in litres per minute at nominal conditions
T = 0 �C, p=1013.25 hPa

mol-% mole fraction as a percentage
ppm mole fraction as parts per million
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A simple diffusive leakage model provides good correspon-
dence with the HC-ratio calculated directly from the measure-
ment data, and thus it is concluded that the anodic leakages
for the given stack occur mainly in a diffusive manner. The
effects of diffusive fuel leakages on selected operational char-
acteristics of an SOFC system were studied. Leakages can
have negative, but also potentially positive, effects on system
design and operation. Importantly, the results of this study
demonstrate that the SOFC stack used in the experiments
retained its characteristic gas-tightness in a system environ-
ment over the whole experiment period, since no changes in
either anodic or cathodic leakages were observed.

The experimental method presented in this study was used
successfully for in situ quantification of leakages during con-
tinuous operation of SOFC systems using actual fuel, and
without any operational disturbances. Thus, it is possible to
utilise the method presented in this study for quality assur-
ance of the SOFC stacks after the manufacturing process, or
for fault identification in real-world systems, such as distin-
guishing a voltage decrease caused by leakages from other
degradation mechanisms.
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Appendix A. Calculation ofwet gas composition at
anode inlet (yAin) and anode outlet (yAout )

The solution for yAin and yAout is based on the preservation
of matter in the elemental flux of the inlet natural gas, recycle,
and anode inlet gases (see Figure 2), according to Eq. (A1).

_nAine ¼ _nrece þ _nine (A1)

We start by defining Eqs. (A2)–(A4), since the fraction of
substances in the fuel gas is analyzed from dried fuel gas xk,
for example for H, Eq. (A4) is Xk

H ¼ 4xkCH4 þ 2xkH2 þmxkCnHm.

_nk ¼ _nkdry þ _nkH2O (A2)

_nkdry ¼
X
i

_nki (A3)

Xk
e ¼

X
e

Ae;ix
k
i (A4)

Now, by using Eqs. (A2)–(A4), Eq. (A1) can bewritten for ele-
ments C, O, and H, using separate variables for steam and the
remaining substances in the dried gas, as in Eqs. (A5)–(A7).

C : _nAindry X
Ain
C ¼ _nrecdryX

Aout
C þ _ninC (A5)

O : _nAindry X
Ain
O þ _nAinH2O ¼ _nrecdryX

Aout
O þ _ninO þ _nrecH2O (A6)

H : _nAindry X
Ain
H þ 2 _nAinH2O ¼ _nrecdryX

Aout
H þ _ninH þ 2 _nrecH2O (A7)

Solving (A5)–(A7) for _nrecdry by eliminating _nrecH2O
and _nAindry , we

get Eq. (A8).

_nrecdry ¼
_ninC XAin

O � 0:5XAin
H

� �
þ 0:5 _ninH XAin

C

� �
þ _ninO XAin

C

� �

XAin
C XAout

O � 0:5XAout
H

� �
� XAout

C XAin
O � 0:5XAin

H

� � (A8)

Now, the gas composition on a wet basis at rec and Aout
can be calculated using Eq. (A8), and the measurements for
dry gas composition and recycle flow rate using Eqs. (A9)–
(A11).

_nreci ¼ xAouti _nrecdry (A9)

_nrecH2O ¼ _nrec � _nrecdry (A10)

yAoutj ¼ yrecj ¼
_nrecj

_nrec
(A11)

Similarly, the molar flow rates and gas composition on a
wet basis at Ain can be calculated using Eqs. (A12)–(A15).

_nAindry ¼
_nrecdryX

Aout
C þ _ninC
XAin
C

(A12)

_nAinH2O ¼ 0:5 _nrecdryX
Aout
H þ _nrecH2O þ 0:5 _ninH þ 0:5 _nAindry X

Ain
H (A13)

_nAini ¼ xAini _nAindry (A14)

yAinj ¼
_nAinj

_nAindry þ _nAinH2O
(A15)

List of symbols

Abbreviations

AOGR Anode off-gas recycling

Variables and Constants

_n Flow rate / mol s–1 or NLPM
yj Fraction of substance j in humid gas / 1
Ye Sum of fractions y of element e in humid gas / 1
xi Fraction of substance i in dried gas / 1
Xe Sum of fractions x of element e in dried gas / 1
Ae,j, Ae,i Number of elements e in substance j,i / 1
F Faraday constant / 96485 C mol–1
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a b s t r a c t

Premixed safety gas is conventionally used to keep the anode of a solid oxide fuel cell

(SOFC) under reducing conditions during heat-up. This article presents the results of an

experimental study to heat up a SOFC system and stack without the said premixed safety

gases, i.e. by utilizing a natural gas pre-reformer and anode off-gas recycling (AOGR).

Firstly, ex-situ experiments were conducted to investigate the operability of a pre-reformer

during system heat-up. It was found that any oxygen fed to the reformer hinders the

reforming reactions at low temperatures. Secondly, based on the ex-situ findings, series of

heat-up cycles were conducted with a complete 10 kW system using AOGR and a planar

SOFC stack. In these experiments it was found that the system heat-up is possible with fuel

gas and steam only, without the need for premixed reducing safety gases. Use of the fuel

gas instead of a premixed safety gas did not result in a significant performance loss in the

SOFC stack. Therefore, such a heat-up strategy was developed for SOFC systems that re-

duces the need of premixed safety gas storage space and thus decreases the system cost.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) enable energy production from

different hydrocarbon fuels with high efficiency. SOFCs

require high operating temperatures, e.g. 700e800 �C for

anode supported cell types. Thus the fuel cell stack and other

system components have to be heated up to operating tem-

perature before the electricity production can begin. Lengthy

heat-up times of several hours may be required to maintain

the temperature gradient and the thermal stresses in the

stack at acceptable level [1].

The nickel in the SOFC anode substrate has to remain at

reduced state at elevated temperatures. This is accomplished

by supplying sufficient amount of fuel or other reducing gas to

the stack. If the reducing gas supply is discontinued, then the

nickel in the anode substrate will start to re-oxidize, which

will first deteriorate the cell performance and eventually

destroy the SOFC by cracking the cell [2]. First signs of the

oxidation of the nickel cermet anode have been measured as

low as 290 �C [3], and it has been shown that the oxidation of

the anode substrate proceedsmore rapidly as the temperature

increases [4]. Permanent damage to the cell may occur in a

matter of minutes if there is forced oxygen supply to the

anode [5]. Indeed, without the forced oxygen supply and by

minimizing the time under oxidizing conditions at elevated

temperatures, the redox tolerance of the stack can increase

significantly [6]. Ideally, the re-oxidation could be avoided, if

no oxygen is transported to anode. However, the anode sup-

ported SOFC stack is not a hermetically sealed device, and

some air will eventually leak from the cathode side of the

stack via the electrolyte or stack seals [7]. Additionally,

ambient air can leak to the anode through other fuel system

* Corresponding author.
E-mail address: matias.halinen@vtt.fi (M. Halinen).
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recirculating in the fuel system consists of the inlet flows i.e.

fuel gas and steam as well as air originating from stack leak-

ages. The test gas in run 1 consisted of natural gas (ca. 98%

methane [19]), steam and nitrogen. A small fraction of air was

introduced in the run 2e7 to simulate the effect of the pres-

ence of oxygen originating from air leakage to the fuel system

and into the recycled gas. In the other test gases (run 3e7),

hydrogen was added with varying H2/O2 ratio from 0 to 4 ac-

cording to the Eq. (2).

O2 þ 2H2 5 2H2O (2)

2.2. System heat-up experiments

The heat-up experiments were conducted on VTT’s 10 kW

SOFC demo unit [9]. The VTT demo unit consists of two

interconnected modules, the balance of plant (BoP) module

and the stack module, containing a planar SOFC stack (Fig. 1).

The fuel system utilizes an AOGR loop, which enables opera-

tion without external steam supply when the stack current

and single-pass fuel utilization are high enough. Ambient air

is fed to the air system with a blower and filtered with a par-

ticle filter. Other system components include e.g. heat ex-

changers, catalytic burner and reformer which are necessary

to maintain the thermal balance of the system and stack

during operation. The SOFC stack was designed, manufac-

tured and installed into the demo unit by Versa Power Sys-

tems (VPS), and it consisted of 64 planar anode supported cells

with 550 cm2 of active area [20]. The SOFC stack is located

inside a thermally insulated and gas-tightmodule designed by

VPS. Internal temperature of the stack is measured with

thermocouples inserted at various locations inside the stack.

Voltage is measured from each cell.

Fuel system gases were analysed at reformer inlet (Rin),

anode inlet (Ain) and anode outlet (Aout) (Fig. 1). Anode outlet

gas is recycled back to system inlet thus the recycling gas has
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SOFC
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Fig. 1 e VTT 10 kW demo unit layout with fuel system gas sampling locations. Reproduced and adapted from Ref. [9].

Copyright 2011, The Electrochemical Society.

Fig. 2 e Standard start-up (a) Stack temperature (solid line) and current (dashed line) (b) Flow rate of premixed safety gas

(dashed line), fuel (dotted line) and steam (solid line).
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components (e.g. reformer or heat exchanger) or through

connecting piping from the air system. Therefore, it is

necessary to feed reducing gas to the stack during the heat-up

cycle to displace the oxygen in the fuel system and to protect

the stack from re-oxidation. Furthermore, it may be necessary

to sustain the flow of reducing gas for several hours during the

system heat-up and cool-down, while the stack temperature

is still high enough for significant re-oxidation and cell

damage.

SOFC system concepts based on the anode off-gas recir-

culation (AOGR) achieve higher efficiencies and potentially

simpler design when compared to systems without AOGR [8].

Therefore, they are considered technically advantageous, and

there are studies where the AOGR has been successfully used

in SOFC systems [9e11]. However, for a planar stack with

cross-over leakage (air is leaking to fuel side and vice versa),

utilization of AOGR complicates the heat-up procedure since

there is a forced supply of oxygen to the fuel system due to the

leakages. Furthermore, prior to starting the SOFC system

electricity production, all fuel system components have to be

heated up above the dew point before the recirculation of the

anode off-gas with high steam content can be initiated.

Otherwise, water could condensate to the system components

(e.g. reformer catalysts and recirculation blowers), which

would have detrimental effects on their operation.

The most straightforward way to provide a reducing gas

supply is to utilize gas containers of premixed safety gas e.g.

hydrogenenitrogen mixtures. Indeed, due to its simplicity,

this approach has been adopted by the majority of research

laboratories that conduct research on solid oxide fuel cells or

stacks. For example, the 10 kW demo unit at VTT [9] would

consume ca. 5 bottles (50 L, 200 bars) of premixed safety gas

with 4 vol-% of hydrogen during a heat-up cycle. In commer-

cial products however, this approach is not desirable, due to

large amount of gases needed for heat-up cycles spanning

several hours. The gas containers require additional space,

and increase the cost of both installation and servicing of the

system. Thus it would be beneficial if the reducing gas could

be generated with the existing Balance-of-Plant equipment

which is fundamental for system operation. Themost obvious

solution would be to utilize the fuel supply (e.g. natural gas),

the pre-reformer and the start-up steam generator to produce

hydrogen-containing natural gas reformate.

In this article, the heat-up of a SOFC system and stack

without using the premixed safety gases is investigated

experimentally. Firstly, ex-situ experiments are conducted in

a stand-alone reformer test bench. The experiments were

done to realize the restrictions of reforming at low tempera-

ture in a systemwith AOGR and air leakage (i.e. forced oxygen

supply to the fuel system). Secondly, series of heat-up cycles

were done with a complete 10 kW SOFC system using AOGR

and a planar SOFC stack. The results of the ex-situ experi-

ments were applied to devise a safe heat-up procedure that

would not damage the stack and removes the need for pre-

mixed safety gas. The performance of the stack was investi-

gated after each heat-up to evaluate possible damage to the

stack due to these heat-up procedures. There are several

studies where the heat-up of a SOFC has been investigated by

modelling [1,12e18], but to the authors’ knowledge, no

experimental work with a complete planar SOFC system uti-

lizing AOGR has been published previously.

2. Experimental

2.1. Ex-situ reformer experiments

The ex-situ experiments were conducted in a separate

reformer test bench described in detail in Ref. [19]. The aim of

the experiment was to assess the activity of the catalyst at low

temperature in steam reforming (Eq. (1)) using different inlet

gas mixtures. This information is highly relevant to conduct

the heat-up experiment on the SOFC system. The light-off

temperature was determined by the reformer inlet gas tem-

perature at which the reformer starts to convert methane to

hydrogen according to Eq. (1).

CH4 þ H2O 5 CO þ 3H2 (1)

The reformer included a commercial precious metal

monolithic catalyst (Süd-Chemie). The gas composition at the

reformer outlet was monitored continuously with an online

gas analysis equipment (IR-based for CH4, thermal conduc-

tivity for H2 and paramagnetic for O2, SickMaihak S700 series).

Due to different channels cross-sensitivity, the analyser re-

sults should be used to evaluate trends and not as quantitative

measurements. The temperature of the inlet gas was ramped

up from 200.250e550 �C with a rate of ca. 2 �Cmin�1. The gas

hourly space velocity (GHSV i.e. gas volume flow at NTP

divided by catalyst volume) used was ca. 32,000 h�1. The

different inlet gas mixtures investigated (Table 1) are relevant

to SOFC system operated on natural gas including an anode-

off gas recycling (AOGR) loop during first stages of the heat-

up, where the fuel and steam supply have just been initi-

ated. At that time, the temperature of both the pre-reformer

and the stack are low and little or no reforming activity is

expected to occur. Without reforming reactions, the gas

Table 1 e Test gas mixtures used for determining the light-off temperature.

Run 1 2 3 4 5 6 7

Gas flow/NLPM Natural gas 0.5 0.5 0.5 0.5 0.5 0.5 0.5

H2O 10 10 10 10 10 10 10

N2 10 10 10 10 10 10 10

H2 e e 0.2 0.05 0.1 0.15 0.4

Air e 0.5 0.5 0.5 0.5 0.5 0.5

H2/O2 0 2 0.5 1 1.5 4
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recirculating in the fuel system consists of the inlet flows i.e.

fuel gas and steam as well as air originating from stack leak-

ages. The test gas in run 1 consisted of natural gas (ca. 98%

methane [19]), steam and nitrogen. A small fraction of air was

introduced in the run 2e7 to simulate the effect of the pres-

ence of oxygen originating from air leakage to the fuel system

and into the recycled gas. In the other test gases (run 3e7),

hydrogen was added with varying H2/O2 ratio from 0 to 4 ac-

cording to the Eq. (2).

O2 þ 2H2 5 2H2O (2)

2.2. System heat-up experiments

The heat-up experiments were conducted on VTT’s 10 kW

SOFC demo unit [9]. The VTT demo unit consists of two

interconnected modules, the balance of plant (BoP) module

and the stack module, containing a planar SOFC stack (Fig. 1).

The fuel system utilizes an AOGR loop, which enables opera-

tion without external steam supply when the stack current

and single-pass fuel utilization are high enough. Ambient air

is fed to the air system with a blower and filtered with a par-

ticle filter. Other system components include e.g. heat ex-

changers, catalytic burner and reformer which are necessary

to maintain the thermal balance of the system and stack

during operation. The SOFC stack was designed, manufac-

tured and installed into the demo unit by Versa Power Sys-

tems (VPS), and it consisted of 64 planar anode supported cells

with 550 cm2 of active area [20]. The SOFC stack is located

inside a thermally insulated and gas-tightmodule designed by

VPS. Internal temperature of the stack is measured with

thermocouples inserted at various locations inside the stack.

Voltage is measured from each cell.

Fuel system gases were analysed at reformer inlet (Rin),

anode inlet (Ain) and anode outlet (Aout) (Fig. 1). Anode outlet

gas is recycled back to system inlet thus the recycling gas has
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Fig. 1 e VTT 10 kW demo unit layout with fuel system gas sampling locations. Reproduced and adapted from Ref. [9].

Copyright 2011, The Electrochemical Society.

Fig. 2 e Standard start-up (a) Stack temperature (solid line) and current (dashed line) (b) Flow rate of premixed safety gas

(dashed line), fuel (dotted line) and steam (solid line).
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components (e.g. reformer or heat exchanger) or through

connecting piping from the air system. Therefore, it is

necessary to feed reducing gas to the stack during the heat-up

cycle to displace the oxygen in the fuel system and to protect

the stack from re-oxidation. Furthermore, it may be necessary

to sustain the flow of reducing gas for several hours during the

system heat-up and cool-down, while the stack temperature

is still high enough for significant re-oxidation and cell

damage.

SOFC system concepts based on the anode off-gas recir-

culation (AOGR) achieve higher efficiencies and potentially

simpler design when compared to systems without AOGR [8].

Therefore, they are considered technically advantageous, and

there are studies where the AOGR has been successfully used

in SOFC systems [9e11]. However, for a planar stack with

cross-over leakage (air is leaking to fuel side and vice versa),

utilization of AOGR complicates the heat-up procedure since

there is a forced supply of oxygen to the fuel system due to the

leakages. Furthermore, prior to starting the SOFC system

electricity production, all fuel system components have to be

heated up above the dew point before the recirculation of the

anode off-gas with high steam content can be initiated.

Otherwise, water could condensate to the system components

(e.g. reformer catalysts and recirculation blowers), which

would have detrimental effects on their operation.

The most straightforward way to provide a reducing gas

supply is to utilize gas containers of premixed safety gas e.g.

hydrogenenitrogen mixtures. Indeed, due to its simplicity,

this approach has been adopted by the majority of research

laboratories that conduct research on solid oxide fuel cells or

stacks. For example, the 10 kW demo unit at VTT [9] would

consume ca. 5 bottles (50 L, 200 bars) of premixed safety gas

with 4 vol-% of hydrogen during a heat-up cycle. In commer-

cial products however, this approach is not desirable, due to

large amount of gases needed for heat-up cycles spanning

several hours. The gas containers require additional space,

and increase the cost of both installation and servicing of the

system. Thus it would be beneficial if the reducing gas could

be generated with the existing Balance-of-Plant equipment

which is fundamental for system operation. Themost obvious

solution would be to utilize the fuel supply (e.g. natural gas),

the pre-reformer and the start-up steam generator to produce

hydrogen-containing natural gas reformate.

In this article, the heat-up of a SOFC system and stack

without using the premixed safety gases is investigated

experimentally. Firstly, ex-situ experiments are conducted in

a stand-alone reformer test bench. The experiments were

done to realize the restrictions of reforming at low tempera-

ture in a systemwith AOGR and air leakage (i.e. forced oxygen

supply to the fuel system). Secondly, series of heat-up cycles

were done with a complete 10 kW SOFC system using AOGR

and a planar SOFC stack. The results of the ex-situ experi-

ments were applied to devise a safe heat-up procedure that

would not damage the stack and removes the need for pre-

mixed safety gas. The performance of the stack was investi-

gated after each heat-up to evaluate possible damage to the

stack due to these heat-up procedures. There are several

studies where the heat-up of a SOFC has been investigated by

modelling [1,12e18], but to the authors’ knowledge, no

experimental work with a complete planar SOFC system uti-

lizing AOGR has been published previously.

2. Experimental

2.1. Ex-situ reformer experiments

The ex-situ experiments were conducted in a separate

reformer test bench described in detail in Ref. [19]. The aim of

the experiment was to assess the activity of the catalyst at low

temperature in steam reforming (Eq. (1)) using different inlet

gas mixtures. This information is highly relevant to conduct

the heat-up experiment on the SOFC system. The light-off

temperature was determined by the reformer inlet gas tem-

perature at which the reformer starts to convert methane to

hydrogen according to Eq. (1).

CH4 þ H2O 5 CO þ 3H2 (1)

The reformer included a commercial precious metal

monolithic catalyst (Süd-Chemie). The gas composition at the

reformer outlet was monitored continuously with an online

gas analysis equipment (IR-based for CH4, thermal conduc-

tivity for H2 and paramagnetic for O2, SickMaihak S700 series).

Due to different channels cross-sensitivity, the analyser re-

sults should be used to evaluate trends and not as quantitative

measurements. The temperature of the inlet gas was ramped

up from 200.250e550 �C with a rate of ca. 2 �Cmin�1. The gas

hourly space velocity (GHSV i.e. gas volume flow at NTP

divided by catalyst volume) used was ca. 32,000 h�1. The

different inlet gas mixtures investigated (Table 1) are relevant

to SOFC system operated on natural gas including an anode-

off gas recycling (AOGR) loop during first stages of the heat-

up, where the fuel and steam supply have just been initi-

ated. At that time, the temperature of both the pre-reformer

and the stack are low and little or no reforming activity is

expected to occur. Without reforming reactions, the gas

Table 1 e Test gas mixtures used for determining the light-off temperature.

Run 1 2 3 4 5 6 7

Gas flow/NLPM Natural gas 0.5 0.5 0.5 0.5 0.5 0.5 0.5

H2O 10 10 10 10 10 10 10

N2 10 10 10 10 10 10 10

H2 e e 0.2 0.05 0.1 0.15 0.4

Air e 0.5 0.5 0.5 0.5 0.5 0.5

H2/O2 0 2 0.5 1 1.5 4
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3. Heat-up phase 2. The system is heated up close to stack

operating temperature with fuel reformate used as

reducing safety gas.

4. Load-up. The load-up procedure remains similar for both

standard and experimental heat-up cycles.

In order to assess the feasibility to heat-up a system

without premixed safety gases, the demo unit and the SOFC

stack were subjected to three different experimental heat-up

cycles (HUs). The operational conditions were changed suc-

cessively to more severe with respect to the possibility of re-

oxidizing the stack (Table 2) i.e. higher stack maximum tem-

perature was allowed before the transition to reducing fuel

gas was done. Another important distinction between

different heat-up cycles should be emphasized. Premixed

safety gas (70 NLPM) was supplied during phase 1 only in HU1

(see Table 2). For HU2-3 there was no premixed safety gas

supplied at all (see Table 2 and Fig. 3(b)). Instead, the gas

during phase 1, circulating in the fuel system by the AOGR

blower, was originating from whatever gas was leaking into

the fuel system, through the stack or from other sources.

3. Results and discussion

3.1. Ex-situ reformer experiments

Fig. 4 illustrates the different qualitative results obtained in

the ex-situ experiments. In Fig. 4(a), it can be seen that the

catalyst exhibits some activity in steam reforming at tem-

perature as low as 235 �Cwith test gas of run 1. The conversion

of methane increases gradually with the inlet temperature.

The inlet temperature at which the methane conversion by

steam reforming starts is further referred to as the reformer

light-off temperature. In Fig. 4(b), air is added to the test gas,

simulating the effect of air leakage to fuel system. The catalyst

behaviour is qualitatively very different compared to test gas

of run 1, as no methane is reformed before ca. 390 �C. At ca.
390 �C, methane conversion starts abruptly, in other words,

reformer light-off occurs.

Apparently, the presence of oxygen in air has an inhibitive

effect on the steam reforming reactions at low temperature on

this catalyst. In Fig. 4(c), hydrogen is added to the gas stream

at stoichiometric ratio with oxygen. In this case, the catalyst

exhibits some activity already at 200 �C and the conversion of

methane increases gradually with the inlet temperature. This

behaviour is qualitatively similar as the one obtained with the

test gas of run 1 (Fig. 4(a)), performed with only natural gas

and steam and in the absence of oxygen. It appears that the

combustion reaction of hydrogen (Eq. (2)) takes place already

at 200 �C. As a consequence, molecular oxygen and its inhib-

iting effect on steam reforming are removed by the reaction

(Eq. (2)). Therefore, this enables methane conversion at

reformer inlet temperature as low as 200 �C.
Fig. 5 illustrates the effect of the H2/O2 ratio on the light-off

temperature. The light-off temperature is approximately

390 �C when H2/O2 ratio is zero and it decreases with

increasing H2/O2 ratio to fall below 200 �C at H2/O2 ratio of two

(corresponding to the stoichiometric ratio of H2 and O2).

The results show thatmethane conversion can be triggered

by two ways in the reformer during the heat-up of a SOFC

system. Firstly, if no hydrogen is supplied, the reformer inlet

gas temperature has to be ca. 400 �C because of the inhibitive

effect of oxygen originating from air leakages and recycled by

the AOGR loop. Alternatively, the light-off temperature can be

decreased by supplying a relatively small amount of

hydrogen. Thus the hydrogen production can start already at
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the same composition. Continuous gas analysis for CH4, CO,

CO2, H2 and O2 is done with online gas analysis equipment.

The heat-up of the stack and the system was accom-

plished primarily with the electric heater of the stack mod-

ule, which heated up the inlet stack air as well as the stack

and the surroundings close to the operating temperature

(Fig. 1). Secondarily, the heat-up was assisted by a smaller

electric heater present in the AOGR loop. The reformer did

not have an electric heater thus necessitating the need of

temporary hydrogen pulse to start the reforming reactions in

the pre-reformer and the stack, which is described in more

detail in the following chapters. The rate of temperature

change of the stack was below 3 �C min�1 during all heat-up

cycles.

A standard laboratory style heat-up and start-up cycle has

been previously established for this particular SOFC system

(Fig. 2). The standard start-up consists of three different

phases.

1. Heat-up phase. Premixed safety gas of 4 vol-% hydrogen

and 96 vol-% of nitrogen (70 NLPM) is supplied to the fuel

system, and air is supplied to air system with a blower

(500 NLPM). AOGR is used continuously with an AOGR flow

rate above 90 NLPM at all times.

2. Transition to fuel. After the heat-up phase, once the stack

temperature is ca. 700 �C, a gradual transition from the

premixed safety gas to fuel and steam supply is initiated.

Once the transition is completed, premixed safety gas

supply is stopped whereas 5 NLPM of natural gas and

20 NLPM of steam are supplied to fuel system.

3. Load-up phase. After transition to fuel gas, a load-up phase

is commenced, where the stack current is first ramped up

to 150 A, and later to 200 A which is the nominal operating

current. During the load-up phase, the natural gas, steam

and AOGR flow rates are changed proportionally to the

stack current. The external steam supply is stopped at

115 A, once sufficient stack fuel utilization and concurrent

transport of oxygen via the cell electrolyte are established.

At higher currents, the fuel flow rate is increased, and the

fuel system and the stack are kept free of carbon formation

by AOGR alone.

In the experimental heat-up cycles devised for this study,

the standard heat-up procedure was altered by dividing the

heat-up into two distinct phases (Fig. 3).

1. Heat-up phase 1. Firstly, the stack is heated above 200 �C
and all other components in the fuel system, e.g. reformer,

AOGR blower and heat exchangers, to at least 100 �C
(Fig. 3(a)). Similarly to the standard heat-up, AOGR is in

operation and cathode air is fed with a blower.

2. Transition to fuel. Firstly, the steam supply is started once

the minimum stack temperature is above 200 �C (Fig. 3).

For safety reasons, the supply of hydrocarbon fuel was

initiated only once the minimum measured in-stack

temperature has reached 300 �C. This approach was cho-

sen to eliminate the risk of accidental formation of toxic

nickel carbonyl compounds in the SOFC stack. Reformer

light-off was accomplished by a short-term hydrogen

pulse.

Fig. 3 e Experimental start-up (a) Stack temperature (solid line) and current (dashed line) (b) Flow rate of hydrogen pulse gas

(dashed line), fuel (dotted line) and steam (solid line).

Table 2 e Summary of different system heat-up cycles (HUs).

Standard HU1 HU2 HU3

HU phase 1 gas supply Safety gas Safety gas None None

Stack max. temperature at transition to fuel 700 �C 320 �C 350 �C 400 �C
HU phase 2 gas supply e Fuel & steam Fuel & steam Fuel & steam
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3. Heat-up phase 2. The system is heated up close to stack

operating temperature with fuel reformate used as

reducing safety gas.

4. Load-up. The load-up procedure remains similar for both

standard and experimental heat-up cycles.

In order to assess the feasibility to heat-up a system

without premixed safety gases, the demo unit and the SOFC

stack were subjected to three different experimental heat-up

cycles (HUs). The operational conditions were changed suc-

cessively to more severe with respect to the possibility of re-

oxidizing the stack (Table 2) i.e. higher stack maximum tem-

perature was allowed before the transition to reducing fuel

gas was done. Another important distinction between

different heat-up cycles should be emphasized. Premixed

safety gas (70 NLPM) was supplied during phase 1 only in HU1

(see Table 2). For HU2-3 there was no premixed safety gas

supplied at all (see Table 2 and Fig. 3(b)). Instead, the gas

during phase 1, circulating in the fuel system by the AOGR

blower, was originating from whatever gas was leaking into

the fuel system, through the stack or from other sources.

3. Results and discussion

3.1. Ex-situ reformer experiments

Fig. 4 illustrates the different qualitative results obtained in

the ex-situ experiments. In Fig. 4(a), it can be seen that the

catalyst exhibits some activity in steam reforming at tem-

perature as low as 235 �Cwith test gas of run 1. The conversion

of methane increases gradually with the inlet temperature.

The inlet temperature at which the methane conversion by

steam reforming starts is further referred to as the reformer

light-off temperature. In Fig. 4(b), air is added to the test gas,

simulating the effect of air leakage to fuel system. The catalyst

behaviour is qualitatively very different compared to test gas

of run 1, as no methane is reformed before ca. 390 �C. At ca.
390 �C, methane conversion starts abruptly, in other words,

reformer light-off occurs.

Apparently, the presence of oxygen in air has an inhibitive

effect on the steam reforming reactions at low temperature on

this catalyst. In Fig. 4(c), hydrogen is added to the gas stream

at stoichiometric ratio with oxygen. In this case, the catalyst

exhibits some activity already at 200 �C and the conversion of

methane increases gradually with the inlet temperature. This

behaviour is qualitatively similar as the one obtained with the

test gas of run 1 (Fig. 4(a)), performed with only natural gas

and steam and in the absence of oxygen. It appears that the

combustion reaction of hydrogen (Eq. (2)) takes place already

at 200 �C. As a consequence, molecular oxygen and its inhib-

iting effect on steam reforming are removed by the reaction

(Eq. (2)). Therefore, this enables methane conversion at

reformer inlet temperature as low as 200 �C.
Fig. 5 illustrates the effect of the H2/O2 ratio on the light-off

temperature. The light-off temperature is approximately

390 �C when H2/O2 ratio is zero and it decreases with

increasing H2/O2 ratio to fall below 200 �C at H2/O2 ratio of two

(corresponding to the stoichiometric ratio of H2 and O2).

The results show thatmethane conversion can be triggered

by two ways in the reformer during the heat-up of a SOFC

system. Firstly, if no hydrogen is supplied, the reformer inlet

gas temperature has to be ca. 400 �C because of the inhibitive

effect of oxygen originating from air leakages and recycled by

the AOGR loop. Alternatively, the light-off temperature can be

decreased by supplying a relatively small amount of

hydrogen. Thus the hydrogen production can start already at
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Fig. 5 e The effect of the H2/O2 ratio on the light-off

temperature of the reformer, results from run 2e7.
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the same composition. Continuous gas analysis for CH4, CO,

CO2, H2 and O2 is done with online gas analysis equipment.

The heat-up of the stack and the system was accom-

plished primarily with the electric heater of the stack mod-

ule, which heated up the inlet stack air as well as the stack

and the surroundings close to the operating temperature

(Fig. 1). Secondarily, the heat-up was assisted by a smaller

electric heater present in the AOGR loop. The reformer did

not have an electric heater thus necessitating the need of

temporary hydrogen pulse to start the reforming reactions in

the pre-reformer and the stack, which is described in more

detail in the following chapters. The rate of temperature

change of the stack was below 3 �C min�1 during all heat-up

cycles.

A standard laboratory style heat-up and start-up cycle has

been previously established for this particular SOFC system

(Fig. 2). The standard start-up consists of three different

phases.

1. Heat-up phase. Premixed safety gas of 4 vol-% hydrogen

and 96 vol-% of nitrogen (70 NLPM) is supplied to the fuel

system, and air is supplied to air system with a blower

(500 NLPM). AOGR is used continuously with an AOGR flow

rate above 90 NLPM at all times.

2. Transition to fuel. After the heat-up phase, once the stack

temperature is ca. 700 �C, a gradual transition from the

premixed safety gas to fuel and steam supply is initiated.

Once the transition is completed, premixed safety gas

supply is stopped whereas 5 NLPM of natural gas and

20 NLPM of steam are supplied to fuel system.

3. Load-up phase. After transition to fuel gas, a load-up phase

is commenced, where the stack current is first ramped up

to 150 A, and later to 200 A which is the nominal operating

current. During the load-up phase, the natural gas, steam

and AOGR flow rates are changed proportionally to the

stack current. The external steam supply is stopped at

115 A, once sufficient stack fuel utilization and concurrent

transport of oxygen via the cell electrolyte are established.

At higher currents, the fuel flow rate is increased, and the

fuel system and the stack are kept free of carbon formation

by AOGR alone.

In the experimental heat-up cycles devised for this study,

the standard heat-up procedure was altered by dividing the

heat-up into two distinct phases (Fig. 3).

1. Heat-up phase 1. Firstly, the stack is heated above 200 �C
and all other components in the fuel system, e.g. reformer,

AOGR blower and heat exchangers, to at least 100 �C
(Fig. 3(a)). Similarly to the standard heat-up, AOGR is in

operation and cathode air is fed with a blower.

2. Transition to fuel. Firstly, the steam supply is started once

the minimum stack temperature is above 200 �C (Fig. 3).

For safety reasons, the supply of hydrocarbon fuel was

initiated only once the minimum measured in-stack

temperature has reached 300 �C. This approach was cho-

sen to eliminate the risk of accidental formation of toxic

nickel carbonyl compounds in the SOFC stack. Reformer

light-off was accomplished by a short-term hydrogen

pulse.

Fig. 3 e Experimental start-up (a) Stack temperature (solid line) and current (dashed line) (b) Flow rate of hydrogen pulse gas

(dashed line), fuel (dotted line) and steam (solid line).

Table 2 e Summary of different system heat-up cycles (HUs).

Standard HU1 HU2 HU3

HU phase 1 gas supply Safety gas Safety gas None None

Stack max. temperature at transition to fuel 700 �C 320 �C 350 �C 400 �C
HU phase 2 gas supply e Fuel & steam Fuel & steam Fuel & steam
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Concurrently, the endothermic steam reforming reactions

cause that the Toutlet of the pre-reformer decreases ca. 80 �C
below the Tinlet (Fig. 6(b)).

3.2.2. Heat-up experiment 1
The experimental heat-up cycle 1 (HU1) is depicted in Fig. 7. In

HU1 the premixed safety gas was still used during heat-up

phase 1 (see Table 2) and transition to fuel was done with

the stack Tmax of 320 �C by decreasing the premixed safety gas

flow from 70 NLPM to zero and increasing the natural gas and

steamflow rates to 5 and 20NLPM, respectively. The transition

to fuel is evident as a drop in the stack voltage (Fig. 7(a),

t ¼ 3 h), increase in reformer Toutlet (Fig. 7(b), t ¼ 3 h) and in-

crease in the CH4 fraction of the fuel system gases (Fig. 7(c),

t ¼ 3 h). Lower voltage in HU1 compared to standard heat-up

can be explained by the higher amount of steam in the fuel

gas which decreases the Nernst potential of the cell. The stack

voltage increases with the stack temperature as the H2 frac-

tion of the fuel gas increases (t ¼ 3e5 h).

It should be noted that the steam reforming reactions and

therefore the majority of the hydrogen production occurs in

the SOFC stack throughout the heat-up cycle, since the tem-

perature of the pre-reformer remains lower than the stack.

Nearly all methane is converted to hydrogen in the stack once

the stack Tmax reaches 650 �C (Fig. 7(c), t ¼ 7 h) and the

resulting hydrogen-rich gas is fed back to reformer inlet with

AOGR. Concurrently, the reformer inlet temperature is still at

ca. 400 �C at that time (Fig. 7(b), t ¼ 7 h). The combination of

hydrogen-rich inlet gas and low temperature causes that

exothermic methanation reaction (reverse to Eq. (1)) takes

place in the pre-reformer instead of steam reforming. This can

be observed (Fig. 7(b), t ¼ 6e9 h) as a second increase of the

reformer Toutlet above Tinlet before the load-up (t ¼ 8.5 h) after

the first increase caused by oxidation of hydrogen in the

reformer (Fig. 7(b), t ¼ 3e5 h).

Similarly to the standard heat-up, steam reforming in the

pre-reformer starts during the load-up, once more fuel is

supplied to the system, and the reformer Tinlet increases above

500 �C (Fig. 7(b)). Even though the Ni-cermet of the SOFC stack

makes it a very efficient steam reformer during the heat-up

process, the amount of hydrogen remains relatively low,

below 10 vol-% (dry basis) at the beginning of the heat-up

cycle. Marked increase of hydrogen starts to occurs only at

higher temperatures, when the stack Tmax is above 400 �C
(Fig. 7(c), t ¼ 4 h). Since the pre-reformer has the capability for

steam reforming as well, it would be beneficial to operate the

reformer at higher temperature during that time i.e. when

relatively little methane is reformed in the stack. Therefore,

when the fuel supply is started, the reformer Tinlet should

preferably be above 550 �C to accomplish both reformer light-

off and immediate production of H2-rich gas. However, a pre-

reformer is required and very useful also when it is used at

lower temperature than the stack, since it removes any oxy-

gen from the anode inlet gas.

3.2.3. Heat-up experiments 2 and 3
The experimental heat-up cycle 2 (HU2) is depicted in Fig. 8. It

was observed that the system characteristics were similar to

HU1 soon after the transition to fuel was done, thus the

measurements depicted in Fig. 8 are shown only for this

transition phase. In HU2, the stack Tmax was ca. 350 �C when

the transition to fuel gas was done (t ¼ 4e5.5 h) and, addi-

tionally, no premixed safety gas was supplied to system at all.

The reformer light-off was accomplished by a 10min duration

H2 pulse. The transition to fuel was initiated by starting the

steam supply at t ¼ 4 h. At t ¼ 5 h natural gas supply was

started, and at t¼ 5.5 h the hydrogen pulsewas done (see Fig. 8

for annotations).

During the phase 1 of the HU2, prior to fuel transition, the

oxygen fraction in the fuel system gas is measured to be ca.

21 vol-%, which clearly shows that air is circulating in the fuel

system and through the stack (Fig. 8(c), t ¼ 3 h). The oxygen

concentration is observed to decrease by ca. 1 vol-% before

fuel transition at stack Tmax > 200 �C (t ¼ 3e4 h), which in-

dicates that oxidation of the Ni-cermet starts to occur. Addi-

tionally, the cell voltage decreases once steam supply of

20 NLPM is started (Fig. 8(a), t ¼ 4 h). The O2 fraction decreases

significantly, from 18 to 7.5 vol-%, upon introduction of

4 NLPM of natural gas (Fig. 8(c), t ¼ 5 h) and the CH4 fraction in

the fuel system gas increases to nearly 50 vol-%, a sign that the

flow rate of the air leaking into the fuel system is of the same

magnitude i.e. 4 NLPM.

Similarly to the ex-situ reformer experiments no light-off

occurred in the pre-reformer even at 250 �C reformer Tinlet

due to oxygen present in the fuel system (Fig. 8(b), t¼ 3e5.5 h).

The reformer light-off and production of H2 is commenced

Fig. 8 e Fuel transition of heat-up cycle 2 with no premixed safety gas (a) stack temperature and average cell voltage, (b) inlet

and outlet temperature of the reformer (c) fraction of methane, hydrogen and oxygen at the anode inlet on dry basis.
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temperature as low as 200 �C. These results suggest that

during the heat-up of a SOFC system, a small amount of

hydrogen can be supplied to the reformer inlet to trigger the

activity of the reformer at low temperature and accomplish

the light-off. This is advantageous because the hydrogen

produced in the reformer protects the SOFC anode from the

damaging effects of re-oxidation. These results are further

exploited to design the experiments on system level presented

in the next Section 3.2.

3.2. System heat-up experiments

3.2.1. Standard heat-up
Amore detailed planning of the heat-up (HU) cycles was done

based on results of the ex-situ experimental results presented

in Chapter 3.1. At the time of the experiments, there was no

possibility to pre-heat the reformer inlet gas to 400 �C in the

10 kW demo unit, since the pre-heating of the reformer inlet

gaswas realized onlywith the fuel systemheat exchanger (see

Fig. 1). Therefore, it was decided to accomplish the reformer

light-off in HUs 2e3 with short-term hydrogen pulse of ca.

1 NLPM during the heat-up cycle.

Firstly, the characteristics of the stack and the reformer

during a standard heat-up cycle are depicted in Fig. 6. Before

the heat-up is commenced, the hydrogen-containing reducing

safety gas supply and AOGR are activated. This is evident at

test time ca. 1 h in Fig. 6(c), where the fraction of oxygen is

decreased from 21 vol-% to zero and replaced by hydrogen

(and nitrogen). Interestingly, the introduction of hydrogen

containing safety gas can be observed also by an increase of

the reformer Toutlet (Fig. 6(b)). This can be explained by the

high activity of the precious-metal catalyst used in the pre-

reformer. The reaction (Eq. (2)) between the oxygen, leaking

into the fuel system (through stack or otherwise), and

hydrogen in the safety gas is occurring already at room tem-

perature. Thus the pre-reformer is disposing all oxygen from

the anode inlet gas (Fig. 6(c)).

In a standard heat-up, the voltage of the stack starts to

increase already at ca. 150 �C stack Tmax (Fig. 6(a), t ¼ 3 h).

Significant and faster increase in the stack voltage is present

between 250 and 300 �C stack Tmax (Fig. 6(a), t ¼ 4e5 h). The

increase of the stack voltage can be interpreted as the start

and progression of the reduction process. Additionally, the

difference between the reformer outlet and inlet temperature

diminishes to zero once the stack temperature reaches 400 �C
(Fig. 6(b), t ¼ 5 h), and no oxygen is detected anymore in the

anode outlet gas, which indicates that oxygen is reacting with

hydrogen already in the stack.

After the heat-up, the transition from safety gas to fuel gas

and the load-up procedure are observed as an increase of both

hydrogen and methane fractions at the anode inlet (Fig. 6(c),

t ¼ 10 h), and as a decrease in stack voltage (Fig. 6(a)).
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Concurrently, the endothermic steam reforming reactions

cause that the Toutlet of the pre-reformer decreases ca. 80 �C
below the Tinlet (Fig. 6(b)).

3.2.2. Heat-up experiment 1
The experimental heat-up cycle 1 (HU1) is depicted in Fig. 7. In

HU1 the premixed safety gas was still used during heat-up

phase 1 (see Table 2) and transition to fuel was done with

the stack Tmax of 320 �C by decreasing the premixed safety gas

flow from 70 NLPM to zero and increasing the natural gas and

steamflow rates to 5 and 20NLPM, respectively. The transition

to fuel is evident as a drop in the stack voltage (Fig. 7(a),

t ¼ 3 h), increase in reformer Toutlet (Fig. 7(b), t ¼ 3 h) and in-

crease in the CH4 fraction of the fuel system gases (Fig. 7(c),

t ¼ 3 h). Lower voltage in HU1 compared to standard heat-up

can be explained by the higher amount of steam in the fuel

gas which decreases the Nernst potential of the cell. The stack

voltage increases with the stack temperature as the H2 frac-

tion of the fuel gas increases (t ¼ 3e5 h).

It should be noted that the steam reforming reactions and

therefore the majority of the hydrogen production occurs in

the SOFC stack throughout the heat-up cycle, since the tem-

perature of the pre-reformer remains lower than the stack.

Nearly all methane is converted to hydrogen in the stack once

the stack Tmax reaches 650 �C (Fig. 7(c), t ¼ 7 h) and the

resulting hydrogen-rich gas is fed back to reformer inlet with

AOGR. Concurrently, the reformer inlet temperature is still at

ca. 400 �C at that time (Fig. 7(b), t ¼ 7 h). The combination of

hydrogen-rich inlet gas and low temperature causes that

exothermic methanation reaction (reverse to Eq. (1)) takes

place in the pre-reformer instead of steam reforming. This can

be observed (Fig. 7(b), t ¼ 6e9 h) as a second increase of the

reformer Toutlet above Tinlet before the load-up (t ¼ 8.5 h) after

the first increase caused by oxidation of hydrogen in the

reformer (Fig. 7(b), t ¼ 3e5 h).

Similarly to the standard heat-up, steam reforming in the

pre-reformer starts during the load-up, once more fuel is

supplied to the system, and the reformer Tinlet increases above

500 �C (Fig. 7(b)). Even though the Ni-cermet of the SOFC stack

makes it a very efficient steam reformer during the heat-up

process, the amount of hydrogen remains relatively low,

below 10 vol-% (dry basis) at the beginning of the heat-up

cycle. Marked increase of hydrogen starts to occurs only at

higher temperatures, when the stack Tmax is above 400 �C
(Fig. 7(c), t ¼ 4 h). Since the pre-reformer has the capability for

steam reforming as well, it would be beneficial to operate the

reformer at higher temperature during that time i.e. when

relatively little methane is reformed in the stack. Therefore,

when the fuel supply is started, the reformer Tinlet should

preferably be above 550 �C to accomplish both reformer light-

off and immediate production of H2-rich gas. However, a pre-

reformer is required and very useful also when it is used at

lower temperature than the stack, since it removes any oxy-

gen from the anode inlet gas.

3.2.3. Heat-up experiments 2 and 3
The experimental heat-up cycle 2 (HU2) is depicted in Fig. 8. It

was observed that the system characteristics were similar to

HU1 soon after the transition to fuel was done, thus the

measurements depicted in Fig. 8 are shown only for this

transition phase. In HU2, the stack Tmax was ca. 350 �C when

the transition to fuel gas was done (t ¼ 4e5.5 h) and, addi-

tionally, no premixed safety gas was supplied to system at all.

The reformer light-off was accomplished by a 10min duration

H2 pulse. The transition to fuel was initiated by starting the

steam supply at t ¼ 4 h. At t ¼ 5 h natural gas supply was

started, and at t¼ 5.5 h the hydrogen pulsewas done (see Fig. 8

for annotations).

During the phase 1 of the HU2, prior to fuel transition, the

oxygen fraction in the fuel system gas is measured to be ca.

21 vol-%, which clearly shows that air is circulating in the fuel

system and through the stack (Fig. 8(c), t ¼ 3 h). The oxygen

concentration is observed to decrease by ca. 1 vol-% before

fuel transition at stack Tmax > 200 �C (t ¼ 3e4 h), which in-

dicates that oxidation of the Ni-cermet starts to occur. Addi-

tionally, the cell voltage decreases once steam supply of

20 NLPM is started (Fig. 8(a), t ¼ 4 h). The O2 fraction decreases

significantly, from 18 to 7.5 vol-%, upon introduction of

4 NLPM of natural gas (Fig. 8(c), t ¼ 5 h) and the CH4 fraction in

the fuel system gas increases to nearly 50 vol-%, a sign that the

flow rate of the air leaking into the fuel system is of the same

magnitude i.e. 4 NLPM.

Similarly to the ex-situ reformer experiments no light-off

occurred in the pre-reformer even at 250 �C reformer Tinlet

due to oxygen present in the fuel system (Fig. 8(b), t¼ 3e5.5 h).

The reformer light-off and production of H2 is commenced

Fig. 8 e Fuel transition of heat-up cycle 2 with no premixed safety gas (a) stack temperature and average cell voltage, (b) inlet

and outlet temperature of the reformer (c) fraction of methane, hydrogen and oxygen at the anode inlet on dry basis.
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temperature as low as 200 �C. These results suggest that

during the heat-up of a SOFC system, a small amount of

hydrogen can be supplied to the reformer inlet to trigger the

activity of the reformer at low temperature and accomplish

the light-off. This is advantageous because the hydrogen

produced in the reformer protects the SOFC anode from the

damaging effects of re-oxidation. These results are further

exploited to design the experiments on system level presented

in the next Section 3.2.

3.2. System heat-up experiments

3.2.1. Standard heat-up
Amore detailed planning of the heat-up (HU) cycles was done

based on results of the ex-situ experimental results presented

in Chapter 3.1. At the time of the experiments, there was no

possibility to pre-heat the reformer inlet gas to 400 �C in the

10 kW demo unit, since the pre-heating of the reformer inlet

gaswas realized onlywith the fuel systemheat exchanger (see

Fig. 1). Therefore, it was decided to accomplish the reformer

light-off in HUs 2e3 with short-term hydrogen pulse of ca.

1 NLPM during the heat-up cycle.

Firstly, the characteristics of the stack and the reformer

during a standard heat-up cycle are depicted in Fig. 6. Before

the heat-up is commenced, the hydrogen-containing reducing

safety gas supply and AOGR are activated. This is evident at

test time ca. 1 h in Fig. 6(c), where the fraction of oxygen is

decreased from 21 vol-% to zero and replaced by hydrogen

(and nitrogen). Interestingly, the introduction of hydrogen

containing safety gas can be observed also by an increase of

the reformer Toutlet (Fig. 6(b)). This can be explained by the

high activity of the precious-metal catalyst used in the pre-

reformer. The reaction (Eq. (2)) between the oxygen, leaking

into the fuel system (through stack or otherwise), and

hydrogen in the safety gas is occurring already at room tem-

perature. Thus the pre-reformer is disposing all oxygen from

the anode inlet gas (Fig. 6(c)).

In a standard heat-up, the voltage of the stack starts to

increase already at ca. 150 �C stack Tmax (Fig. 6(a), t ¼ 3 h).

Significant and faster increase in the stack voltage is present

between 250 and 300 �C stack Tmax (Fig. 6(a), t ¼ 4e5 h). The

increase of the stack voltage can be interpreted as the start

and progression of the reduction process. Additionally, the

difference between the reformer outlet and inlet temperature

diminishes to zero once the stack temperature reaches 400 �C
(Fig. 6(b), t ¼ 5 h), and no oxygen is detected anymore in the

anode outlet gas, which indicates that oxygen is reacting with

hydrogen already in the stack.

After the heat-up, the transition from safety gas to fuel gas

and the load-up procedure are observed as an increase of both

hydrogen and methane fractions at the anode inlet (Fig. 6(c),

t ¼ 10 h), and as a decrease in stack voltage (Fig. 6(a)).

0 5 10
0

200

400

600

800

1000

1200

Time / h

T
em

pe
ra

tu
re

 / 
°C

V
ol

ta
ge

 / 
m

V

a) Stack

temp.
voltage

0 5 10
0

100

200

300

400

500

600

Time / h

T
em

pe
ra

tu
re

 / 
°C

b) Reformer

inlet
outlet

0 5 10
0

20

40

60

80

Time / h

F
ra

ct
io

n 
/ v

ol
−%

c) Anode inlet

O
2

H
2

CH
4

Fig. 6 e Standard heat-up cycle with premixed safety gas (a) stack temperature and average cell voltage, (b) inlet and outlet

temperature of the reformer (c) fraction of methane, hydrogen and oxygen in the anode inlet gas on dry basis.

Fig. 7 e Heat-up cycle 1 (a) stack temperature and average cell voltage, (b) inlet and outlet temperature of the reformer (c)

fraction of methane and hydrogen in the anode inlet/outlet gas on dry basis.

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n e n e r g y 3 9 ( 2 0 1 4 ) 5 5 2e5 6 1 557



V/8 V/9

voltage measurements from all 64 cells of the stack were

averaged for a period of 1 h. Then, a difference was calculated

to the measurements at 150 A prior to performing any of the

experiments HU1-3 (Fig. 10(d)). The average cell voltage prior

to HU1-3 is also shown in Fig. 10(aec).

The majority of the cells in the stack do not show any

performance deterioration after the HU1-2 compared to the

values recorded at 150 A prior to experiments (Fig. 10(a),(b) and

(d)). However, after the HU3 the average cell voltage is ca. 6mV

lower at the end of the stabilization period (Fig. 10(c)), and

nearly all cells exhibit voltage decrease (Fig. 10(d)). In the HU3

the stack maximum temperature was allowed to increase up

to 400 �C before the supply of fuel gas was started. Thus it is

possible that the higher temperatures used in HU3 may have

caused too severe oxidation of the anode, thus damaging the

stack.

However, the differences of the cell voltages compared to

prior measurements in Fig. 10(d) are small and within 10 mV

for the majority of the cells. Moreover, some of the cells

exhibit increased voltage compared to prior measurement.

This indicates that the resulting differences in the voltage

between the heat-up cycles can be partly explained by other

effects as well e.g. by the variation of the in-stack temperature

distribution due to small hysteresis of the plant controllers.

Additionally, deep thermal cycling of a SOFC stack down to

room temperature can cause damage and performance loss of

the stack even with premixed reducing gas, and this phe-

nomena can also contribute to the apparent lower cell voltage

with increased number of heat-up cycles.

Therefore, this comparison of the cell voltage distribution

with respect to the effect of the heat-up cycles should be

treated as indicative rather than conclusive since there are

other mechanisms which can affect the performance of cells.

However, the results show that the stack can withstand a

heat-up cycle with fuel reformate and AOGR without any

significant performance deterioration. Moreover, stack

temperatures below 350 �C appears to be a more beneficial

region to introduce the fuel gas and trigger the reforming re-

actions to produce hydrogen-rich reducing gas because (i)

performance loss was measured after HU3 when the stack

was heated up to 400 �C before starting the fuel supply and (ii)

the Ni-cermet is oxidized already below 350 �Cwhich prevents

steam reforming reactions.

4. Conclusions

The results of this study clearly show that it is essential to

investigate the characteristic operation of the system pre-

reformer to accomplish a safe heat-up cycle. Furthermore,

the interactions with other system components e.g. air leak-

ages and the choice for system layout, such as the use of

AOGR, will affect the feasibility of any heat-up strategy and

have to be taken into account.

The light-off temperature, i.e. start of the reforming re-

actions in a pre-reformer, is significantly affected by the use of

AOGR and any leakages of air to the fuel system, through stack

or otherwise. The light-off temperature is increased by ca.

200 �C when oxygen is present in the reformer inlet gas.

However, it is possible to accomplish lower reformer light-off

temperatures by adding hydrogen to the reformer inlet.

SOFC stack is an efficient steam reformer due to high

amount of catalytically active nickel in the anode cermet, and

thus is an obvious solution to produce the hydrogen-rich

reducing gas from the fuel during system heat-up. It is

observed, that the SOFC stack can start sufficient steam

reforming and production of hydrogen-rich reducing gas at

temperatures above 400 �C. However, oxidation of the anode

Ni-cermet in system conditions can proceed already below

350 �C, which inhibits the reforming activity of the anode.

Thus, the usage of a pre-reformer to remove trace oxygen from

the anode inlet gas is required with AOGR, since any air
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only after the H2 pulse at t ¼ 5.5 h, where a simultaneous

decrease of O2 fraction accompanied with a step-wise in-

crease in the stack voltage, reformer Toutlet and H2 fraction is

observed. Interestingly, after turning off the H2 pulse, the H2

fraction at the anode outlet and inlet, as well as stack voltage

show little or no further increase in nearly 1 h. After t¼ 6.5 h, a

drastic increase in the stack voltage is observed which is

explained by faster progressive reduction of the Ni-cermet.

Concurrently, the fraction of CH4 decreases and the H2 in-

creases suddenly at anode inlet and outlet gas, which is a sure

indication of the activation of steam reforming reactions in

the SOFC stack.

The experimental heat-up cycle 3 (HU3) was otherwise

similar to HU2, but the duration of the H2 pulse was longer,

nearly 1 h, and the stack Tmax was allowed to increase to

400 �C before starting the natural gas supply into the system.

The results with respect to the behaviour of the reformer are

alike to HU2 (Fig. 8). Therefore, detailed presentation of the

measurements during HU3 is omitted to avoid repetition of

the discussion. Instead, the difference of HU3 compared to

other heat-up cycles is discussed next in Chapters 3.2.4 and

3.3.

3.2.4. Reduction and reforming activity of the anode during
heat-up
There are specific differences between the HU1 (safety gas

used) and HU2-3 (no safety gas used) with respect to (i)

reduction/oxidation behaviour of the stack and (ii) the activity

of the Ni-cermet to catalyse steam reforming reactions. This

phenomenon is illustrated with Fig. 9, where the flow of fuel

and hydrogen, as well as the average cell voltage and the H2

fraction at anode outlet, are presented for HU1-3. The mea-

surements are plotted as a function of stack Tmax, a common

denominator for the phenomenon under discussion. It should

be noted that the stack Tmax is relative to test time as well,

since heating of the stack occurred at relatively steady rate of

ca. 2 �C min�1 from 300 to 500 �C.
Qualitatively, it is evident that in HU1 the stack is already

more reduced (stack voltage is higher) and also catalytically

active with respect to steam reforming. In HU1, the H2 fraction

at the anode outlet as well as voltage increases steadily with

the stack temperature (Fig. 9(ced)), occurring immediately

when the H2 supply is stopped and fuel supply started

(Fig. 9(aeb)). Moreover, the results show that the steam

reforming reactions and H2 production in the stack can start

already at 300e350 �C.
In HU2, the short-term H2 pulse of 10 min duration is

triggering both reduction and reforming activity in the stack,

observed as a stepwise transition for bothH2 and stack voltage

(Fig. 9(ced)). However, the stack has to heat up ca. 70 �C more

to 420 �C (in 1 h, see also Fig. 8) until the reduction of the stack

has proceeded to a level where a notable recovery of the stack

voltage, as well as in increased reforming activity is observed.

In HU3, however, the recovery of stack voltage as well as

reforming activity is occurring nearly simultaneously with the

introduction of the natural gas. Faster recovery can be related

to longer duration of the H2 pulse. The H2 flow is started once

the stack temperature reached 350 �C, and the reduction

process of the stack can proceed while the stack heats up to

400 �C (Fig. 9(b)). Thus the reduction is completed faster in HU3

once the natural gas supply is initiated. However, the 1 NLPM

of H2 in HU3 is insufficient to reduce the entire active cell area

since noH2 is detected in the anode outlet gas at first. The H2 is

present in anode outlet gas only after transition to fuel is

complete.

Based on the results it is clear that in HU2-3 both the

electrochemical, as well as steam reforming activity, are first

inhibited by the oxidation of the Ni-cermet already at lower

temperature than 350 �C for stack Tmax. Additionally, to realize

the reduction of the Ni-cermet after oxidation has occurred at

low temperature, all oxygen has be removed from the anode

inlet gas (see Fig. 8) and replaced with high enough amount of

hydrogen, so that there is hydrogen present at the anode

outlet gas as well. Otherwise, it appears that the Ni-cermet of

the stack will remain in oxidized state and will not start the

steam reforming reactions, and the accompanied production

of reducing hydrogen gas.

3.3. Effect of the heat-up experiments on the SOFC
performance

Voltage characteristics of the SOFC stack is commonly used as

a performance indicator. Thus the effects of the different

heat-up cycles on the SOFC can be assessed by observing

changes in the stack or individual cell voltages [6]. If the ex-

periments cause permanent damage to the cells e.g. due to re-

oxidation, it would be recorded as a stack voltage decrease.

Voltage characteristics of the SOFC stack were investigated

by conducting a load-up cycle to 150 A (0.273 A cm�2) after

each heat-up experiment and allowing the system to stabilize

for 20 h (Fig. 10(aec)). After the stabilization, the individual
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voltage measurements from all 64 cells of the stack were

averaged for a period of 1 h. Then, a difference was calculated

to the measurements at 150 A prior to performing any of the

experiments HU1-3 (Fig. 10(d)). The average cell voltage prior

to HU1-3 is also shown in Fig. 10(aec).

The majority of the cells in the stack do not show any

performance deterioration after the HU1-2 compared to the

values recorded at 150 A prior to experiments (Fig. 10(a),(b) and

(d)). However, after the HU3 the average cell voltage is ca. 6mV

lower at the end of the stabilization period (Fig. 10(c)), and

nearly all cells exhibit voltage decrease (Fig. 10(d)). In the HU3

the stack maximum temperature was allowed to increase up

to 400 �C before the supply of fuel gas was started. Thus it is

possible that the higher temperatures used in HU3 may have

caused too severe oxidation of the anode, thus damaging the

stack.

However, the differences of the cell voltages compared to

prior measurements in Fig. 10(d) are small and within 10 mV

for the majority of the cells. Moreover, some of the cells

exhibit increased voltage compared to prior measurement.

This indicates that the resulting differences in the voltage

between the heat-up cycles can be partly explained by other

effects as well e.g. by the variation of the in-stack temperature

distribution due to small hysteresis of the plant controllers.

Additionally, deep thermal cycling of a SOFC stack down to

room temperature can cause damage and performance loss of

the stack even with premixed reducing gas, and this phe-

nomena can also contribute to the apparent lower cell voltage

with increased number of heat-up cycles.

Therefore, this comparison of the cell voltage distribution

with respect to the effect of the heat-up cycles should be

treated as indicative rather than conclusive since there are

other mechanisms which can affect the performance of cells.

However, the results show that the stack can withstand a

heat-up cycle with fuel reformate and AOGR without any

significant performance deterioration. Moreover, stack

temperatures below 350 �C appears to be a more beneficial

region to introduce the fuel gas and trigger the reforming re-

actions to produce hydrogen-rich reducing gas because (i)

performance loss was measured after HU3 when the stack

was heated up to 400 �C before starting the fuel supply and (ii)

the Ni-cermet is oxidized already below 350 �Cwhich prevents

steam reforming reactions.

4. Conclusions

The results of this study clearly show that it is essential to

investigate the characteristic operation of the system pre-

reformer to accomplish a safe heat-up cycle. Furthermore,

the interactions with other system components e.g. air leak-

ages and the choice for system layout, such as the use of

AOGR, will affect the feasibility of any heat-up strategy and

have to be taken into account.

The light-off temperature, i.e. start of the reforming re-

actions in a pre-reformer, is significantly affected by the use of

AOGR and any leakages of air to the fuel system, through stack

or otherwise. The light-off temperature is increased by ca.

200 �C when oxygen is present in the reformer inlet gas.

However, it is possible to accomplish lower reformer light-off

temperatures by adding hydrogen to the reformer inlet.

SOFC stack is an efficient steam reformer due to high

amount of catalytically active nickel in the anode cermet, and

thus is an obvious solution to produce the hydrogen-rich

reducing gas from the fuel during system heat-up. It is

observed, that the SOFC stack can start sufficient steam

reforming and production of hydrogen-rich reducing gas at

temperatures above 400 �C. However, oxidation of the anode

Ni-cermet in system conditions can proceed already below

350 �C, which inhibits the reforming activity of the anode.

Thus, the usage of a pre-reformer to remove trace oxygen from

the anode inlet gas is required with AOGR, since any air
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only after the H2 pulse at t ¼ 5.5 h, where a simultaneous

decrease of O2 fraction accompanied with a step-wise in-

crease in the stack voltage, reformer Toutlet and H2 fraction is

observed. Interestingly, after turning off the H2 pulse, the H2

fraction at the anode outlet and inlet, as well as stack voltage

show little or no further increase in nearly 1 h. After t¼ 6.5 h, a

drastic increase in the stack voltage is observed which is

explained by faster progressive reduction of the Ni-cermet.

Concurrently, the fraction of CH4 decreases and the H2 in-

creases suddenly at anode inlet and outlet gas, which is a sure

indication of the activation of steam reforming reactions in

the SOFC stack.

The experimental heat-up cycle 3 (HU3) was otherwise

similar to HU2, but the duration of the H2 pulse was longer,

nearly 1 h, and the stack Tmax was allowed to increase to

400 �C before starting the natural gas supply into the system.

The results with respect to the behaviour of the reformer are

alike to HU2 (Fig. 8). Therefore, detailed presentation of the

measurements during HU3 is omitted to avoid repetition of

the discussion. Instead, the difference of HU3 compared to

other heat-up cycles is discussed next in Chapters 3.2.4 and

3.3.

3.2.4. Reduction and reforming activity of the anode during
heat-up
There are specific differences between the HU1 (safety gas

used) and HU2-3 (no safety gas used) with respect to (i)

reduction/oxidation behaviour of the stack and (ii) the activity

of the Ni-cermet to catalyse steam reforming reactions. This

phenomenon is illustrated with Fig. 9, where the flow of fuel

and hydrogen, as well as the average cell voltage and the H2

fraction at anode outlet, are presented for HU1-3. The mea-

surements are plotted as a function of stack Tmax, a common

denominator for the phenomenon under discussion. It should

be noted that the stack Tmax is relative to test time as well,

since heating of the stack occurred at relatively steady rate of

ca. 2 �C min�1 from 300 to 500 �C.
Qualitatively, it is evident that in HU1 the stack is already

more reduced (stack voltage is higher) and also catalytically

active with respect to steam reforming. In HU1, the H2 fraction

at the anode outlet as well as voltage increases steadily with

the stack temperature (Fig. 9(ced)), occurring immediately

when the H2 supply is stopped and fuel supply started

(Fig. 9(aeb)). Moreover, the results show that the steam

reforming reactions and H2 production in the stack can start

already at 300e350 �C.
In HU2, the short-term H2 pulse of 10 min duration is

triggering both reduction and reforming activity in the stack,

observed as a stepwise transition for bothH2 and stack voltage

(Fig. 9(ced)). However, the stack has to heat up ca. 70 �C more

to 420 �C (in 1 h, see also Fig. 8) until the reduction of the stack

has proceeded to a level where a notable recovery of the stack

voltage, as well as in increased reforming activity is observed.

In HU3, however, the recovery of stack voltage as well as

reforming activity is occurring nearly simultaneously with the

introduction of the natural gas. Faster recovery can be related

to longer duration of the H2 pulse. The H2 flow is started once

the stack temperature reached 350 �C, and the reduction

process of the stack can proceed while the stack heats up to

400 �C (Fig. 9(b)). Thus the reduction is completed faster in HU3

once the natural gas supply is initiated. However, the 1 NLPM

of H2 in HU3 is insufficient to reduce the entire active cell area

since noH2 is detected in the anode outlet gas at first. The H2 is

present in anode outlet gas only after transition to fuel is

complete.

Based on the results it is clear that in HU2-3 both the

electrochemical, as well as steam reforming activity, are first

inhibited by the oxidation of the Ni-cermet already at lower

temperature than 350 �C for stack Tmax. Additionally, to realize

the reduction of the Ni-cermet after oxidation has occurred at

low temperature, all oxygen has be removed from the anode

inlet gas (see Fig. 8) and replaced with high enough amount of

hydrogen, so that there is hydrogen present at the anode

outlet gas as well. Otherwise, it appears that the Ni-cermet of

the stack will remain in oxidized state and will not start the

steam reforming reactions, and the accompanied production

of reducing hydrogen gas.

3.3. Effect of the heat-up experiments on the SOFC
performance

Voltage characteristics of the SOFC stack is commonly used as

a performance indicator. Thus the effects of the different

heat-up cycles on the SOFC can be assessed by observing

changes in the stack or individual cell voltages [6]. If the ex-

periments cause permanent damage to the cells e.g. due to re-

oxidation, it would be recorded as a stack voltage decrease.

Voltage characteristics of the SOFC stack were investigated

by conducting a load-up cycle to 150 A (0.273 A cm�2) after

each heat-up experiment and allowing the system to stabilize

for 20 h (Fig. 10(aec)). After the stabilization, the individual
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leakages to fuel system will retain the anode in oxidized state.

Moreover, some performance loss was measured when the

stack was heated to 400 �C before fuel supply was started.

Therefore, it is recommended that the supply of hydrogen-rich

reducing gas is started already below 350 �C, or as low tem-

perature as possible, to prevent oxidation of the Ni-cermet.

During the system experiments it was noted that sufficient

temperatures for pre-reformer light-off were not possible by

relying only on the heat recuperated from the fuel systemheat

exchanger. Thus electrically or otherwise assisted heating of

the pre-reformer (i) to 400 �C enables reformer light-off

without the short-term hydrogen pulse, thus simplifying the

system layout even further and (ii) above 500 �C shifts the

hydrogen production from the stack to pre-reformer, which

increases the amount of hydrogen when the reforming ac-

tivity of the stack is still low and thus enhances the quality of

the reducing gas. Additionally, if the pre-reformer would be

mainly responsible of the hydrogen production, the stack

temperature can potentially be lower than 300 �C when the

fuel is introduced to the system. This would significantly

decrease the risk of oxidizing the Ni-cermet anode.

The results show that a heat-up from room temperature to

the operating temperature of SOFC stack is possible without

premixed gas and without significant loss of stack perfor-

mance. This finding allows reducing the premixed gas storage

capacity in a SOFC system and thus the physical size of the

system as well capital and servicing costs.
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leakages to fuel system will retain the anode in oxidized state.

Moreover, some performance loss was measured when the

stack was heated to 400 �C before fuel supply was started.

Therefore, it is recommended that the supply of hydrogen-rich

reducing gas is started already below 350 �C, or as low tem-

perature as possible, to prevent oxidation of the Ni-cermet.

During the system experiments it was noted that sufficient

temperatures for pre-reformer light-off were not possible by

relying only on the heat recuperated from the fuel systemheat

exchanger. Thus electrically or otherwise assisted heating of

the pre-reformer (i) to 400 �C enables reformer light-off

without the short-term hydrogen pulse, thus simplifying the

system layout even further and (ii) above 500 �C shifts the

hydrogen production from the stack to pre-reformer, which

increases the amount of hydrogen when the reforming ac-

tivity of the stack is still low and thus enhances the quality of

the reducing gas. Additionally, if the pre-reformer would be

mainly responsible of the hydrogen production, the stack

temperature can potentially be lower than 300 �C when the

fuel is introduced to the system. This would significantly

decrease the risk of oxidizing the Ni-cermet anode.

The results show that a heat-up from room temperature to

the operating temperature of SOFC stack is possible without

premixed gas and without significant loss of stack perfor-

mance. This finding allows reducing the premixed gas storage

capacity in a SOFC system and thus the physical size of the

system as well capital and servicing costs.
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The behavior of the maximum temperature measured inside a 
SOFC stack with respect to three independent input variables 
(stack current, air flow and air inlet temperature) is examined by 
using a full factorial screening experiment, following the design of 
experiments methodology. The experiments were carried out with 
a complete 10 kWe SOFC system. Multivariate regression models 
are developed to estimate said temperature and a statistical analysis 
is carried out on the model parameters. 
 
 

Introduction 
 
The temperature of and inside a planar solid oxide fuel cell (SOFC) stack is a property of 
interest for several reasons; the stack temperature affects the stack performance as well as 
its degradation rate (1,2). Moreover, the stack characteristics do not remain identical over 
its lifetime due to voltage degradation – with constant system inputs the stack 
temperature will increase as the stack degrades. Therefore, it is highly desirable to 
monitor the internal stack temperature for control and diagnosis purposes. The 
temperature inside an SOFC stack can be measured directly by installing measurement 
probes inside the stack. However, in commercial systems direct measurement of the 
temperature can be difficult and costly, and can also decrease the stacks’ durability due to 
the increased complexity. Therefore, estimating the stack temperature indirectly, from 
other process measurements, is well-motivated. In reality, the stack temperature is 
certainly not a single temperature value, but an infinite number of temperature values 
distributed continuously over the stack. For practical purposes, however, a single 
representative value is chosen, and this is the approach taken in this paper as well. 
 

This paper reports a systematic effort carried out to create a simple numerical 
estimator for the maximum temperature measured inside a SOFC stack. Furthermore, the 
test protocol utilized in this work was also used to evaluate which system inputs are most 
effective for controlling the said temperature.  
 
Multivariable Regression Modeling and the Design of Experiments 

 
Multivariable linear regression (MLR) models are functions of the form  
 

  =  +  + ⋯+  = , where  =   … . [1] 
   and   are (column) vectors of the measured input and estimated output values, 
respectively. The parameter vector  =   …  is calculated so to produce 
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Versa Power Systems (5). The stack had 64 cells with ca. 550 cm2 of active area. The 
designed experiments were started at 145 hours into the test run. Before this, the system 
was brought to NOC for stabilization after the start-up. All-together the test run lasted for 
470 hours, of which the designed experiments (including the first and last NOC) took ca. 
300 hours. 
 

TABLE I.  Test Plan of the Full Factorial Experiment and Description of Additional Experiment 
Conditions. The experiment condition numbers refer to figure 2(b). 
Data short 

desc. 
Exp. cond. # Current  

() 
A 

Air flow  
() 

lN/min 

Air inlet 
temperature () 

°C 

Time from 
test start () 

h 

Nominal 3, 4, 5, 10, 11, 
12, 17 200 1063 695 - 

DoE 

6 205 962 705 145 
7 195 1162 685 169 
8 205 1162 685 193 
9 195 962 705 217 

13 195 1162 705 313 
14 205 962 685 337 
15 195 962 685 361 
16 205 1162 705 385 

Part-load 1, 2 150 960 705-695 25-50 

 
A graphical representation of the 23 full factorial experiment design is given in Figure 1. 
 

 
Figure 1. The input variables’ domain of variation in the experiment design. 

  
 

Data Analysis and MLR Modeling 
 
Figure 2 shows the input variables’ time-series during the experiment, with the 

steady-state experiment conditions marked with red circles. The completed experiment 
provided data from altogether 17 conditions (points 1-17 in Fig. 2(b)): 8 non-nominal 
experiment conditions (pts. 6-9, 13-16), 7 repetitions of NOC at different time instants 
(with a minimum of 24 hours between the instants, pts. 3-5, 10-12, 17), and 2 extra 
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an estimate which is optimal in the least squared error sense. See e.g. (3) for details on 
MLR modelling.  

 
MLR models can be evaluated based on several criteria, but in this work mostly the 

adjusted- [2] and the root-mean-squared-error [3] were utilized – the former for its 
scalability with a varying number of model parameters and the latter for its ease of 
interpretation. Their values were computed as follows: 
 

  = 1 −  − 1∑  −  − ∑  −   [2] 

 

 
  = ∑  −  −   [3] 

 
In [2]-[3]  is the number of data points used,  the measured property value and  is 

the mean of .  is the number of parameters in the regression model. The closer   is 
to 1 or the smaller  is the better is the model considered to be.  

 
Obtaining rich data that sufficiently covers the domain of interest is the most 

important step in creating regression models. To this end, a series of experiments were 
designed by following the design of experiments (DoE) methodology. The DoE 
methodology is especially suitable to be applied hand-in-hand with multivariable 
regression modeling. Good coverage of the DoE methodology is found in several text-
books, e.g. (3) and therefore DoE is not discussed here in detail.  

 
 

Experimental 
 
A full factorial experiment design, with three factors (input variables), each of them 

obtaining two levels (the minimum and the maximum) and a nominal level, was carried 
out. The system response, i.e. the maximum temperature of the stack, was obtained by 
recording the values of several temperature measurements placed inside a SOFC stack 
and then using the maximum of the measured values. The test plan, i.e. the factors, their 
levels and the experimental conditions’ execution order is given in Table I. The test plan 
was designed so that the execution time of all experiment conditions (relative to start time 
of the designed experiments) was fixed in advance. Then, a D-optimal test plan 
considering the three factors plus time as the model input was calculated by varying the 
experiment conditions’ order. The aim was to maximize the information obtained with 
the experiment design, also with respect to the stack performance degradation, which 
increases with time.  

 
A minimum stabilization period of 24 hours was reserved per condition. A longer 

interval between conditions 4 and 5 is due to the weekend falling amidst the test run and 
the system was brought to the nominal operating condition (NOC) for this period, 
enabling thus also the repetition of the NOC. 

 
The experiments were carried out according to the test plan with a complete 10 kWe 

SOFC demonstration unit (4). The demo unit was equipped with a planar SOFC stack by 
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an estimate which is optimal in the least squared error sense. See e.g. (3) for details on 
MLR modelling.  

 
MLR models can be evaluated based on several criteria, but in this work mostly the 

adjusted- [2] and the root-mean-squared-error [3] were utilized – the former for its 
scalability with a varying number of model parameters and the latter for its ease of 
interpretation. Their values were computed as follows: 
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methodology is especially suitable to be applied hand-in-hand with multivariable 
regression modeling. Good coverage of the DoE methodology is found in several text-
books, e.g. (3) and therefore DoE is not discussed here in detail.  

 
 

Experimental 
 
A full factorial experiment design, with three factors (input variables), each of them 

obtaining two levels (the minimum and the maximum) and a nominal level, was carried 
out. The system response, i.e. the maximum temperature of the stack, was obtained by 
recording the values of several temperature measurements placed inside a SOFC stack 
and then using the maximum of the measured values. The test plan, i.e. the factors, their 
levels and the experimental conditions’ execution order is given in Table I. The test plan 
was designed so that the execution time of all experiment conditions (relative to start time 
of the designed experiments) was fixed in advance. Then, a D-optimal test plan 
considering the three factors plus time as the model input was calculated by varying the 
experiment conditions’ order. The aim was to maximize the information obtained with 
the experiment design, also with respect to the stack performance degradation, which 
increases with time.  

 
A minimum stabilization period of 24 hours was reserved per condition. A longer 

interval between conditions 4 and 5 is due to the weekend falling amidst the test run and 
the system was brought to the nominal operating condition (NOC) for this period, 
enabling thus also the repetition of the NOC. 

 
The experiments were carried out according to the test plan with a complete 10 kWe 

SOFC demonstration unit (4). The demo unit was equipped with a planar SOFC stack by 
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Figure 3. Regression coefficients of the MLR models [5] and [6]. 

 
Judging by the confidence intervals of model [5], all of the inputs (, , ) clearly 

have a significant (mean) effect on the output. Notably, the interaction of air inlet 
temperature and air volumetric flow () seems like the only interaction term to have 
some significance. This would be reasonable as that term (more typically denoted ) is directly related to the heat transferred convectively by a gas flow. 

 
The coefficients of model [6] enable assessing the relative significance of the inputs 

with respect to the output. Notably, …  of [5] and [6] nearly coincide due to the 
insignificant impact of the interactions. Clearly, current () has the strongest relative 
effect on the output (=8.57), whereas air flow () and the air inlet temperature () 
have a close to equal, but opposite-signed relative mean effect (=–5.59, =5.54). Thus, 
if considering control of the stack temperature within the examined operating domain, 
either air inlet temperature or the air flow may be used equally effectively. The air inlet 
temperature, however, can be manipulated without affecting the parasitic losses of the 
system and is thus preferable. 

 
Preliminary MLR Modeling 
 

With the data analysis as background, an initial MLR estimate [7] for the stack 
temperature was created using all three inputs as regressors. Again, only the 13 data 
points (8 DoE + 5 NOC) described above were used. The   and  values for the 
fitting data are 0.913 and 2.90 °C, respectively. Figure 4 and Figure 5 illustrate the 
obtained estimate accuracy for both the utilized steady-state data and the full data time-
series, respectively. Most of the steady-state estimates lie within the point-wise 
confidence intervals (Figure 4a) and the estimation error has a zero mean (Figure 4b). 
However, when looking at the time-series data in Figure 5, problems with the estimator 
become obvious. The estimate is stationary and differs significantly from the 
measurement during set-point changes. Also, the estimator fails to capture the 
measurement trend, due to the stack degradation. Both of these problems are 
consequences of the MLR model structure. 

 
  = 141 + 1.71 − 0.0559 + 0.542 [7] 
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conditions measured during system start-up when the system was operating at part-load 
(with stack current of 150A, pts. 1-2). The 7 repeated measurements at NOC were carried 
out to capture system degradation effects and the part-load conditions were used for 
exploratory purposes, described further below. In Figure 2, the period of the designed 
experiments is indicated with the dashed vertical lines. 

 

 
Figure 2. The input variables during the test run. Steady-state conditions are denoted 

with circles and indexed with a running number in subfigure (b). 
 

Data Analysis 
 

One aim of the data analysis was to resolve the significant input variables (and 
significant input interactions) with respect to the measured stack temperature. For the 
purpose of the input variables’ significance analysis, the inputs were all scaled to the 
range [-1, 1] by using equation [4]. The input interactions were then calculated after 
scaling the inputs. Only the 13 data points from the period of designed experiments (8 
non-nominal conditions + 5 repetitions in NOC) were used in this analysis. 

 

 , = 2  − minmax − min − 1 [4] 

 
For further analysis, the linear regression models [5] and [6], based on all (scaled) 

input variables and their interactions, as well as on only the input variables were fit to the 
data. Figure 3 shows the model coefficients of the models per input and input interaction, 
and the corresponding coefficients’ 95 % confidence intervals (CIs). If the confidence 
interval of a coefficient includes zero, the respective term in the regression model can be 
concluded insignificant.  
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Figure 3. Regression coefficients of the MLR models [5] and [6]. 
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conditions measured during system start-up when the system was operating at part-load 
(with stack current of 150A, pts. 1-2). The 7 repeated measurements at NOC were carried 
out to capture system degradation effects and the part-load conditions were used for 
exploratory purposes, described further below. In Figure 2, the period of the designed 
experiments is indicated with the dashed vertical lines. 

 

 
Figure 2. The input variables during the test run. Steady-state conditions are denoted 

with circles and indexed with a running number in subfigure (b). 
 

Data Analysis 
 

One aim of the data analysis was to resolve the significant input variables (and 
significant input interactions) with respect to the measured stack temperature. For the 
purpose of the input variables’ significance analysis, the inputs were all scaled to the 
range [-1, 1] by using equation [4]. The input interactions were then calculated after 
scaling the inputs. Only the 13 data points from the period of designed experiments (8 
non-nominal conditions + 5 repetitions in NOC) were used in this analysis. 

 

 , = 2  − minmax − min − 1 [4] 

 
For further analysis, the linear regression models [5] and [6], based on all (scaled) 

input variables and their interactions, as well as on only the input variables were fit to the 
data. Figure 3 shows the model coefficients of the models per input and input interaction, 
and the corresponding coefficients’ 95 % confidence intervals (CIs). If the confidence 
interval of a coefficient includes zero, the respective term in the regression model can be 
concluded insignificant.  
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Cathode Outlet Flow Temperature as Regressor 
 
An MLR model [8] with the cathode outlet flow temperature () as a regressor 

variable was created to enable better estimation accuracy during both transient operation 
as well as in steady-state. The model   and  values for the fitting data are 0.991 
and 0.946 °C, respectively. 

 
  = −75.5 − 0.0877 − 0.0265 − 0.290 + 1.51 [8] 

 

 
Figure 6. The steady-state data and the corresponding estimate of model [8] compared (a). 
The estimation error (b).  

 

 
Figure 7. The time-series data and the corresponding estimate of model [8] compared (a). 
The estimation error (b). 

 
 
When comparing Figure 4a and 6a, it is clear how introducing  as regressor 

narrows the estimate confidence intervals (for the fitting data). Also the reduction in the 
estimation error from Figure 4b to 6b is evident. The most significant improvement in the 
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Figure 4. The steady-state data and the corresponding estimate of model [7] compared (a). 
The estimation error (b). 

 

 
Figure 5. The time-series data and the corresponding estimate of model [7] compared (a). 
The estimation error (b). 

 
 
Improved MLR Models 
 

In order to improve the MLR model estimation accuracy on behalf of both the 
accuracy at stationary points, as well as during transients, two means were found 
especially useful: 

1) Including the cathode outlet flow temperature measurement as regressor both (i) 
improves the estimation accuracy by capturing the measurement trend and (ii) 
provides a “dynamic input” to the MLR estimator, thus improving the estimate 
accuracy during transient phases 

2) Expanding the model fitting data series to include part-load data improves the 
model accuracy as well as expands its feasible application area. 
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Figure 9. The time-series data and the corresponding estimate of model [9] compared (a). 
The estimation error (b). 
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A series of multi-variable linear regression models were created based on 

experimental data from a complete 10kW SOFC system to estimate the maximum 
internal temperature measured from a SOFC stack. The data was obtained with a full 
factorial experimental design, where three input variables (stack current, air flow and air 
inlet temperature) were manipulated.  

 
The benefits of a systematic, designed, experimental procedure were found to 

manifest as straightforward regression modelling and in the accuracy of the consequent 
models. Furthermore, the full factorial experimental design enabled clearly quantifying 
the significance of the inputs with respect to their impact on the monitored output value. 
This information is valuable when developing a control strategy for the system. 

 
Because the MLR model itself is only a static mapping of a series of regressor 

variables to the estimated output it was found beneficial, from a practical viewpoint, to 
include such variables to the regressors which convey the dynamics of the estimated 
property. In this case the cathode outlet flow temperature was used as regressor to include 
the dynamics of the stack temperature. Furthermore, as the designed experiments may 
cover only a part of the system operating domain, it is beneficial to include data from 
outside the domain of the designed experiments. In this case, part-load data was used to 
expand the applicable area of the MLR model. 
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estimation accuracy is, however, noticeable in the time-series data, Figure 7a-b. Since   
is a stack output variable, it changes according to the stack dynamics and thus provides 
the MLR estimate with information of the stack dynamics. The downside of including  
as a regressor is that the MLR model coefficients lose their physical interpretability 
(because the regressors are no longer independent of each other).  

 
Although the estimator [8] already provides good estimation accuracy when operating 

around the nominal operating conditions, the accuracy is poor outside this operating 
domain. To correct this, the MLR model parameter fitting data was expanded to include 
part-load operation data, although this data was not a part of the original test plan. 

 
Adding Part-load Data to Regression Coefficient Calculation 

 
The system was operated at part-load (150 A) during 25-50h into the test run and, as 

seen in e.g. Figure 7a, the stack temperature is significantly lower there than at NOC. 
Two measurements from this operating period were included in the MLR model 
parameter calculation data, yielding model [9], with   and  for the fitting data 
0.994 and 1.06 °C, respectively. The estimation results for model [9] are shown in 
Figures 8-9. 

 
  = −33.8 + 0.353 − 0.0327 − 0.110 + 1.17 [9] 
 

 
 
Figure 8. The steady-state data and the corresponding estimate of model [9] compared (a). 
The estimation error (b). 
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is visibly greater than in Figure 7b. With the slight sacrifice of estimation accuracy at 
NOC, the estimator can be seen to have significantly improved over the part-load 
operating period (25-50h) in the data time-series, Figures 7a and 9a. The confidence 
intervals of the fitting data estimates still remain narrow, also for the added data points 
(pts. 1-2).  
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Abstract 
 

The applicability of multivariable linear regression (MLR) models to estimate the maximum 
temperature inside a SOFC stack is investigated experimentally. The experiments were 
carried out with a complete 10 kW SOFC system using an 80-cell stack by Versa Power 
Systems. The behavior of the maximum temperature measured inside a SOFC stack with 
respect to four independent input variables (stack current, air flow, air inlet temperature 
and fuel flow) is examined following the design of experiments methodology, and MLR 
models are created based on the retrieved data. 
 
The practical feasibility of the MLR estimate is investigated experimentally with the 10 kW 
system by evaluating the accuracy of the estimate in two test cases: (i) a system load 
change where the stack temperature is regulated by a closed-loop controller using the 
MLR estimate (Figure 1) and (ii) during operator-imposed disturbances in the fuel system 
(a variation in the methane conversion in the fuel pre-reformer). Finally, the performance of 
the MLR estimate is evaluated with another, 64-cell stack operated at higher current 
density.  This work continues previous research reported in [1-2]. 
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Figure 1  Closed loop-control of stack temperature during a load change a) stack current and b) 

measured, estimated and setpoint value for Tmax. 
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2. Experiments 

 
The experiments were carried out with a complete 10 kW SOFC system [4] at VTT, 
Finland. The system incorporated an 80-cell SOFC stack provided by Versa Power 
Systems [5] and the stack contained altogether 23 temperature measurement probes 
inside the stack. Four independent system inputs, given in Table 1, were manipulated 
according to a so-called fractional factorial experiment design (see e.g. [3] for details). The 
fractional design was adopted as previous work [1-2] proved that interactions of the 
previously investigated inputs ( ) is insignificant and thus the number of 
experimental conditions could be decreased. The fractional test plan was designed for two 
individual nominal levels i.e. for NOC1 and NOC2 at 160 A and 145 A stack current, 
respectively, and in both cases, each input is varied between two levels (minimum and 
maximum). Two individual nominal levels were used to enlarge the operational area of the 
derived MLR model. 
  

Table 1  The experiment design: manipulated input variables 
 ( ), two nominal levels (NOC1 & NOC2) and the variation of the inputs. 

 
Input NOC1 NOC2 DoE variation 

 Current  A 160 145 ±5 
 Air flow  NLPM 1062 1023 ±50 
 Air inlet temp.  °C 735 745 ±10 
 Natural gas  flow  NLPM 27.9 25.8 ±0.5 

 
The stack maximum temperature ( ) and the cathode outlet temperature ( ) were 
measured as responses once the system had reached steady-state conditions after 
changing the inputs. (The maximum temperature was taken as the maximum of the 
temperature measurements inside the stack, on one, representative cell.) The system was 
brought periodically to NOC1 or NOC2 in order to observe stack degradation. Altogether 
the designed experiments lasted for ca. 1300 hours, during which time a total of 16 DoE, 9 
NOC1 and 4 NOC2 conditions were measured at steady-state. Additionally, 9 other 
steady-state conditions, e.g. at part-load were recorded to be used for model development. 
 
The practical feasibility of the created MLR model was investigated experimentally with a 
closed-loop PI-controller set to regulate the stack temperature. Instead of using the in-
stack thermocouples for measured feedback, the feedback signal for the PI-controller was 
calculated by the MLR model. The PI-controller regulates the stack temperature by 
adjusting the module inlet air temperature (  ) by manipulating a by-pass valve of the air 
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Introduction 
 
The internal temperature of a solid oxide fuel cell (SOFC) stack can affect both the 
performance and the lifetime of the stack. Thus accurate and reliable monitoring, as well 
as regulation, of the stack temperature is beneficial to prevent sub-optimal performance or 
excessive degradation. Direct physical measurement of the temperature inside the stack is 
possible, but can be costly and complex to realize in real-world systems due to the high 
number of temperature probes required to map the temperature profile with a high-enough 
resolution. Therefore the estimation of the stack temperature with other, more practically 
feasible measurements, such as inlet gas flow rates and temperatures or stack current, is 
well-motivated. 
 

1. Approach 
 
This study is a direct continuation of systematic efforts [1-2] carried out to create a simple 
numerical estimator for the maximum temperature measured inside a SOFC stack over its 
lifetime in system environment. The numerical estimator is based on multivariable linear 
regression (MLR) model, which are functions of the form 
 

 , where , (1) 
 
where  and  are (column) vectors of the measured input and estimated output values, 
respectively. The parameter vector  is calculated so to 
produce an estimate which is optimal in the least squared error sense. The data to create 
the MLR model can be obtained by following the Design of Experiments (DoE) 
methodology. See e.g. [3] for details on MLR modelling and DoE.  
 
Firstly, formal experiments are conducted according to the DoE methodology to obtain 
rich-enough data to calculate the parameters for the MLR model, and to assess the 
feasibility of the obtained MLR model to estimate the stack temperature. The experiments 
are conducted in a similar fashion as in the previous work reported in [1-2]. However, in 
this study an 80-cell stack is used with a current of 160 A at system nominal operating 
conditions (NOC). In [1-2], a 64-cell stack was used with 200 A current at system NOC. 
 
Secondly, the practical feasibility of the obtained MLR model is investigated experimentally 
by evaluating the accuracy of the estimate in two test cases:  

1) a system load change and  
2) during operator-imposed disturbance in the fuel system where the methane 

conversion in the fuel pre-reformer is changing.  
In both test cases the stack temperature is regulated by a closed-loop PI-controller, where 
the MLR-estimate is used as a feedback value for the controller. 
 
Thirdly, the general feasibility of the studied approach is investigated by calculating a 
common MLR model for both 80-cell and 64-cell stacks and assessing its estimation 
accuracy at system NOC. The motivation for this exercise is to evaluate whether or not a 
MLR model derived with operational data of one stack can be utilized for the temperature 
estimation of another stack. 
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2. Experiments 

 
The experiments were carried out with a complete 10 kW SOFC system [4] at VTT, 
Finland. The system incorporated an 80-cell SOFC stack provided by Versa Power 
Systems [5] and the stack contained altogether 23 temperature measurement probes 
inside the stack. Four independent system inputs, given in Table 1, were manipulated 
according to a so-called fractional factorial experiment design (see e.g. [3] for details). The 
fractional design was adopted as previous work [1-2] proved that interactions of the 
previously investigated inputs ( ) is insignificant and thus the number of 
experimental conditions could be decreased. The fractional test plan was designed for two 
individual nominal levels i.e. for NOC1 and NOC2 at 160 A and 145 A stack current, 
respectively, and in both cases, each input is varied between two levels (minimum and 
maximum). Two individual nominal levels were used to enlarge the operational area of the 
derived MLR model. 
  

Table 1  The experiment design: manipulated input variables 
 ( ), two nominal levels (NOC1 & NOC2) and the variation of the inputs. 
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NOC1 and 4 NOC2 conditions were measured at steady-state. Additionally, 9 other 
steady-state conditions, e.g. at part-load were recorded to be used for model development. 
 
The practical feasibility of the created MLR model was investigated experimentally with a 
closed-loop PI-controller set to regulate the stack temperature. Instead of using the in-
stack thermocouples for measured feedback, the feedback signal for the PI-controller was 
calculated by the MLR model. The PI-controller regulates the stack temperature by 
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system heat exchanger.
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accuracy at system NOC. The motivation for this exercise is to evaluate whether or not a 
MLR model derived with operational data of one stack can be utilized for the temperature 
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3.2 Load transient experiment 
 
The feasibility of the MLR model (2) for stack temperature regulation was investigated by 
performing a load transient from 145 A to 160 A and back, accompanied by a 24-hour 
stabilization period between transitions (Figure 4a). The  setpoint was set to 775°C 
for this experiment. During a load transient, all input variables of the MLR model are 
changing, since  and  are controlled as a function of the current,  is adjusted 
by the PI-controller and  changes according to the temperature characteristics of the 
stack.  
 
It is observed that the MLR model provides good estimation accuracy during the load 
transients as the estimate remains within 2°C of measured throughout the transient 
(Figure 4b). Morever, it is observed that the dynamic response of the estimated and 
measured value is similar during the experiment, which is largely due to the utilization of 
cathode outlet temperature measurement ( ) as an input for the MLR model. The 
results depicted in Figure 4b show that using enables application of the as-such static 
MLR estimate for dynamic control purposes. 
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Figure 4  Load transient experiment a) stack current and  

b) measured, estimated and setpoint value for Tmax. 
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3. Results  
 

3.1 Temperature estimation with the MLR model 
 
The MLR model (2) to estimate the stack temperature was created with similar 
methodology as presented in [1-2] by using all 4 inputs and the measurement of the 
cathode outlet gas temperature as regressors. All previously mentioned 38 steady-state 
operating conditions were used to calculate the coefficients of the MLR model in order to 
(i) fully utilize the conducted experiments and (ii) to maximize the accuracy and the 
operational envelope for the MLR estimate.  
 

  (2) 
 
Figure 3 illustrates the accuracy of the obtained MLR estimate for both the utilized steady-
state fitting data and the full time-series data. The MLR model (2) fits the measurement 
data very well, which can be observed by high estimation accuracy with respect to both 
steady-state fitting data (Figure 3b) as well as the full time-series data (Figure 3a). The 
average estimation error  and the adjusted degree of variance explanation power 

 of the fitting data are 0.93°C and 0.99, respectively (Figure 3c). (See e.g. [1] for a 
detailed description of  and  for MLR model evaluation.) 
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Figure 3  Measured and estimated stack maximum temperature for a) time-series data b) steady-

state data and c) error of the estimate. 
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3.3 A common MLR model for two different stacks 
 
Finally, the general feasibility of the studied approach, i.e. utilization of a common MLR 
model to estimate the internal stack temperature, is investigated by utilizing the 
experimental results of previous work [1-2] for a 64-cell stack and the data of the current 
work. A common MLR model is created based on the 80-cell stack data and its estimation 
accuracy is assessed for both the 80-cell and the 64-cell stacks. 
 
The 64-cell stack was operated at a current of 200 A at system NOC, but with same gas 
flow rates as the 80-cell stack at 160A current, resulting as same NOC air and fuel 
utilization. (The total Faradic current of the stack at NOC remains the same.) A simple trial 
reveals that the MLR model (2), created upon the 80-cell stack experiments, does not 
provide a good estimate for the of the 64-cell stack. 
 
Since the estimate given by (2) is biased significantly when applied to a different stack, 
another MLR model was created by using an alternative definition for the inputs of the 
model. Instead of using only the independent system inputs as such, e.g. air or fuel flow 
rates, the feasibility of proportional operational variables for SOFC stacks, such as fuel 
and air utilization rates, was evaluated. 
 
An exhaustive search was conducted over different combinations of the proportional 
operational variables as well as selected temperature measurements to find proper inputs 
for the common MLR model. All evaluated models were ranked according to  and 

for the fitting data, and a MLR model with nine inputs was found to provide the best 
estimate for both 64- and 80-cell stack (Table 2). 

 
Table 2  Input variables and coefficients for the common MLR model 

 
MLR model input, xi Unit i* 
Current A -0.000825 
Module inlet air temperature °C -0.025604 
Cathode outlet gas temp. °C 0.272114 
Stack voltage V -0.678215 
System fuel utilization % 0.394374 
Stack air utilization % 0.5714224 
Stack fuel utilization % 0.3351744 
Anode inlet gas temp. °C -0.4159904 
Anode outlet gas temp. °C 1.2430144 
  0=-52.292776 
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3.3 Process disturbance experiment 
 
The feasibility of the MLR model (2) for stack temperature regulation was further 
investigated by imposing such a disturbance to the fuel system that the stack temperature 
is also affected. During the experiment the system was operated at NOC1 with 160 A 
current and  setpoint of 775°C. The process disturbance was created by changing the 
inlet temperature of the fuel pre-reformer by ±50°C from the nominal value of 625°C 
(Figure 5a). A change in the inlet temperature alters the conversion of methane and thus 
the reformer outlet (and stack inlet) methane flow rate (Figure 5b). In turn, the stack inlet 
methane flow rate will affect the stack temperature due to endothermic steam reforming 
reactions. During the experiment, the methane outlet flow and conversion of methane 
varied from 25.6 to 21.2 NLPM, and from 10 to 23 %, respectively. It should be noted that 
all independent inputs ( ) of the MLR model - which are concurrently the primary 
control variables of the 10 kW SOFC system - were kept constant during the experiment. 
Of the MLR model inputs, only the cathode outlet temperature (  changes due to the 
experiment.  
 
 
In Figure 5 it is seen that the MLR model provides good estimation characteristics also 
during the process disturbance. The accuracy of the estimate remains within 3°C of the 
measured throughout the experiment (Figure 5b). Additionally, the dynamic response 
of the estimated and measured value is similar as well. Again, the effects of the process 
disturbance on stack temperature are picked up by ., enabling the good estimation 
characteristics for the MLR model. 
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Figure 5  Process disturbance experiment a) reformer inlet temperature and b) flow rate and 

conversion of methane and c) measured, estimated and setpoint value for Tmax. 
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conversion of methane and c) measured, estimated and setpoint value for Tmax. 



VII/8 VII/9

 11th European SOFC & SOE Forum 1 - 4 July 2014, Lucerne/Switzerland 

 
Diagnostic, characterisation and Chapter 15 - Sessions B12/A13 - 191/282   
electrochemical modelling I and II    

  

 
4. Conclusions 

 
The practical applicability of multivariable linear regression models for the estimation of the 
SOFC stack maximum temperature was evaluated experimentally. Designed experiments 
on a complete 10 kW SOFC system were utilized in the work. An MLR model was applied 
to produce the feedback for a closed-loop PI controller for the regulation of the stack 
maximum temperature under two test cases: a load change and a process disturbance. 
The estimate and subsequently also the controller performed well. Finally, a universal 
approach for developing MLR models for the estimation of the maximum temperature of 
different SOFC stacks was studied based on experimental data obtained with two different 
stacks. A common MLR model using proportional operational variables as model inputs 
can provide an accurate estimate of the  for both stacks. 
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The measured  and the estimate for the time-series data of the two stacks given by 
the common MLR model is depicted in Figure 6. The common MLR model provides an 
accurate estimate for the 80-cell stack (Figure 6a) throughout the experiment, which can 
be expected, since the coefficients presented in Table 2 are calculated with the 
corresponding steady-state data. More interestingly, the common MLR model can estimate 
the  also for the 64-cell stack (Figure 6b) with high accuracy, even though no data 
from this experiment is used to calculate the coefficients of the model. Moreover, the 
common MLR model provides an accurate estimate for the 64-cell stack albeit it was 
operated at higher current and higher stack internal temperature. An interesting detail is 
that the MLR retains its accuracy as the both stacks are subjected to a number of full 
thermal cycles down to room temperature. 
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Figure 6  Common MLR model estimate and measurement of Tmax for a) 80-cell and b) 64-cell stack. 

TC denotes a full system thermocycle. 
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The measured  and the estimate for the time-series data of the two stacks given by 
the common MLR model is depicted in Figure 6. The common MLR model provides an 
accurate estimate for the 80-cell stack (Figure 6a) throughout the experiment, which can 
be expected, since the coefficients presented in Table 2 are calculated with the 
corresponding steady-state data. More interestingly, the common MLR model can estimate 
the  also for the 64-cell stack (Figure 6b) with high accuracy, even though no data 
from this experiment is used to calculate the coefficients of the model. Moreover, the 
common MLR model provides an accurate estimate for the 64-cell stack albeit it was 
operated at higher current and higher stack internal temperature. An interesting detail is 
that the MLR retains its accuracy as the both stacks are subjected to a number of full 
thermal cycles down to room temperature. 
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Figure 6  Common MLR model estimate and measurement of Tmax for a) 80-cell and b) 64-cell stack. 

TC denotes a full system thermocycle. 
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