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a b s t r a c t

A detailed computational model of a direct-flame solid oxide fuel cell (DFFC) is presented. The DFFC is
based on a fuel-rich methane–air flame stabilized on a flat-flame burner and coupled to a solid oxide fuel
cell (SOFC). The model consists of an elementary kinetic description of the premixed methane–air flame,
a stagnation-point flow description of the coupled heat and mass transport within the gas phase, an
elementary kinetic description of the electrochemistry, as well as heat, mass and charge transport within
eywords:
olid oxide fuel cell (SOFC)
irect-flame fuel cell (DFFC)
odeling

imulation

the SOFC. Simulated current–voltage characteristics show excellent agreement with experimental data
published earlier (Kronemayer et al., 2007 [10]). The model-based analysis of loss processes reveals
that ohmic resistance in the current collection wires dominates polarization losses, while electronic loss
currents in the mixed conducting electrolyte have only little influence on the polarized cell. The model was
used to propose an optimized cell design. Based on this analysis, power densities of above 200 mW cm−2
ptimization
lementary kinetics

can be expected.

. Introduction

The driving force for energy conversion in a solid oxide fuel
ell (SOFC) is a gradient in the chemical potential of oxygen. To
stablish this gradient, the anode and cathode gas streams are usu-
lly separated from each other. This makes the system complex,
s high-temperature sealing techniques are needed and means of
hermal management have to be integrated. The separation of gas
treams may be omitted by using specialized catalyst materials for
he anode and cathode, making them selective for either the fuel or
he oxidant. These systems are known as single-chamber fuel cells
nd have been widely investigated [1–3]. Still, these systems are
perated inside a chamber and effort has to be made to constantly
upply heat and fuel.

An even simpler, “no-chamber” setup can be conceived when
xposing the cathode of a free-standing fuel cell to ambient air
hile continuously supplying the anode with a hot gas stream of
ow oxygen concentration. Such a gas stream can be easily provided
y a fuel-rich flame. This leads to the concept of the direct-flame
olid oxide fuel cell (DFFC). Here, the chemical gradient is built up
y a fuel-rich combustion of a hydrocarbon fuel on the anode side
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of the SOFC, where the combustion process consumes nearly all of
the oxygen and additionally acts as a fuel reformer and heat source
for the SOFC. The SOFC runs on H2 and CO present in the flame
exhaust gas. The production of hydrogen using fuel-rich flames was
demonstrated by several authors mostly using catalytic combus-
tion [4–6]. The approach of directly coupling a free-burning flame
to an SOFC was first published by Horiuchi et al. [7,8]. It was subse-
quently investigated using different fuels and different combustion
concepts [9–12].

The properties, advantages and drawbacks of DFFCs have been
discussed before [10]. One problem is the inherently low elec-
trical efficiency resulting from a conversion of a large part of
the fuel’s energy to heat during combustion. Moreover, previous
experiments [9,10] have identified cell temperature to be of key
importance for the system. In particular, the power density was
found to have a maximum at around 900 K independently of the fuel
used. This was attributed to the properties of the mixed-conducting
electrolyte (samaria-doped ceria, SDC) used in these studies.

In order to increase DFFC efficiency, a detailed understanding of
the factors governing DFFC performance is required, in particular
in the light of the observed strong and nonlinear temperature
influence. However, this is a difficult task because of the chemical

and thermal complexity of a DFFC, where flame and fuel cell are
inherently coupled. In the present study, we use modeling and
simulation techniques to identify and reduce efficiency losses and
improve DFFC performance. A detailed model accounting for the
full coupling of fuel cell and flame is developed, comprising all

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:marcel.vogler@dlr.de
dx.doi.org/10.1016/j.jpowsour.2010.04.030
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elevant chemical, physical and transport processes. The model
llows a detailed insight into the DFFC system, but comes at high
omputational cost. A reduced model is therefore developed that
trongly reduces computational time. The reduced model is used
o predict optimum working conditions and design parameters for
ncreasing electrical efficiency of the DFFC.

. Modeling and simulation

.1. Model structure

The model described in this section represents the experimental
etup by Kronemayer et al. [10]. An SOFC is placed in the exhaust
f a flat-flame burner. Fig. 1 shows the experimental setup along
ith a sketch of the modeling domain. Experimentally the cathode

emperature and the current–voltage relation (IV curve) of the fuel
ell were recorded. However, important parameters governing fuel
ell performance include gas composition of anode and cathode,
emperature distribution throughout the cell, as well as material
arameters (e.g., resistivities of the used materials, porosity of the
lectrodes, etc.), are only accessible via simulations. The model con-
ists of two main parts which we focus on in the remainder of this
ection: Firstly the flame itself has to be modeled in order to deter-
ine gas-phase composition and temperature at the surface of the

uel cell anode. Secondly the temperature-dependent electrochem-
cal processes of the fuel cell have to be modeled in order to predict
he power output of the system.

Depending on the focus of the analysis, different levels of model
etail will be used. Whenever possible the model complexity will
e reduced to enable faster computations. To ensure adequate
eproduction of crucial system properties, the reduced model is
ompared to the full model. This section presents the full model,

hile model reduction will be discussed in Section 3.3.

All model equations are summarized in Table 1 . The equation
umbers given in the following subsections refer to this table. All
odel parameters are summarized in Table 2. Full and reduced
odels are implemented in the in-house software DENIS (Detailed

Fig. 1. Experimental setup (a) and sketch of the modeling domain (b).
urces 195 (2010) 7067–7077

Electrochemistry and Numerical Impedance Simulation) [13]. For
numerical simulations, the 1D computational domain was dis-
cretized into 50 grid points using finite-volume techniques.

2.2. Flame and gas phase

A reactive non-isothermal stagnation point flow model [14,15]
is used to describe the flat-flame burner (Table 1, Eqs. (1)–(6)). This
model represents an exact 1D solution of the Navier–Stokes equa-
tions accounting for the full coupling of heat and mass transport
in the anode gas phase. The combustion chemistry is described
by an elementary kinetic reaction mechanism [16]. We use GRI-
Mech 3.0 [17], a mechanism optimized for the simulation of natural
gas combustion. The use of methane instead of natural gas allows
the reduction of the reaction mechanism to hydrocarbon species
smaller than C3H4 [16]. Furthermore, because we are not interested
in pollution chemistry, nitrogen–oxygen species and their reac-
tions are omitted. The resulting mechanism used for the present
study consists of 220 homogeneous gas-phase reactions between
36 species (CH4, H2, H2O, N2, O2, O, H, OH, HO2, H2O2, CO, CO2, CH,
HCO, CH2

triplet, CH2
singlet, CH2O, CH3, CH3O, CH2OH, CH3OH, C, C2H,

C2H2, C2H3, C2H4, C2H5, C2H6, HCCO, CH2CO, HCCOH, C3H7, C3H8,
CH2CHO, CH3CHO, N2).

For the cathode a constant non-reactive gas atmosphere of
N2:O2 = 79:21 was assumed. The pressure was set to 1 bar.

2.3. Fuel cell electrolyte

A samarium-doped ceria (SDC) electrolyte was used in the
experiments by Kronemayer et al. [10]. Over the whole range
of experimental conditions, SDC is a mixed ionic and electronic
conductor [18]. Ionic and electronic resistivity are functions of tem-
perature (Eqs. (39) and (40)). The temperature dependence of the
ionic conductivity was measured by the cell manufacturer (Shinko
Electric Industries [7]) using AC impedance spectroscopy in air
between 550 K and 700 K. For the electronic conductivity as well
as additional data for the ionic conductivity at higher tempera-
tures fits of Eqs. (39) and (40) to published experimental data were
performed.

Electronic conduction results in an electrical current short-
circuiting anode and cathode. This is potentially a major loss
mechanism for fuel cell performance. The electronic loss current
is calculated using Eq. (38) according to the model by Riess and
Gödickemeier [19,20] as reformulated by Hao and Goodwin [21].

2.4. Fuel cell electrodes

The electrodes consist of three phases: the porous gas phase
and the two solid phases of the mixed-conducting electrolyte and
electronically conducting electrode. Chemistry within the porous
electrodes is dominated by surface reactions. Therefore we treat the
gas phase as chemically non-reactive. Gas transport in the pores is
described by coupled multi-component diffusion and Darcy porous
flow (Eqs. (7)–(12)). A detailed elementary kinetic model is used to
describe the heterogeneous surface chemistry. The reaction mech-
anism used to calculate the chemical source terms (Eq. (13)) for
the electronically conducting phase of the anode was developed for
reforming, shift and partial oxidation of methane on nickel surfaces
[22]. It consists of 42 reactions between 6 gas-phase species (H2,
CO, H2O, CO2, CH4, O2) and 12 surface species (H, OH, H2O, O, CH4,
CO, CO2, CH, CH3, CH2, C, free Ni sites). As the reaction mechanism

for the heterogeneous chemistry on the SDC surface is unknown,
a reaction mechanism developed previously for YSZ [23] is used,
consisting of four reactions between one gas-phase species (H2O),
four surface-adsorbed species (H2O, OH−, O2−, free sites) and two
bulk species (O×

O, V
••
O ).
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Table 1
Summary of all model equations. See [14] for a definition of symbols and their units.

Process Model equation

Reactive stagnation point flow

Mass continuity
∂�

∂t
= − ∂(��y)

∂y
− 2�V (1)

Radial momentum
∂(�V)

∂t
= − ∂(��yV)

∂y
− ∂

∂y

(
�

∂V

∂y

)
− �V2 − � (2)

Species conservation
∂(�Yi)

∂t
= − ∂(��yYi)

∂y
−

∂jdiff
i

∂y
+ ṡV

i
Mi (3)

Energy conservation
∂(�cPT)

∂t
= − ∂(��ycPT)

∂y
+ ∂

∂y

(
�q

∂T

∂y

)
−
∑
i ∈ Sg

cP,ij
diff
i

∂T

∂y
−
∑
i ∈ Sg

ṡV
i

hi (4)

Radial pressure
∂�

∂y
= 0 (5)

Species production by homogeneous chemistry ṡV
i

=
∑

m

vi,m

⎛
⎝kf,m

∏
j ∈ Rf,m

c
�′

j

j
− kr,m

∏
j ∈ Rr,m

c
�′′

j

j

⎞
⎠ (6)

Porous gas-phase transport

Mass transport
∂(	ci)

∂t
= −

∂Jdiff
i

∂y
−

∂Jflow
i

∂y
+ ṡV

i
(7)

Knudsen diffusion Jdiff
i

= −ciDi
∂Xi

∂x
(8)

Darcy flow Jflow
i

= −Xicg
B

�

∂p

∂y
(9)

Mixture averaged diffusion coefficient Di = (1 − Xi)

( ∑
j ∈ Sg,j /= i

Xj/Deff
ij

)−1

(10)

Bosanquel diffusion coefficients Deff
ij

= Deff
ji

= 	



1
2

(
1

(1/DK
i
) + (1/Dij)

+ 1

(1/DK
j
) + (1/Dij)

)
(11)

Kozeny–Carman relation B = 	2d2
P

72 · 
(1 − ε)2
(12)

Volumetric gas-phase production rate ṡV
i

=
∑

k ∈ SN

AV
k

ṡA
i

(13)

Heat transport MEA

Energy conservation
∂(�cPT)

∂t
= ∂

∂y

(
�q

∂T

∂y

)
+ ṡq (14)

Heat sources ṡq = �i
elyt

(
∂
elyt

∂y

)2

+
∑

i ∈ Sg,Ss

ṡV
i

hi (15)

Heat transfer coefficient ˛ = Nu ·
�air

q

Lchar
(16)

Surface heat radiation jelec
q = ˛(Telec − Tgas) + �SB ∈ q(T4

elec − T4
ref) (17)

Heterogeneous chemistry model

Surface coverages �i = ci

�k
(18)

Chemistry source terms ṡA
i

=
∑

m

vi,m

⎛
⎝kf,m

∏
j ∈ Rf,m

c
v′
j

j
− kr,m

∏
j ∈ Rr,m

c
v′′
j

j

⎞
⎠ (19)

Forward reaction rate constant kf,m = k0
f,m · Tˇm · exp

(
−

Eact
f,m

RT

)
(20)

Reverse reaction rate constant kr,m = kf,m · exp

(
�Gm

RT

)
(21)

Gibbs free reaction enthalpy �Gm =
∑
i ∈ Rf,m

v′
i,m

(hi − T · si) −
∑
i ∈ Rr,m

v′′
i,m

(hi − T · si) (22)

Electrochemistry anode

Forward charge-transfer reaction rate constant kf,ct = k0
f,ct exp

(
−

Eact
f,ct

RT

)
exp

(
˛

zF

RT
· �
an

)
(23)

Reverse charge-transfer reaction rate constant kr,ct = kf,ct exp

(
�Gm

RT

)
exp

(
−(1 − ˛)

zF

RT
· �
an

)
(24)

Total volumetric current iVtot =
∑
j ∈ CTRs

iV
j

(25)

Faradaic current of single charge-transfer reaction iVCTR = zFlVTPB

⎛
⎝kf

∏
j ∈ Rf,ct

�
v′
j

j
− kr

∏
j ∈ Rr,ct

�
v′′
j

j

⎞
⎠ (26)
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Table 1 (Continued )

Process Model equation

Electrochemistry cathode

Exchange current density i0ca = i∗ca exp

(
−

Eact
cath

RT

)( pca
O2

p∗
O2

)1/4(
1 +

pca
O2

p∗
O2

)−1/2

(27)

Faraday current cathode ica = i0ca ·
[

exp

(
ˇa

zF

RT
�ca

)
− exp

(
−ˇc

zF

RT
�ca

)]
(28)

Electrical properties of the MEA
Potential SOFC E(i) = 
elde,cath − 
elde,an(i) (29)

Potential steps anode �
an = 
elde,an − 
elyt,an (30)

Potential steps cathode �
cath = 
elde,ca − 
elyt,ca (31)

Overpotential � = �
 − �
equil (32)

Potential distribution electrode
∂

∂y

elde = 0 (33)

Potential distribution dense electrolyte
∂

∂y

(
�elyt

∂

∂y

elyt

)
= 0 (34)

Potential distribution composite electrode
∂

∂y

(
�elytf�

∂

∂y
�
an

)
= −iVtot (35)

Total current i =
∫

iVtotdy + iel (36)

Ionic current density ielyt = −�eff
elyt

∂

∂y

elyt = −�elytf�

∂

∂y

elyt (37)

Electronic current of mixed conducting electrolyte iel = −ielyt

�e
elyt

(pca
O2

, T)

�i
elyt

(T)
exp

(
�caF

RT

)
· exp(EF/RT) − 1

1 − exp((−ielytLelytF)/(RT�i
elyt

))
(38)

Electrolyte electronic conductivity �e
elyt(p

cath
O2

, T) =
(

pcath
O2

p0

)−1/4

·
aelyt

0

T
· exp

(
belyt

0

T

)
(39)

Electrolyte ionic conductivity �elyt = A�

T
· exp

(
− E�

RT

)
(40)

Resistance of Pt wire Ra = �con · icon (41)

on = �

a
o
m
m
B
i

p
a
t
(

2

t
a
i
T
p
h
d
S
s
m

2

o

Specific resistance of the Pt wire �c

The charge-transfer reactions on anode and cathode are
ssumed to take place at the three-phase boundary distributed
ver the whole volume of the electrodes. For the anode, an ele-
entary kinetic mechanism is used based on a hydrogen spillover
echanism (Eqs. (23)–(26)) [23]. For the cathode, the modified

utler–Volmer ansatz (Eqs. (27)–(28)) developed by Zhu et al. [24]
s used.

Thermal management of the SOFC is modeled by including heat
roduction by heterogeneous chemistry in the anode, Joule heating
nd heat conduction through the entire SOFC, as well as radia-
ive and convective heat transport at the electrode surfaces (Eqs.
14)–(17)).

.5. Connecting wires

In the experiments the SOFC was connected via platinum wires
o the measuring device. The wire had a diameter of 0.3 mm
nd a total length of 60 mm. The wire was attached to a plat-
num mesh embedded into the electrodes as current collector.
he mesh is the same high temperature as the SOFC; the wire
asses through the hot flame regions and may be partially even
otter. The ohmic resistance of wire and mesh are temperature
ependent via Eq. (42). In the model we include a 60-mm wire at
OFC temperature. It adds to the overall ohmic resistance of the
ystem and will be shown to have a large influence on the perfor-
ance.
.6. Model validation and parameter estimation

Model validation is a key requirement for performing reliable
ptimization studies. Simulation targets for model validation have
Acon
0
con · (1 + ˛con · (T − T0)) (42)

to be experimentally available physical data which the model
has to predict correctly after an adjustment of unknown model
parameters. Because the model is based on physicochemical fun-
damentals, it is expected to be valid outside the conditions covered
in the validation experiment. In the experiments by Kronemayer
et al. [10], the cell temperature on the cathode surface Tcath and
current–voltage characteristics (IV curves) were recorded for a vari-
ety of equivalence ratios ˚ and temperatures (realized by varying
the burner–SOFC distances d). These flame conditions are summa-
rized in Table 3. The experimentally identified key features of the
system are summarized as follows:

• Linearity of the IV curves: The IV curves for all investigated flame
conditions show a characteristic linear shape

• Open-circuit voltage (OCV): The OCV is lower than the value pre-
dicted from thermodynamics

• Peak power Pmax: The power output of the SOFC is small compared
to the fuel available for electrochemical conversion by the SOFC
(low efficiency)

• Tcath: Temperatures measured with a surface thermocouple at
the cathode side of the fuel cell are low (400–700 ◦C) compared
to expected flame temperatures (1600–1900 ◦C)

The only input to the simulations are the composition of the fuel
given by the equivalence ratio ˚, the inlet velocity of the premixed
fuel vinlet, the distance between burner outlet and anodic surface

of the fuel cell d, and the temperature of the water-cooled burner
sinter matrix. All features listed above need to be directly predicted
by the model and are ideal for model validation.

Given the complexity of the system and the level of detail it
is modeled at, a large number of parameters enter the simula-
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Table 2
Summarized model parameters. (a) Values fitted to experimental data provided by Shinko Electric Industries Co. Ltd. (b) Parameter was adjusted by fitting to experimental
data of Kronemayer et al. [10]. (c) Estimated from SEM pictures provided by Shinko Electric Industries Co. Ltd. (d) Estimated. (e) Estimated from percolation theory [27]. (f)
Material data sheet from manufacturer. (g) From the experimental setup. See [13] for a definition of symbols.

Parameter Definition Value Unit Ref.

Porous gas-phase transport
dan Anode thickness 175 �m (c)
εan Anode porosity 37% – (c) and (e)

an Anode tortuosity 3.5 – (d)
dcath Cathode thickness 250 �m (c)
εcath Cathode porosity 30 % (c)

cath Cathode tortuosity 4 – (d)

Electric parameters
Acell Active cell surface 1.3 cm2 (g)
aelyt

0 Pre-exponential factor electronic conductivity of the dense electrolyte 7.3 × 1011 K(� m Pa1/4)−1 [26]
belyt

0 Temperature coefficient of electronic conductivity of the dense electrolyte 2.7 × 10−4 K [26]
E� Activation energy of the ionic conductivity 77.2 kJ [27] and (a)
A� Pre-exponential factor of ionic conductivity 5.2 × 107 K−1 [27] and (a)
delyt Electrolyte thickness 170 �m (c)
lcon Length of connecting wires 0.6 cm (g)
Acon Cross sectional area 0.28 mm2 (f)
˛con Temperature-pre-factor for contact wire resistance 3.8 × 10−3 K−1 (f)
�0

con Length-specific resistance of contact wire 110 � mm2(m−1) (f)

Electrochemistry
ˇ Symmetry factor 0.5 – [28]
Eact

cath
Activation energy of cathodic CTR 88.6 kJ mol−1 [28]

i∗ca Volumetric exchange current density 5.9 × 1011 A m−3 [28]
p(O2) Oxygen partial pressure 21.3 kPa (g)
lV ,an
TPB Volume specific length of the TPB 1012 m−2 (e)

k0
H1 Pre-exponential factor of the CTR at the anode 135 mol s−1 (b)

Eact
H1 Activation energy of the CTR at the anode 185 kJ mol−1 (b)

Heat management
Lchar Characteristic length 0.012 m (g)
Nu Nusselt number 1 – [29]
�air

q Heat conductivity of the ambient air 0.058 W(m K)−1 [29]
�elyt

q Heat conductivity of the dense electrolyte 5 W(m K)−1 (c)

t
e
u
b
m
o
t
w
u
s
r

T
O
m
m

�an
q Heat conductivity of the porous anode

�cat
q Heat conductivity of the porous cathode

εca
q Emissivity of the cathode surface

εan
q Emissivity of the anode surface

ions (Table 2) and not all of them are known exactly. This is
ither because they cannot be derived by other means than sim-
lation (e.g., rate coefficients of the charge-transfer reactions), or
ecause published data are not exactly applicable to the experi-
ental conditions or the materials used (e.g., cathodic emissivity

r electronic conductivity of the SDC electrolyte), or simply because
hey were deemed unimportant (e.g., the length of the contact
ire being exposed to the hot flame exhaust). The missing or

ncertain parameters have to be adjusted within physically rea-
onable limits so the model correctly reproduces the experimental
esults.

able 3
verview over the different flame conditions used in this study. “Std.” (last row)
arks the standard condition used for comparison between full model and reduced
odel.

No. ˚ vinlet (cm s−1) d (cm)

1 1.1 10 2
2 1.1 20 2
3 1.1 30 2
4 1.2 10 2
5 1.2 20 2
6 1.2 30 2
7 1.3 10 2
8 1.3 20 2
9 1.3 30 2
10 1.4 10 2
11 1.4 20 2
Std. 1.2 10 1
8 W(m K)−1 (c)
10 W(m K)−1 (c)
0.75 – [30]
0.75 – [30]

3. Results and discussion

3.1. Full model

Simulations using the full model were carried out for one repre-
sentative flame condition marked “Std.” in Table 1. This condition
was chosen because in the experiment it yielded a stable flame
for all investigated fuels. Simulations were carried out for both, an
unpolarized and a polarized cell. Fig. 2 summarizes the results that
are discussed in the following.

Fig. 2a shows the calculated current–voltage curve and power
density including a comparison to experimental data [10] under
the same operating conditions. The agreement between exper-
iment and simulation is excellent (i.e. 1.5% at Pmax) with a
maximum deviation occurring at OCV, where the cell voltage is
overpredicted by 5%. This discrepancy will be further discussed
below.

If no external load is connected to the fuel cell (OCV) and the
system has reached a steady state, a time-independent species and
temperature profile develops in the gas phase between burner and
anode surface showing only spatial variations. The temperature dis-
tribution in flame and SOFC is shown in Fig. 2b. The DFFC system
produces heat via the combustion chemistry. Consequently, strong
temperature gradients are observed in the gas phase (right part

of the plot). The peak temperature of the flame is about 1900 K
which is about 300 K lower compared to an adiabatic flame of
the same equivalence ratio. In contrast, the temperature distri-
bution within the fuel cell itself (left part of the plot) is almost
uniform (simulated difference between anode and cathode sur-
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ig. 2. Simulation results of the full model for the DFFC system at standard condition
ata [10]. (b) Temperature profile in the gas phase and the solid phases. (c) Major g
pecies concentration profiles. (f) Hydrogen/oxygen radical species concentration p

ace: 3 K). This behavior results from the high heat conductivity
f 5–10 W(m K)−1 and the small thickness of the SOFC compared
o the gas phase which is several mm thick and has a heat con-
uctivity of around 0.025 W(m K)−1. The figure also includes the
xperimentally measured temperature at the SOFC cathode, which
s only slightly higher than the simulated temperature. The results
how that the fuel cell thermally strongly influences the flame. Heat
s led away via three mechanisms: (1) heat conduction and con-
ection away from the cathode surface; (2) heat conduction from
he gas phase to the cooled burner matrix; (3) radiation from both
OFC surfaces. Thus, the SOFC and the flame are thermally strongly
oupled.

The species profiles in the gas phase (Fig. 2c, e, and f) are highly
onlinear, resulting from the coupled transport, reaction kinetics,
nd thermodynamical properties. For example, when going from
he burner outlet towards the SOFC, the methane mole fraction
trongly decreases to 10−10 as it is consumed through gas-phase
ame chemistry. As the gas mixture rapidly cools down on its way
owards the anode, further reactions establish a value around 10−5

hich is close to the equilibrium concentration. Other main species
H2O, H2, CO, CO2) show only little variation once behind the flame
ront. The radical species peak at the flame front, which is typical
or flames, and then follow their respective kinetic and thermody-

amic properties when the gas cools down. The flame, judged by
he concentration profiles of oxygen and methane, extends roughly
bout 1 cm from the burner outlet in the direction of the fuel cell
hich is in good agreement with free flames [16]. The concen-

ration of the radical species strongly decreases inside the porous
able 3). (a) Current–voltage and current–power behavior compared to experimental
ase concentration profiles. (d) Axial and scaled radial velocities. (e) Carbon radical

s.

structure of the anode as they undergo heterogeneous reactions
with the catalytically active anode surface forming stable gas-phase
species.

The axial and scaled radial velocities of the stagnation point flow
field [15] are shown in Fig. 2d. The axial velocity has a maximum
close to the position of the flame front and decreases until it is zero
at the SOFC surface.

3.2. Electrochemically active species

When current is drawn from the cell, oxygen ions from the cath-
ode move through the electrolyte and oxidize the fuel on the anode
side. In principle any species at the anode side that can be oxidized
may serve as a fuel. To determine the main electrochemically active
species of the DFFC system, calculations of the SOFC under elec-
trical load (150 mA) are further compared to OCV conditions. The
value of 150 mA was chosen because it is the maximum current
which could be drawn from the cell experimentally at the standard
conditions and hence the effect on surface coverage and gas-phase
concentration will be the strongest.

Fig. 3 shows concentration profiles of the gas-phase species
inside the porous anode and in the gas volume between anode
and burner outlet for selected species at OCV (0 mA) and at 150 mA

electrical load. Methane and oxygen (Fig. 3a) rapidly decrease from
their inlet concentrations at ˚ = 1.2 close to the burner outlet as
they are consumed by the flame. At the same time, radical species
are produced (OH, H, CH). Polarization shows hardly any effect
on the concentration of any of the species (note the logarithmic
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Fig. 3. Comparison of concentration profiles of selected gas-phase species in the
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orous anode and the gas phase calculated for OCV (solid lines) and for 150 mA
lectrical load (lines with symbols).

cale). All flame radicals have an overall low concentration inside
he porous anode.

In Fig. 3b the potential fuel species (H2, CO) and their products
H2O, CO2) are plotted. Concentrations of both fuel species decrease
y a comparable magnitude when the cell is polarized. This shows
hat both H2 and CO are electrochemically active, either directly or
ndirectly via water–gas shift reactions. The concentrations of all
pecies under polarization converge against their respective values
t OCV close to the flame front. Thus, the fuel cell consumes only a
mall fraction of the partially oxidized fuel supplied by the flame,
nd most of the H2 and CO leaves the system unused. Products
f the electrochemical conversion taking place inside the SOFC do
ot influence the flame. The flame and the SOFC are chemically
ecoupled.

.3. Model reduction

The full model is detailed but computationally costly and
herefore not suitable for parameter studies or optimization. The
imulation of the complex flame chemistry is by far the most
ime-consuming aspect of the model. On the other hand, as dis-
ussed in Section 3.2, flame and SOFC are chemically decoupled.
he decoupling can be exploited by assuming a constant gas-phase

omposition just above the SOFC anode. To account for the differ-
nt burner operating conditions and the accordingly different gas
ompositions, the concentration of gas-phase species is set to the
espective values calculated using the full model. Furthermore, the
Fig. 4. Comparison of simulated current–voltage (a) and power–current (b) behav-
ior of full and reduced models with experimental data [10].

simulations using the full model predict a temperature variation of
only 3 K over the thickness of the SOFC. Compared to the tempera-
ture gradient of roughly 1000 K in the gas phase, the temperature
gradient inside the fuel cell is negligible. Consequently, isothermal
conditions are assumed, and the temperature is set constant to the
experimentally determined value of the cathode surface.

The predicted polarization characteristics of full and reduced
models are compared in Fig. 4 for standard conditions (Table 1). The
OCV and maximum power density of the two models differ by only
10%, which is a very good agreement given the strong simplifica-
tions made. The shape of the IV curve is almost identical. Therefore,
the main experimental features are reproduced correctly by the
reduced model. Consequently, it will be used in the following for
model validation and parameter studies.

Note that the calculation of an IV curve consisting of 100 points
between open circuit and closed circuit takes roughly 6 h using the
full model. This could be reduced to about 10 min when calculations
are performed with the reduced model.

3.4. Model validation over wide range of experimental conditions

Fig. 5 shows how the predictions of the reduced model com-
pare to the measured current–voltage dependencies for the various

experimental flame conditions shown in Table 1. For all condi-
tions, simulation and experiment show a nearly linear relationship
between current and cell voltage. This indicates that the system
is, even at high currents, not limited by transport processes. The
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Fig. 5. Comparison of reduced model predictions of current–voltage curves with experimental data [10] for all investigated flame conditions (see Table 1).
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odel predictions show a good agreement with the experiment
xcept for conditions of low equivalence ratio ˚ and low inflow
elocity vinlet (conditions 1, 2, 4, 5). The origin of this discrepancy is
nclear.

For further discussion, the maximum power output Pmax and
he OCV are plotted versus flame condition in Fig. 6. Both, the pre-
icted and experimentally measured OCV decrease for constant
quivalence ratio with increasing fuel inlet velocities. As shown in
ig. 6a, the model generally overpredicts the OCV. This is not a prob-
em of the reduced model as the full model shows this behavior as

ell (Fig. 2a). Three reasons for this systematic overprediction are
ossible. Firstly, in the experimental setup the flame exhaust may
lter the cathodic gas composition as it flows around the sample
older. This would result in lower OCV due to a lower concentra-
ion of oxygen. Calculations assuming an oxygen concentration of
bout 1% instead of 21% resulted in a correct prediction of the OCV.

owever it is deemed unlikely that the exhaust would alter the
athode gas composition to such an extent without a flame devel-
ping on the cathode side. Secondly, the electrolyte layer may not
e completely gas-tight allowing the cross-over of fuel and oxi-
izer thereby lowering the OCV. Especially after several thermal
cycles during start-up and shut-down microcracks might be intro-
duced in the electrolyte by thermal stress. Thirdly, the electronic
conductivity of the electrolyte could be estimated too low. The coef-
ficients for the calculation of the electronic conductivity depend on
the composition of the SDC, temperature, and local oxygen concen-
tration. Literature data had to be extrapolated to the exact material
composition used in the experiments.

With respect to the maximum power output shown in Fig. 6b,
the model predictions and experimental data are in good agree-
ment. Both show an increase of system performance with
increasing velocity and, for constant velocities, with increasing
equivalence ratio. Generally an increase in inflow velocity of the
premixed fuel results in an increase of the temperature of the
SOFC. As most processes inside the SOFC are thermally acti-
vated, a performance increase with increasing temperature is
expected.
3.5. Influence of temperature

Calculations using the reduced model were performed for cell
temperatures ranging from 500 K to 1500 K. The resulting peak
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Fig. 6. Comparison of reduced model predictions of open-circuit voltage (OCV) and
peak power density (Pmax) with experimental data [10] for all investigated flame
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Fig. 7. Simulated peak power density (Pmax, b) and open-circuit voltage (OCV, a) ver-
sus cell temperature. Simulations are performed for standard conditions using the
reduced model. The vertical lines denote the temperature of maximum peak power.
The simulations are compared to experimental data from DFFC systems operated
with a flat-flame burner [10] and with a porous burner [25]. Note that the porous-
burner experiments were performed with different cells and are added to show the
onditions (see Table 1).

ower and the predicted OCV for the different temperatures are
hown in Fig. 7 together with the theoretical value OCVNernst calcu-
ated from the Nernst equation under the assumption of a thermally
quilibrated gas phase. The figure also shows experimental data.
ith a flat-flame burner, a maximum temperature of roughly

000 K could be achieved. For higher temperatures, we used addi-
ional data from experiments with a porous burner which allows
or cell temperatures up to 1400 K [25].

The experimental power densities (Fig. 7b) have a pronounced
aximum at around 900–950 K. This volcano-type behavior is very
ell reproduced by the model. The origin of this effect will be dis-

ussed below.
The OCV (Fig. 7a) continuously decreases with increasing tem-

erature. Again, experimental and simulated data are in good
greement. However, they are systematically below the Nernst
oltage. This is caused by the electronic conductivity of the
ixed conducting electrolyte. Electronic loss currents strongly

ncrease with increasing temperature (Table 1, Eq. (38)). This causes
decrease in OCV [19,20]. For low temperatures, where elec-

ronic current becomes small, the model-predicted OCV converges
gainst the Nernst voltage.

.6. Analysis of loss processes
The volcano-type behavior of the DFFC’s performance with
espect to temperature requires specific attention. Fig. 8 shows
he absolute and relative power losses as a function of temper-
ture, where the model allows to separate the contributions of
trends for higher temperatures.

anode, cathode, electrolyte ionic resistance, electrolyte electronic
loss current, and ohmic losses of the connection wires. Four main
contributions can be identified as discussed in the following.

• The largest contribution to power losses results from the con-
nection wires (Ra). In the experiments these were two thin
platinum wires attached to the current collector embedded into
the electrodes. The platinum wire has a temperature-dependent
resistivity described by Eq. (42). The losses of the wires follow
Ohm’s law so they are proportional to the cell voltage. At high
temperatures, the power loss due to the contact wires is approx-
imately equal to the total peak power of the system.

• The second largest contribution to power losses, amounting to
one third of the power output from the system, is due to the
ionic resistance of oxygen ions in the dense electrolyte. The ionic
resistivity decreases with increasing temperature (Eq. (40)).

• The polarization losses of the anode represent the third largest

contribution to power losses and reduces the power of the system
by about 10%. Possible causes are slow electrochemical reactions.

• Losses due to the electronic conductivity of the mixed-conducting
electrolyte play only a minor role. It is important to note that
the electronic current depends strongly on the cell polarization
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Fig. 8. Calculated power losses of different fuel cell components and processes ver-
sus the operating temperature. Simulations are performed for standard conditions
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sing the reduced model. The vertical lines denote the temperature of maximum
eak power.

(Eq. (38)): It decreases with increasing polarization. Therefore,
although it has a strong impact on the OCV (Fig. 7a), the influence
at the actual operating point is rather small. It becomes dominant
only at temperatures >1400 K.

The high importance of ohmic losses (connection wires and solid
lectrolyte) is the reason for the linear behavior of the IV curves
Fig. 5).

. Model-based optimization

The physicochemical model has been shown to reliably predict
FFC performance over a wide range of experimental conditions.
e therefore feel confident to use the model for optimizing the

esign of the DFFC. To this goal, a number of geometrical parame-
ers of the SOFC were varied in order to study their impact on DFFC
erformance.

Fig. 9 shows the maximum cell power at 900 K versus the thick-
ess of the anode, cathode and electrolyte as well as wire radius. The
ptimum anode layer thickness (Fig. 9a) is around 20 �m. Reducing

he anode thickness from its standard value (175 �m) first results
n an increase of power density as the ohmic and gas-phase trans-
ort losses decrease. When further reducing anode thickness, the

ayer becomes too thin to fully support the electrochemical conver-
ion. The thickness of the cathode (Fig. 9b) has almost no influence
urces 195 (2010) 7067–7077

on the systems performance. This corresponds to the conclusions
drawn in the previous section, where the cathodic contribution
to the power loss of the system was insignificant. With decreas-
ing electrolyte layer thickness (Fig. 9c), performance continuously
increases, consequently thinner electrolyte layers always reduced
the losses. The lower limit would be given by the requirement
that the layer must remain gas-tight. Increasing the radius of the
connecting wires (Fig. 9d) has the highest impact on the cell per-
formance, allowing an increase of power density by a factor of
more than two for wire radii above 1 mm. With further increas-
ing radius there is no further effect because other loss processes
become dominant.

The study shows that improvement of cell design allows to
increase power density to above 200 mW cm−2, which is signif-
icantly higher than the experimentally observed performance of
80 mW cm−2 of the base design.

4.1. Summary and conclusions

The direct-flame solid oxide fuel cell (DFFC) is a promising sys-
tem for power generation in a simple “no-chamber” setup. We have
presented a detailed modeling and simulation study of a DFFC oper-
ated on methane using a flat-flame burner. A full model was set
up comprising an elementary kinetic description of the premixed
methane–air flame, a stagnation-point flow description of the cou-
pled heat and mass transport within the gas phase, an elementary
kinetic description of the electrochemistry of the SOFC anode, a
global kinetic description of the SOFC cathode, as well as heat, mass
and charge transport within the SOFC. Simulated current–voltage
characteristics show excellent agreement with experimental data
published earlier by Kronemayer et al. [10]. Main conclusions are
summarized as follows:

• Flame and fuel cell are thermally strongly coupled. Despite strong
temperature gradients in the gas phase, the temperature through
the fuel cell is almost uniform.

• Flame and fuel cell are chemically decoupled. Fuel cell operation
does not affect combustion chemistry.

• Both, H2 and CO are identified as electrochemically active fuel
species.

Due to the high computational effort of the full model, a reduced
model was set up for parameter studies. The comparison of simu-
lations with experiments over a wide range of parameters (flame
equivalence ratios, burner inflow velocities) showed that all key
features of the system were predicted well. Main conclusions are
summarized as follows:

• The experimentally observed strong temperature dependence
of the DFFC performance is quantitatively reproduced by the
model. The system shows an optimum cell temperature of around
900 K.

• Individual contributions of the different loss processes were
quantified. Ohmic resistance in the connecting wires and/or the
embedded current collectors was found to be the dominant loss
process, followed by ionic resistance of the electrolyte.

• Electronic loss currents through the mixed-conducting elec-
trolyte, although important at open circuit, have only a small
influence at the actual operating point.

The model was used to study the impact of cell design

on performance. An optimum anode thickness was identified.
Improved current collection was shown to be of key impor-
tance for performance improvement. Based on an optimized
cell design, power densities of above 200 mW cm−2 can be
expected.
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