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a b s t r a c t

Fuel cells are devices that convert chemical energy in hydrogen enriched fuels into electricity electro-
chemically. Micro-tubular solid oxide fuel cells (MT-SOFCs), the type pioneered by K. Kendall in the early
1990s, are a variety of SOFCs that are on the scale of millimetres compared to their much larger SOFC
relatives that are typically on the scale of tens of centimetres. The main advantage of the MT-SOFC, over
its larger predecessor, is that it is smaller in size and is more suitable for rapid start up. This may allow the
SOFC to be used in devices such as auxiliary power units, automotive power supplies, mobile electricity
generators and battery re-chargers.

The following paper is Part I of a two part series. Part I will introduce the reader to the MT-SOFC
stack and its applications, indicating who is researching what in this field and also specifically investi-

gate the design issues related to multi-cell reactor systems called stacks. Part II will review in detail the
combinations of materials and methods used to produce the electrodes and electrolytes of MT-SOFC’s.
Also the role of modelling and validation techniques used in the design and improvement of the elec-
trodes and electrolytes will be investigated. A broad range of scientific and engineering disciplines are
involved in a stack design. Scientific and engineering content has been discussed in the areas of thermal-

self-sustainability and efficiency, sealing technologies, manifold design, electrical connections and cell
performance optimisation.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction to SOFCs

Fuel cells are electrochemical devices that convert chemical
nergy in hydrogen enriched fuels into electricity electrochemi-
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cally. In the most widely used energy extraction mechanisms of
today, such as engines and hydrocarbon fuelled turbines etc., a
process of producing heat and converting this heat energy into
mechanical work results in thermodynamic limitations such as
Carnot efficiency limitations. During the combustion process pollu-
7. Level of research in micro-tubular SOFCs and what is being researche
8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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tants are also exhausted and these pollutants add to global warming
and are harmful to human health.

In the future fuel cells will be a means of producing electricity
more efficiently and they have the potential of producing envi-
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ig. 1. Operation of a SOFC where three phase conditions in the cathode and anode
llow the red–ox reactions.

onmentally friendly energy with much lower pollutant and CO2
missions. One particular type of fuel cell is the solid oxide fuel cell
SOFC). It has some important characteristics that other types of
uel cells cannot provide. Within a fuel cell, hydrogen rich fuel is
ed to an oxidising anode electrode and an oxidant, air or pure oxy-
en, is fed to a reducing cathode electrode. Sandwiched between
he anode and cathode is an ion conducting device called an elec-
rolyte that electrically isolates the anode from the cathode. Fig. 1
epicts an illustration of this mechanism.

An important concept in the operation of the SOFC is the triple
hase boundary regions, which are places where the oxygen reduc-
ion and hydrogen oxidation (red–ox) can only take place. More
pecifically these are areas where oxygen ions being transported
hrough the electrolyte meet hydrogen atoms flowing through
ores in the anode. At these points there should also be a nickel
onduction path to an external circuit. Thus oxidation can occur on
he anode forming water and releasing electrons that can be used
or work in an external circuit. These electrons then flow back to
he cathode to facilitate reduction of oxygen, producing the ions for
ransportation through the electrolyte.

These electrons are driven by the voltage generated between
he negative and positive electrodes. This voltage is a function of
he Nernst equation, which provides a relationship between the
deal standard potential for a cell reaction and the ideal equilibrium
otential at other partial pressures of reactants and products. For
he overall cell reaction, the cell potential increases with an increase
n the partial pressure, gas concentration of the reactants and/or a
ecrease in the partial pressure of products. A more detailed intro-
uction to the inner workings of the SOFC can be found in Part II of
his review series.

The three main advantages of the SOFC over many other types of
uel cells are firstly, that losses associated with the cells that result
n heat can be integrated into the heat provision system for the SOFC
nd can make it thermally self sustaining or at least very efficient
nce the cells are operational. The second advantage of the SOFC is

hat at these elevated temperatures internal fuel reforming can also
ake place on nickel in the anode. The internal reforming capability
f SOFCs means that a variety of fuels such as hydrocarbons can
e used without using external reformers. These devices require
ower themselves to run and they add mass, which reduces the
ources 193 (2009) 387–399

overall efficiency of a fuel cell power plant/pack. The third advan-
tage is that the materials to make good quality cells are not as
expensive as those for other types of fuel cells.

2. The micro-tubular SOFC stack and possible applications

The demonstration in the early 1990s of the extrusion of thin YSZ
ceramic tubes, with wall thicknesses of between 100 and 200 �m,
which could be used as the electrolyte for SOFC operation, by Sing-
hal and Kendall [1], opened up the micro-tubular SOFC (MT-SOFC)
research field. Soon after this achievement Kendall and his group
[2] demonstrated the first operational 20-cell, 200-cell and 1000-
cell reactors. Described by Alston et al. [2] is the 1000-cell reactor
which was used to produce electricity from the cells directly and to
heat water with the heat losses. The reactor is made up of 40 mod-
ular stacks that are joined together to make a master stack. They
reported that the hot air alone fed to the reactor was sufficient to
heat up the cells to their operating temperature and that these cells
could withstand temperature increases of 200 ◦C min−1. The reac-
tor produced only 82 mW cm−2 but this achievement proved that
the MT-SOFC system was feasible.

Currently the most commonly used cell architecture for the MT-
SOFC is a deviation from the original electrolyte supported type
called the anode supported MT-SOFC. To reduce the ohmic losses
and impedance to ionic transport, a thin electrolyte layer is spread
upon the anode. In this case the anode is much thicker than the
electrolyte and it is the support body for the electrolyte and cath-
ode. This form of cell was also pioneered by a group including
Kendall [3]. More detail about the cell development and the meth-
ods used to improve the electrode and electrolyte structures while
also improving the power output of the cells will be supplied in the
Part II of this review. Cutting edge experimental techniques such as
impedance spectroscopy, X-ray computed tomography in combina-
tion with modelling techniques, oxygen stable isotope labeling and
subsequent secondary ion mass spectrometry analyses are some
examples of the novel approaches for improving the cell perfor-
mance that will also be discussed in detail in Part II.

In 2000 a paper by Van Herle et al. [4], investigated the applica-
tion of the SOFC for vehicles. It was suggested by the authors (which
included esteemed members of the field) that the over-looking and
presumption, at the time, that SOFC technology could not meet the
requirements needed by a vehicle power plant, i.e. a massive reduc-
tion in size, enhanced strength and resistance to fast thermal heat
up, may be short-sighted and incorrect. They recommended that
cells based on thin small tubular ceramics had the potential to over-
come the problems listed above and that the inherent advantages
of the SOFC over engines and other types of fuel cells (mainly eco-
nomic) made the MT-SOFC very attractive for this scale of power
plant.

Several designs for the use of SOFCs for automotive use have
since been suggested for example by Winkler and Lorenz [5].
Their suggestions include a SOFC-GT (gas turbine) power train sys-
tem, a SOFC-GT power train system with external cooling and a
SOFC–Stirling cycle. The authors specifically point to the MT-SOFCs
as the most feasible type of SOFC for mobile applications coupled
with a Stirling engine because of the expected high system effi-
ciency, low specific volumes and the present availability of small
units.

The heat extraction of the SOFC by a Stirling engine does not
affect the combustion reaction because the coolant is the sepa-
rated working fluid of the Stirling engine. They also recommend

that the exhaust temperatures of the SOFC–Stirling engine should
be much lower than that of a SOFC-GT system indicating better heat
recovery. These initial studies indicated that the design problems of
such cycles should be solvable. The micro-GT is a very simple device
compared to the Stirling engine and the inclusion, for example, of
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urbo-chargers in the exhaust flow of the Stirling engine system,
o increase its efficiency, also increases its complexity. However,
he authors pointed out that more research in this area could be
aluable in the long term.

Tompsett et al. [6] in another application for MT-SOFCs describe
he integration of a micro-SOFC stack and standard gas burner to
roduce both electricity and heat by putting a cell inside a three-
atalyst burner. Fig. 2 illustrates the concept where the platinum
ombustion catalyst provides heat (900 ◦C) for the operation of the
T-SOFCs and the pre-heating of the ruthenium pre-reforming cat-

lyst to 700 ◦C. The catalytic reformer produces hydrogen gas for
he fuel cell operation and the mixing of some air into the fuel gas

revents carbon build up on the fuel cell anodes, by oxidising the
arbon. Finally the air that is utilised in the fuel cells is fed back to
he pre-burner fuel mix to preheat the fuel giving a faster reaction
ime.

ig. 2. Depiction of the gas and heat flows in a triple layer catalyst–SOFC-catalyst
ystem proposed by Tompsett et al. [6].
ources 193 (2009) 387–399 389

This prototype unit produced a very meager 1.5 W, but the
demonstration alone showed the versatility of the MT-SOFC stack.
The authors also pointed out other possible applications such as
a vehicle battery charger. In this case the fuel cell could be used
to recharge a battery and the battery life would be extended due
to smaller discharge depth, ultimately reducing the costs of the
number of replacements. The usable time of the vehicle would be
increased due to the continuous recharging from the fuel cell, when
in use. They also point out how a power pack from a MT-SOFC would
not intrude on such products as golf trolleys, bicycles and wheel
chairs.

Instantaneous start-up, similar to that of an engine or battery, is
an unavoidable condition, for the commercial success of MT-SOFCs,
not only in the automotive field but also in the auxiliary power
supply sector. Systems using battery and super capacitor start-up
heating mechanisms have been envisaged for the start up of the
MT-SOFC stacks, but the volume occupied by such a system, that
generates an equivalent power, is prohibitive for many applications.
Originally Kendall and co-workers [2] demonstrated with his 1000-
cell reactor that MT-SOFCs could be heated up to their operational
temperature of 850 ◦C at a rate of 200 ◦C min−1 and other authors
have since shown much faster heat up times.

In 1996 Prof. Kendall also set up the first MT-SOFC company
called Adelan (UK) Ltd. and Bujalski et al. [7] with these cells have
shown that MT-SOFCs could be consistently ramped to operational
temperature at a rate of 4000 ◦C min−1 without any structural dam-
age or power degradation. This would mean that the cells would be
at their operational temperature after 12 s. An important result of
these tests was the finding that these cells could also be allowed to
cool extremely fast to 300 ◦C within a few seconds and not become
damaged or in cur losses of performance after a 50 cycle test. Of
course it should be noted that the apparatus used to perform these
tests was specifically designed for single cell tests and a stack of
these cells will have its heating up and cooling down rates fur-
ther limited by the thermal stresses induced by the reactor housing
and seals of the cells. Nonetheless it has been shown that the cells
themselves can be very thermal shock resistant.

Very recently Du et al. [8] showed with their cells (Nano-
dynamics USA, Inc.) that regardless of single cell tests or stack tests
that thermal cycling of their cells did not cause any degradation
of them. They recommended that their stacks can be heated up at
rates of 550 ◦C min−1 and that their cells produced the normal oper-
ational power as soon as it reached the operational temperature of
800 ◦C. It was very interesting that their single cell tests just com-
prised of putting the cells into preheated ovens for heating up and
simply removing them for cooling down. This is another example
of how robust these cells can be. Du et al. [8] have also performed
experiments where they heated up different generations of their
cells in stacks. In these experiments the start-up heating rate was
550 ◦C min−1. They found that no performance losses or structural
damage occurred even though the cell size was scaled up 2.7 times.
The sizes of these cells were not found in any of the published litera-
ture associated with the company. However, this is a demonstration
the robustness of stacks containing MT-SOFCs.

3. Reports of micro-tubular SOFC stack designs and
considerations

In the literature there are only a few design concepts described
for MT-SOFC stack design. The most standard design is an array
of MT-SOFCs with hydrogen flowing inside each cell in the array

and air flowing around the outside of the cells. The lack of stack
designs and optimisation of the arrays in the literature is proba-
bly for two reasons. The first being that the problems associated
with single cells have not been totally eradicated by most groups.
Thus they will be focusing their efforts on single cells. The sec-
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ig. 3. Depiction of the current collectors and cell configuration by Sammes et al.
9].

nd reason is that groups associated with industrial partners will
e guarding their stack designs carefully to keep their innovations
idden from their competitors. However, there are some interest-

ng reactor designs described in both the literature and patents for
T-SOFCs.
To begin with Sammes et al. [9] show a concept for a 40-cell stack

here the cells are connected together with current collectors in
lanar multi-cell arrays. The main feature of this design is that these
ingle rows of tubular cells can be electrically connected in series
r parallel and physically connected as parts of a larger stack com-
rised of these individual modules. Silver is used to braze the cells
o the current collectors and the brazing process takes place inside
furnace. Fig. 3 illustrates an example of the current collection and

ealing mechanism for serially connected cells where the terminal
n the left of the flat plate connector contacts the cathode and the
erminal on the right to the anode providing a serial connection
hat builds up the voltage.
Funahashi et al. [10] describe the fabrication of a cube shaped
T-SOFC bundle that can be seen in Fig. 4. The reactor components
ere successfully assembled into a cube shaped MT-SOFC bundle

3 cm × 3 cm ×3 cm) with 36 tubular cells each having a diameter of

ig. 4. Illustration of the cube shaped SOFC cathode structure with embedded
lectrolyte-anode tubes by Funahashi et al. [10].
ources 193 (2009) 387–399

2.0 mm. In this type of MT-SOFC stack design, the cathode consists of
blocks of matrices with several grooves that hold the MT-SOFCs. The
cathode matrices are used as the current collectors, the guide for
cell arrangement and the oxidant flow path. This original design is
also an example of a stack where cells are connected in parallel and
recently the same group [11] have shown an innovative technique
to connect these cells in series.

They recommend that when the cathode matrix has a gas pen-
etration coefficient of 1.68 × 10−4 ml cm−2 s−1 Pa−1, it is possible to
flow 600 ml min−1 of air in a cubic cell (1 cm3) under 0.1 MPa differ-
ence between the inlet and outlet. The air flow rate of 470 ml min−1

was estimated to meet the target power density of 2 W cm−3, and
indeed these cathode matrices appeared to be suitable components
for the cube to achieve targeted performance.

The flow of fuel to the anode is also an important area to be
optimised in a MT-SOFC reactor design. Currently most groups send
the fuel in one end of the micro-tubular cell anode and out the other
end. The electrical connections are made via wires lodged inside
the anode, meshes lodged inside or brazed connections to areas of
the anode not covered by the electrolyte. Recently Lee et al. [12]
have demonstrated their 700 W anode supported SOFC stack for
APU applications. It has a novel combined approach of supplying
the fuel and electrical connection by using the red conductive inlet
pipe and orange wires as seen in Fig. 5. Their cells are 10 mm in
diameter and they are 160 mm long, which is at the larger end of
the MT-SOFC scale.

A novel feature of this design is that the inclusion of a metallic
pipe, nickel wires and layer of nickel felt inside the anode should
enhance the fuel utilisation efficiency by reducing the volume of
the gas flow channel inside the anode. Importantly this system may
simplify the fuel inlet and exhaust manifolds because both the fuel
and exhaust enters and leaves the cell at the same end. It may also
be the case that the heat transfer from the hot exhaust to the cooler
inlet gas in this system may also improve the overall system effi-
ciency. They report a dramatic increase in the power output of their
cells from 0.24 up to 0.54 W cm−2 with a fuel utilisation of 45%. The
reasons suggested for this increase in performance are attributed
to this new fuel supply system, a reduction in ohmic losses and a
reduction in contact resistance between the anode and the current
collector.

A very interesting part of this paper examines the gas supply to
a 6-cell stack. They use a computational fluid dynamics program
to design their gas supply systems and by varying the size of the
gas entrance slit within the fuel supply chamber and the angle of
the inclined wall of the fuel exhaustion chamber, they make sure
that each cell in the reactor receives the same amount of fuel. The
length of the current paths within their stack was also designed
so that the length of the current collection wires in hot zones was
minimised. This was because of the increased power losses from
these wires at higher temperatures. Their final stack containing 36
cells produced a total of 700 W at 750 ◦C with a fuel utilisation of
49% and 0.39 W cm−2. This method may be applicable to the smaller
diameter cells as there are micro-sized capillary pipes available on
the market made from pure silver and indeed nickel from various
manufacturers.

The prior mentioned stack designs only relate to the physical
structure of the reactors and there are some examples of detailed
accounts of whole systems that include the key topic of thermal-
self-sustainability. For example Alberta Research Council [13] have
issued a patent which includes the design for the operation of a
MT-SOFC stack and heating system. The system is actually quite

simple. The un-reacted fuel is used to supply the required burn
temperature from the exhaust to control the temperature inside any
of the reactor modules and this is electronically controlled. These
burners can also be used to maintain any individual module at a
standby temperature.
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the porous material rather than the single point. A very interest-
ing additional adaptation of this design would be to supply the fuel
rather than the oxidant to the cells trough this heat exchanger with
the anode layer on the outside of the cells. This may make it much
Fig. 5. Illustration of the gas sup

The invention contains four modules of cells or sub-stacks with
ifferent numbers of cells in each, any of which can be activated
r deactivated in any combination to satisfy the power demand.
lso a novel type of insulation from Aspen Aerogels (USA) Inc. [14]

s utilised to thermally insolate the system. This seems to have a
ery low thermal conductivity, which would be extremely advanta-
eous for holding heat within the modules. In the patent application
here is a lot of detail about the workings of the stack and sub-
tack systems and the reader is referred to the patent [13] for more
nformation.

Another patent also by Alberta Research Council [15] also
escribes the operation of a MT-SOFC stack with a novel heat
xchanger design as seen in Fig. 6, where it should be noted that the
xidant outlet from the top of the stack is connected to the oxidant
utlet in the heat exchanger. The system comprises of a cylindrical
rray of SOFC cells encased by a heat exchanger that wraps around
he fuel cell stack and comprises of a flexible, thermally conduc-
ive first layer and an overlapping flexible, thermally conductive
econd layer spaced from the first layer. The first and second lay-
rs define adjacent annular oxidant supply and oxidant exhaust
hannels when wrapped around the stack. The exhaust channel
s communicative with heated exhaust oxidant flowing from the
tack. The oxidant supply channel is communicative with supply
xidant that flows to the stack and is heated by hot exhaust oxidant
n the adjacent oxidant exhaust channel and from heat radiating
rom the stack.

This is just a design and there is no performance data available

n how well the heat exchanger works but it seems that it could
ork quite well. Indications of the advantages of similar coiled heat

xchangers have been shown elsewhere by [16–19].
Another addition of this system could be to burn the exhaust

ydrogen to also heat the incoming oxidant and fuel lines, which
stem invented by Lee et al. [12].

should increase the overall efficiency. A big question with this
design would be, because the flow all exits at one point inside the
MT-SOFC holding chamber, does this cause areas inside the reac-
tor where the inlet gas is not refreshed? A possible solution could
be to reverse the direction of the flow and allow the gas to exit at
Fig. 6. Looking from the top of the heat exchanger design by Alberta Research Coun-
cil (CAN) Inc. [15].
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asier to make electrical connections to the anode and the fact that
he hydrogen would be confined inside this chamber could also be
dvantageous and a novel approach.

Most of the previous reactor concepts are designed to oper-
te at high temperatures but many groups are working to reduce
he operating temperature of the cells. The use of intermediate
emperature MT-SOFCs, operating under 650 ◦C, can decrease mate-
ial degradation, prolong stack-lifetime and reduce stack material
osts by utilizing common metal materials. In the past few years
esults published by several authors [20–25] have reported promis-
ng intermediate temperature MT-SOFCs and how this was achieved

ill be covered in more detail in Part II. The reduction of the oper-
ting temperatures also reduces the diversity of the fuels that can
e used in these cells. Internal reforming requires temperatures in
xcess of 700 ◦C and so it may not be possible without external
eformers operating at higher temperatures than the cells them-
elves. So there is a possibility that high temperature cells will
lways be needed for hydrocarbon fuel utilisation.

A very important part of a MT-SOFC reactor design will be
he temperature management of the stack. This has been studied
ecently by Hashimoto et al. [26] experimentally and with some
nalytical techniques. The principle behind the technique is that
he reduction in electrical potential of a MT-SOFC, as the amount
f current drawn from the cell is increased, can be accounted for
y mainly ohmic and polarisation losses associated with the elec-
rolyte. The ohmic part of these losses should obey Ohm’s law and
hus be a linear function. However, if the resistance of the cell is
elatively high compared to the current level, or if the cell has dif-
culty in radiating heat away fast enough, the cell will lose the

inearity between ohmic potential drop and current. This is due to
eat generation within the cell, which lowers the resistance of the
lectrolyte. This would imply that the electrical potential drop due
o ohmic losses is related to the temperature of the cell.

To measure the ohmic losses and polarisation losses two meth-
ds were used. The current interrupt method is an AC technique
hat very briefly interrupts the fuel cell current and rapidly mea-
ures the terminal voltage before and during the interruption as
een in Fig. 7. A current pulse generator is used as an electric load
nd pulse source. An electrometer that has a high input resistance
s connected to the potential sensing terminals of the cell under
est. Using the electrometer the potential pulse can be measured
y using an oscilloscope and thus the ohmic drop of the cell can be
easured at any cell current.
The second method to measure the ohmic losses was elec-

rochemical impedance spectroscopy (EIS). This method involves
mposing the AC perturbation over a broad range of frequencies
ormally from 10 kHz to 1 Hz or lower. By monitoring the resulting
ariations in magnitude and phase of the cell voltage and current

ith a frequency response analyser the complex impedance (Z′ and

′′) of the fuel cell can be found as seen in Fig. 8. This produces a
etailed data set and several parameters may be extracted including
he ohmic losses from the cell, kinetics and mass transport within

ig. 7. The current produced by the fuel cell is very briefly interrupted using a current
ulse generator and the initial change in cell voltage, due to losses is measured.
Fig. 8. Example EIS result where the amplitude and phase of the signals may be
plotted in Nyquist format for analysis and modelling.

the cell. They report no differences in ohmic measurement results
between the two methods indicating that the much less expen-
sive current interrupt method is just as effective as the costly EIS
method.

The steps to define the cell temperature as a function of the
current drawn from the cell are as follows. Firstly, polarisation of
the cell during power generation is measured by EIS or the cur-
rent interruption method. The ohmic potential drop as a function
of current is obtained and the ohmic resistance at each current is
calculated. Secondly, the temperature dependence of the cell resis-
tance at OCV or in the low current density region, where the ohmic
potential drop follows Ohm’s law, is measured. By applying the
change in ohmic resistance in the cell, the cell temperature as a
function of current can be estimated.

While experimentally validating their theory they found a dra-
matic reduction in the ohmic resistance of the electrolyte of a cell
as the current density was increased. This would mean that there
should also be a large increase in temperature around the cell.
Compared to their electrochemical technique for measuring the
temperature, the experimental results matched quite well, where
there was the same slope in temperature gradients, but 10 ◦C less in
the experimental result. This was most likely caused by the distance
of the thermocouple away from the cell.

The methods used by this group could be a very useful non-
intrusive method to measure the temperature of cells within
bundles or stacks where the temperature at points within the reac-
tor is related to the current being drawn from a cell. The authors
make suggestions for the improvement of the measuring method-
ology. These include, better positioning of the potential sensing
terminals, the addition of other potential sensing terminals and
making a regular measurement of the dependence of the testing
cell’s electrode resistance to temperature.

Table 1 summarises some of the qualities of the MT-SOFC stacks
that were found during the course of this research paper. Probably
the most advanced micro-tubular reactor has been made by Nano-
dynamics (USA) Inc. which is already being commercialised. This
system runs on propane/natural gas and reforms the fuel via partial
oxidation (POX) reformation. There are currently 50 and 60 W sys-
tems for battery recharging. While there are some papers dealing
with improving the performance and optimisation of the micro-
tubular cells from this company, there is very little information
available on the stack design and system operation.

A key component in MT-SOFC reactor design for commer-
cialisation has been addressed by Sammes et al. [27]. Once the
performance of the stack has been decided the choice of the opti-
mal active surface or number of MT-SOFCs has to be decided based

upon economic reasoning. This is divided into investment/buying
cost versus operating cost. Increasing the current density should
lead to a lowering of the initial investment cost because less cells
will be needed. However, at the same time the increased current
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Table 1
Comparison of the researched micro-tubular SOFC stack designs.

Name of group Cell diameter
(mm)

Support Stack power (W) Development
stage

Operational
temperature (◦C)

Heat up time
(◦C min−1)

Adelan (GBR) ∼2 Electrolyte/
anode

500 (1000 cells) Demonstration
model

850 200

AIST (JPN) 0.8 Cathode 2 (20 cells) R&D 500 83
Alberta Research Council (CAN) ∼2 Anode 20 (∼30 cells) Thermally self

sustaining
model

800 N/a

Korea Institute of Technology (KOR) 10 Anode 700 (36 cells) Demonstration
model

750 6

Nano-dynamics (USA) N/a Cathode 250 50 and 60 W
models in the
market

800 550

TOTO (JPN) N/a N/a 43 (14 cells) N/a 700 N/a
University of Connecticut (USA) 13.2 Anode 100 (40 cells) Demonstration 850 40

U

d
a
a
a
t
m
c
m

4

p
w
S
i
m
m
e
v
t
i
o
w

w
m
p
c
w
L
f
a
u
i
t
t
o
c

a
s
M
s
e
p

pper Austria University of Applied Sciences (AUT) ∼2 Anode

ensity reduces the fuel efficiency resulting in an increased oper-
ting cost. So a trade off will be required between the buying cost
nd the running costs. This will determine the optimal size of the
ctive surface and consequently the number of MT-SOFCs. Due to
he fact the MT-SOFC stack is at such an early stage in its develop-

ent there are probably very few groups considering this. But it is a
ritical reactor design consideration when stacks for the consumer
arket should be made.

. Sealing of micro-tubular SOFC stacks

A MT-SOFC sealing is more difficult than the sealing of the larger
lanar, tubular and monolith types. In these larger types the seal
ould be located in a specific large area. However, with the MT-

OFCs, sealing occurs in small amounts to connect each of the
ndividual cells to its gas feed and exhaust ports. This results in many

ore possibilities of seals being or becoming defective and thus a
uch higher risk of fuel leaks. For example groups such as Serincan

t al. [28] have already shown the extent of possible temperature
ariations across the MT-SOFC. So the possibility of a substantial
emperature gradient across the position where the seal may be
s a very important consideration. This thermal gradient is likely to
ccur at the sealing location because the active heat producing cells
ill be joined to passive manifolds at this position.

Typically hydrogen travels through the inside of the cell and air
ill travel around the outside of an array of cells, because this is a
uch easier way to contain the hydrogen and control the fuel sup-

ly to the cells. Flowing the oxidant through the inside of the cell
ould mean that very high flow rates of air inside these thin tubes
ould be required because of the high concentration of N2 in the air.

eaks of hydrogen into the air flow can be catastrophic for the per-
ormance and durability of a MT-SOFC stack. When hydrogen leaks
t high temperatures it causes a flame, which is both safety-wise
nacceptable and also causes damage by overheating and vapor-

sation of seals as seen in Fig. 9. The flame removes oxygen from
he stack and can also melt the metallic current collectors attached
o the cathodes. This leak also increases the possibility of the re-
xidation of the anode which is fatal for a cell’s power producing
apability.

As sealing is such an important component in the operation of
MT-SOFC, companies seem to guard their sealing methods and
o the only literature available at present is not specifically for
T-SOFCs but may be applied. One of the only cases where the

ealing was explicitly described for MT-SOFCs was by Hashimoto
t al. [29]. They describe the sealing techniques that they used for
ressurised tests on MT-SOFCs. They used a combination of Aron
model
3.5 (7 cells) Early

experimental
stacks

850 N/a

C and CC (Toagosei Japan Ltd.) ceramic glues to seal their cells to
aluminium oxide tubes and then tested their cells and seals under
pressures of 0.7 MPa. They found that the seal worked very well.
Detailed information on the process they used can be found in the
paper [29].

In many instances the sealing will be between a zirconia elec-
trolyte and a high temperature resistant metal frame, which has the
advantage that the electrolyte acts as an electrical insulator. Seals
can also be from an electrode, normally the anode to a metal inter-
connect, which can act as a flow path for the free electrons produced
by the cell if the seal is metallic. Depending on the design, this seal
can be exposed to operating temperatures of about 750–850 ◦C in
MT-SOFCs that still work best in this range. This seal will always
be exposed to an oxidising atmosphere on the cathode side. On the
anode side the seal will be exposed to a wet fuel gas, containing
various ratios of hydrocarbons (e.g., CH4, H2, CO, CO2, and H2O) and
the seal will always be between these two conditions. The hous-
ing material can also be as important as the sealing material itself.
Crofer E-brite (26Cr–1Mo) and heat treated 430 stainless steel are
some of the materials being considered.

Strong metal to ceramic seals seem to be quite difficult to
realise even at ambient temperatures and the extreme temper-
atures required by MT-SOFC stacks make the sealing problem
substantially more difficult. Glasses are most widely used to make
metal–ceramic seals [30] because they can be modified to have a
very close match of thermal expansion with other fuel cell com-
ponents. These seals show good hermeticity and good thermal and
environmental stability.

In a very comprehensive review paper Raj [31] breaks down
the different sealing approaches into groups. Outlined in his own
research are alloys like FeCrAlY (Fe 22% Cr, 5% Al, 0.2% Y) as a metal
for sealing by brazing to YSZ. Other methods that use glasses that
crystallize either during processing or during use in an SOFC stack,
thereby forming a more rigid glass seal are also discussed. The
author states that these seals are hermetic because they have a very
small crystalline phase but require a close match of the coefficient
of thermal expansion (CTE) and may be less forgiving against seal
fracture under thermal transients. Self healing glass was studied by
creating cracks in seal samples and then observing the healing at
elevated temperatures. It was found that some of the glass seals per-
formed quite impressively even after as many as 300 thermal cycles

between room temperature and 800 ◦C. Along with the stability, the
glass seals retained their ability to self-heal even after very long
exposure times of more than 3000 h at higher temperatures.

Raj also talks about a number of more novel sealing concepts
that are being investigated by groups, such as using polymers of
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Table 2
Comparison of the type of electrical connections used by MT-SOFC development groups.

Name of Group Cathode connection Anode connection Connection profile and
architecture

Adelan (GBR) Silver wire wrapped around
the cells

Internal wire-mesh contact to
the anode

Modules containing cells in
parallel

AIST (JPN) a. Silver wire wrapped
around the cells

Connection to one end of the
anode

a. Modules with serially
connected cells connected in
parallel

b. Cells impressed in cubic
cathode matrix

b. Parallel or serial
connection of all cells within
the module

Alberta Research Council (CAN) Gold or silver layers applied by
a sintering technique

Gold or silver layers applied by
a sintering technique

Modules with cells, connected
in parallel connected in series

Korea Institute of Technology (KOR) Silver wires wrapped around
the cells

Capillary pipe provides fuel
and current collection

Parallel

Nano-dynamics (USA) N/a N/a N/a
TOTO (JPN) N/a N/a N/a
University of Connecticut (USA) Brazed seal at one end of the

the
Brazed seal at the other end of Serially connected cell
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pper Austria University of Applied Sciences (AUT) Silver wire wrapped aro
the cells

i–C–N to make seals to SOFC components and a novel approach of
ica and mica–glass hybrid compressive seals.
In review paper, Lessing [30], discusses some types of sealing

ethods. Glass–ceramics are a common type of sealing method,
here compositions of glasses that are amorphous when lique-
ed but are specifically designed to partially or fully crystallize
nd become opaque when held in a high temperature range that
s below the melting/solidification temperature range. Lessing also
ives an in-depth analysis of this type of sealing stating its problems.

Metal seals are also a very interesting and a plausible solution to
he sealing problem for MT-SOFCs but the types of metals that are
uitable are limited because of their oxidation at high temperatures
r insufficient melting points. Silver is a possible solution, however,
ased on experimental observations of Singh et al. [32] it was con-
luded that silver may not provide adequate long-term structural
tability under a dual oxidation reduction environment. It is sug-
ested that porosity formation in the silver seals is related to the
ormation of gaseous H2O bubbles due to simultaneous diffusion of
ydrogen and oxygen followed by subsequent interaction resulting

n the formation of steam. Abernathy et al. [33] attached silver wire
o a patterned La0.8Sr0.2MnO3 cathode. This cathode was put into
regulated temperature and atmosphere chamber that was filled
ith Cr-containing vapor. Using Raman spectroscopy they found sil-

er chromate, Ag CrO , on the surface of the silver at 500 ◦C and at
2 4
25 ◦C the Ag2CrO4 was deposited by vaporisation across the LSM
urface. The evidence of this contamination means that choosing
he type of metallic interconnect is a serious consideration to be

ade especially in MT-SOFC systems with silver components.

Fig. 9. An array of cells (left) and the damage cause
the cell which also collects the
current

modules connected in serial or
parallel thereafter

Internal wire contact to the
anode

Several methods under test

Tucker et al. [34] have shown that Ticusil (68.8Ag–26.7Cu–4.5Ti)
even after complete oxidation could be a sealing solution. The
brazed strength, sealing ability and conductivity of this material
remains sufficiently high after application. This material oxidises
rapidly in air above 700 ◦C and sample Ticusil joints have been
exposed to fuel/air dual atmospheres. After exposure the joints
remained robust and free of voids. They found, even after very
rapid cycling, that no de-lamination or cracking was observed in
the vicinity of the joint. This enabled 30 rapid thermal cycles of
a braze-sealed metal-supported tubular cell with no loss of open
circuit potential. Based on these observations they concluded that
silver-based brazed alloys filled with low CTE particulates are strong
candidates for use as the seal or interconnect in SOFCs operating at
700 ◦C. These types of seals could be suitable for MT-SOFC stack
designs because of the ease of application and dual role as a gas
tight seal and current collector. Recently Kim et al. [35] have shown
the high temperature tolerance of silver–copper oxide air braze
filler metals under dual oxidising reducing atmospheres at 800 ◦C.
Regardless of the filler metal composition or brazing temperature
employed, none of the specimens that were tested for 100 h dis-
played any signs of hydrogen embrittlement. Specimens exposed
for a longer period of time, 1000 h, did exhibit evidence of inter-
nal porosity and the extent of this was limited to less than half the
width of the joint. According to Kim et al. while the issue of hydro-

gen embrittlement remains a concern with respect to the long-term
stability of silver-based brazes under dual oxidising/reducing envi-
ronment, its development in the Ag–CuO filler metals is much
slower than was previously reported in high-purity silver. This

d (right) from a small flame in a reactor [55].
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s both due to the longer diffusion path in the braze joints and
he buffering effects that CuO reduction appears to afford. Kim et
l. [36] have also investigated the possibility of a Ag–Al–Cu and
g–Al brazes. , they report that while the Al improves the atmo-
pheric tolerance it also weakens the joint strength. Lessing in his
eview [30] also points to the work of ceramic-composite seals
eing investigated by Sandia National Laboratory (USA) and Nex-
ech Materials (USA Ltd). Sandia’s stated composite approach is to
roduce a deformable seal based on using a glass above its normal
lass transition point with control of the viscosity and CTE modified
y using ceramic powder additives. The aim is that the composite
hould be rigid enough to remain in the joint, but have a low enough
iscosity to slightly flow to relieve stresses and heal cracks. Less-
ng reports that NexTech Materials are using BaO–CaO–Al2O3–SiO2
andidate glass compositions (e.g., 15 BaO 25 CaO 7.5 Al2O3 45 SiO2)
ogether with powders of mica, talc, alumina, or zirconia fibers as
n additive to increase the seal viscosity.

Historically, both alumino-silicate cements and alumino-silicate
ements plus glass were used during the early 1990s by various
evelopers [30]. High temperature cements are easily available
rom a variety of commercial sources. However, after curing and fir-
ng, they are typically very porous and lack good wetting/bonding

ith metal interconnects and the ceramic surfaces that are needed
o produce hermetic seals. Therefore, in some cases, glass was added
o the cement in an effort to fill the porosity and aid wetting. This
ombination then becomes a “glass–ceramic” seal, when the mix-
ure is fired to sufficient temperature to melt the glass. Sealing
ements can also be produced by combining ceramic powders (e.g.,
irconia) with chemically bonded ceramics.

. Modelling and micro-tubular SOFC stack design

Producing electricity at high temperatures electrochemically
as been studied by a large number of authors by modelling the
oupled electrochemical and physical phenomena. Computation
uid dynamics (CFD) packages such as FLUENT (ANSYS, Inc. USA),
FD-ACE (ESI Group, Inc. USA) and Star-CD (CD-adapco Ltd. USA)
ll have their own inbuilt electrochemical models and indeed some
cademic groups have built their own models such as DETCHEM
37,38] to work with FLUENT or stand alone CFD codes. While some
nformation can be gathered by using models without the elec-
rochemical and mass transfer of the cells, the best models will
ertainly contain the electrochemical and mass transfer reactions.

For example Lockett et al. [39] have used some very simple fea-
ures in the FLUENT modelling package to characterise heat transfer
nside arrays of MT-SOFCs in counter flow. The purpose of these
imulations was to identify possible stack designs and methods for
fficient stack thermal management. This paper describes a 20-cell
est system and claims to be the first of its kind for modelling flow
round MT-SOFCs in a stack. This was a very basic attempt to use
FD to model the flow regimes within a stack. This model neglected
adiation modelling, species removal and all of the electrochem-
stry. With a constant heat flux of 0.5 W on each cell it cannot be
ertain how the cells would work in reality because of the missing
odelling variables.
While some studies such as Jasinski et al. [40] try to discover how

hese processes affect the cells through experimental approach,
he vast majority of authors are developing models on the nano
cale/molecular dynamics Lehnert et al. [41] and Qi et al. [42] macro
cale/fluid dynamics Tanaka et al. [43] and Bhattacharyya et al.

44] and system scale/system dynamics Ivers-Tiffée et al. [45] and
ue et al. [46]. A paper by Hong [47] has shown how all the afore
entioned scales of models and their associated dynamics, can cul-
inate into a real time simulation package for a vehicle fuel cell

ower plant.
ources 193 (2009) 387–399 395

Some of the fundamentals of the electrochemical processes in
SOFCs are still not understood. Indeed the effects of the multi phys-
ical phenomena surrounding the electrochemical processes on a
high temperature electrode have not been entirely resolved in the
literature. The electrodes on either side of the electrolyte reduce the
concentrations of the fuel and oxidant through red–ox reactions,
producing thermal and electrical energy. The oxidant and fuel con-
centrations and thermal gradients surrounding MT-SOFCs and the
power output of them should ideally be uniform for a cell that does
not experience any other mass transfer or thermal disturbances. It
is unspecified and not fully resolved in the literature to what degree
the fluid, thermal, mass transfer and geometrical dynamics affect
the performance of the electrodes.

An example of how models are ever evolving and giving a more
accurate account for what is happening in the nano scale can be
seen in the improvement in the modelling of the anode. Older stud-
ies which include models such as Lehnert et al. [41] have shown that
there is a concentration gradient within the anodic electrode. It is
suggested that the reaction zone size is 50 �m out stretched from
the electrolyte. This layer is treated as a boundary condition and
the fuel concentration through the anode appears as an exponential
function. Hussain et al. [48] also suggested that the anode reaction
zone is 50 �m but they consider the reaction zone as a volumet-
ric continuum rather than a boundary condition and their result is
more like a bi-linear function. They also show that considering the
reaction zone as a boundary condition leads to over predicting the
concentration over-potential at all loads.

The effect of radiation within reactors is a very interesting topic
and is discussed by VanderSteen and Pharoah [49] who have shown
that for both planar and tubular models that neglecting radiation
effects in modelling results in overestimating the reaction rates,
material properties and also the maximum theoretical voltage.
Tanaka et al. [43] also concur with this statement and add that mod-
ern CFD packages are easily capable of including radiation models.
However, Daun et al. [50] state that due to the minor effect of ther-
mal radiation on the temperature field in planar SOFC cells, that
thermal radiation can be excluded from a detailed CFD analyses of a
planar anode supported SOFC. To the contrary Murthy and Fedorov
[51] found that ignoring radiation effects caused errors of 100 ◦C in
the surrounding temperature fields.

Damm and Fedorov [52] studied radiation with a two-
dimensional model of an anode supported SOFC. This study found,
in contrast to that of Daun et al. [50] that the effect of radia-
tion accounts for a few degrees in the cell temperature field and
states that heat is predominately removed from the cells by con-
vection. The authors remark that their opposite hypothesis to that
of Murthy and Fedorov [51] is because of the different SOFC geome-
tries involved. So it can be concluded that the geometry within a
MT-SOFC reactor can have a huge bearing on the radiation effects.

Qi et al. [42] model with finite volume methods the effects of
transport dynamics of the fuel and oxidant. Their main objective
was to measure how all of the macroscopic transport phenomena
affect a cell’s power producing performance. They only model a
small 3D section of a tubular cell and apply step responses to inlet
temperatures and velocities. The results include dynamics from
the diffusion, inherent impedance, flow and heat exchange pro-
cesses including radiation and internal shift processes. The results
clearly show that fuel flow inlet pressure and temperature have
large effects on the dynamic performance of a SOFC, especially with
regard to its temperature response. It was also shown on the cath-
ode side that the temperature of the incoming air has the most

significant effect on SOFC solid phase temperature and performance
when compared to other inlet flow properties. They report that the
effect of flow velocity is not as significant as inlet pressures and tem-
peratures. Their results also pointed out that the transient response
of a SOFC was mainly controlled by the temperature dynamics. This
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ould be a critical inadequacy of models that just apply a heat flux
o the cells. For example Lockett et al. [39] recommend an air inlet
emperature of 400 ◦C, which may well be correct for dummy cells
utputting a constant flux, but this air temperature will have a huge
ffect on the thermal flux that the cells output. This is an example
f why electrochemical models are a necessity when modelling a
T-SOFC stack design.
Comparisons in the literature of the co-, counter- and cross-flow

ethods, can only be found for big SOFC tubes and planar cells.
ecknagle et al. [53] examined the effects of these three different
ethods with a validated electrochemical code and combined it
ith CFD software.

However, for the MT-SOFC, it is interesting to note that Xue et
l. [46] and Lockett et al. [39] both assume a counter flow config-
ration. In both simulation results it seems that the counter flow
peration results in lower cell structure temperatures at the inlets
nd outlets. This would be advantageous for the MT-SOFCs because
igh temperature seals are required in these positions. An area
hich is totally neglected in the literature is the performance of the
T-SOFCs or its larger predecessor mounted in the cross flow posi-

ion. The tubular SOFC in cross flow is a very interesting research
opic because of the wakes at the rear of the tubes.

The role of the flow regime between and around cells within
rrays and also through them internally is a very important consid-
ration in a MT-SOFC stack design. This issue has been addressed to
ome degree by several authors. For example recently Serincan et
l. [28] have investigated the steady state behaviour of a MT-SOFC
nside an oven in a very comprehensive and enlightening 2D model.

The fuel modelled in this paper is a mix of 25% H2 in N2 having a
ow rate of 100 ml min−1. The temperature of the fuel in the anode
ose by about 110 ◦C between OCV and 0.2 V. Such a temperature
esponse should affect the system response. Also they found tem-
erature gradient field ranges of 18 and 40 ◦C on the cathode and
node sides. In their model the electrolyte temperature is slightly
igher than the electrodes, ranging from 0.1 ◦C at OCV to 0.9 ◦C at
.2 V. This is probably because of the reactions taking place in that
icinity. Fuel mixtures of H2 and N2 are not expected to have dra-
atic effects on the temperature distribution across a cell, even
ith different ratios of each because of their similar molar (volu-
etric) heat removing capacities. However, the use of hydrocarbon

uels flowing inside the anode containing extra un-reacted mass
hould be an issue to be considered for the temperature profile
cross a cell.

Making a MT-SOFC stack that is thermally self sustaining is a very
mportant characteristic to have for high system efficiency. A critical
onsideration is how close should the tubes be stacked together and
hat are the effects on the flow regimes and heat transfer through

undles of cells? In an attempt to answer this question Lawlor et al.
54,55] performed a numerical analysis on high temperature flows
hrough an array of cylinders. It was found that for a particular
rrangement of MT-SOFCs exposed to flow rates expected inside a
eactor that buoyant flows could be an issue for extremely low flow
ates. However, these effects could be negated by forced oxidant
ows over a single mm s−1 through this array of cells.

Chouikh et al. [56,57] studied the spacing distances between
ylinders and the effects of heat transfer by natural convection. They
oncluded that the distances between the cylinders are paramount
o the heat transfer and flow regimes of heated cylinders causing
atural convection. Even though there are no detailed models in
he literature on this topic Suzuki et al. [58] made manifold design
nd stack housing system which did not have a forced flow of oxi-

ant between the cells. This reactor was placed inside an oven for
he tests and natural convection and/or diffusion of oxygen from
he surroundings must have been the oxidant refresher to the cath-
des. From visual observations of the images of the cell stacking
t in the paper, similar to Fig. 10, it seems that these cells are very
Fig. 10. Depiction of a single module in a multi module system used by Suzuki et al.
[58].

close together, which is interesting with regard to the refreshing of
oxygen to the cells.

The range of literature for flow around arrays of cylinders is wide
and varied but none of it deals specifically with high temperature,
laminar flow, around arrays of cylinders wrapped with wires, with
electrical contacts, being affected by mass transfer.

6. Electrical connection and efficient power extraction
from stacks

Current collection from the MT-SOFCs is critical for achieving
high power densities from the cells and high fuel efficiency. There
are many variables that effect the collection of current from the
cells including, contact resistance, temperature, amount of current
in the contact wires, means of connecting cells together (parallel
or serial), choice of materials and geometry and scale of the cells.
Most groups generally use a winding of silver around the cathode
and nickel meshes or wires as the means of connection to the anode.
These materials have high melting points, resistance to oxidation
and corrosion and high electrical conductivity. To reduce the con-
tact resistance on the cathode side, silver paste is normally used as
a transition between the silver wire wrappings on the cathode and
the cathode itself. Indeed Serincan et al. [59] have performed some
numerical simulations where coating the entire cathode surface
with silver was suggested as a viable current collector for MT-SOFCs.

The crucial question is, are there mass transport limitations
when a layer of silver is coated over a whole cell? To find this out the
silver coating on the cathode was given different porosities using
a simple model which incorporates mass, momentum and charge
balances as well as the species transport. The results suggest that
for a broad range of porosity values, mass transport losses are negli-
gible due to the small scale of the fuel cell. They also compared this
design with a more common type of current collector arrangement
with silver paste on the cathode that utilises several pasted strands
of silver, length ways along the cathode as seen in Fig. 9.

In this case the potential losses were found to be negligible
for the same reason related to the small scales of the system. A
non-uniform current density distribution inside the cathode was
predicted by the model, which would lead to a non-uniform reac-

tion rate and temperature distribution along the cathode.

The authors conclude that such a non-uniform temperature dis-
tribution maybe severe enough to cause mechanical failures such
as warping and distortion of the cathode and the separation of the
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in the advanced search engine on the site, these results were bro-
ken down into their main themes. It is clear that there has been
a recent surge in the interest in general SOFC research as shown
in Fig. 11. These results are also broken down into the themes
of the research papers and indicate a good spread of research
V. Lawlor et al. / Journal of P

ilver paste from the cathode. However, there is no experimental
ata to back this up. Table 2 presents a summary of the different
ethods of electrical connections used by the main groups in the

eld.
Connecting the cells in parallel or series has advantages and

isadvantages. When cells are connected in series the voltage is
ncreased incrementally, while the current is limited by the worst
erforming cell. However, a break in the connection, for example by
damaged cell or broken wire, leads to a failure of current collec-

ion among all the cells in serial connection. Connecting the cells
n parallel of course will not cause all the cells to stop providing
urrent if one malfunctions unless there is an electrical shortcut. In
his case the current rather than the voltage increments up. This is
ndesirable because of the associated wires losses. A combination
f both serial and parallel connections should be used to extract the
urrent from the reactor. Current collection is an area in the litera-
ure which has not received any meaningful attention with regard
o what combinations work best. Some authors [2,13,58] have pre-
ented the cells connected in series within smaller modules and
hen these modules are connected in parallel to make larger stacks.
he other approach is to connect modules of cells initially in par-
llel and then in series or parallel. Initially the AIST (Japan) Inc.
roup connected their cells in parallel [24] but recently they have
nvented a serial approach [11] which they hope to use to increase
he power production of their stack modules by reducing the losses
hrough resistance. Of course the numbers of cells in the modules
ill be determined by the size of the stack, but there should be a

alance between, efficiency, costs and probability of a cell becoming
efective to decipher the most optimised stack electrical configu-
ation.

For example if every cell is connected individually to external
ower conditioning hardware a lot of wires will be needed, thus

ncreasing the total system cost. If all the cells are just connected
n series to build up a high voltage, then the amount of wiring
s reduced but the probability of a cell failure causing the failure
f the system or a part failure is increased. This is an area which
eserves addressing and is essential for the cost of these systems
ersus reliability. Keeping the electrical wires and contacts out of
he hot zones or at least as short as possible in them is advan-
ageous because in these hot zones the wires will have higher
esistances and also sufferer degradation faster. So an appropriate
eometry design with consideration for the electrical current col-
ection should also improve the system efficiency and reliability.
he attempt by several groups to reduce the operating temperature
f the MT-SOFCs should also reduce the electrical losses.

The power coming from a MT-SOFC reactor will have to be
onditioned through the use of an inverter unit, especially if it
s used as an auxiliary power pack or for an electric motor. The
nverter should be compact and highly efficient. Since driving an
V motor requires a large current, the heat generated by the power
odule in the inverter, has been a problem impeding the achieve-
ent of compactness and high efficiency. The transistor switching

osses increase and free wheel diode (FWD) reverse recovery losses
ncrease linearly with the switching frequency while the total loss
ncreases quadratically as the current increases. In other words, a
igher switching frequency and current both induce more power
odule loss and heat generation and this reduces the efficiency of

he system.
To cope with this heat generation requirement a larger power

odule and a cooling system is required, which is also unde-
irable. Attempting to suppress the current would compromise

he performance. Isolated gate bi-polar transistor switching (IGBT)
echnology is used for breakdown voltages above 1000 V, while
he metal oxide semiconductor field effect transistor (MOSFET) is
sed for device breakdown voltages below 250 V. Between 250
nd 1000 V, there are many technical papers available from man-
ources 193 (2009) 387–399 397

ufacturers of these devices, some preferring MOSFETs and some
IGBTs. However, choosing between IGBTs and MOSFETs is very
application-specific and cost, size, speed and thermal requirements
should all be considered. To optimise the total system conversion
chain, the output voltage and current of the MT-SOFC stack, which
will be determined by the parallel and serial arrangement of the
cells within the stack, should be also considered.

Also to be considered is the costs. The size of the components
involved in the power inverter depends on the output frequency
and current. As the frequency is reduced the size of the capaci-
tance and inductive components must be increased to store larger
amounts of power between charge and discharging. It is also desir-
able to keep the frequencies above 20 KHz so that the switching is
not audible. Increasing the voltage would seem to be the solution
but then undesirable ripple voltages occur and wire insulation can
become an issue.

7. Level of research in micro-tubular SOFCs and what is
being researched in the field

To compare the quantity of research in larger SOFCs with the
micro-tubular version the Compendex database on the Engineer-
ing Village web site [60] was used in November 2008. This site
contains a data base of scientific and engineering publications from
the most popular journals around the world. It was found that while
comparisons can easily be made between the levels of research
between larger SOFCs and the micro-tubular type, when these are
subsequently broken into paper themes it is difficult to make a
direct comparison. This is because the larger SOFC papers tend to
be more specific while the papers relating to the MT-SOFC tend to
include several topics in a single paper, especially in stack design
papers.

The following results were found for the number of publications
which had solid oxide fuel cell or SOFC in their abstracts, titles or
subject fields. Using different inclusion and exclusion parameters
Fig. 11. Search results from [60] for articles with the terms {solid oxide fuel cells
(OR) SOFC} (AND/OR/NOT) a theme in their titles abstracts or subject fields.
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ig. 12. Break down of the search results in Fig. 11 into the countries of origin of the
ajor contributors.

ver the whole topic. It should be noted that while these papers
re not directly related to the MT-SOFC, many of them may be
pplied such as control systems, sealing and interconnects. It seems
hat as the interest in SOFCs increases so also has the interest in
he peripheral devices such as sealing, interconnects, control sys-
ems and stack design. It may be the case that these peripherals
ecome of more interest to SOFC groups and groups of other dis-
iplines as the quality of the cells improve and the role of the

ifferent peripherals become more necessary for fully functioning
tacks.

Fig. 12 illustrates the percentage of the total for each year of
ublications from each of the major contributing nations. It is clear

ig. 13. Break down of the search results in [60] using an advanced search more
pecific to MT-SOFCs.
Fig. 14. Break down of the search results from Fig. 13 into percentage publications
per nation since 2002.

from this plot that China and Korea seem to be continually expand-
ing their research. Also the contribution numbers of all the major
contributors in the last 7 years has continually eaten into the per-
centage contributed by the non major contributors. This could be
an indication that the major contributors, because of their previous
research activities, are becoming much more specialised and there-
fore will be the dominant proprietors of the SOFC know how and
intellectual property.

This review has focused more specificaly with the micro-tubular
SOFC and so a more sutible search query was inserted into the Engi-
neering Village’s Compendex data base search. The result can be
seen below in Fig. 13, which is broken down into the main topic
of the publications. It was found that the MT-SOFC publications
tend to be much more general. For example there is not any litera-
ture that deals specifically with the sealing of these cells. However,
some information about sealing can be found within texts based
on other themes. So for example a single paper can include several
topics such as fabrication of the anode cathode and electrolyte, with
some manifold design, sealing techniques and stack arrangment.

It can be seen from the results Figs. 12 and 13 that only a small
proportion of the overall publications related to SOFCs deal specif-
ically with the MT-SOFC. It should be remembered that some of
the topics included in the general SOFC do not also apply to the
micro-tubular version. Because of the much lower numbers of pub-
lications it was also noticed that many papers for the MT-SOFCs
dealt specifically whith the theme of running the cells on different
fuels.

From Fig. 14, which is a breakdown of these results into their
nation of origin, it can be seen where most of the development is
taking place in this field. This does not account for non-published
research but it should still be a good indication. Breaking these
results down shows that 38% of the publications in the past 7 years
came from Japan alone, 21% from America and Canada and 20%
came from EU members.

Winkler [61] researched a worldwide survey and review of
research taking place dealing with micro scale SOFCs. Also out-
lined in this document are substantial projects for micro-tubular
and micro-planar SOFCs. Four were found in the US, two each in
the EU zone, Japan, Canada and Republic of Korea. It is very clear
that the points and advantages raised by Van Herle et al. [4] in 2000
about the potential of MT-SOFCs for portable applications have

been certainly proved. While the larger type of SOFC may be closer
to large scale commercialisation than the MT-SOFC the potential
of the micro-tubes seems to be over looked by the broader SOFC
community.
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. Conclusions

This paper has discussed the topics of MT-SOFC stack design and
pplication. In the process a broad range of scientific disciplines,
ncluding materials sciences, chemistry, thermo-fluid engineering
nd mechanical engineering and of course electro-chemistry have
een included. Scientific and engineering content has been dis-
ussed in the areas of the optimisation of the cell performances
ithin reactors, sealing within reactors, rector design and a review

f some of the modelling taking place, which can be applied to
T-SOFC stack design.
An important conclusion of this study is that while there are

ome products on the market using MT-SOFCs, their potential as
ower producing devices for a whole range of applications has yet
o fulfil its potential. With so many technological advances possi-
le and the diverse range of scientists and companies researching

n the field it is highly possible that this type of SOFC may have
bright future as more efficient power generating mechanisms

ecome in demand. But also this form of SOFC could turn out to
e extremely profitable, when alternative inexpensive methods of
roducing APU and vehicle power are required, because of the rela-
ively small scientific community and industrial partners advancing
t.

However, to reach this goal it is suggested that targeted research
s required in the area of sealing, manifold design and optimisation
f the fuel and oxidant flow regimes. A key area that has not received
uality research is the electrical connection regimes. For example
hould these cells be connected in parallel or series or which com-
inations of these is most effective in reducing power losses while
lso reducing the effect of a single cell failure on the whole stack?
hile the reduction of the operating temperature of these cells

ffers the advantages of less thermal stresses and a wider range of
aterials suitable for sealing, frame material and electrical connec-

ions. However, lower operating temperatures negates the internal
eforming attribute of the MT-SOFC and reduces the system effi-
iency when hydrocarbon fuels are to be used. High temperature
peration of MT-SOFC stacks that run on hydrocarbons should cer-
ainly not be forgotten amidst the recent trend of lower temperature
tacks.
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