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Mathematical modeling of transport and electrochemical phenomena within SOFCs can lead to improved
understanding of the involved physical, electrical, and chemical processes and represents a powerful tool for
their development. In this context, the present work illustrates a three-dimensional CFD simulation of a
planar SOFC unit cell fuelled by modeled biogas/steam mixtures. The simulations estimate the distribution of
gas species, the current densities and the potentials, as well as the temperature gradients and confirm that
equimolar CH4/CO2 biogas leads to improved performance, while minimal steam addition can prevent
carbon deposition.
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1. Introduction

Biogas is a renewable fuel containing 50–80%v CH4 diluted by 50–
20%v CO2 reforming agent. Only 10% of the readily exploitable biogas
resources are estimated to be used today due to the local nature of
biogas production, which implies the use of internal combustion
engines of small nominal power and of low electrical conversion.
Moreover, landfill biogas (almost 80% of current biogas production)
usually contains less than 50% CH4, hindering its use in conventional
power systems. On the contrary, fuel cells exhibit appreciable electric
efficiencies even at high power outputs and diluted fuel [1,2]. Especially,
Solid Oxide Fuel Cells (SOFCs) can be directly fed with CH4/H2O
mixtures and overcome the need to pre-reform biogas or to eliminate
CO through successive catalytic reactors [3,4]. Internal steam reforming
is the dominant route for SOFCs commercialization [5], while only few
preliminary studies, mostly triggered by the prospects of direct biogas
SOFC applications, had examined internal dry reforming [6–9].

In parallel to experimental research, SOFC modeling efforts have
been intensified during the past decade, leading to a variety of models
ranging from the simulation of individual SOFC components (micro-
scale) up to the simulation of entire stacks (macro-scale), and vary in
complexity and in the nature of the employed assumptions. In this
direction, zero-, one-, two-, and three-dimensional models have been
developed, mostly based on empirical data, while a number of models
describe the electrochemically active region and the electrochemical
reactions associated losses [10–15]. The current state-of-art in SOFC
modeling refers to the use of computational fluid dynamics (CFD) to
result in full-field solutions and to couple them with electrochemical
models [16–18]. Due to advantages of internal steam reforming of CH4,
significant research has been dedicated to its simulation [16,17,19,20],
while some efforts focus on CH4 dry reforming [1,2,21], considering
detailedflowfield, current distribution, CH4/H2O/CO2/H2/CO transport
and heat generation/consumption by chemical and electrochemical
reactions and ohmic effects. Especially, the CFD-Ace+ software was
used to investigate theminimization of steam addition [22], to address
solutions that prevent carbon deposition [23], to identify ohmic losses
at the cylindrical geometry [24], and to propose innovative designs for
advanced SOFC performance [25].

In the present effort, CFD-Ace+ is used for the 3D simulation of
species and temperature distribution, during the internal reforming of
various biogas compositions at the inlet region of a planar unit-cell
configuration, and to predict the performance, the location of increased
thermal stresses and the possibility of solid carbon deposition.

2. Model description

The two dimensional cuts of the examined unit cell (the three-
dimensional volume of which was discretized by a structured grid of
33,516 cells) are depicted in Fig. 1. The Ni-YSZ anode and the
La0.7Sr0.3MnO3−α-YSZ cathode were considered as porous gas
diffusion electrodes. In this configuration, a range of biogas/steam
mixtures of constant molar flowrate (2.9 ∙10−6 mol/s) were fed to the
anode compartment in parallel (co-flow) to a cathodic air flowrate
(4.0 ∙10−5 mol/s), adequate to ensure a slight variation of the oxygen
content, throughout the unit volume. The unit cell was assumed to
operate at atmospheric pressure (the pressure drop along the anodic
and the cathodic flow channels, was calculated to be less than 0.58 and
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Fig. 1. Simulated geometry of the unit cell (planar configuration).

Table 1
Properties of the involved materials.

ε κ kS Α/V dp σF σs

m2 Wm−1 K−1 m−1 10−6 m Ω−1 m−1 102Ω−1 m−1

Ni/YSZ 0.40 10−12 6.2 3 ∙106 1 10 1000
LSM/
YSZ

0.50 10−12 9.6 – 1 10 77

YSZ 0.01 10−18 2.7 – 1 10 –
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5.45 Pa, in all cases and varied insignificantly with the examined fuel
mixtures). The preheated at 1073 K biogas/steammixtureswere fed to
the anode and internally reformed through the linearly independent
reactions of steam reforming and water gas shift (WGS):

CH4 þ H2O↔COþ 3H2 ð1Þ

CO þ H2O↔CO2 þ H2 ð2Þ

the first assumed to occur at the surface of the Ni catalyst, with a
reaction rate expressed in the Arrhenius form [26]:

R1=1:91108T
2
e
−27063=T

PCH4PH2O−1:110−7T4e−232=TP 3
H2PCO kmol=m2s

ð3Þ

while the WGS was assumed to take place wherever gas is present,
and its homogeneous rate was calculated by the expression [27]:

RWGS = 1199T2e−12500=TPCO PH2O−1119T2e−12500=TPCO2PH2 kmol=m3s:

ð4Þ

The kinetics of the anodic electro-oxidation of both H2 and CO [25]:

H2 þ CO þ 2O
2−→H2O þ CO2 þ 4e

− ð5Þ
at the triple phase boundary between Ni, YSZ and the gas phase and
the cathodic oxygen reduction were described by the Butler–Volmer
equation:

jT =
j0

∏
N

i=1
Ci;ref

h iaie exp
aaF
RT

η
� �

− exp
−aaF
RT

η
� �� �

∏
N

i=1
Ci½ �aie ð6Þ

where joanodic=1011 Am−3 and jocathodic=1010 Am−3 are the exchange
current densities for the anodic electrochemical reaction (Eq. (5)) and
the cathodic oxygen electro-reduction, respectively, multiplied by the
S/V ratio (electrode surface to electrode apparent volume ratio) [22],
αa=αc=0.7 are the anodic and cathodic charge transfer coefficients
[22], [Ci/Ci,ref] are the near-wall molar concentrations (mol/m3) of the
electrochemically reactive species (determined numerically by the
mass conservation and chemical/electrochemical reaction kinetic
equations) [24,28], aie=1 are the concentration exponents [22], T is
the absolute temperature and F, R are the Faraday and the ideal gas
constants respectively. The overpotential η was determined locally,
within the porous electrode. A constant value of zero potential was set
to the anode collector, while the potential of the cathodic collector
was set to several discrete values.

The present study presents a mathematical model where flow,
mass transport, heat transfer and ion exchange are coupled, while the
relative mass, charge, momentum and energy balances (including
transport in porous media and the kinetics of the involved chemical/
electrochemical reactions) were taken into account [29]. This model
Please cite this article as: E. Vakouftsi, et al., Solid State Ion. (2010), do
has been integrated through three-dimensional simulations for the
geometry presented in Fig. 1. Numerical solutions were obtained by
the commercial CFD-Ace+ software based on the finite volume
method with tolerance of four orders of magnitude (10−4) for all
calculated quantities. The assumptions involved laminar flow for
compressible fluids, no gravitational effects, Darcy's law for porous
regions, no energy transfer by radiation and zero accumulation and
massflux by thewalls. The properties of the usedmaterials are listed in
Table 1 [25,26].

3. Results and discussion

Two sets of biogas/steammixtureswere examined, thefirst referring
to different biogas compositions (CH4/CO2=30/10, 30/20 and 30/30%v
the rest supplementedby steam)within the typical range of biogas CH4/
CO2 molar ratios (80/20–50/50%v), and for constant methane (this set
also included the CH4/H2O=30/70%v composition for comparisonwith
internal steamreforming). The second set refers to the equimolar biogas
composition (CH4/CO2=50/50%v) for different biogas/steam ratios
(90/10, 80/20 and 70/30%v).

3.1. Species distribution

Fig. 2 depicts the variation of CH4/CO2/H2O (a and c) and H2/CO (b
and d) molar fractions, at the interface of the anodic electrode and the
gas phase (y=2.50 mm, according to Fig. 1) and the central vertical
plane of the anodic chamber (z=1.70 mm), for the aforementioned
sets of compositions (a and b for constant CH4 supply, and c and d for
equimolar biogas mixtures). For constant CH4 (Fig. 2a), its consump-
tion is not affected by the gradual substitution of H2O by the CO2

reforming agent, and it is completed in the first two centimeters from
the unit cell's inlet, for the givenmolar flowrate. This can be attributed
to the rapid equilibrium of the CH4/CO2/H2O/H2/CO mixture due to
Reactions 1 and 2. On the other hand, the increase of CH4 content (for
equimolar biogas compositions — Fig. 2c), slightly expands the CH4

consumption region. In all cases (Fig. 2a and c), steam initially
decreases, reflecting its role as a reactant for CH4 reforming, and,
within the first centimeter from the unit cell's inlet, increases, as
hydrogen is electro-oxidized. For high CO2 contents (mostly for
equimolar biogas), CO2 behavior is almost the same. Fig. 2c shows that
the higher the CO2 content of the feed, the lower its concentration
becomes in the examined four centimeters from the cell's inlet,
i:10.1016/j.ssi.2010.05.051
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Fig. 2. Chemical species distribution along the anode/gas phase (y=2.50 mm) central line (z=0.00 mm) for the examined biogas/steam mixtures (for constant CH4 inlet: (a) for
reactants, (b) for products, and for equimolar CH4/CO2=1 ratio: (c) for reactants, (d) for products), and for an imposed Vcell=0.5 V.
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although CO electro-oxidation forces the CO2 lines to coincide beyond
this region. The initial decrease of CO2 denotes the rapid kinetics of the
reverse WGS, in the corresponding region, followed by a gradual
increase, which can be attributed to rightward shift of Reaction 2 (due
to the increase of CO and steam) and the electro-oxidation of CO.

Regarding H2, its concentration, throughout the cell's inlet region
(all four centimeters examined) increases with steam, in case of
constant CH4 (Fig. 2b), and its profile with distance x exhibits a rapid
initial rise, in the first half centimeter from the inlet, followed by a
gradual dropwith distance, due to its electrochemical consumption. In
case of equimolar biogas (Fig. 2d), H2 increases faster for high steam
content at the inlet (e.g. the line corresponding to CH4/CO2=30/30,
steam 40%v), due to the higher extent of CH4 steam reforming, but
after most of the CH4 is consumed, H2 concentration declines faster, in
these cases, resulting in a situation in which high CO2 leads to higher
H2 concentrations, after the first centimeter from the cell inlet. Taking
into account the behavior of CO2 and steam concentration in Fig. 2c,
this situation can be attributed to the rapid equilibrium of WGS
(Reaction 2). Klein et al. [22] examined the kinetics of both Reactions 1
and 2, for CH4 gradual and direct internal reforming (in the absence of
CO2 feed). The present results suggest that such an analysis (available
with data presented herein) would also be interesting in the case of
Fig. 3. Comparison of chemical species distribution at y=1.50 mm (centre of the anode chan
Vcell=0.5 V ((a) for reactants and (b) for products).
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biogas internal reforming. CO, on the other hand, exhibits the same
behavior (initial increase according to Reaction 1 and gradual decrease
due to Reaction 5), and its concentration, throughout the inlet region is
proportional to CO2 (Fig. 2b) and biogas (Fig. 2d) concentration.

Fig. 3 also depicts the profile of CH4/CO2/H2O (a) and H2/CO (b)
molar fractions with distance x, and for z=1.70 mm, at the central
horizontal axis of the anodic chamber (y=1.50 mm), at the surface of
the anodic electrode (y=2.50 mm — anode/gas phase interface) and
at the anode/electrolyte interface (y=2.95 mm). In the first centime-
ter from the inlet, CH4, steam and CO2 concentrations (Fig. 3a) are
higher in the gas phase of the anode chamber and decrease within the
anode electrode (2.50byb2.95). In the case of CH4 and steam, this
behavior can be attributed to their consumption through Reaction 1
over the Ni catalyst of the anodic electrode. In the same region
(xb1 cm) CO2 is consumed by the reverse WGS, mostly within the
pores of the anodic electrode, where H2 is catalytically generated. As
shown in Fig. 3b, H2 concentration is higher within the porous anode,
due to Reaction 1, and lowers towards the gas phase of the anodic
chamber (CO exhibits the same behavior). The situation alters after
CH4 is almost extinct (xN1 cm), where, although the corresponding
lines for y=1.50, 2.50 and 2.95 seem to coincide for all species, CO2

and H2O molar fractions appear to be slightly higher near the
nel), y=2.50 (anode/gas phase interface) and y=2.95 (anode/electrolyte interface), for

i:10.1016/j.ssi.2010.05.051
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electrolyte (the opposite stands for H2 and CO — Fig. 3b) due to the
domination of the electro-oxidation reactions, in this region.
3.2. Temperature gradients

Reforming reactions can cause a steep temperature decrease at the
inlet of a SOFC, before their endothermicity is counterbalanced by the
exothermic H2/CO electro-oxidation, and result disastrous thermal
stresses to the SOFC's ceramic components [30,31]. In this context,
Fig. 4a depicts the variation of the temperature of the anodic electrode
(at its centre, y=2.725 mm), the electrolyte (y=3 mm) and the
cathodic electrode (y=3.225 mm), with the distance x from the unit
cell's inlet, and for constant CH4 molar fraction at the feed. Taking into
account that all biogas/steam mixtures were assumed to enter the
anodic compartment at 1073 K (the same stands also for the co-flowof
air in the cathode), the temperature of the electrolyte and the
electrodes is lower at the inlet (x=0 mm), due to the cooling effect
of the endothermic Reaction 1, and gradually increases as CH4 is
consumed and the effect of the exothermic electrochemical oxidations
becomes predominant. The endothermic reverse WGS, near the inlet,
and the exothermic rightward reaction, beyond the first centimeter,
tend to support this behavior. As the endothermic CH4 steam
reforming is conducted catalytically over the anodic Ni phase, the
initial temperature is lower at the anodic electrode and increases with
y. This results in a temperature difference of approximately 2 K,
between the anode and the electrolyte and between the electrolyte
and the cathode, at x=0 mm, which tend to diminish within the first
centimeter from the inlet.

On the other hand, the increase of steam supply for constant CH4 at
the inlet (or else the decrease of CO2 content — Fig. 4a) results in a
lower temperature profile throughout the examined inlet region, due
to the increased rate of the endothermic Reaction 1. For constant CH4/
CO2 ratio (equal to unity — Fig. 4b) the increase of the CH4 content,
accompanied by a decrease in steam, leads to higher temperature
profiles. This can be attributed to the elevated H2 and CO concentra-
Fig. 4. Temperature ((a) for constant CH4 inlet and (b) for equimolar CH4/CO2=1 ratio) and t
distribution along the unit cell.
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tions (Fig. 2d) in rich biogas mixtures, supporting higher electro-
oxidation rates, and to the decrease in the rate of steam reforming, due
to the alleviated steam concentrations.

Fig. 4c and d depicts the temperature gradientswithin the YSZ solid
electrolyte (y=3 mm), and throughout the examined inlet region
(xb4 cm). For constant CH4 (Fig. 4c) the maximum temperature
gradient appears at about 0.5 cm from the inlet, for all the
corresponding biogas/steam mixtures, and its value increases from
10.8 K/cm, in the absence of CO2 (CH4/CO2/H2O=30/0/70%v) to
11.6 K/cm, for equimolar biogas (CH4/CO2/H2O=30/30/40%v). This
slight variation is proportional to the temperature decrease at
x=0 mm, which is steeper in the first case due to the enhanced rate
of Reaction 1. For equimolar biogas mixtures (Fig. 4d) the variation in
maximum values is almost negligible (11.58–11.71 K/cm as biogas/
steam ratio increases), but this value shifts away from the inlet (from
x=0.36 to x=1.09 cm) with the decrease of the steam content.
Although this rightward shift matches with the shift of maximum H2

and CO contents (Fig. 2d), a more thorough explanation based on an
analysis of the accurate kinetics of the involved chemical and
electrochemical phenomena, should be attempted in a future work.
3.3. Carbon deposition

Carbon formation, due to the side reactions of CH4 cracking and
Boudouard:

CH4↔Cþ 2H2 ð7Þ

2CO↔C þ CO2 ð8Þ

is a serious problem for CH4 fed SOFCs [6,7]. Following the analysis
performed by Klein et al. [22], the present results can lead to an
estimation of whether or not carbon deposition is thermodynamically
emperature gradient ((c) for constant CH4 inlet and (d) for equimolar CH4/CO2=1 ratio)

i:10.1016/j.ssi.2010.05.051
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favored or prohibited. According to this analysis, the values of α and β
parameters, defined as:

α =
PCO2αcarbon

PCO
2 Kboudouard

β =
P2
H2αcarbon

PCH4Kcracking
ð9Þ

represent the driving forces for carbon deposition (αcarbon=1, is the
solid carbon activity on the anodic catalytic sites and Kboudouard/
Kcraking are the corresponding equilibrium constants). In case α or
βb1, carbon deposition is thermodynamically favored and the
reaction will proceed rightwards, while for α or βN1, carbon
formation is thermodynamically impossible (equilibrium stands for
α or β=1). The local values of α and β can be calculated from the
distributions of temperatures and partial pressures within the porous
anode, predicted by the applied CFD model. The simultaneous
influences of both reactions can be estimated by coefficient
γ=α×β [22], since even in the case that only the cracking reaction
yields solid carbon (βb1), an α value sufficiently higher than unity
denotes the decoking role of the reverse Boudouard reaction [22]. It
must be noted here, that despite the fact that all the examined
conditions were chosen so as to prevent carbon deposition, γ values
throughout the unit cell can lead to useful remarks.

In this context, Fig. 5a and b depicts the calculated γ values, for the
examined biogas/steam mixtures at an imposed Vcell=0.5 V, and
shows that the greater possibility for coke formation stands for CH4

steam reforming mixture (CH4/CO2/H2O=30/0/70), i.e. in the
absence of CO2 at the feed, and at x=0 (depicted values correspond
to the anode/gas phase interface — y=2.50 mm). Moreover, the CH4

steam reforming line (CH4/CO2/H2O=30/0/70%v) exhibits a γ profile
different to those of combined steam and dry reforming, involving a
steep decrease of γ towards x=0 mm, which can be explained by the
low CO2 molar fraction in this region (30/0/70 line in Fig. 2a).
Regarding equimolar biogas diluted in steam (dashed lines in Fig. 5a),
γ values exhibit a minimum within the first cm from the unit cell's
inlet, and despite the fact that all calculated γ values clearly exceed
unity, the possibility for carbon deposition is higher at rich methane
mixtures. On the other hand, Fig. 5b shows that the partial
Fig. 5. Estimation of the possibility for ca
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substitution of steam by CO2 alleviates this possibility at x=0, and
although γ values decrease with CO2, within the first cm from the
inlet, all lines coincide beyond this region. Even for dry biogas feeds
(without steam supply at the inlet) in SOFCs, extensive coking is not
observed under closed circuit operation, due to the electro-oxidation
reactions of carbon, which inhibit its accumulation, as reported by
Yentekakis [6,7] and Moon [5].

Fig. 5c examines the profiles of γ values within the porous structure
of the anodic electrode (2.50byb2.95 mm), and shows that the
possibility for carbon deposition is greater at the anode/gas phase
interface (y=2.50 mm), for both the steam reforming (CH4/CO2/
H2O=30/0/70%v) and the equimolar biogas (CH4/CO2/H2O=45/45/
10%v)mixtures. This estimation can be attributed to the decrease of the
CH4's molar fraction, from the anodes surface (y=2.50 mm) to the
anode/electrolyte interface (y=2.95 mm), and despite the fact that CO2

also exhibits the same trend (Fig. 3a). In this context, Fig. 5d shows that
β values (the driving force for carbon deposition through CH4 cracking)
are lower than unity (the rightward direction of Reaction 7 is favored by
thermodynamics) for both mixtures. But the corresponding values of α
are adequately high to prevent carbonization (decoking by the reverse
Boudouard), and to lead to the γ values presented in Fig. 5c. Moreover,
β values increase with y (from the anode's surface to the anode/
electrolyte interface) as the CH4's molar fraction decreases in the same
direction (Fig. 3a), while the α values follow the opposite trend.

3.4. SOFC performance

Finally, Fig. 6a shows that equimolar biogas, or else the substitution
of steam by the CO2 reforming agent for the same CH4 content in the
feed, leads to higher operational voltages, and consequently to higher
power densities. Yentekakis et al. [6,7], studied a number of dry (no
steam addition at inlet) biogas compositions in high and intermediate
temperature SOFCs and reported superior power outputs in the case of
equimolar CH4/CO2mixtures. Thiswas related to the fact that the rate of
the internal CO2-reforming of CH4 is maximized at this composition [6].
Kinetic studies of the CH4 dry reforming over Ni-YSZ cermets document
the competitive adsorption of CH4 andCO2 on theNi surface, leading to a
maximum rate for equimolar CH4/CO2 mixtures [7]. Maximum rates of
rbon deposition along the unit cell.

i:10.1016/j.ssi.2010.05.051
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Fig. 6. Current-potential-power curves for the examined biogas/steam mixtures ((a) for constant CH4 inlet and (b) for equimolar CH4/CO2=1 ratio).
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CH4 consumption result in increased concentrations ofH2 andCO,which
are expected to enhance the rates of the corresponding electrochemical
steps and consequently the electrical power generation [6]. Fig. 6a also
shows that biogas feedswith higher ratio of CH4 over CO2 do not cause a
significant decrease in cell power output (the increase of CH4/CO2 ratio
from 30/30 to 30/10 for constant CH4 input, decrease maximum power
density by less than 6%), also in agreement to Yentekakis [7], while the
minimization of the steam addition, for equimolar biogas feed (Fig. 6b)
improves performance significantly (the decrease of steam addition
from 40 to 10%v increases maximum power output by almost 50%).

4. Conclusions

In the present work full-field solutions of the mass, heat and
momentum transfer equations were combined to the chemical and
electrochemical phenomena within the inlet region of a planar SOFC
unit-cell configuration fed with biogas/steam mixtures. Species,
temperature and current distribution profiles supported certain
estimations of crucial phenomena such as the development of thermal
stresses and the possibility of carbon deposition. Regarding thermal
gradients, maximum values of 11–12 K/cm, within the first cm from
the inlet, were predicted. These values were not significantly affected
by the H2O/CO2 ratio, and appear to be slightly higher than the
commonly accepted safety limit of 10 K/cm [30]. Based on the present
results, a more thorough study regarding the dependence of
temperature gradients on the volumetric flowrate and the tempera-
ture of the feed, as well as the possibility to co-supply minor amounts
of gas phase oxygen to the anode, ought to be performed. On the other
hand, carbon deposition is not thermodynamically favored under the
examined CH4/CO2/H2O ratios and operational conditions, in accor-
dance to the relevant literature. Nevertheless, the performed analysis
is based on thermodynamic estimations, and a detailed kinetic study of
the involved coking/decoking reactions could provide a more accurate
picture. Finally, the current–potential curves of the examined unit cell
confirmed that equimolar biogas maximizes power output, although
increased CH4/CO2 ratios, which decrease the possibility of carbon
deposition, only slightly affect performance. On the contrary, steam
dilution of biogas results in significant voltage (and power) losses.

Notation

[A/V]eff effective surface to volume ratio of the electrodes
[Ci] near-wall molar concentration of the i species
[Ci,ref] molar concentration at a reference state at inlet
dp pore diameter
j0 exchange current density
kS thermal conductivity of the solid parts of a porous medium
Pi partial pressure of specie i
T temperature
Please cite this article as: E. Vakouftsi, et al., Solid State Ion. (2010), do
αa,αc anodic and cathodic charge transfer coefficients
αk concentration exponent
ε porosity
η overpotential
κ permeability (the square of volume/surface of the porous

material)
σF,σS ionic and solid phase conductivity, respectively
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