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bstract

This paper presents an experimental study of a direct-flame type solid oxide fuel cell (DFFC). The operation principle of this system is based on
he combination of a combustion flame with a solid oxide fuel cell (SOFC) in a simple, no-chamber setup. The flame front serves as fuel reformer
ocated a few millimeters from the anode surface while at the same time providing the heat required for SOFC operation. Experiments were
erformed using 13-mm-diameter planar SOFCs with Ni-based anode, samaria-doped ceria electrolyte and cobaltite cathode. At the anode, a 45-
m-diameter flat-flame burner provided radially homogeneous methane/air, propane/air, and butane/air rich premixed flames. The cell performance
eaches power densities of up to 120 mW cm−2, varying systematically with flame conditions. It shows a strong dependence on cell temperature.
rom thermodynamic calculations, both H2 and CO were identified as species that are available as fuel for the SOFC. The results demonstrate the
otential of this system for fuel-flexible power generation using a simple setup.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The operation principle of a direct-flame solid oxide fuel cell
DFFC) is based on the combination of a combustion flame with
solid oxide fuel cell (SOFC) in a simple, “no-chamber” setup

1] illustrated in Fig. 1. In this system, a fuel-rich flame is placed
t few millimeters from the anode. It serves as partial oxidation
eformer while at the same time providing the heat required
or SOFC operation. The cathode is freely exposed to ambient
ir. Flame and fuel cell are geometrically and electrochemically
oupled.

There are a number of advantages to this approach. First, the

ystem is very fuel-flexible. Because intermediate flame species
re similar for all kinds of hydrocarbons, the DFFC can be oper-
ted on virtually any carbon-based fuel, as well as other fuels that

∗ Corresponding author. Tel.: +49 6221 548252; fax: +49 6221 548884.
E-mail address: bessler@iwr.uni-heidelberg.de (W.G. Bessler).
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ontain hydrogen. Horiuchi et al. demonstrated electrochemi-
al power generation using various gaseous (methane, ethane,
ropane, and n-butane), liquid (ethanol, butanol, and kerosine),
nd solid (paraffine wax and wood) fuels [1–3]. Second, the
FFC is operated in a very simple, no-chamber setup. The

node is simply held into the exhaust gases close to a fuel-rich
ame. The cathode breathes ambient air. The system is ther-
ally self-sustained, and there are no high-temperature sealing

ssues. Third, the system is started up rapidly (i.e., within sec-
nds). The flame heat release brings the fuel cell rapidly to its
peration temperature, and there is no external heater required
or start-up. These features make the DFFC an attractive sys-
em for energy conversion, in particular for combined heat and
ower applications.

There are also a number of drawbacks associated with the

FFC type setup. This includes the relatively low overall

lectrical efficiency. An inherent property of the DFFC is that a
art of the fuel’s chemical energy is consumed in the combus-
ion reaction and is therefore not available to electrical power

mailto:bessler@iwr.uni-heidelberg.de
dx.doi.org/10.1016/j.jpowsour.2006.12.074
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Fig. 1. Operation principle of a direct-flame solid oxide fuel cell (DFFC). Left:
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lat-flame burner; Right: Bunsen-type burner.

eneration. Furthermore, materials stresses are a particular
hallenge. The operating environment of a combustion flame
an induce significant thermal stress to the SOFC.

The DFFC concept is somewhat familiar to the single-
hamber solid oxide fuel cell (SCFC) concept. In the latter,
he same premixed fuel/air mixture is supplied to both anode
nd cathode [4–7], and electrochemical fuel oxidation and oxy-
en reduction is achieved through selective (electro-) catalysts.
ithin the anode, an H2/CO-rich atmosphere is formed via het-

rogeneous fuel partial oxidation reactions [8]. In the DFFC,
lthough the setup is even simpler, the two electrodes see
ifferent gas atmospheres. The fuel is partially oxidized by
omogeneous combustion flame chemistry several millimeters
n front of the anode, while the cathode breathes ambient air.
his setup relaxes the catalyst selectivity requirement needed

or SCFCs and can therefore operated at higher temperature; it
lso allows higher concentrations of H2/CO at the anode and
2 at the cathode. Thus, the DFFC system potentially yields

ncreased performance and efficiency. Furthermore, it does not
equire an external heater for the start-up phase. Finally, because
artial oxidation takes place in the gas-phase instead of inside the
orous electrodes, the coking problems associated with higher
ydrocarbons are significantly reduced in the DFFC compared
o the SCFC concept.

The idea of using rich flames for the production of synthe-
is gas via partial oxidation is not new. The approach has been
emonstrated by several authors, in particular with the help of
orous combustors [9–11]. Kendall et al. have presented a tubu-
ar SOFC with an integrated catalytic partial oxidation catalyst
perated on methane and butane [12,13]. To the best of our
nowledge, the use of a free flame to operate a solid oxide fuel
ell was first published by Horiuchi et al. [1,2] who demon-
trated the feasibility of power generation using a DFFC with a
unsen-type burner.

In this study, we present an extended experimental anal-
sis of DFFC performance operated on methane, propane,
nd n-butane. The experiments are carried out with a flat-
ame type burner in order to match the geometries of the
ame and the planar fuel cell (cf. Fig. 1). Flame operat-
ng conditions, such as equivalence ratio, fuel inflow velocity,
nd distance between burner and SOFC are varied in order
o investigate the influence of these parameters on SOFC
erformance.
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. Experiment

.1. Cell preparation

A samarium-doped ceria (Ce0.8Sm0.2O2−δ, SDC, approxi-
ately 0.2 mm) disc fired at 1300 ◦C for 5 h in air was prepared

s an electrolyte. Cathode and anode pastes, respectively, com-
osed of 50 wt% SDC (NexTech materials)–50 wt% samarium
trontium cobaltite (Sm0.5Sr0.5CoO3, NexTech materials), and
wt% Rh2O3–57 wt% Li (8 mol%)-doped NiO–38 wt% SDC
ere printed on each side of the SDC disc. Platinum wire-

ttached platinum meshes as electron collector were embedded
n the paste layers of both sides, followed by firing in air at
200 ◦C for 1 h. Diameters of both electrodes were identically
3 mm.

.2. Flat-flame burner

For the present study, a so-called flat-flame burner was used
Fig. 1). This kind of burner applies a gas outlet that yields
omogeneous gas outflow velocities over the whole area of
he burner. Here, this is realized using a porous bronze sin-
er matrix, but a bundle of small parallel tubes or a plate with
mall holes would be equally suitable. The resulting combus-
ion flame front is parallel to the burner outlet. This geometry
s well-suited for direct coupling to a planar fuel cell. Fur-
hermore, because characteristic parameters such as species
oncentrations and temperature in the center region of the burner
nly show axial, but no radial variation, this setup can be
umerically studied using a one-dimensional stagnation point
ow model [3,14]. This allows to calculate species concen-

rations in the gas-phase at the DFFC anode surface [3]. In
ontrast, a Bunsen-type burner as used e.g. in [1] consists of
n open outlet tube, yielding a non-uniform axial velocity dis-
ribution and resulting in a typical cone-shaped flame structure
Fig. 1).

The flat-flame burner applied here uses a water-cooled (room
emperature) sinter matrix of 45 mm diameter. It was operated
ith laminar premixed methane/air, propane/air or butane/air
ames on various equivalence ratios φ,

= nfuel/nair

nstoich
fuel /nstoich

air

(1)

here n is the molar flow rate and nstoich are the flow
ates needed for stoichiometric reaction. Values of φ > 1 rep-
esent fuel-rich flames (oxygen deficient), values of φ = 1.0
epresents stoichiometric flames, and values of φ < 1.0 repre-
ent fuel-lean (oxygen excess) conditions [15]. The premixed
ases (methane, propane, n-butane, and air) were supplied
sing digital mass flow controllers (Bronkhorst). The flow
ates were adjusted to yield the desired equivalence ratio
nd gas outflow velocity at the burner exit, v. The burner

as mounted to a height-adjustable stage with a height

esolution of 0.5 mm that allowed to conduct experiments
ith variable distances d between the SOFC and the burner
atrix.
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Fig. 2. Experimental setup.

A schematic of the setup is shown in Fig. 2. This figure
hows clearly the flat-flame front (flame luminosity region par-
llel to the burner outlet). The burner flame is larger than the
OFC (13 mm diameter) in order to provide homogeneous tem-
erature and gas composition over the complete SOFC area.
his setup thus allows electrochemical characterization under
efined operating conditions. The region upstream of the flame
ront (between burner outlet and flame front) is the fresh gas
egion, and the region downstream of the flame front (between
he flame front and the SOFC) is the flame exhaust gas region
hich is, for fuel-rich premixed flames, a mixture mainly of
O2, H2O, CO, and H2. The flame front itself is only a frac-

ion of a mm thick [15]. When operating the burner with rich
uel/air mixtures as shown in Fig. 2 and throughout this paper,
secondary flame front is visible at the edges of the burner,
here the H2/CO-rich exhaust gases are fully oxidized with

mbient air.

.3. Electrochemical characterization

The SOFC was centered in the middle of the flame with the
node facing the flame. A 100-mm-diameter ceramic disc with
central hole of 13 mm diameter was used as holder for the

OFC. The SOFC was glued to the disc with the aid of a high-
emperature stable ceramic glue (Kerathin K 1800). This setup
s completely gas-tight. It was used in the present study to avoid
onvection or diffusion of flame gases from the large-diameter
urner to the cathode side. In a commercial DFFC system, fuel
ell and burner size would be matched so that a holder is not
equired.

The temperature of the upper ceramic disc surface was mea-
ured by a surface thermocouple (NiCrNi, Conrad Electronics)
ight next to the SOFC. The temperature at the disc surface
as found to be only slightly lower (ca. 40 ◦C) than the tem-
erature measured directly at the cathode surface of the SOFC.
n automated test facility (Basytec) was used to acquire polar-

zation curves. A single polarization curve measurement was

cquired during ∼100 s. This slow acquisition was performed
n order to give the dynamic processes at the SOFC electrodes
nough time to adjust to steady-state while changing the working
urrent.
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. Results and discussion

.1. Polarization curves

Premixed methane/air, propane/air, and butane/air flames
ere investigated over a wide range of equivalence ratios

φ = 1.0–1.9), gas inflow velocities (v = 10–30 cm s−1), and dis-
ances between burner and SOFC (d = 5–20 mm). For each
ondition, a current/voltage curve and the cathode surface tem-
erature were recorded. It was generally observed that for
toichiometric or lean flames (φ ≤ 1.0) the SOFC did not yield
ny power output (open circuit voltage = 0 V). Electrical power
ould be drawn only for rich flames (φ > 1.0). Consequently, in
he following, only results for φ > 1.0 are shown.

Typical current/voltage curves are shown in Fig. 3 for
ethane/air flames for varying φ and d at v = 20 cm s−1. The

pen circuit voltage is around 0.8–0.9 V, which is a typical value
or the mixed ionic-electronic conducting electrolyte (SDC)
sed here where the electronic current leads to a short-circuiting
f the SOFC and reduces the cell voltage [8,16]. The cur-
ent/voltage curve is almost linear, with a typical maximum
urrent density of ∼400 mA cm−2 and a maximum power den-
ity of 80 mW cm−2 at a cell voltage of 400 mV.

In the following, the experimental results are discussed in
erms of the maximum power density that could be reached in
ach case.

.2. Influence of flame conditions on the maximum power
ensity

The maximum power density for all methane/air flames is
lotted versus φ, v, and d in Fig. 4. The general trend that is
bserved is an increase in power density with increasing φ,
ncreasing v, and decreasing d. However, there is some scat-
er, in particular at high φ, high v, and low d, so that a simple

aximization of φ and v and minimization of d do not lead to
he highest performance. The apparently missing data points are
onditions where the flame was either unstable or could not be
ighted at all.

For propane/air flames, the maximum power output is plotted
ersus φ, v, and d in Fig. 5. Here, the power density generally
ncreases with increasing v and decreasing d. The plots of the
ower density versus φ reveal that there is a maximum equiva-
ence ratio in the range of 1.3–1.5, with decreasing power density
owards both leaner and richer flames. There is generally less
catter in the data compared to methane flames, as the flames
ere in general more stable in the extreme ranges of v and d.
For butane/air flames, the maximum power output is plotted

ersus φ, v, and d in Fig. 6. Although the behavior is generally
imilar to the propane and methane flames, there is a much larger
catter in the data. Indeed, it was observed that running the burner
n butane yields flames that tend to flicker or are stable only
t limited operating conditions. This is also evident from the

ecorded polarization curves that show non-linearities and strong
catter in particular at high v.

Within the parameter ranges investigated in the present study,
e have observed a highest power density of 120 mW cm−2
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ig. 3. Polarization curves of a DFFC system operated on methane for 20 cm s−1

as inflow velocity and 5–20 mm distance from the burner (indicated in the
gures) for equivalence ratios φ = 1.1–1.4.

propane/air, φ = 1.3, v = 30 cm s−1, and d = 5 mm). It should be

oted that the goal of this study is not the maximization of power
ensity, but the systematic study of the influence of flame operat-
ng conditions on fuel cell performance under defined operating

o
c

ig. 4. Methane-operated DFFC: Maximum power density vs. equivalence ratio
, distance between burner and SOFC d, and gas inlet velocity v.

onditions. For higher gas inflow velocities and thus increased
uel cell temperature power densities were observed to further
ncrease.

.3. Comparison of fuels

The maximum power density is plotted versus φ for all three
uels at d = 10 mm and v = 20 cm s−1 in Fig. 7. All fuels show a
imilar behavior, the maximum power density peaks at interme-
iate equivalence ratios φ. The power output is in general quite
imilar for all fuels. The methane flame yields slightly higher
It should be noted that propane and butane flames can be
perated over a wider range of equivalence ratios (up to φ = 1.9)
ompared to methane flames (up to φ = 1.5). No flame soot-
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Fig. 6. Butane-operated DFFC: Maximum power density vs. equivalence ratio
φ, distance between burner and SOFC d, and gas inlet velocity v.
ig. 5. Propane-operated DFFC: Maximum power density vs. equivalence ratio

, distance between burner and SOFC d, and gas inlet velocity v.

ng was observed even at the highest equivalence ratios for the
ropane and butane flames, although these equivalence ratios
re close to the flame sooting limits [17].

.4. Temperature dependence of the power density

The temperature of the ceramic disc holder surface on the
athode side was measured using a thermocouple. For the vari-
us flame and fuel conditions investigated, it varies between 300
nd 700 ◦C. The observed maximum power density is plotted
ersus the measured temperature in Fig. 8. Here, the upper panel

a) shows the collection of all data shown in Figs. 4–6, while the
ower panel (b) shows data at one single value of the equivalence
atio (φ = 1.3). In the latter case, all flames have approximately
he same H2 and CO concentrations in the exhaust gas.

Fig. 7. Maximum power density vs. equivalence ratio φ for methane, propane,
and butane operation at d = 10 mm and v = 20 cm s−1.
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decreases towards both lean and rich flames.

Given these observations, we believe that the chemical com-
pounds that are available at the SOFC anode for conversion into
electricity are both, H2 and CO. The increase of fuel cell perfor-
ig. 8. Maximum power density vs. measured cell temperature for all methane,
ropane, and butane operating conditions.

The data shown in Fig. 8 reveal a strong correlation between
he cell’s maximum power density and its temperature. Indeed,
he temperature dominates the influence of the other flame
arameters, as the scatter in the data for one fixed temperature
s smaller than the temperature dependence of the whole data
et. The data also confirm that there is no systematic difference
etween the various fuels investigated; only the propane flames
eem to have a slightly higher power output at high cell tempera-
ure. The scatter of the data shown in Fig. 8 is an indication of the
nstability of the flames. It is lowest for propane and increases
or methane and butane. When comparing the data at a constant
quivalence ratio (Fig. 8b), the propane flames show an almost
inear relationship between power output and cell temperature.

There are several possible interpretations for the distinct
emperature dependence of cell performance, including the
emperature-dependent conductivity of the electrolyte, or the
lectrochemical kinetics of either cathode or anode. A more
etailed analysis is subject of ongoing investigations.

The origin of the strong variation in cell temperature
300–700 ◦C) lies in the different flame configurations. In gen-
ral, the only heat source within the DFFC system is the
xothermic combustion chemistry that takes place in the thin

sub-mm) flame front. It leads to a heating of the gas-phase,
nd the SOFC is heated via conduction and convection from
he gas-phase. The DFFC system loses heat via three mech-
nisms: (1) Heat conduction and convection away from the

F
t
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athode surface; (2) heat conduction from the gas-phase to
he cooled sinter plate of the burner, in particular at short dis-
ances between burner and SOFC; (3) radiation from both SOFC
urfaces. Consequently, we observe that cell temperature (and
herefore cell performance) increases with increasing gas inflow
elocity (more overall flame heating power), decreasing distance
etween burner and SOFC (increased conductive heat transport
owards SOFC), and decreasing equivalence ratio (stoichiomet-
ic or slightly rich flames are hottest).

.5. The nature of the fuel for the solid oxide fuel cell

From detailed studies of flame structure and chemistry it is
nown [14,15,17] that the exhaust gases of rich (φ > 1.0) pre-
ixed hydrocarbon/air flames consist of a mixture of mainly
2, CO2, H2O, CO, and H2, while molecular oxygen present

n the fresh gases is consumed nearly quantitatively within the
ame front. This is generally true for all kind of hydrocarbons,

ncluding alcohols, liquid, and solid fuels. For richer flames
φ ≥ ∼1.5), methane may also be present in a percent range due
o its thermodynamic stability. For sooting flames (φ ≥ φsoot limit,
here φsoot limit depends on fuel and flame configuration), higher
ydrocarbons, polyaromatics, and soot (carbon) particles are
resent. As noted above, all flames investigated here were below
he soot limit.

In order to assess the nature of fuel species available for the
OFC, calculations of the equilibrium gas composition and adi-
batic flame temperature were performed for CH4/air flames of
arious equivalence ratios φ = 0.8–1.6. The upper value corre-
ponds to the inflammability limit [18]. The simulations were
arried out with the CANTERA software package [19] using
hermodynamic data from the NIST-JANAF thermodynamical
ables [20]. The resulting major species and temperature are
hown in Fig. 9. The concentrations of both H2 and CO increase
or increasing equivalence ratio and reach values of to up to
0% for very rich flames. For lean flames (φ < 1.0), excess O2
s present, and H2 and CO concentrations are very low. Tem-
erature peaks close to stoichiometric conditions (φ = 1.05) and
ig. 9. Equilibrium calculations of major species concentrations and adiabatic
emperature for CH4/air flames of different equivalence ratios.
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ance with increasing equivalence ratio (Fig. 4) is likely to be
onnected to the increase of the concentration of these species.
t equivalence ratios φ ≥ 1.5 (Fig. 7), the decreasing flame tem-
erature (Fig. 8) dominates the effect of further increasing H2
nd CO concentration. The type of fuel (methane, propane, and
utane) has only a minor influence on cell performance because
ll fuels yield similar species concentrations in the exhaust gas.

The exhaust gas of stoichiometric and lean flames (φ ≤ 1.0)
onsists only of fully oxidized species (N2, CO2, and H2O;
xcess O2 for φ < 1.0). This explains the observation that the
FFC system did not yield any electrical power when operated
ith stoichiometric or lean flames although the flame is hottest

n this case: there is simply no fuel available for the fuel cell.
Near the hot flame front, radical species such as H, OH, and

HO can be present in the gas-phase in the percent range. How-
ver, closer to the anode surface, the radical concentration will
trongly decrease to the order of parts per million. Although
adicals may be highly reactive towards electrochemical oxida-
ion, their low abundance most likely makes their contribution
egligible.

These issues will be discussed in more detail, based on
etailed combustion and electrochemistry simulations [3], in a
uture publication.

. Conclusions

The direct-flame solid oxide fuel cell concept has a num-
er of advantages over both dual-chamber and single-chamber
OFC systems, in particular its simplicity (no-chamber setup,
o high-temperature sealing, and no external heater) and fuel
exibility (gaseous, liquid, and solid carbon-based fuels, low
oking propensity). These properties make it an interesting can-
idate for energy conversion of hydrocarbon fuels, in particular
or combined heat and power applications.

We have presented an experimental study of a DFFC operated
ith methane, propane, and butane fuels. A flat-flame burner
rovided a flame sheet parallel to and a few millimeters away
rom the anode surface. The results are summarized as follows.

The flame operating conditions (equivalence ratio, gas inflow
velocity, and distance between burner and fuel cell) have
a strong influence on DFFC performance. This influence
is quite complex, caused by the coupled flame chemistry,
electrochemistry, and mass and heat transport. Within the
parameter ranges investigated in the present setup, power den-
sities of up to 120 mW cm−2 were achieved. Increasing the
power output by choosing optimum burner type and flame
conditions is subject of ongoing investigations.
The choice of fuel itself (methane, propane, and butane) has
only a minor influence on DFFC performance, as they are
all converted to H2/CO-rich exhaust gases in the flame. They
have an indirect influence via the stability limits of the flame.

With the present setup, propane flames were found most
stable.
Cell temperature has a dominant influence on the SOFC per-
formance. In all experiments the correlation of power output

[
[

er Sources 166 (2007) 120–126

with temperature is much stronger than with other parame-
ters. The variation of cell temperature with flame operating
conditions is a consequence of the coupled heat generation
by combustion chemistry and heat losses by conduction and
radiation.
The fuel species available for the SOFC anode itself are both,
H2 and CO, that are produced by the fuel-rich flame (equiv-
alence ratios φ > 1.0). Increasing equivalence ratio causes an
increase in these species concentrations, thus increasing cell
performance. In the exhaust of stoichiometric or lean flames
(φ ≤ 1.0), there is no H2 or CO available, and the cell does
not show any power output.

iven the observed increase of power density with temperature,
e believe that optimizing thermal management (e.g. through

hermal insulation) can lead to a further increase in cell perfor-
ance. This should be true, in particular, for very rich flames
here the effect of increasing H2 and CO concentrations is so

ar compensated by a decreasing flame temperature.
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