
R

M

K
S

a

A
R
R
1
A
A

K
T
M
S
P

C

1

1
W

0
d

Journal of Power Sources 196 (2011) 1677–1686

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

eview

icro-tubular solid oxide fuel cells and stacks

atie S. Howe ∗, Gareth J. Thompson, Kevin Kendall
OFC Research Group, Centre for Hydrogen and Fuel Cell Research, University of Birmingham, Birmingham B15 2TT, UK

r t i c l e i n f o

rticle history:
eceived 8 June 2010
eceived in revised form
3 September 2010

a b s t r a c t

The properties and performance of micro-tubular solid oxide fuel cells are compared and the differen-
tiating factors discussed. The best recorded power density for a single cell in the literature to date is
1.1 W cm−2, with anode microstructure and current collection technique emerging as two key factors
influencing electrical performance. The use of hydrocarbon fuels instead of pure hydrogen and meth-
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ods for reducing the resultant carbon deposition are briefly discussed. Performance on thermal and
reduction–oxidation (RedOx) cycling is also a critical issue for cell durability. Combining these individual
cells into stacks is necessary to obtain useful power outputs. As such, issues of fluid and heat transfer
within such stacks become critical, and computational modelling can therefore be a useful design tool.
icro-SOFC
tack
erformance

Experimentally tested stacks and stack models are discussed and the findings summarised. New results
for a simple stack manufactured at the University of Birmingham are also given.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Tubular solid oxide fuel cells (SOFCs) were pioneered in the
960s [1,2], becoming commercially available in the 1970 s, when
estinghouse began to use an electrochemical vapour deposition

∗ Corresponding author. Tel.: +44 121 4145283; fax: +44 121 4145324.
E-mail address: kxh984@bham.ac.uk (K.S. Howe).
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technique for their fabrication [3,4]. This design reduced the prob-
lems of brittleness and sealing as compared to planar cells, but still
required a heat up time of 4–6 h. Whilst their performance was
good, with single cells exceeding 20,000 h of operation [5], they
did not have a high power density (only around 0.6 W cm−3 [6];

around half that obtained for planar cells at the time). For tubu-
lar cells, power density depends upon the inverse of cell diameter;
the narrower, the better the performance. This observation led to
the invention of micro-tubular SOFCs (mSOFCs) by K. Kendall in

dx.doi.org/10.1016/j.jpowsour.2010.09.043
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Table 1
“Traditional” materials for mSOFC components.

mSOFC component Material used

Anode YSZ and Nickel cermet (often with
added pore-formers/dopants)

Electrolyte Yttria-stabilised zirconia (YSZ,
∼8–10 mole% yttria)

Cathode Lanthanum strontium manganite
Fig. 1. Basic micro-tubular fuel cell designs.

he early 1990s [7] (early work by Kendall [8]), and the following
eview is focused on this design.

These tubes are on the scale of millimetres, unlike the tens of
entimetres for their predecessors. mSOFCs have the advantage
hat they have short start–up times (on the order of a few seconds
or a single cell), are resistant to thermal degradation on cycling and
ave high power densities (around 2.5 W cm−3 [9]) and less strin-
ent sealing requirements than planar cells, where all four edges
ust be made gas tight. Interconnects and current collection do

rovide new problems, however, especially when assembling these
nto stacks. As such, there are still issues to be resolved. A compre-
ensive review comparing these micro-tubular cells to other SOFC
esigns has recently been presented by Kendall [10]. The purpose
f this paper is to compare performances of different mSOFCs and
eview the progress that has been made since their inception.

In addition to the discussion of individual cells, progress in stack
esign is summarised. As each mSOFC tube only produces approx-

mately half a Watt of electrical power, these must be combined
nto stacks of various sizes to meet application demands. Soon after
endall’s invention of micro-tubular fuel cells [7], he and his group
emonstrated 200-cell [11] and 1000-cell [12] stacks. Since then,
ew stack and interconnect configurations have been designed
nd tested, as discussed below. Lower operating temperatures and
igher power densities are the two main research targets.

. mSOFC design

The first mSOFCs, made in the early 1990 s, were based on
xtruded tubes of yttria-stabilised zirconia (YSZ) [7] up to 5 mm
n diameter, with wall thicknesses in the range of 100–200 �m.
SZ formed the electrolyte material, and anode and cathode layers
ere then added to this supporting electrolyte tube. A schematic

f such an electrolyte-supported cell is shown in Fig. 1a.
Other designs of mSOFC have also been investigated with anode-

upported cells (YSZ and nickel cermet anode tube—schematic in
ig. 1b) emerging as strong competitors for the original electrolyte-
upported model [13]. The anode support allows for a thinner

lectrolyte (3–30 �m, the work of Tan et al. [14] having one of
he thinnest), and therefore lower Ohmic resistance. Most recent

SOFC research has used anode-supported cells.
In both designs, the support tube is longer than the active cell

ength. The first tube segment provides a gas inlet tube and the
(LSM) [LSM/YSZ more recently]
Anode current collector Nickel
Cathode current collector Silver

outlet section can be used as a combustor tube, where the fuel
(hydrogen, short-chain hydrocarbons, etc.) and oxidant (oxygen or
air) combine. Cathode-supported designs have also been investi-
gated [15,16], but are not common in the literature due to the high
polarisation resistance [17,18] of the cathode tube weakening per-
formance (Liu et al. reported a decrease of power density by over
60% when changing from an anode-supported cell to an otherwise
similar cathode-supported cell [16,19]).

Co-extrusion to form multi-layer tubes has also been demon-
strated [20]. This enables better matching of thermal expansion
coefficients by increasing the number of steps from e.g. 100% YSZ
(electrolyte) to the 90% nickel, 10% YSZ anode, reducing cracking
on thermal cycling.

2.1. Materials used

“Traditional” materials used for each component of mSOFCs are
listed in Table 1. These are by no means the only options, and some
other choices will be discussed in more detail later. Jacobson [21]
discusses these materials in some detail, focusing on those suit-
able for lower operating temperatures. The required properties for
the electrolyte and electrodes are briefly described below. Whilst
material choices are briefly discussed here, materials and manu-
facture are not considered in detail. These two issues are covered
more fully by Mizutani’s review [22], which focuses on Japanese
research and development.

The electrolyte: The two main requirements for the mSOFC elec-
trolyte material are:

• Pure ionic conductivity
• Stability

The theoretical operation of a SOFC requires transport of oxygen
ions (O2− anions) only through the electrolyte. Passage of electrons,
or hydrogen ions (H+ cations), through this material would result in
short circuiting or combustion, respectively. In addition, the mate-
rial chosen must have a high ionic conductivity and a near-zero
electronic conductivity over a wide range of temperatures and oxy-
gen partial pressures. This shortens the list of suitable materials
significantly.

Some other materials (e.g. Bi2O3 and CeO2) show higher oxy-
gen ion conductivity then YSZ, but are less stable. Stability at low
oxygen partial pressures (as found at the anode of a SOFC) and on
thermal cycling are both critical to cell performance and therefore
to material suitability. Sahibzada et al. [23] made some progress in
using gadolinium to stabilise ceria at low oxygen concentrations,
however.

The main drawback of YSZ is the high temperature requirement.
Materials with good oxygen ion conductivity at lower temperatures

have been researched, resulting in the development of a lanthanum
strontium gallate mangnesite (LSGM) system. This LSGM material
is a good oxygen ion conductor, and, at 800 ◦C, gives performance
comparable to that of YSZ at 1000 ◦C [24,25].
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More recently, GDC (gadolinia-doped ceria) electrolytes have
een used [26]. This has the problem that GDC is a mixed elec-
ronic and ionic conductor, so the electronic conductivity needs to
e blocked somehow for successful operation. The use of bilayer
lectrolytes has been investigated for this purpose [27,28]. Yam-
guchi et al. [27] used scandia-stabilised zirconia as the interlayer,
orming the bilayer by a cosintering technique. This yielded sta-
le performance and a 60% increase in power density as compared
o their cell without a bilayer electrolyte. Ahn et al. [28] used ESB
[(Bi2O3)1−x(Er2O3)x]–Ag) as the second part of the bilayer with
DC. This gave a significant improvement in both resistance (40%

eduction) and power density (93% increase) as compared to a sin-
le GDC layer electrolyte.

Use of the anode-supported design allows for a thinner elec-
rolyte. This is generally seen to improve performance, but extra
are must be taken to avoid the formation of microcracks, and to
nsure the layer is entirely gas tight [29].

The anode: The main requirements for the mSOFC anode mate-
ial are:

High porosity (for transport of gases)
Ionic and electronic conductivity
Stability/durability

The oxidation of fuel for current generation occurs at the anode,
o the anode’s role is to facilitate this reaction as much as possible.
his reaction occurs at the three-phase boundary, where electrode,
eactants and electrolyte meet, making porosity and mixed con-
uction vital for performance. Experiments have been performed
o test various pore-formers (for example in the work of Haslam
t al. [30]) and a porosity of around 50% seems preferable, with
trength becoming an issue at higher porosities.

The “standard” nickel–YSZ cermet works well in this respect
ue to the electronic conduction of the metal and ionic conduc-
ion of the ceramic, so long as interconnectivity of the two phases
s ensured. The YSZ also inhibits sintering of the nickel particles,

hich would degrade cell performance.
The presence of YSZ in both the anode and the electrolyte helps

o match thermal expansion coefficients, reducing cracking on ther-
al cycling. Adding a dopant such as ceria [31] helps to improve

erformance on temperature and RedOx cycling, and careful con-
rol of YSZ particle size and anode porosity [32,33] also helps to
mprove the stability under RedOx conditions.

The cathode: The main requirements for the mSOFC cathode
aterial are the same as for the anode. Cathode optimisation is crit-

cal as the oxygen reaction occurring here is often the rate limiting
actor, so various materials and layered designs are under research
18,34,35]. The use of interlayers has become very popular in recent
esearch, with such a layer often being placed between the cathode
nd electrolyte to inhibit unwanted chemical reactions [26,36].

The traditional material, LSM, is a poor mixed conductor, how-
ver, so other materials seem likely to replace it as the standard.
ore recently, an LSM/YSZ mixture has been used. With this com-

osite, a 50:50 mass ratio and a fairly large (d90 of 26.0 �m)
SM grain size in the outer cathode collection layer has been
ound to be optimal [37]. Examples of other such materials for
eplacing LSM include mixed conducting perovskites, lanthanum
trontium ferrite and lanthanum strontium cobalite [38,39]. Along-
ide the popular manganite-based perovskites, those containing
ron and cobalt have also been investigated [36]. Mai et al. found

hat La1−x−ySrxCo0.2Fe0.8O3−ı cathodes gave much better current
ensities that those based on manganite, with a high strontium
ontent giving a positive effect (increasing current density at 0.7 V
y approximately 100%) [36]. The recent review of Sun et al. [40]
xamines material and microstructure options in more detail.
urces 196 (2011) 1677–1686 1679

3. Reported performance

There are three main aspects of fuel cell performance when
looking at power generation. These are power density (areal or
volumetric), efficiency and durability. The definition of efficiency
remains controversial, so will not be addressed here. Fuel utilisa-
tion is a major factor to be considered when looking at efficiency,
however, and this will be discussed in Section 4. Reported areal
power densities (W cm−2) achieved in the literature in the last few
years are given in Table 2, and durability will be discussed in Section
4.

The following standard abbreviations are used in Table 2:

GDC: gadolinia-doped ceria
LSCF: lanthanum ferrite perovskite (La–Sr–Co–Fe–O)
LSM: lanthanum strontium manganite
NiO: nickel oxide
YSZ: yttria-stabilised zirconia

It should be noted that the vast majority of recent work on
mSOFCs uses the anode-supported design; all of the cells listed in
Table 2 are anode supported. Only the main material for the major
cell components are listed in this table—details of binders and pore-
formers used, as well as further information on how the cells were
produced, can be found in the referenced papers. All the anodes
listed here are nickel cermets, with a variety of dopants, particle
sizes and pore-formers. A wider range of electrolyte and cathode
materials are represented.

4. Key aspects

Solid oxide fuel cells are complex systems, with performance
determined by the interplay of many different physical and
chemical processes. Particular key issues have been identified by
researchers, however, and summaries of their findings are given
below.

4.1. Durability

There are two separate aspects of durability; firstly the tolerance
of the cell to fuels other than pure hydrogen, and secondly the level
of degradation the cell suffers on thermal and RedOx cycling.

4.1.1. Operation on hydrocarbon fuels
Unlike Polymer Electrolyte Membrane fuel cells, SOFCs oper-

ate at a high enough temperature for endothermic reforming of
hydrocarbons to occur on the anode surface. SOFCs can therefore
use hydrocarbons as fuel [41,42]. Running directly on hydrocarbon
fuels, however, results in carbon deposition on the anode surface
which impairs cell performance. The heat output from SOFCs can be
used, along with a catalyst, to pre-reform the hydrocarbon before
it enters the cell [43–46], or for internal steam reforming if steam
is co-fed to the cell along with the hydrocarbon fuel. Bessler [47]
compares and contrasts direct oxidation and internal reforming.
Pre-reforming has been shown to reduce carbon deposition, but
the catalysts used are expensive, with that developed by Chen et
al. [44] being 1% platinum by weight.

There are three known techniques for minimising carbon depo-
sition at the anode for direct hydrocarbon utilisation. These are
using various anode-dopant combinations, such as Ni/YSZ with
molybdenum or ceria [48–50] (or indeed avoiding the use of nickel

entirely [51]), using catalyst or barrier layers [52–54] and modi-
fying the anode reduction technique [42,55]. The same principles
apply to any geometry of SOFC.

The use of various anode materials and dopants is discussed
by Jiang and Chan [56] who conclude that using materials with
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Table 2
Single cell mSOFC performance as reported in the literature.

Ref. Year Power density
(W cm−2)

Temp.
( ◦C)

Cell diameter
(mm)

Anode material Electrolyte material Cathode
material

Fuel Fuel utilisation
(%)

Suzuki et al. [33] 2009 1.1 600 1.9 NiO-Sc-stabilised
zirconia (ScSZ),
Ce-doped zirconia
(10Sc1CeSZ)

Zirconia-based:
10Sc1CeSZ

LSCF-GDC H2 ∼3.4a

Sammes et al. [106] 2009 1.02 570 0.8 NiO-GDC GDC LSCF-GDC H2 ∼54a

Suzuki et al. [26] 2007 1.017 550 0.8 NiO-GDC GDC LSCF H2 ∼56a

Jin et al. [74] 2007 0.645–0.848 800 8 NiO-YSZ YSZ LSM H2 ∼4a

Sammes et al. [106] 2009 0.84 550 0.8 NiO-GDC GDC LSCF-GDC H2 ∼43a

Lee and Kendall [73] 2007 0.7 850 2.5 NiO-YSZ YSZ LSM/YSZb CH4

Suzuki et al. [26] 2007 0.628 500 0.8 NiO-GDC GDC LSCF H2 ∼33a

Suzuki et al. [33] 2009 0.5 550 1.9 NiO-Sc-stabilised
zirconia (ScSZ),
Ce-doped zirconia
(10Sc1CeSZ)

Zirconia-based:
10Sc1CeSZ

LSCF-GDC H2 ∼2a

Dhir and Kendall [42] 2008 0.425 850 2.3 NiO-YSZ YSZ LSM CH4 79a

Galloway and Sammes
[71]

2007 0.3 450 1.8 NiO-GDC GDC LSCF-GDC H2 ∼30

Suzuki et al. [26] 2007 0.273 450 0.8 NiO-GDC GDC LSCF H2 ∼14a
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Akhtar et al. [72] 2009 0.122 750 2 N

a Values calculated from data given in paper; approximate only, simplistic assum
b Two layers with different LSMs: La0.5Sr0.5MnO3 and La0.82Sr0.18MnO3.

ixed ionic and electronic conductivity helps to improve operation
n both hydrogen and methane. Zhang et al. [49] conclude that,
Although the carbon deposition was not suppressed absolutely
by the use of samaria-doped ceria additions to the Ni/YSZ anode],
ome deposited carbon was beneficial for performance improve-
ent”. Dhir and Kendall [42], Mallon and Kendall [55] and Latz

t al. [57] similarly observed improved performance when using
ethane fuel instead of hydrogen in cells modified to avoid prob-

ematic carbon deposition. The drawback of nickel-based anodes is
hat nickel catalyses carbon formation when the ratio of steam to
arbon on the anode side is low. This deposited carbon can severely
egrade cell performance. Materials including electronically con-
uctive perovskites and copper based cermets have been suggested
s alternatives [51]. McIntosh et al. [58,59] investigated the use of
u/CeO2/YSZ anodes, and found that using precious metal catalysts
elps to increase the OCV of the cell when hydrocarbon fuels are
sed.

Using catalyst and barrier layers to suppress coke formation has
lso been investigated. Inert layers work as physical barriers, mod-
fying the ratios of reactants and products present at the anode
urface [41]. The increased ratio of water and CO2 to hydrocar-
on fuel at the anode surface shifts the equilibrium position away
rom coking reactions. Catalytic layers, by contrast, use the chemi-
al properties of the layer to promote partial oxidation reactions of
he fuel that do not lead to carbon deposition [53]. To quote Klein et
l. [60], this reduces coking of the anode because “the greater part
f the reforming reaction occurs in the catalyst layer, and there-
ore, most of the hydrocarbon species are eliminated before the fuel
as reached the anode.” The catalyst chosen must not cause coking

tself, so materials such as chromite and ceria are recommended
60].

Lin et al. [52] used an inert, porous layer as a barrier between
he anode and fuel stream. Their results “demonstrate that diffu-
ion barrier layers increase the stable operating parameter range of
i-YSZ anode-supported SOFCs operating directly with methane”.
t 800 ◦C, they found that use of such a barrier layer reduced the
urrent density required to avoid coke formation three-fold. They

gree that the cause is the barrier layer increasing the product (H2,
2O, CO, and CO2) concentration and decreasing the methane con-
entration in the anode. Zhan and Barnett [53] looked at the use of
ruthenium-ceria catalyst layer. This was found to enable partial
xidation of propane at temperatures above 500 ◦C without carbon
Z YSZ LSM CH4 <11.4

s made methods given in Appendix.

formation at the anode (a propane–air mixture was used). This is a
marked improvement as carbon deposition would be expected at
temperatures of up to 773 ◦C for this gas composition. Resultant
gas diffusion limitations were found to limit the high tempera-
ture performance, however. Yoon et al. [54] used a coating layer
of samaria-doped ceria in the anode pores to improve cell perfor-
mance with methane fuel. This was also shown to reduce carbon
deposition and nickel sintering, giving over 500 h of operation with-
out significant degradation.

Dhir and Kendall [42] investigated the effect of anode reduc-
tion technique on cell performance with methane fuel. They found
that reduction at a constant, reasonably low (650 ◦C), tempera-
ture was optimal. This is thought to produce fine, evenly sized
nickel particles. The conductivity is relatively low, as the con-
nectivity of the nickel particles is not high. Graphitic carbon
deposition is hypothesised to aid conductivity by producing con-
ducting “bridges” between the particles, increasing connectivity
and so conductivity (Fig. 2, courtesy of Dr. Aman Dhir). The perfor-
mance was notably better for methane than for hydrogen fuel (9%
increase in current density when CH4 was used instead of H2 at 0.5 V
and 850 ◦C [42]); this was attributed to carbon deposition from the
methane obstructing the sintering of nickel particles and so help-
ing to preserve the anode microstructure during use, as well as the
afore-mentioned bridging properties. This performance-enhancing
effect is not permanent, as further carbon deposition will eventually
damage the anode substrate.

McIntosh et al. [61] had previously observed similar improve-
ments in performance due to hydrocarbon deposits, in their case
using copper instead of nickel as the metallic component of the
anode. They likewise concluded that this was due to the carbon
deposits improving connectivity and so conductivity of the metal-
lic anode components. Performance improved most dramatically
when the metal made up less than 20% of the anode by weight.

Use of a large enough flux of O2− ions through the electrolyte to
remove the carbon as the deposits form on Ni-based anodes has also
been investigated, with some success [62,63]. Additionally, Kendall
et al. [64] showed that diluting methane with carbon dioxide or

inert gas allowed for more stable operation by shifting the equi-
librium point of the carbon deposition reaction. For methane fuel,
they found that such a mixture could be fed directly into the cell,
with the optimal mixture being around 30% methane, 70% carbon
dioxide.
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Fig. 2. Proposed mSOFC anode structure following constant temperature red

.1.2. Thermal and RedOx cycling
During use, mSOFCs are subjected to cycling of both temper-

ture and electrochemical conditions. These processes can both
ause microstructural defects in the cell, impairing cell perfor-
ance. Cycling of SOFCs damages the cells in two distinct ways.
Firstly, the temperature gradient leads to degradation during

hermal cycling, due to varying expansion coefficients between
omponents, with microcracks opening up in the anode [65]. These
eparate the nickel particles, and so increase resistance, giving a
orresponding worsening of performance. This was investigated in
etail in the REAL SOFC project [66] (see Kendall’s review [10] for
more detailed summary), and a relationship similar to those for
echanical fatigue was established.
Lawlor et al. [67] give a summary of summary of observed ther-

al cycling capabilities of mSOFCs. Du et al. [68] found single
SOFCs to have very good thermal shock resistance, withstanding

emperature changes of 550 ◦C min−1. They also found that stacks
ould be started up within 5 min, and could withstand over 50 ther-
al cycles. With single cells, 0% power degradation was seen after

50–338 cycles. The work of Bujalski et al. [69] showed that their
icro-tubular cells used could be comfortably raised to their oper-

ting temperature of around 800 ◦C within 10 s, and also cooled
apidly. This allows many hundreds of cycles to be performed in
uick succession. They also found that such rapid cooling (falling
o below 300 ◦C in a matter of seconds) increased the RedOx dete-
ioration resistance of the nickel cermet anode, as the temperature
uickly became too low for any such oxidation to occur. The tem-
erature was cycled up and down every 10 min to 800 ◦C from room
emperature. The first few cycles were found to be the most damag-
ng, with current dropping by about 1% per cycle. The deterioration
lowed down after that, however.

Secondly, RedOx cycling (where the fuel flow is interrupted then
estarted, at constant temperature) is shown to lead to increased
amage [70] due to the nickel in the anode oxidising then reducing.
his repeated expansion and contraction extends existing microc-

acks. As mentioned above, if the cell is cooled rapidly to below the
emperature at which this deleterious reaction can occur, there is
ittle time for the nickel to oxidise, improving RedOx durability. This
s in opposition to the gentle temperature gradients preferred for
hermal cycling durability. As such, the choice of heating or cooling
n and then operation on (i) hydrogen and (ii) methane (operation at 850 ◦C).

rate must be a trade-off between these two concerns [10], leading
to the existence of an optimal temperature ramp rate for a given
mSOFC.

4.2. Fuel utilisation

Using a high fuel flow rate maximises the electrical performance
at the expense of fuel utilisation. This gives a biased view of effi-
ciency as hydrogen wastage is often ignored.

This point is well addressed by Galloway and Sammes [71] and
is discussed in more detail in “High-Temperature Solid Oxide Fuel
Cells: Fundamentals, Design and Applications” by Kendall and Sing-
hal [6]. The definition of fuel utilisation (Uf) is not simple, however.
Two potential definitions are discussed in the paper of Akhtar et al.
[72]. In brief, the two options are:

Uf = 1
nF�

(i)

where I, n, v and F are the current (A) drawn from the cell at peak
power density, the number of electrons transferred in the reaction
between hydrogen and oxygen (n = 2 for hydrogen), the flow rate
of fuel (moles/s) and Faraday’s constant, respectively (as used by
Galloway and Sammes [71] amongst others).

Uf = 1 − mout × �hout

min × �hin
(ii)

where mout and min are the mass flow rates of fuel leaving and
entering the cell (kg s−1), respectively, and �hin and �hout are the
specific enthalpies associated with completely oxidising the inlet
and outlet fuel (kJ kg−1), respectively.

There are advantages and disadvantages of each method. The
first only considers the amount of fuel converted into externally
useable electrical energy; the effective utilisation calculated will
therefore be slightly smaller than the amount of hydrogen reacted
due to various losses incurred in the cell, with the current collection

efficiency having a significant effect. The large amounts of thermal
energy released by any burning of the fuel at the outlet are also
ignored. It has the advantage, however, that it is easily calculable.

The second equation will account for thermal and other losses,
but is less intuitively obvious. In addition, the thermal energy may
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ot be useful (either in combined heat and power applications, or in
eeping the cell at the high temperature required for operation), so
ccounting for this energy is not necessarily helpful in discussions
f efficiency. For these reasons, (i) is generally more popular, and
s the definition of choice here (as used in Table 2).

With hydrocarbons, it has been found [73] that increasing the
uel flow rate (thereby decreasing the utilisation) can have a neg-
tive impact on cell performance beyond a certain point due to
ncreasing carbon deposition on the anode. Optimal performance
s therefore seen at a higher percentage fuel utilisation when the
uel contains carbon. The exception here is the single-chamber

SOFC of Akhtar et al. [72]; the fuel and oxidant mix inside a sin-
le chamber enclosing the mSOFC. As such, a significant amount of
he fuel will not pass near the anode, leading to a lower fuel utilisa-
ion. McIntosh and Gorte’s theoretical discussion [51] suggests that
igher percentages of fuel conversion will give better results when
hydrocarbon is used than when hydrogen is used, everything else
eing equal.

Suzuki et al. [33] found that increasing linear fuel velocity of
ydrogen improved performance up to a point, but that gas dif-

usion then became the limiting factor. Microstructural porosity
ecomes the differentiating factor.

.3. Porosity

Electrode porosity is essential to maximise the area of the three-
hase boundary, however there must be an upper limit on optimal
orosity for conductivity and structural stability to remain suffi-
iently high. Jin et al. [74] found that porosity should be less than
5% to avoid raising the resistivity of the anode excessively. They
lso point out that pore size is crucial, with larger pores being detri-
ental to mechanical strength. Suzuki et al. [33] investigated anode
icrostructure, concluding that, “the electrochemical performance

f the cell was extensively improved when the size of constituent
articles was reduced so as to yield a highly porous microstruc-
ure”. They found the best performance when the Ni particles of
he anode were smaller than 100 nm across.

The cells with the best performance recorded in the literature
o date (Suzuki et al. [33]) had a porosity of 54% (before reduc-
ion). This represents a balance between porosity to aid gas flow
nd continuity of material to aid conductivity.

The effects of volume percentages of pore-formers used [75] and
he type of material used as the pore-former [30,74,76] have been
nvestigated.

Tubes with higher porosities are generally mechanically
eaker; Roy et al. [75] quantified this weakening for three pore-

ormer volume percentages (40%, 50% and 60%), seeing a drop of
pproximately 26% in average burst strength for each 10% volu-
etric increment of pore-former. This average burst strength was

1.7 ± 7.5MPa for the test tubes with 60% pore-former by volume;
his should be sufficient in most cases, but this weakening effect
f increased porosity must be a consideration where hard-wearing
ells are required.

Jin et al. [74] investigated the use of flour as a pore-former,
longside the more standard graphite. The flour showed more sig-
ificant shrinkage on sintering, leading to a number of larger pores
ig enough to be problematic in terms of cell strength. Flour decom-
oses by a violent burning reaction, and this led to an uneven pore
istribution, as well as the size variation mentioned. The graphite
ore-former was found to be preferable due to the even spread
f smaller pores giving good gas permeability and a large sur-

ace area without overly compromising cell strength. Hu et al. [77]
ad some success developing a composite pore-former comprised
f flour and activated carbon. Wang et al. [76] found magnesium
xide to be preferable as a pore-former in their silver-impregnated
e0.8Sm0.2O1.9 anode.
urces 196 (2011) 1677–1686

4.4. Current collection

Overall cell resistance increases with increasing Ohmic resis-
tance, causing the electrical performance to decrease. The length
and resistance of the current collection path is therefore criti-
cal, especially as mSOFCs generally have a much longer current
path than other SOFCs. One experimental set-up [74] showed a
24% decrease in power density when the distance of the cell from
the anode current collection point was increased by a factor of
seven.

Whilst collecting the anode current along the whole electrode
length would be ideal, the small tube size makes this a difficult feat
of engineering. Cui et al. [78] found that having a current collection
point at both the inlet and the outlet of the cell has a significant pos-
itive impact on cell performance as opposed to a single collection
point. Suzuki et al. found that using this “double terminal” current
collection method reduced the efficiency loss two- to four-fold as
compared to single terminal collection [79] (these results were con-
firmed by in-house experimentation [80]). Decreasing electrode
length and increasing its conductivity were also shown to improve
performance here. The cell length again emerged as a crucial factor
in later work of Suzuki et al. [81], with a 7% loss in performance
due to current collection efficiency seen for cells above 1 cm in
length.

Zhu and Kee [82] developed a mathematical model to assist with
current collection design for anode-supported tubular SOFCs. Resis-
tance and placement of current collection materials were seen to
have a notable effect on local temperature and species distribu-
tions, as well as on overall performance (fuel utilisation and power
density being key examples). They found that more current collec-
tion points should be used on the cathode than on the anode. These
principles will also apply to the micro-tubular cells.

It has been observed that minimising the cell length maximises
the performance per unit area; the length of the current collection
path is thought to be the responsible factor [74].

5. Single cells: ongoing developments

As previously mentioned, the power density of mSOFCs depends
on the inverse of the cell diameter. Making yet narrower tubes is
therefore a promising line of research. Work has been done on YSZ
hollow fibre tubes, with external diameters of around only 1.6 mm,
and sub-millimetre internal diameters [2,83,84]. The fabrication
processes were carefully controlled to give open and intercon-
nected pores on the external and internal surfaces, giving a high
surface area for the electrodes, and a thin dense gas-tight central
layer giving low Ohmic resistance. There is a great deal of ongoing
research in Japan looking at micro-tubes of sub-millimetre diam-
eter to obtain higher power densities [26,85]. Dual-layer hollow
fibre cells have also been fabricated [86] with maximum power
densities of 0.042 W cm−2 and 0.08 W cm−2 at 450 ◦C and 550 ◦C,
respectively. The concept has thus been demonstrated, and contin-
ued optimisation of manufacturing processes and microstructural
control will improve performance further.

Work has also been done to improve the RedOx stability of anode
materials [87]. By dispersing the nickel more finely in the anode
structure, less should be required to give the same performance.
This means there is less nickel available to be oxidised and then re-
reduced, decreasing the damage done by this process. Ouweltjes
et al. [87] observed a drop in current density at 0.7 V of 10% after

50 RedOx cycles and 23% after 100 with their cells utilising highly
dispersed nickel.

The development of stack designs is also critical to the com-
mercial adoption of mSOFCs. The power provided by an individual
cell is too small for most applications so intensive research into
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tack design is receiving a great deal of interest, both for modelling
nd experimental work [67,88–91]. The following section explores
tack designs and modelling achievements in the literature.

. Stack designs

The first mSOFC stack designs [11,12] consisted of modular com-
inations of sets of cells in individual racks used to build up to
he required power output. For the 1000-cell stack, the cells were
rranged in racks of 40. This modular arrangement helps to facil-
tate even gas distribution throughout the stack—each rack had a
ubular gas distribution manifold to help ensure uniformity [12].
n this instance, the tubes were connected in parallel and the racks
n series to provide the voltage and current desired. Although this
tack produced only 0.082 W cm−2 at 850 ◦C, this served as proof
f concept. This arrangement has another advantage in that the
odules can be removed and replaced individually in case of fail-

re, without losing the entire stack; this feature is popular in more
ecent designs.

.1. The use of modelling

The hydrogen fuel cell provides a complex modelling challenge
ue to the number of different physical processes involved. These

nclude heat and mass transfer by various mechanisms, chemical
nd electrochemical interactions, macro-scale fluid dynamics and
icro-scale molecular interactions. In addition to these issues, cer-

ain fundamentals of the electrochemical reaction mechanisms in
olid oxide fuel cells (SOFCs) are not yet fully understood.

Many models in the literature have a strong focus on one partic-
lar aspect, with fewer actually incorporating all aspects as would
e required for a model aimed to have predictive power. Nonethe-

ess, these models all provide valuable insight as detailed in the
ollowing text. Reviews such as that of Kakac et al. [92] give an
verview of the key assumptions and equations used in SOFC mod-
lling to date. Here, results are summarised, not the modelling
echniques.

As discussed in Lawlor’s review [67], computational modelling
as greatly helped understanding of transport in stacks, amongst
ther phenomena. Lockett et al. [88] describe the results from a
ingle mSOFC alongside their work on thermal distributions and
eat use in a stack of twenty cells. The main problem for single
ells highlighted by this work is that the temperature varies sig-
ificantly from the optimum even along a relatively short active

ength (25 mm). Despite this temperature variation, Cui and Cheng
93] found that the main source of thermal stress in mSOFCs is
he mismatch of material expansion coefficients, not thermal gra-
ients within each layer. They conclude that matching coefficients
f thermal expansion is the most important factor in ensuring cell
eliability.

Serincan et al. [94] looked at the effects of operating condi-
ions on cell performance, and more specifically at the temperature
ependence of current leaks. They conclude that current leakage
oes not have a significant effect below 500 ◦C; unfortunately this

s below the current range of most SOFCs. An increase in temper-
ture results in better cell performance overall, however, due to
ncreased catalytic activity and ionic conductivity. They also note
hat a change in pressure has more effect at the cathode side than
t the anode side due to the slow reaction kinetics of the cathode.

Izzo et al. [95] highlight the importance of diffusion within the

node layer for cell performance. The gas and voltage distributions
long the tube were found to vary significantly when a diffusive
node layer was incorporated into their model.

Cui et al. [78] investigated the efficacy of different current col-
ecting methods with varying tube length for mSOFCs. They found
Fig. 3. mSOFC stack designed, built and tested at the University of Birmingham.

collecting current from the anode at both the inlet and the outlet
of the cell more efficient than from either individually by a factor
of ∼2–6, in good agreement with experiment [79]. Collecting cur-
rent at the outlet only does however give a much more uniform
electrochemical reaction distribution in the cell.

More recent modelling work by Funahashi et al. [96] examined a
module-type mSOFC stack as discussed in more detail in the follow-
ing section. Air flow, Joule heat and temperature distribution were
the main focuses. A temperature difference of 100 ◦C across the
1 cm3 stack was a striking illustration of the necessity of optimising
the design to give an even temperature distribution. Thinner tubu-
lar cells were found to lead to lower air pressure loss in the cathode
matrix. Their simulation confirmed that the Joule heat caused by the
anode tube and cathode matrix resistances was negligible as com-
pared to that from the internal cell resistance (smaller by a factor of
1000). As such, this can be safely ignored for the purposes of most
simulations.

As yet, there is no off-the-shelf stack design model available, and
single cell models with good predictive power are notably lacking.
Nonetheless, this can be a very useful design tool.

6.2. A simple in-house experimental stack

A stack of six mSOFCs was produced [80] by cementing six tubes
made according to in-house techniques (detailed in [42,97]) to a
fuel injection manifold, as shown in Fig. 3. The circular symme-
try of the cells around the fuel inlet should ensure an equal flow
rate of fuel to each cell, which is essential for effective stack oper-
ation. The cells are connected in series by silver wire, enabling a
flow of electrons from the anode of one cell to the cathode of the
next. The simplicity of this design, with clearly visible interconnec-
tions, seals, inlets and outlets, facilitates basic stack performance
characterisation.

Current–voltage (IV) characterisation was performed on the
stack, and on a single cell made in the same way. A SolartronTM

analytical 1400 Cell Test System (connected to a computer where
purpose-built programmes were designed using Cell TestTM v 5.2.0
software) was used. The stack was tested at 750 ◦C with a fuel
(hydrogen) flow rate of 100 ml min−1. The stack was heated at
75 ◦C min−1 and loaded at 1 A once the operating temperature was
reached. A constant current was drawn for 3 h before a current ramp

was applied in order to produce a power curve. The single cell was
tested in the same way for comparison purposes.

The results given in Fig. 4, below, show that the voltage of the
stack was very close to that of a single cell multiplied by six. This is
the expected result for a correctly operating stack, indicating that
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Fig. 4. Graphs of individual cell (a) and stack (b) performance

he fuel delivery to each cell is equal, and that the outputs of the cells
ithin the stack are well matched. Both the stack and single cell

how a peak power density close to 0.25 W cm−2 (each cell having
n area of ∼1.96 cm2; 11.76 cm2 for the stack), although this peak
ccurs at a far lower current density in the stack, due to the presence
f six cells in series. To generate a larger current, more cells should
e connected in parallel. Notably the OCVs of the cell and stack
ere below 1.1 V, hence lower than desired, but the particular cell
eakness leading to this was not identified.

This work also highlighted the importance of obtaining very
imilar performance from each of the cells in a stack [80]. If the
lectrical power of each of the cells is not well matched, the per-
ormance degrades far more quickly than normal. As the cells are
onnected in series, the same current is applied to each. Any weaker
ells in the stack would effectively be working harder to maintain
he same current output as the higher performing cells, leading to
higher rate of degradation. Eventually, the weakest cell’s perfor-
ance would degrade to a point where it was unable to produce the

equired number of electrons to maintain the current being drawn.
t would then become an additional load on the other cells, with a
imilar effect to connecting a resistor in series. The increased load

n the other cells would increase their degradation rate, ultimately
eading to stack failure. The stack is therefore only as good as its

eakest cell. This reinforces the advantages of opting for modular
tack designs, so a small section of a large stack can be removed
nd replaced as soon as an issue is detected.

Fig. 5. Sketch of a three-c
ing both power density and voltage against current density.

6.3. Experimental stacks in the literature

In 2008, Suzuki et al. [91] created an mSOFC stack with a vol-
ume of 1 cm3, which they operated at 500 ◦C. This gave a maximum
power output of 1.5 W. Each module was composed of three cells,
held in place by a shaped block of the cathode mixture (as shown in
Fig. 5). The stack consisted of three such modules in series. Further
testing of this design, but with 0.8 mm diameter tubes replacing
the previous 2 mm diameter tubes, was also performed [85]. This
gave a power density of 2 W cm−3 at an operating temperature of
550 ◦C.

Yamaguchi, Suzuki et al. [89] also looked at the possibility of
using a honeycomb arrangement for an mSOFC stack. This design
was postulated for tubular cells in 1999 [98], and the mSOFC ver-
sion showed a promising volumetric power density (0.6 W cm−3 at
600 ◦C with tube diameter ∼1.6 mm). Like the shaped support for
the previously mentioned design, the honeycomb was made from
the cathode material and metallic interconnects were used.

Funahashi et al. [90] used a magnesium oxide matrix to sup-
port their stack design instead of extruded cathode material, and
obtained a power density of over 0.6 W cm−3 at 500 ◦C. Sufficient

air for the cathode could flow through this MgO matrix. The design
was otherwise very similar to that shown in Fig. 5, although the
“bundles” were stacked on top of each other instead of side-by-
side, giving a more cubic stack. In other work [99], they used a
similar design but with the porous matrix made from the cath-

ell module design.
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de material. The effect of tube spacing within such bundles was
nvestigated by Suzuki et al. [9]. They discuss the trade-off between
ensely packed tubes giving a higher surface area per unit volume
nd loss in performance due to reduced gas flow and extended cur-
ent paths. They obtained a power density of 2.5 W cm−3 at 550 ◦C,
ith a tube diameter of 0.8 mm.

Sammes et al. [100,101] used a similar “planar multicell array”
rrangement as for the modules of Suzuki et al. (Fig. 5), and obtained
power of 100 W with 40 cells. The cells they used however were
ore similar to the older tubular cells, having diameters of 1.32 cm

nd lengths of 11 cm. As such, the volumetric power density is much
ower (∼0.13 W cm−3 at most). Lee et al. [102] similarly used cells of
round 1 cm diameter for their 700 W stack, which consisted of 36
uch cells, each of length 20 cm. Again, these 36 cells were arranged
nto bundles (of six), giving the stack a modular nature.

Du et al. [68] tested NanoDynamics’ (later, “ndEnergy”) micro-
ubular stacks and found very promising results including start-
p within 5 min and good thermal cycling characteristics. Other
SOFC stacks have been tested by Crumm [103] Adaptive Materials

nc., but details of both researchers’ work are proprietary.

. Summary

Resistance to thermal and RedOx cycling degradation, fuel
tilisation, electrode porosity and current collection have been

dentified as the four main differentiating factors of fuel cell per-
ormance from a cell design viewpoint. A summary of recent
evelopments and the supporting reasoning is given. In terms of
tack power densities; the maximum found in the literature was
.5 W cm−3 at 550 ◦C [9], although balance of plant volumes must
e taken into account for industrial applications.

Micro-tubular SOFCs provide an active research area, as demon-
trated by the number of papers published in recent years. With
bjectives such as materials suitable for lower temperatures of
peration [104] and better interconnections [105], it promises to
emain a productive area in the near future.
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ppendix A. Calculations of fuel utilisation

The formula used is formula (i) given earlier: Uf = 1/nF�
The specific information used for each paper listed is given

elow. For hydrogen, n = 2, for methane, 8 ≥ n ≥ 4, and n = 8 was used
o give a minimum utilisation. Numbers in bold are taken straight
rom the papers. Where no details are given, the fuel is assumed to
e an ideal gas at room temperature, with negligible humidification.

Suzuki et al. [33]
Electrolyte area = 0.3 cm2

Linear fuel velocity: 0.8 m/s
1.9 mm cell diameter
a cross-section of 0.028 cm2

Current densities from graphs in Fig. 3A and B, and calculated total
cell currents:

550 ◦C – 1.25 A cm−2 – 0.375 A
600 ◦C – 2.2 A cm−2 – 0.66 A

Sammes et al. [106]
Effective cell area: 0.13 cm2

Hydrogen flow rate: 5 ml/min
urces 196 (2011) 1677–1686 1685

Current densities from graph in Fig. 11, and calculated total cell
currents:
550 ◦C – 2.4 A cm−2 – 0.312 A
570 ◦C – 3.0 A cm−2 – 0.39 A

Suzuki et al. [26]
Effective cell area: 0.13 cm2

Hydrogen flow rate: 5 ml/min
Current densities at each temperature, and the calculated total
cell currents:
550 ◦C – 3.1 A cm−2 – 0.403 A
500 ◦C – 1.8 A cm−2 – 0.234 A
450 ◦C – 0.8 Acm−2 – 0.104 A

Jin et al. [74]
0.31 cm2 effective cathode area
Current density 1.2 A cm−2 – 0.372 A
75 ml/min fuel flow rate, 3% water (so 97% H2) by volume at 25 ◦C

Lee and Kendall [73]
Insufficient data given in paper

Dhir and Kendall [42]
1.6 cm2 active cathode area
Current density 0.85 A cm−2 – 1.36 A
3 ml min−1 fuel flow rate (methane)

Galloway and Sammes [71]
Fuel utilisation read off graph given in Fig. 8 of [69]

Akhtar et al. [72]
Calculation given in paper
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