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Abstract

Fuel flexibility is a significant advantage of solid oxide fuel
cells (SOFCs) and can be attributed to their high operating
temperature. Here we consider a direct internal reforming
solid oxide fuel cell setup in which a separate fuel reformer is
not required. We construct a multidimensional, detailed
model of a planar solid oxide fuel cell, where mass transport
in the fuel channel is modeled using the Stefan-Maxwell
model, whereas the mass transport within the porous electro-
des is simulated using the Dusty-Gas model. The resulting
highly nonlinear model is built into COMSOL Multiphysics,
a commercial computational fluid dynamics software, and is
validated against experimental data from the literature. A
number of parametric studies is performed to obtain insights
on the direct internal reforming solid oxide fuel cell system

behavior and efficiency, to aid the design procedure. It is
shown that internal reforming results in temperature drop
close to the inlet and that the direct internal reforming solid
oxide fuel cell performance can be enhanced by increasing
the operating temperature. It is also observed that decreases
in the inlet temperature result in smoother temperature pro-
files and in the formation of reduced thermal gradients.
Furthermore, the direct internal reforming solid oxide fuel
cell performance was found to be affected by the thickness of
the electrochemically-active anode catalyst layer, although
not always substantially, due to the counter-balancing beha-
vior of the activation and ohmic overpotentials.

Keywords: DIR-SOFC, Dusty-Gas/Stefan-Maxwell Cou-
pling, Multidimensional Modeling, Parallel H2 and CO Elec-
tro-oxidation

1 Introduction

A method for obtaining the hydrogen required for the solid
oxide fuel cell (SOFC) operation, is through catalytic steam
reforming (CSR) of methane or natural gas. Natural gas is one
of the most widely available light hydrocarbon fuels. It is a
fuel mixture typically consisting of methane and smaller
amounts of higher hydrocarbons, such as ethane, propane,
butane, and of nitrogen. CSR is typically carried out between
700 �C and 900 �C [1], therefore, it is compatible with the high
SOFC operating temperatures. Additionally, SOFC anodes
typically comprise of metal catalysts that promote the CSR
reaction. The general reforming reaction of a hydrocarbon can
be written as:

CnHmOp þ n� pð ÞH2O fi nCOþ n� pþm=2ð ÞH2 ;DHo > 0

(1)

Methane, which is the most common fuel in internal
reforming SOFC (IR-SOFC) systems, due to the higher effi-

ciency that can be achieved from its use [2, 3], reacts with
steam to produce hydrogen (H2) and carbon monoxide (CO)
in the methane-steam reforming (MSR) reaction:

CH4 þH2O fi COþ 3H2 ;DHo
1073Kð Þ ¼ 242 kJ mol�1 (2)

The MSR reaction is thermodynamically favored at high
temperatures and low pressures, since the forward reaction
results in volume increase [1]. At the same time, CO further
reacts with steam (H2O) to generate additional hydrogen and
carbon dioxide (CO2) in the water-gas shift (WGS) reaction:

COþH2O$ CO2 þH2 ;DHo
1073Kð Þ ¼ �38:6 kJ mol�1 (3)

As can be seen from reactions (2) and (3), MSR is a highly
endothermic reaction, whereas the WGS, as well as the electro-
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chemical oxidation, are exothermic reactions [4, 5]. In our
model, in addition to the aforementioned reactions, the simul-
taneous electrochemical oxidation of H2 and CO at the anode
is taken into account as can be seen in Figure 1. Therefore, the
electrochemical reactions at the active layers of the anode and
cathode electrodes are as follows:

Anode: H2 þO2�fi H2Oþ 2e�; DSA
H2
¼ 25 J mol�1 K�1 (4)

Anode: COþO2�fi CO2 þ 2e�; DSA
CO ¼ 45 J mol�1 K�1 (5)

Cathode: 1=2 O2 þ 2e�fi O2�; DSC ¼ �55 J mol�1 K�1 (6)

Based on these half-cell reactions, the overall electrochemi-
cal reactions are the following:

H2 þ
1
2

O2 $ H2O (7)

COþ 1
2

O2 $ CO2 (8)

The entropy change is evaluated separately for each electro-
chemical half-cell reaction [6, 7], since the overall reaction of a
SOFC does not provide information on how the heat is distrib-
uted among each electrode [8]. Using this approach the tem-
perature distribution in the solid parts of the SOFC can be
evaluated more accurately.

Two operating parameters that are commonly used to char-
acterize reforming systems are the steam to carbon ratio (S/C)
and the stoichiometric ratio (SR) [9]. S/C is defined as the
mole fraction of steam in the anode fuel to all combustible
species mole fractions and is given by:

S=C ¼
_nH2O

_nC
(9)

SR is defined as the amount of oxygen in the inlet of the
system over the amount of oxygen needed to achieve complete
combustion and is given by:

SR ¼
_nO2

_nO2; stoichiometric
(10)

A sufficient amount of steam is necessary in the reformer, in
order to fulfil the reforming reaction requirements. Previous
studies on methane reforming in SOFCs have shown that a S/C
ratio higher than 2 guarantees that carbon formation does not
occur in the SOFC [10]. However, a very high S/C ratio can
prove to be an inefficient choice, as it would dilute the hydro-
gen in the fuel channel, lowering the electrical efficiency of the
cell. Therefore, the S/C ratio is usually kept below 3.5 [11].

Some of the benefits of CSR of hydrocarbons in SOFCs are
the production of hydrogen in situ, the higher overall efficien-
cies and the simplicity of the resulting system in the case of
internal reforming (IR) due to the combined reforming and
electrochemical processes [12].

One of the main downsides of MSR in IR-SOFCs is the for-
mation of steep temperature gradients within the cell, due to
the highly endothermic reforming reaction, which results in
thermal stresses that can lead to structural failures. Such gradi-
ents are formed mainly at the inlet of the fuel channel where
the highly endothermic MSR reaction rate is large, due to the
higher methane concentration, resulting in much lower tem-
peratures than the feed temperature. As methane flows in the
fuel channel, methane concentration decreases, while hydro-
gen concentration respectively increases, causing the exother-
mic electrochemical (oxidation) reactions to dominate the
MSR reaction, resulting in a temperature increase downstream
in the cell. Another limitation of MSR is that, despite their rela-
tively high tolerance in carbon, the anode electrode catalysts
can suffer from carbon deposition, which can result in its deac-
tivation in the long term.

To alleviate the aforementioned limitations some degree of
upstream fuel processing, including recirculation, can be used.

Natural gas can be fed in a pre-reforming
reactor along with a fraction of the outlet
anode stream that is recirculated from the
SOFC, in order to produce a fuel stream
that is rich in H2 and CO and dilute in
hydrocarbons. The decreased methane
(CH4) concentration means that the S/C
ratio is increased, and the increased H2

and CO concentrations mean that a high-
er current density is observed at the inlet,
which consequently results in the produc-
tion of more steam through the electro-
chemical reactions. Higher S/C ratios and
current densities have been found to
decrease the rate of carbon formation
[12]. In addition, the generated tempera-
ture gradients in the SOFC become small-
er, due to the increase in the relative rateFig. 1 Schematic representation of the basic operation principles of a DIR-SOFC.
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of the exothermic electrochemical reactions versus the rate of
the endothermic reforming reaction.

In this work, the Dusty-Gas model (DGM) is employed for
the simulation of mass transport in the porous anode and
cathode electrodes of a direct internal reforming solid oxide
fuel cell (DIR-SOFC) system. Several studies have been con-
ducted to review and compare the mass transport approaches
which can be followed for accurate SOFC modeling and they
concur that DGM can be deemed accurate and dependable
[13–16]. Although the merits of DGM are highly held of in the
SOFC community, to the best of our knowledge only a hand-
ful of works exist in the literature employing DGM for
IR-SOFC in button [17] and planar configurations [18–20]. The
closest work to the one discussed here is Janardhanan and
Deutschmann’s [18] who simulate a planar Membrane Elec-
trode Assembly (MEA) SOFC with an iterative, fixed-point
algorithm. Here, although a MEA is not applied, the govern-
ing partial differential equations (PDEs) are fully coupled and
solved simultaneously using a commercial computational
fluid dynamics (CFD) package, yielding a computationally
efficient and flexible model. In [18] charge transfer takes place
only at the electrode-electrolyte interface considering the triple
phase boundaries (TPBs) as 1-D boundaries, while here the
TPBs are taken into consideration as finite 2-D zones in the
anode electrode. Furthermore, this study takes into account
the electrochemical oxidation of both H2 and CO at the TPB of
the anode.

Following the approach we introduced for the first time in
[21] for anode SOFC simulations, and then extended on entire
system SOFC simulations in [22], here the DGM is coupled
with the Stefan-Maxwell model (SMM) achieving higher accu-
racy for mass transport simulations in DIR-SOFCs. Such a de-
tailed model can be used for the investigation of the effect of
various parameters on the SOFC performance, targeting
robust design and control of DIR-SOFC systems. Such detailed
models can be used directly in conjunction with model reduc-
tion techniques in the context of optimisation [23, 24] and con-
trol [25, 26], achieving both accurate and robust design and
operation.

This paper is organised as follows: the various approaches
to SOFC fuel processing are presented in Section 2; in Section
3, the developed model is described in terms of reaction
kinetics, governing PDEs and boundary conditions for the
phenomena taken into consideration (mass, energy and charge
transport) and domain considered. In Section 4, the con-
structed model is validated against experimental results avail-
able in literature. Furthermore, results obtained from base case
simulations are presented and a parametric investigation is
undertaken. In Section 5, the conclusions are discussed.

2 Approaches to SOFC Fuel Processing

SOFC systems typically obtain the hydrogen required for
their operation from a hydrocarbon-based fuel source. Alco-
hols, such as methanol or ethanol, and hydrocarbons, such as

natural gas, are usually reformed into a hydrogen-rich synthe-
sis gas by various methods. The most representative methods
for this purpose are CSR, partial oxidation (POX) and auto-
thermal reforming (ATR) [3, 27]. The fuel can be converted and
reformed externally to the SOFC stack by external reforming
(ER) or internally in the SOFC anode compartment by IR. ER
requires an external heat source, such as a burner or hot waste
gas and a fixed bed reactor. IR utilizes the heat release from
the fuel electrochemical oxidation reactions by providing a
convenient and efficient configuration for energy transfer
between heat source and heat sink, simultaneously lowering
the air cooling requirements of the SOFC [3].

There are two main approaches to IR within a SOFC, indir-
ect internal reforming (IIR) and direct internal reforming
(DIR). In the former approach, the reformer section is physi-
cally separated from the SOFC, but in close thermal contact
with the anode, in order to make use of the SOFC stack
released heat. In the latter approach, the hydrocarbon fuel
mixture is fed directly into the anode fuel channel and the
reforming reaction occurs there [10].

The two main advantages of CSR over POX and ATR
processes are that it produces a high composition hydrogen
mixture without dilution of the product stream and that it
operates with a high fuel conversion efficiency (85%–95%) [3].
In contrast to the above, POX offers compactness, fast start-up
and rapid dynamic response, but sacrifices fuel conversion
efficiency. ATR, on the other hand, shares some of the features
of CSR and POX technologies. The major difference between
CSR, POX and ATR processes is the mechanism for providing
the thermal energy required for the endothermic reforming
reactions [3]. In this work, a DIR approach is going to be used
for the developed IR-SOFC model.

2.1 Direct Internal Reforming

In DIR, the reforming reactions take place within the anode
of the SOFC. This is feasible, since the high operating tempera-
tures of SOFCs in combination with the nickel content of the
anode electrodes provide sufficient activity for the MSR (2)
and WGS (3) reactions [28]. In DIR-SOFC systems, there is
very good system integration, because the steam produced
from the hydrogen oxidation electrochemical reaction can be
used directly in the reforming reaction. Additionally, the heat
released in the DIR-SOFC can provide the heat for the MSR
reaction. The need for SOFC cooling is usually satisfied by
flowing excess air through the cathode air channel, but in
DIR-SOFCs this is not necessary, because of the endothermic
reforming reaction [10, 28]. Moreover, due to the ongoing
hydrogen consumption by the electrochemical reactions, the
equilibrium of the MSR reaction (2) is further shifted to the
right, increasing the methane conversion and leading to a
more evenly distributed load of hydrogen [10].

DIR has the advantage of eliminating the requirement for
upstream processing without using a separate fuel reformer, as
is the case for IIR, thus simplifying the overall SOFC system
design, hence minimising its cost, size and complexity. Another

O
R
IG

IN
A
L
R
ES

EA
R
C
H

P
A
P
ER

296 ª 2016 The Authors. WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim FUEL CELLS 16, 2016, No. 3, 294–312www.fuelcells.wiley-vch.de



Tseronis et al.: Detailed Multi-dimensional Modeling of Direct Internal Reforming Solid Oxide Fuel Cells

benefit of DIR over IIR is that in DIR the conversion of CH4 to
H2 is promoted to a much larger extent than in IIR [10].

A DIR related drawback, as already mentioned, is the car-
bon formation on the anode electrode that not only deactivates
the catalytic active sites, but can also damage the cell through
delamination or nickel dusting leading to reduced SOFC per-
formance [10, 29]. This problem can be alleviated by increasing
the S/C ratio of the inlet fuel mixture to an amount greater
than the stoichiometric requirement of reaction (2). However,
the amount of steam necessary for carbon-free operation is not
an easy choice, as in addition to the suppression of coke for-
mation, S/C ratio can also affect the equilibrium yield of
hydrogen. As the S/C ratio is increased, the hydrogen yield
decreases. Furthermore, high S/C-ratios can cause nickel oxi-
dation, which can lead to severe damaging of the cell through
the alteration of the lattice structure [30, 31]. Increasing exten-
sively the S/C ratio can also have a negative effect in the over-
all system efficiency, since the energy requirements for steam
generation are also increased. Advanced anode materials that
allow DIR at low steam/carbon ratios can offer an alternative
approach with significant benefits [28].

Another negative aspect, mostly affecting the high tempera-
ture DIR-SOFCs, is the strong cooling effect caused by the highly
endothermic MSR reaction. It has been demonstrated that almost
all CH4 is reformed within a small distance from the anode inlet
[10, 28]. This can result in very steep temperature gradients in
the SOFC solid structure and lead to large thermal stresses that
can potentially result in system failure due to crack formations.
In order to reduce this effect, an option is to use partial external
pre-reforming, which reforms the higher hydrocarbons, possibly
present in the fuel mixture, and some of the methane, reducing
that way coking formation phenomena [28].

Another approach to this shortcoming is the lower temper-
ature operation, since this would naturally reduce the
endothermic MSR reaction rate. The latter is one of the reasons
behind the increased research and devel-
opment of intermediate temperature
IR-SOFCs [32, 33].

The overall heat production from the
electrochemical and water gas shift reac-
tions is about twice the amount of heat
consumed by the reforming reaction [34].
In order to regulate the temperature of
the SOFC, the extra heat generated is
usually removed by the flow of excess air
in the cathode air channel. An example of
a commercial application of the DIR-
SOFC technology is the Siemens-Westing-
house SOFC prototype [35].

3 DIR-SOFC Model Description

The reforming configurations that
were discussed in the previous section
(IIR, DIR) can be applied to all the pro-

cesses presented (CSR, POX, ATR), but this work focuses on
the study of a CSR DIR-SOFC system. The mathematical
model of the processes taking place in the SOFC fuel and air
channels, diffusion and reaction layers, and electrolyte is for-
mulated by applying DGM-SMM based mass transport, the
momentum conservation (Navier-Stokes equation), the energy
conservation equation and the charge conservation equation,
with the appropriate subdomain and boundary source terms
for the chemical and electrochemical reactions. Additionally,
all the corresponding boundary conditions are also deter-
mined, forming a set of coupled nonlinear PDEs that is solved
within a sufficiently fine mesh, in order to produce mesh inde-
pendent solutions, with the use of the finite element method
(FEM) software package, COMSOL Multiphysics [36]. The
model can take as input a set of design and operating physical
and chemical parameters and is able to generate performance
polarization curves, operating variables distributions and
other measurable output parameters.

The reaction zone layers, where the anode and cathode
electrochemical reactions occur at the localised TPB, causing
fuel and oxidant to be converted to electrical current, heat and
steam, are usually treated as mathematical boundaries. In this
work, however, the electrochemically active reaction zones
will be treated as finite subdomains, as can be seen in Figure 2,
in order to simulate more accurately the behavior of composite
electrodes, which are described next. Another unique feature
of this model is that it takes into account the electrochemical
oxidation of both H2 and CO and the contribution of both
reactions to the current generation.

3.1 Mixed Ionic-electronic Composite Electrodes

Mixed ionic-electronic composite electrodes have been pro-
posed as alternatives to the simple metal cermets [37, 38].
Their use in SOFCs has many potential benefits and can

Fig. 2 Schematic of the computational domain of a cross section of a planar SOFC.
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improve their performance significantly [34, 39, 40]. The com-
posite electrodes are porous metal-loaded ceramics, which
have the property of being mixed electronic and ionic conduc-
tors. The most commonly used materials for this application
are Nickel/Yttria-Stabilized Zirconia (Ni/YSZ) for the anode
and Lanthanum Strontium Manganate/Yttria-Stabilized Zir-
conia (LSM/YSZ) for the cathode.

Their primary advantage over the traditional pure electronic
conducting electrodes is that the reaction zone layer for the
electrochemical reaction is not limited only on the TPB, but it
extends into the ceramic conductor some distance from the
electrode/electrolyte interface. Subsequently, the activation
overpotential losses are significantly reduced since the electro-
chemical reactions are better promoted [41]. Another signifi-
cant advantage of composite electrodes over traditional ones is
the reduction of thermal stress effects, as a result of the fact that
the value of their expansion coefficient is much closer to the cor-
responding value of the electrolyte. This is important since the
effect of the strains is mainly caused by the different thermal
expansions and it is a quite common problem for SOFCs [40].

3.2 DIR-SOFC Model Kinetics

Despite the fact that catalytic steam reforming has been
studied by many researchers and there are many publications
providing information related to its kinetics, there are only a
few dealing specifically with the reforming kinetics in SOFC
anodes. In many publications [1, 11], authors claim that
reforming kinetics are slow when compared with both shifting
and hydrogen electrochemical oxidation, thus, under certain
operating conditions, it is safe to assume that equilibrium is
not reached. In the current study, for the MSR reaction (2), the
following reaction rate equation will be used [10, 28]:

rMSR ¼ kMSRpCH4
exp �

EA
MSR
RT

� �
(11)

where EA
MSR is the MSR reaction activation energy and kMSR is

the MSR reaction pre-exponential factor.
In studies about reforming in SOFCs, several authors claim

that the MSR reaction is too slow to assume that it can reach
equilibrium, but on the other hand this approach is suitable
for describing the kinetics of the WGS reaction [10]. Therefore,
the kinetic equation that is going to be used for the WGS reac-
tion (3) is the following [10, 28]:

rWGS ¼ kWGSpCO 1� pCO2
pH2

=pCOpH2O

Keq

 !
(12)

where kWGS is the WGS reaction rate constant and Keq is the
WGS reaction equilibrium constant. The units of the reaction
rates rMSR and rWGS given by Eqs. (12) and (13) are [mol s–1 m–2].

The internal reforming kinetics used in this study are con-
sidered typical for Ni cermet anodes [10, 28], and they have
also been used in many SOFC systems [42–46].

3.3 DIR-SOFC Model Assumptions

The main assumptions for this single cell DIR-SOFC model
are gathered below:
(i) All the water throughout the fuel channel and the por-

ous electrode is considered to remain in the gas phase.
Consequently, the model will be a single phase model
and phase change as well as two phase transport will
not be considered.

(ii) The gas mixtures are assumed to behave ideally, thus
the ideal gas law is applied in this model.

(iii) The electrochemical reactions are assumed to be instan-
taneous and to take place at the electrochemically-active
catalyst layer subdomains (see Figure 2).

(iv) The porous electrodes are assumed to be isotropic and
macro-homogeneous and the electrolyte is assumed to
be impermeable to mass transport [47, 48].

(v) The density and the heat capacity of the gas mixtures are
considered constant and temperature independent
throughout the SOFC.

(vi) The thermal conductivities of the solid structures are as-
sumed temperature independent.

(vii) The electrical and ionic conductivities of the solid struc-
tures are described by equations that are functions of the
temperature distribution.

(viii) Heat transfer due to radiation is not taken into account.
(ix) Coke formation phenomena are not taken into consid-

eration.
(x) Thermal stress related phenomena are not considered in

this work.

3.4 Mass, Energy, Momentum and Charge Transport Equations

The governing coupled equations and their corresponding
boundary conditions of the modeling approach developed to
simulate the associated mass, energy, momentum and charge
conservation phenomena that occur in a DIR-SOFC will be
described next. In Figure 3 the conservation principles asso-
ciated with each subdomain of the computational domain are
depicted.

3.4.1 Mass Transport Equations

The equation of continuity for component i, assuming an
ideal gas behavior, can be written as follows [49,50]:

e
RT

¶pi

¶t
¼ �� �Ni þ Ri þ Rel

i (13)

where e is the porosity (equal to unity for a non-porous gas
phase), Ni is the total molecular flux of species i, Ri and Rel

i are
the volumetric (chemical and electrochemical, respectively)
production/consumption rates of species i.

Similar to our previous work [21, 22], for the simulation of
mass transport in the fuel and air channels the SMM will be
employed. The multicomponent SMM is given by the follow-
ing vector matrix equation for ideal gases [51]:
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1
RT

�p ¼ ASMM pið ÞJ ; i ¼ 1; :::; n� 1 (14)

where J is the vector of diffusion fluxes, �p the vector of the
gradients of the partial pressures pi and ASMM pið Þ is a n� 1ð Þ
· n� 1ð Þmatrix whose elements are given by:

ASMM
ii ¼ � pi

P

Xn

j¼1
j„i

1
Di;j

pj

pi

� �
þ 1

Di;n

0
BB@

1
CCA (15)

ASMM
ij ¼ pi

P
1

Di;j
� 1

Di;n

 !
(16)

The additional equation needed in order to have a fully
defined system of n equations with n unknowns is the follow-
ing [51, 52]:

Xn

i¼1

Ji ¼ 0 (17)

The total molecular flux Ni for the multidimensional SMM
is given by the following equation, where the convective flux
term has been added to the diffusive flux term Ji:

Ni ¼ Ji þ ciU (18)

where ci is the molar concentration of species i and U is the
velocity vector.

For the simulation of mass transport in the anode and cath-
ode diffusion and electrochemically active catalyst layers, the
DGM [53, 54] will be used taking into account the Knudsen

diffusion and the Darcy’s viscous flux, which is caused due to
the existence of a total pressure gradient. The multidimen-
sional DGM is given by the following vector matrix equation
[50, 53, 54]:

ADGM pið ÞN ¼ BDGM pið Þ�p; i ¼ 1; :::; n (19)

where N and �p are the n-dimensional vectors of component
total molar fluxes and partial pressures, respectively, for all
components, ADGM pið Þ is a n · n matrix whose elements are
given by:

ADGM
ij ¼ � pi

P�Di;j
(20)

ADGM
ii ¼

Xn

j¼1
j„i

pj

P�Di;j
þ 1
�DiK

(21)

BDGM pið Þ is a n · n matrix whose elements are given by:

BDGM
ij ¼ � 1

RT
B0pi

�DiKm
(22)

BDGM
ii ¼ � 1

RT
1þ B0pi

�DiKm

� �
(23)

B0 in Eq. (22) and Eq. (23), is given by the Kozeny-Carman
equation [19]:

B0 ¼
e3dP

2

72t 1� eð Þ2
(24)

At the anode porous electrode the MSR and the WGS reac-
tions are taking place. Thus, in subdomains III and IV (see Fig-
ure 4) the reaction source terms Ri used in Eq. (13) are as fol-
lows:

RH2
¼ 3rMSR þ rWGSð Þ=wi (25)

RH2O ¼ �rMSR � rWGSð Þ=wi (26)

RCH4
¼ �rMSR=wi (27)

RCO ¼ rMSR � rWGSð Þ=wi (28)

RCO2
¼ rWGS=wi (29)

where rMSR and rWGS are the MSR and WGS reaction rates
given by Eq. (11) and Eq. (12), and wi is the width of each cor-
responding subdomain. WGS reaction is not catalytically acti-
vated and it can also be considered to take place in the fuel

Fig. 3 Schematic of the conservation equations and models used in each
subdomain of the SOFC computational domain.
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channel. Thus, in subdomain II (see Figure 4) the reaction
source terms Ri used in Eq. (13) are the ones described in
Eqs. (25) to (29) with rMSR equal to 0. In composite electrodes,
the electrochemical reactions take place at the anode and cath-
ode extended TPBs, represented here by the electrochemically-
active catalyst layers (subdomains IV and VI). It has been
shown that the H2 electrochemical oxidation reaction rate is
about 1.9–2.3 times and 2.3–3.1 times higher than the CO elec-
trochemical oxidation reaction rate at 1,023 K and 1,273 K,
respectively [55]. This difference is caused mainly due to the
larger diffusion resistance of CO than that of H2 in the porous
electrode. Therefore, in subdomains IV and VI (see Figure 4),
the electrochemical reaction source terms, Rel

i , of Eq. (13) are
described by the following equations:

Rel
H2
¼ �

IA
H2

2F
1

wACL
¼ �0:7

IA

2F
1

wACL
(30)

Rel
H2O ¼ þ

IA
H2

2F
1

wACL
¼ þ0:7

IA

2F
1

wACL
(31)

Rel
CO ¼ �

IA
CO
2F

1
wACL

¼ �0:3
IA

2F
1

wACL
(32)

Rel
CO2
¼ þ

IA
CO
2F

1
wACL

¼ þ0:3
IA

2F
1

wACL
(33)

Rel
O2
¼ � IC

4F
1

wCCL
(34)

where IA and IC are the anode and cathode current densities
computed by Eq. (52) and Eq. (55) presented next in this work,
respectively.

3.4.2 Energy Transport Equations

The energy transport equation is solved for every subdo-
main of the computational domain. The dominating phenom-
ena in the current model are heat conduction, heat convection
and thermal species diffusion, while energy transport by
radiation is neglected. The reforming reaction is considered to
take place at the anode electrode (subdomains III and IV) and
the shift reaction is assumed to take place at the anode elec-
trode (subdomains III and IV) as well as in the fuel channel
(subdomain II), while the electrochemical reactions occur in
the anode and cathode catalyst layers (subdomains IV and VI,
respectively). The governing equation describing these phe-
nomena is the following [51]:

¶
Pn
i¼1

ci
�Hi

¶t
¼ �� � �keff �T þ

Xn

i¼1

�HiNi

 !
þQh (35)

where Ni is the total flux vector of species i given by Eq. (18)
for the gas channels and by Eq. (19) for the porous electrodes,
ci is the molar concentration of species i, Qh represents the
thermal sources term and keff is the effective thermal conduc-
tivity given by the following expression:

keff ¼ ekg þ 1� eð Þks (36)

where kg is the heat conductivity of the gas phase and ks the
heat conductivity of the solid structure. For the electrolyte and
the interconnect e ¼ 0, while for the gas channels e ¼ 1. �Hi is
the partial molar enthalpy of species i given by the following
equation [8]:

�Hi ¼ D �H0
i þ

ZT

Tref

ci
PdT (37)

where ci
P is the molar heat capacity of species i and

D �H0
i is the standard enthalpy of formation of species i.
At all the porous subdomains energy transport

by convection is negligible. Accordingly, in the gas
channels conductive energy transport is not taken
into account. Thus, for the fuel and air channels tak-
ing into account Eq. (18), Eq. (35) takes the following
form:

ctcP
¶T
¶t
¼ �ctcPU � �T �

Xn

i¼1

Ji � � �Hi þQh (38)

where ct is the total molar concentration of the gas
mixture, cP is the molar heat capacity of the gas mix-
ture, Ji is the diffusive flux vector as evaluated by
the SMM in Eq. (14) and U is the velocity vector. The
first term on the right hand side of Eq. (38) describes
convection, the second one thermal species diffusion
and the third one is the heat sources term.

Fig. 4 Schematic and numbering of the subdomains, boundaries and interfaces of
the SOFC computational domain.
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For the porous electrodes, Eq. (35) takes the following form:

ceff
t ceff

P
¶T
¶t
¼ keff �2T �

Xn

i¼1

Ni � � �Hi þQh (39)

where ceff
t is the effective total molar concentration of the por-

ous electrode and it is evaluated in the same manner as keff in
Eq. (36). Similarly, ceff

P is the effective molar heat capacity of
the porous electrode. Ni is the total flux term as evaluated by
the DGM in Eq. (19). In order to make these equations compa-
tible for use with COMSOL Multiphysics, some of the terms
need to make use of specific properties instead of molar. Thus,
Eq. (38) and Eq. (39) were expressed as follows:

reff Ceff
P

¶T
¶t
¼ �reff Ceff

P U � �T �
Xn

i¼1

Ji � � �Hi þQh (40)

reff Ceff
P

¶T
¶t
¼ keff �2T �

Xn

i¼1

Ni � � �Hi þQh (41)

where Ceff
P is the effective specific heat capacity and reff is the

effective mass density, which is evaluated by:
reff ¼ erg þ 1� eð Þrs, with rg being the mass density of the
gas phase and rs the mass density of the solid components.

At the anode and cathode diffusion and catalyst layers heat
generation is taking place, due to the irreversible ohmic heat-
ing from the electronic current flow. Thus, in subdomains III,
IV, VI and VII:

Qh ¼ seff
el �Vel � �Vel (42)

Equivalently, at the electrolyte subdomain V, heat genera-
tion due to the resistance to the ionic current flow occurs,
therefore:

Qh ¼ sio�Vio � �Vio (43)

At the anode and cathode catalyst layers the heat asso-
ciated to the change of entropy due to the half-cell electro-
chemical reactions that cannot be utilised as electrical energy
has to be taken into account. Additionally, the available
energy from the open circuit voltage (OCV) that is not trans-
formed into current, but instead is released as heat at the
anode and cathode catalyst layers, has to be taken into consid-
eration [56]. Thus, in subdomains IV and VI:

Qh ¼
IA
H2

2F
TDSA

H2
þ

IA
CO
2F

TDSA
CO þ IAhA

act

 !,
wACL (44)

Qh ¼
IC

2F
TDSC þ IChC

act

� ��
wCCL (45)

where DSA and DSC are the entropy changes for each of the
half-cell electrochemical reactions (4), (5) and (6) [6,7].

At the anode fuel channel, as well as at the diffusion and
catalyst layers, heat associated to the MSR and WGS reactions
is released. Consequently, in subdomains II, III and IV:

Qh ¼ rMSRDHMSR þ rWGSDHWGSð Þ=wi (46)

where the reaction rates ri and the reaction enthalpies DHi are
given by Eq. (11) and Eq. (12), and Eq. (2) and Eq. (3), respec-
tively.

3.4.3 Momentum Transport Equations

The momentum transport equations are solved for the fuel
and air channel subdomains II and VIII (see Figure 4). The
governing equations that describe the momentum transport
are the continuity and the Navier Stokes equations [36]:

� �U ¼ 0 (47)

r
¶U
¶t
¼ � rU � �ð ÞU� �p� � � h �Uþ �Uð ÞT

� �� �
þ F (48)

where r is the density of the fluid and h its kinematic viscos-
ity.

3.4.4 Charge Transport Equations

The charge conservation equations are solved for two vari-
ables, the electronic potential Vel at the two electrode diffusion
layers subdomains III and VII and at the two catalyst layers
subdomains IV and VI, and also the ionic potential Vio at the
electrolyte subdomain V and the two catalyst layers IV and VI
(see Figure 4). The two governing equations that describe the
charge conservation are the following [5, 57]:

¶rel

¶t
¼ �� � seff

el �Vel

� �
þQC

el (49)

¶rio

¶t
¼ �� � sio�Vioð Þ þQC

io (50)

where rel and rio are the electronic and ionic charge densities
respectively, seff

el is the effective electronic conductivity of the
electrodes, sio the ionic conductivity of the electrolyte, Vel and
Vio the electronic and ionic voltages, and finally QC

el and QC
io

represent the electronic and ionic charge source terms, respec-
tively. The effective electronic conductivity of the electrodes,
seff

el , is given by the following expression:

seff
el ¼ esg þ 1� eð Þsel (51)

where sel is the electronic conductivity of the anode or the
cathode electrode.

At the anode catalyst layer the hydrogen and carbon mon-
oxide electrochemical oxidations are taking place and a trans-
fer of ionic to electronic current occurs. Thus, in subdomain IV
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the source terms of Eq. (49) and Eq. (50), respectively, are giv-
en by the following equations:

QC
el ¼ �IA�wACL ¼ �IA

0

exp aA neF

RT
hA

� �
�exp � 1� aA

� 	 neF

RT
hA

� �
2
64

3
75
,

wACL

QC
io ¼ IA�wACL ¼ IA

0

exp aA neF

RT
hA

� �
�exp � 1� aA

� 	 neF

RT
hA

� �
2
64

3
75
,

wACL

(52)

where wACL is the width of the anode catalyst layer (subdo-
main IV). The sum of the anode activation hA

act and concentra-
tion overpotentials hA

conc is given by [5, 58]:

hA ¼ hA
act þ hA

conc ¼ Vel � Vio (53)

Since, in this model both the electrochemical oxidation of
H2 and CO are taken into account, the anode concentration
overpotential will be computed based on the following equa-
tion:

hA
conc ¼ �

RT
neF

ln
pbulk

H2
pTPB

H2O

pTPB
H2

pbulk
H2O

 !
� RT

neF
ln

pbulk
CO pTPB

CO2

pTPB
CO pbulk

CO2

 !
(54)

Accordingly, at the cathode catalyst layer, where the oxy-
gen electrochemical reduction takes place, the Butler-Volmer
equation is also used to obtain the rate of transfer of electronic
to ionic current. Hence:

QC
el ¼ IC�wCCL ¼ IC

0

exp aC neF

RT
hC

� �
�exp � 1� aC

� 	 neF

RT
hC

� �
2
64

3
75
,

wCCL

QC
io ¼ �IC�wCCL ¼ �IC

0

exp aC neF

RT
hC

� �
�exp � 1� aC

� 	 neF

RT
hC

� �
2
64

3
75
,

wCCL

(55)

where wCCL is the width of the cathode catalyst layer (subdo-
main VI). Correspondingly, the sum of the cathode activation
hC

act and concentration overpotentials hC
conc is given by [5, 58]:

hC ¼ hC
act þ hC

conc ¼ EREV � Vel � Vioð Þ (56)

where EREV is the reversible potential also known as Nernst
potential. The cathode concentration overpotential hC

conc is

given by: hC
conc ¼ �

RT

neF
ln

pbulk
O2

pTPB
O2

� �
. IA=C

0 , used in equations (52)

and (55), is the exchange current density for each electrode
and can be expressed as a function of the Arrhenius law and
the composition of the reactant gases as:

IA
0 ¼ gA pH2

p0

� �
pH2O

p0

� �
exp � EA

A
RT

� �
(57)

IC
0 ¼ gC pO2

p0

� �0:25

exp � EC
A

RT

� �
(58)

where pi is the partial pressure of the gaseous species i that
takes part in an electrochemical reaction, p0 is the reference
pressure, gA=C are the anode/cathode exchange current den-
sity pre-exponential coefficients and EA=C

A is the anode/cath-
ode activation energy.

3.5 Mass, Energy, Momentum and Charge Transport Boundary
Conditions

The boundary (BC) and interfacial (IFC) conditions are spe-
cified for all the external boundaries as well as the internal
interfaces of the SOFC computational domain. As can be seen
in Figure 4 there are in total twenty eight distinct faces, twenty
of which are external boundaries and eight of which are inter-
nal interfaces. In the next sections, the BCs and IFCs for the
mass, energy, momentum and charge transport equations,
respectively, will be presented.

3.5.1 Mass Transport Boundary and Interfacial Conditions

At the inlet of the fuel and air channels, the partial pres-
sures pi of each species i are specified. Therefore, according to
Figure 4:

BC5 : pi ¼ pIN
i ; i ¼ H2;H2O;CH4;CO;CO2 (59)

BC23 : pi ¼ pIN
i ; i ¼ O2;N2 (60)

where pIN
i is the partial pressure of species i at the inlet.

At the outlet of the fuel and air channels convective flux
boundary conditions are imposed, meaning that the diffusive
term of the total flux is cancelled out and only the convective
term is taken into account. Thus:

BC6 : JFC
i ¼ 0 ; i ¼ H2;H2O;CH4;CO;CO2 (61)

BC24 : JAC
i ¼ 0 ; i ¼ O2;N2 (62)

where JFC
i and JAC

i are the diffusive fluxes of species i at the
fuel and air channels, respectively.

At the fuel channel/anode diffusion layer interface and at
the air channel/cathode diffusion layer interface, continuity
for the partial pressure and for the flux terms of each species i
is imposed. Therefore:

IFC7 : pFC
i ¼ pADL

i & NFC
i ¼ NADL

i ; i ¼ H2;H2O;CH4;CO;CO2

(63)

IFC22 : pAC
i ¼ pCDL

i & NAC
i ¼ NCDL

i ; i ¼ O2;N2 (64)
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where pFC
i and pAC

i , pADL
i and pCDL

i are the partial pressures of
species i at the fuel and air channels, and at the anode and
cathode diffusion layers, respectively. Correspondingly, NFC

i
and NAC

i , NADL
i and NCDL

i are the total molar fluxes of species i
at the fuel and air channels, and at the anode and cathode dif-
fusion layers, respectively.

Similarly, at the anode diffusion layer/anode catalyst layer
interface and at the cathode diffusion layer/cathode catalyst
layer interface, continuity for the partial pressure and for the
flux terms of each species i is imposed. Therefore:

IFC10 : pADL
i ¼ pACL

i & NADL
i ¼ NACL

i ;

i ¼ H2;H2O;CH4;CO;CO2
(65)

IFC19 : pCDL
i ¼ pCCL

i & NCDL
i ¼ NCCL

i ; i ¼ O2;N2 (66)

where pACL
i and pCCL

i are the partial pressures of species i at
the anode and cathode catalyst layers, respectively. Corre-
spondingly, NACL

i and NCCL
i are the total molar fluxes of spe-

cies i at the anode and cathode catalyst layers, respectively.
At all the remaining boundaries and interfaces, insulation

BCs are imposed.

3.5.2 Energy Transport Boundary and Interfacial Conditions

At the inlet of the fuel and air channels the temperature T
of each gas stream is specified. Therefore:

BC5 : TII ¼ TFC
IN (67)

BC23 : TVIII ¼ TAC
IN (68)

Similar to mass transport, at the outlet of the fuel and air
channels convective flux boundary conditions for the energy
transport are imposed, which means that the conductive term
of the total flux is cancelled out and only the convective term
is taken into account. Thus:

BC6 : � n � �kII�TIIð Þ ¼ 0 (69)

BC24 : � n � �kVIII�TVIIIð Þ ¼ 0 (70)

where kj is the thermal conductivity of subdomain j and n is
the unit normal vector pointing outwards relative to the sub-
domains.

At the fuel channel/anode electrode interface and at the air
channel/cathode electrode interface, convective heat flux
boundary conditions are imposed. Thus, according to Figure 4:

IFC7 : � n � �kIII�TIIIð Þ ¼ hFC=ADL TII � TIIIð Þ (71)

IFC22 : � n � �kVII�TVIIð Þ ¼ hAC=CDL TVIII � TVIIð Þ (72)

where hk is the convective heat transfer coefficient at interface k.
At the fuel channel/interconnect interface and at the air

channel/interconnect interface, convective heat flux boundary
conditions are imposed. Therefore:

IFC4 : � n � �kI�TIð Þ ¼ hFC=AIC TII � TIð Þ (73)

IFC25 : � n � �kIX�TIXð Þ ¼ hAC=CIC TVIII � TIXð Þ (74)

At the anode diffusion layer/catalyst layer and at the cath-
ode diffusion layer/catalyst layer interfaces, temperature con-
tinuity conditions are considered. Hence:

IFC10 : TIII ¼ TIV & � nu � �kIII�TIIIð Þ � nd � �kIV�TIVð Þ ¼ 0

(75)

IFC19 : TVI ¼ TVII & � nu � �kVI�TVIð Þ � nd � �kVII�TVIIð Þ ¼ 0

(76)

where nu and nd are the unit normal vectors pointing out-
wards relative to the subdomains.

Accordingly, at the anode catalyst layer/electrolyte and at
the cathode catalyst layer/electrolyte interfaces, temperature
continuity conditions are applied. Hence:

IFC13 : TIV ¼ TV & � nu � �kIV�TIVð Þ � nd � �kV�TVð Þ ¼ 0

(77)

IFC16 : TV ¼ TVI & � nu � �kV�TVð Þ � nd � �kVI�TVIð Þ ¼ 0

(78)

At the end of each of the two interconnect subdomains,
symmetry boundary conditions are imposed, assuming that
the cell is placed in the middle of a SOFC stack. In order to
achieve this, the feature of extrusion coupling variables [36]
incorporated in COMSOL Multiphysics was used. Therefore,
according to Figure 4:

IFC1 : TI ¼ TIX (79)

IFC28 : � n � �kI�TIð Þ ¼ �n � �kIX�TIXð Þ (80)

At all the remaining boundaries insulation BCs are
imposed.

3.5.3 Momentum Transport Boundary and Interfacial Conditions

At the inlet of the fuel and air channels the velocity U of
each gas stream is specified. Therefore:

BC5 : UII ¼ UFC
IN (81)
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BC23 : UVIII ¼ UAC
IN (82)

At the outlet of the fuel and air channel pressure boundary
conditions are imposed, which are typical for this type of
problem. Thus:

BC6 : pII ¼ pA (83)

BC24 : pVIII ¼ pC (84)

At all the remaining boundaries no slip BCs are imposed.

3.5.4 Charge Transport Boundary and Interfacial Conditions

At the fuel channel/anode diffusion layer interface, the
electronic voltage, Vel, is arbitrarily set to zero [47, 59, 60].
Therefore:

IFC7 : Vel ¼ 0 (85)

At the air channel/cathode diffusion layer interface, the
electronic voltage, Vel, is set equal to the operating voltage VC

of the SOFC [47, 59, 60]. Thus:

IFC22 : Vel ¼ VC (86)

At the anode diffusion layer/catalyst layer and at the cath-
ode diffusion layer/catalyst layer interfaces, electronic volt-
age, Vel, continuity conditions are applied. Thus:

IFC10 : � n � seff
el �VIII

el � seff
el �VIV

el

� �
¼ 0 (87)

IFC19 : � n � seff
el �VVI

el � seff
el �VVII

el

� �
¼ 0 (88)

Accordingly, at the anode catalyst layer/electrolyte and at
the cathode catalyst layer/electrolyte interfaces, ionic voltage,
Vio, continuity conditions are applied. Hence:

IFC13 : � n � seff
io �VIV

io � seff
io �VV

io

� �
¼ 0 (89)

IFC16 : � n � seff
io �VV

io � seff
io �VVI

io

� �
¼ 0 (90)

At all the remaining boundaries and interfaces, insulation
BCs are imposed.

4 Results and Discussion

The DIR-SOFC model developed here is based on funda-
mental equations written in a partial differential form, making
it flexible in terms of the geometries that can be used. Thus,
planar, tubular and monolithic DIR-SOFC configurations can

be simulated using this model, provided that the correspond-
ing BCs are modified accordingly. The computational domain
was discretized in 29,021 domain and 3,473 boundary triangu-
lar elements, which were sufficient to produce mesh-indepen-
dent solutions. In the current model the operating voltage VC

is considered constant throughout the SOFC, therefore it will
be a degree of freedom for the model. On the other hand, the
current density IC is considered a dependent variable, thus it
will vary throughout the solid structure of the SOFC. The pre-
exponential coefficients, activation energies and equilibrium
constants, used in the MSR and WGS reactions rate Eqs. (11)
and (12), depend on the physical and chemical properties of
the DIR-SOFC materials. In this work data from the literature
have been used. In Table 1 the DIR-SOFC model parameters

Table 1 DIR-SOFC model energy and charge transport parameters.

Parameter / Units Symbol Value

Anode electrode thermal conductivity
/ W m–1K–1

kA
s 10 [61]

Fuel mixture thermal conductivity
/ W m–1K–1

kA
g 0.32 [62]

Cathode electrode thermal conductivity
/ W m–1K–1

kC
s 11 [61]

Air mixture thermal conductivity
/ W m–1K–1

kC
g 0.58 [62]

Electrolyte thermal conductivity
/ W m–1K–1

kE 2 [61]

Interconnects thermal conductivity
/ W m–1K–1

kIC 6 [61]

Anode specific heat capacity
/ J kg–1K–1

CA
p 0.65 [63]

Cathode specific heat capacity / J kg–1K–1 CC
p 0.9 [63]

Electrolyte specific heat capacity / J kg–1K–1 CE
p 0.3 [63]

Interconnects specific heat capacity
/ J kg–1K–1

CIC
p 0.8 [63]

Anode electrode density / kg m–3 rA
s 6,200 [63]

Cathode electrode density / kg m–3 rC
s 6,000 [63]

Electrolyte density / kg m–3 rE
s 5,560 [63]

Interconnects density / kg m–3 rIC
s 7,700 [63]

Convective heat transfer coefficient
/ W m–2K–1

hi 5 [64]

Anode electrode electrical conductivity
/ W–1 m–1

sel
ADL

9:5 · 107

T
exp � 1150

T

� �
[65]

Cathode electrode electrical conductivity
/ W–1 m–1

sel
CDL

4:2 · 107

T
exp � 1200

T

� �
[65]

Electrolyte ionic conductivity / W–1 m–1
sio

E 33400exp � 10300

T

� �
[65]

Anode transfer coefficient / – aA 0.5

Cathode transfer coefficient / – aC 0.5

Anode pre-exponential coefficient / A m–2 gA 7.55 · 109 [66]

Cathode pre-exponential coefficient / A m–2 gC 6.91 · 108 [66]

Anode activation energy / J gmol–1 EA
A 120,000 [66]

Cathode activation energy / J gmol–1 EC
A 110,000 [66]
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are listed along with the corresponding sources, they were
extracted from. In order to study the effect of different operat-
ing and design parameters on the SOFC performance, base
case parameters have to be defined. The base case operating
and design parameters used in this model, considering steady-
state conditions, are listed in Table 2.

The binary diffusion coefficients of the species used are
temperature and pressure dependent and they are calculated
using the Fuller’s method [68]:

DA;B ¼
0:00143T1:75

PM1=2
AB Suð Þ1=3

A þ Suð Þ1=3
B

h i2 (91)

The Knudsen diffusion coefficients of the participating spe-
cies i are calculated by[69]:

DiK ¼
4
3

K0

ffiffiffiffiffiffiffiffiffi
8RT
pMi

s
(92)

4.1 Model Validation

Our model has been validated against experimental data
available in literature [70]. The geometrical aspects of the
experimental setup have been reported in [71]. The geometry
of the model defined in Tables 1 and 2 has been adapted to
match the experimental one. Table 3 outlines the geometrical
aspects of the model used for the validation, as well as the
material parameters, as reported in [71]. All parameters not
mentioned in Table 3, have the same value as in the base case
(Tables 1 and 2). The feed reported in [71] is 1.66 · 10–3 l s–1,

Table 2 Base case operating conditions and kinetic parameters for the
DIR-SOFC model.

Parameter / Units Symbol Value

Fuel inlet temperature / K TA
IN 1,173

Air inlet temperature / K TC
IN 1,173

Fuel channel inlet velocity / m s–1
UFC

IN 0.2

Air channel inlet velocity / m s–1
UAC

IN 5.0

Operating pressure / atm P 1

Gas law constant / m3 atm gmol–1 K–1 R 8.20575 · 10–5

Viscosity / N s m–2 m 2.01 · 10–5

Permeability / m2 B0 1.98 · 10–10

Faraday’s constant / A s gmol–1 F 96485.3

Porosity / – e 0.46

Tortuosity / – t 4.5

Average pore radius / m r 2.6 · 10–6

Fuel cell length / m L 0.05

Fuel channel width / m wFC 0.0022

Air channel width / m wAC 0.0022

Anode diffusion layer width / m wADL 0.0004

Cathode diffusion layer width / m wCDL 0.00015

Anode catalyst layer width / m wACL 0.0001

Cathode catalyst layer width / m wCCL 0.00005

Electrolyte width / m wE 0.0003

Anode interconnect width / m wAIC 0.001

Cathode interconnect width / m wCIC 0.001

Operating Voltage / V VC 0.6

MSR reaction activation energy / J mol–1 EA
MSR 82,000 [10]

MSR reaction pre-exponential constant
/ mol s–1 m–2 atm–1

kMSR 4,331 [10]

WGS reaction equilibrium constant / – Keq 1.44 [67]

WGS reaction pre-exponential factor
/ mol s–1 m–2 atm–1

kWGS 101.325 [67]

Table 3 Parameters for the DIR-SOFC model used for model validation
[71].

Parameter / Units Symbol Value

Fuel inlet temperature / K TA
IN 1,073

Air inlet temperature / K TC
IN 1,073

Fuel channel inlet velocity / m s–1
UFC

IN 0.171

Air channel inlet velocity / m s–1
UAC

IN
0.171

Operating pressure / atm P 1

Gas law constant / m3 atm gmol–1 K–1 R 8.20575 · 10–5

Viscosity / N s m–2 m 2.01 · 10–5

Permeability / m2 B0 1.98 · 10–10

Porosity / – e 0.35

Tortuosity / – t 3.8

Fuel channel width / m wFC 0.0022

Air channel width / m wAC 0.0022

Anode diffusion layer width / mm wADL 400

Cathode diffusion layer width / mm wCDL 15

Anode catalyst layer width / mm wACL 100

Cathode catalyst layer width / mm wCCL 15

Electrolyte width / mm wE 25

Anode electrode thermal conductivity
/ W m–1K–1

kA
s 3

Cathode electrode thermal conductivity
/ W m–1K–1

kC
s 3.8

Electrolyte thermal conductivity / W m–1K–1 kE 1.8

Anode convective heat transfer coefficient
/ W m–2K–1

hA 57

Cathode convective heat transfer coefficient
/ W m–2K–1

hC 49

Anode pre-exponential coefficient / A m–2 gA 1.344 · 1010 [72]

Cathode pre-exponential coefficient / A m–2 gC 2.051 · 109 [72]

Anode activation energy / J gmol–1 EA
A 120,000 [72]

Cathode activation energy / J gmol–1 EC
A

100,000 [72]
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which corresponds to a maximum velocity at the fuel channel
of 0.171 m s–1 if a parabolic velocity profile is assumed. The
reversible voltage has been adapted from experimental data
(1.17 V), since the empirical relation used for our model is in-
compatible with the experimental data utilized. The pre-expo-
nential coefficient and the activation energy for the exchange
current density used in the modified Butler-Volmer equation
were obtained from [72]. The fuel mixture used for the model
validation is 30% pre-reformed and it consists of 26.3% H2,
49.3% H2O, 17.1% CH4, 2.9% CO and 4.4% CO2 at the inlet to
the fuel channel [71].

The polarization curve obtained using our model is com-
pared to the experimental results and it is illustrated in Figure 5.
The model is shown to replicate the experiment sufficiently well.
Small discrepancies are attributed to some geometrical aspects
being unavailable and to some of the literature-obtained
parameter referring to different conditions and materials than
the ones used in the actual experimental setup.

4.2 Base Case Model Simulations

Our DIR-SOFC system is designed to operate for both non
pre-reformed and pre-reformed operating conditions. The fuel
mixture used in this study is 10 % pre-reformed and it consists
of 8% H2, 58% H2O, 28% CH4, 2% CO and 4% CO2 at the inlet
of the fuel channel [10].

In Figure 6, the H2 and O2 molar fractions at the anode fuel
channel and at the cathode air channel are illustrated. As H2

and O2 flow in the fuel and air channels, respectively, they dif-
fuse through the porous electrodes where they react at the
anode and cathode electrochemically-active catalyst layers
respectively, where the half-cell electrochemical oxidation (4)
and reduction (6) reactions take place. In the porous elec-
trodes, the formed gradients of the H2 and O2 molar fractions
are larger than in the fuel and air channel, because the diffu-
sion is more difficult in the porous electrodes than in the fuel
and air channels. Additionally, at the fuel and air channels the
convective effects are much larger compared to the porous

electrodes, where diffusion prevails. Close to the inlet of the
fuel channel, a steep increase of the H2 partial pressure can be
observed. This is due to the rapid MSR reaction (2) and is an
indication that this occurs mainly close to the fuel inlet. After
all CH4 is depleted, the produced H2 is then gradually con-
sumed along the length of the cell by the electrochemical reac-
tion (4), resulting in the decrease of its molar fraction after
reaching a maximum value. The O2 molar fraction at the cath-
ode electrochemically active catalyst layer is decreased along
the length of the air channel due to the half-cell electrochemi-
cal reduction reaction, as expected.

Figure 7 illustrates the anode fuel gas species molar frac-
tions along the length of the fuel channel. The impact of the
simultaneous occurrence of the MSR reaction, the WGS reac-
tion and the electrochemical oxidation of H2 and CO at the
anode catalyst layer is presented. A rapid decrease in the CH4

composition and a corresponding increase in the H2 composi-
tion can be seen close to the inlet of the fuel channel. This is
due to the very fast MSR reaction (2) and partially because of
the WGS reaction. A decrease in the H2O composition can also
be observed, which can also be attributed to the MSR and
WGS reactions as steam plays the role of the reactant in these
reactions. However, H2 and H2O are also participating in the
H2 electrochemical reaction (4), where they have an opposite
role, although the effect of the MSR and WGS reactions cannot
be balanced, due to the different reaction rates. When CH4

starts getting depleted, H2 and H2O compositions begin to
decrease and increase respectively, as now the effect of the
electrochemical reactions is dominating. Consequently, the H2

and H2O compositions exhibit a maximum and a minimum
respectively, close to the point where CH4 is depleted. Simi-
larly to H2, at the inlet region there is an increase in CO com-
position due to the MSR reaction, which starts decreasing as
soon as CH4 is consumed and the WGS and the CO electro-
chemical reactions dominate. These trends, presented in Fig-
ure 7, come in qualitative agreement with results from [10]
and [19], but vary quantitatively due to the use of different
operating parameters.

In Figure 8, the temperature distribution in the
DIR-SOFC, obtained by the developed model, is
illustrated. Inlet temperatures of TA

IN ¼ TC
IN ¼ 1,173

K and base case conditions, as given in Table 2, were
used for this simulation. The steep temperature
decrease, that results in a cold spot at the anode elec-
trode near the fuel inlet, is a result of the excessive
amount of heat consumed by the highly endother-
mic MSR reaction (2). The DIR-SOFC temperature
decreases in the first 20% of its length by 50 K in
relation to its inlet value. CH4 is depleted near the
inlet due to the large MSR reaction (2) rate and as a
result, the exothermic electrochemical reactions (4)
and (5) dominate the thermal energy generation,
leading to a temperature increase all the way to the
exit of the fuel and air channels. This causes the for-
mation of thermal gradients that in turn give rise to
thermal stresses, as already discussed. If these stres-

Fig. 5 Polarization curve computed by the proposed model against experimental
results [70].
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ses exceed the threshold values dictated by the ceramic and
metal materials used for the construction of the SOFC, it can
result in reduced performance and even mechanical failure of
the cell.

Figure 9 illustrates the average (along the SOFC length)
electronic and ionic voltage distributions along both diffusion
and catalyst layers and the electrolyte domain for base case
conditions (as in Table 2) and for operating potential VC =
0.6 V. As mentioned previously, since electrons cannot flow in
the electrolyte and ions cannot flow through the diffusion

layers of the electrodes, there is no electronic and
ionic potential at the respective subdomains. The
current densities are defined by the gradient of the
respective ionic and electronic voltage curves in Fig-
ure 9. The activation and concentration overpoten-
tials are given by Eq. (53) and Eq. (56) respectively
and as can be seen for the selected operating condi-
tions the anode overpotential is slightly larger than
the cathode one. The ohmic overpotential is almost
zero at the electrodes as their electronic conductivity
is much higher compared to the electrolyte ionic
conductivity. The ionic potential distribution in the
electrolyte subdomain is linear due to the constant
ionic current flux.

The average current density and the reversible
voltage distributions along the length of the cell are
shown in Figure 10. The current density decreases to
a minimum of 6,200 A m–2 and then increases along

the length of the cell. Its magnitude is dependent on the tem-
perature and on the H2 and CO concentrations. The tempera-
ture dependence is more significant, as it is evident from the
trend observed in Figure 11, which agrees with the tempera-
ture decrease close to the inlet of the DIR-SOFC. Accordingly,
the reversible voltage EREV exhibits a peak value at the point
where the temperature is at its lowest value as expected from
the expression:

Fig. 6 H2/O2 molar fraction profiles at the anode/cathode side of the DIR-SOFC for base case inlet compositions.

Fig. 7 Fuel species molar fractions yi distribution along the length of the SOFC for
base case inlet compositions.
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EREV ¼ E0 þ
RT
neF

ln
pH2

p0:5
O2

pH2O

 !
(93)

4.3 Parametric Investigation

A parametric study of various operat-
ing and design parameters has been per-
formed in order to examine their effect on
the performance of the DIR-SOFC. In Fig-
ure 11, temperature distributions along
the length of the SOFC, for fuel and air
channel inlet temperatures of 1,073 K,
1,123 K, and 1,173 K and for a constant
operating voltage VC = 0.6 V, are depicted.
As discussed previously, the temperature
exhibits a minimum close to the inlet of
the fuel channel, where the rate of the
endothermic MSR reaction (2) reaches its
highest value. It can be seen that the
temperature gradient is smoother for
inlet temperature TIN = 1,073 K than for
TIN = 1,173 K. This can be attributed
mainly to the fact that, for constant VC,
higher temperature operation corre-

sponds to higher average current densities, resulting in high-
er exothermic electrochemical oxidation reaction rates and in
turn in a more steep increase of the temperature along the
cell. Furthermore, the MSR reaction rate increases with
increasing temperature, as expected from Eq. (11), which also
affects the formation of larger gradients.

Fig. 8 Temperature profile in the DIR-SOFC domain (MSR reaction endothermic effect).

Fig. 9 Average (along the length) electronic and ionic voltage distributions over the width of the
solid DIR-SOFC domains for base case operating conditions.
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In Figure 12, temperature distributions along the length of
the SOFC, for fuel and air channel inlet temperatures of 1,073
K, 1,123 K, and 1,173 K and for constant average current den-
sity IC = 7,100 A m–2, are depicted. It is observed that for lower
inlet temperatures the temperature profile is slightly smoother
(green line) than the corresponding one for higher inlet tem-
peratures (blue line). This can be explained by the lower
endothermic MSR reaction rate exhibited at lower tempera-
tures, which is the only significant factor in this case, in con-
trast to the previous case where the change in the current den-
sity can also affect the temperature profile.

Figure 13 illustrates the predicted average current density
and power density as functions of the operating voltage, for
fuel and air channel inlet temperatures of 1,073 K, 1,123 K,
and 1,173 K and for the base case operating conditions as
listed in Table 2. As can be seen in Figure 13, the power out-
put of the DIR-SOFC, which is given by the operating voltage

multiplied by the average current density, increases
with rising temperature, as expected since the cell’s
overpotentials decrease. Therefore, the operating
voltage is higher for the same current density. The
decrease in the cell’s overpotentials is caused by the
decrease of each individual overpotential term. The
ohmic overpotential decreases with increasing tem-
perature, because the ionic and electronic conduc-
tivities increase accordingly, as can be seen from
their equations in Table 1. The activation overpoten-
tial is also decreasing with increasing temperature,
since the activity of the electrochemical reactions
increases at higher temperatures. This can also be
deduced from the current density and the exchange
current density expressions (Eqs. (52), (55), (57), and
(58)), where under typical SOFC operating condi-
tions, a temperature increase leads to a decrease in
the activation overpotential, since the exchange cur-
rent density is an increasing function of tempera-

ture. Finally, at higher temperatures the diffusivity of the spe-
cies is increased, resulting in lower values of concentration
overpotentials, as the species can diffuse easier through the
porous diffusion layer. Furthermore, in a DIR-SOFC the reac-
tion rates of the MSR and WGS reactions are enhanced with
increasing temperature, resulting in higher H2 and CO con-
centrations and subsequently in higher current densities.
Higher operating temperatures also result in lower reversible
voltages, as expected by Eq. (93), but also in higher limiting
current density values.

In Figure 14, polarization and power density curves for
anode catalyst layer thicknesses of 0.0002 m, 0.0001 m and
0.00005 m and for the base case operating conditions (as in
Table 2), are depicted. For this parametric investigation, the
total thickness of the anode electrode, i.e. the diffusion and the
catalyst layer, was kept constant. Increasing the electrochemi-
cally-active catalyst layer thickness results in an increased

total rate of the electrochemical reactions
and, consequently, in reduced activation
overpotential [73]. However, the ionic ohmic
overpotential is increased, since the distance
the ions have to travel to reach the reaction
sites increases. For the operating conditions
and design parameters used in this case, the
increase in the ohmic overpotential is more
significant than the decrease in the activation
overpotential, therefore, a slight decrease in
the DIR-SOFC performance is observed for
higher values of the anode catalyst layer
thickness.

5 Conclusions

The development and use of a comprehen-
sive, 2-dimensional, multicomponent, non-
isothermal, dynamic model for the investiga-

Fig. 10 Average (along the catalyst layer width) current density and reversible volt-
age distribution along the cathode catalyst layer length of the DIR-SOFC.

Fig. 11 Temperature distribution along the length of the SOFC for constant operating volt-
age VC = 0.6 V at a range of fuel and air channel inlet temperatures TA

IN and TC
IN (1,173 K –

1,123K – 1,073K).
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tion of the thermal and electrochemical phe-
nomena in a planar DIR-SOFC, that utilises a
mixture of CH4, H2, H2O, CO and CO2 as
fuel, have been discussed. The computational
domain comprises of nine subdomains,
namely the anode and cathode interconnects,
fuel and air channels, anode and cathode
electrode diffusion and catalyst layers, and
the electrolyte. The generality of the PDEs,
used to describe the physical and electro-
chemical phenomena during DIR-SOFC
operation, allows them to be applied for any
geometry, flow configuration or design and
also for any fuel or oxidant composition. For
the simulation of the mass transport phenom-
ena the combination of the SMM and the
DGM formulation, that was presented and
validated in [21, 22] was employed. The com-
mercial FEM-based PDE solver, COMSOL
Multiphysics [36], was used for the solution
and postprocessing of the DIR-SOFC system.
The MSR reaction is much slower than the
WGS reaction; therefore its reaction rate was
based on a kinetic approach, while the WGS
reaction rate was based on an equilibrium
assumption [10]. Other unique features of
this model are that it uses composite elec-
trodes configuration, allowing the represen-
tation of the TPBs by finite 2-D subdomains
rather than 1-D boundaries, and that both H2

and CO electrochemical oxidation reactions
are taken into account in the current density
computation.

In this work, the mechanisms of coupled
transport and chemical/electrochemical reac-
tions phenomena in the porous electrodes
were studied and suggestions for improve-
ment of the DIR-SOFC performance were dis-
cussed. Species compositions, temperature,
ionic and electronic, as well as current den-
sity distribution results were obtained and
presented. The performed simulations indi-
cated a strong cooling effect at the anode
electrode near the inlet, due to the highly
endothermic MSR reaction. The formation of
thermal gradients, associated with the
endothermic behavior of the MSR reaction
and the exothermic behavior of the WGS and
electrochemical reactions at different loca-
tions, sets a limitation on the amount of
reforming allowed in practice, since the me-
chanical integrity and reliability implications
have to be taken into account by evaluating
the thermal stresses imposed on the struc-
ture. Polarization curves were also generated
to evaluate the effect of various design and

Fig. 12 Temperature distribution along the length of the SOFC for constant average current
density IC = 7,100 A m–2 at a range of fuel and air channel inlet temperatures TA

IN and TC
IN

(1,173 K – 1,123 K – 1,073 K).

Fig. 13 Operating voltage VC and power density PC as functions of the average current den-
sity IC at a range of fuel and air channel inlet temperatures TA

IN and TC
IN (1,173 K – 1,123 K

– 1,073 K).

Fig. 14 Operating voltage VC and power density PC as functions of the average current den-
sity IC for different anode catalyst layer widths wACL (0.00005 m – 0.0001 m – 0.0002 m).
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operating parameters on the DIR-SOFC performance. Para-
metric investigation showed that the performance of the DIR-
SOFC, with respect to its power output predicted by the polar-
ization curves, can be improved by higher temperature opera-
tion, since the increase in temperature has a decreasing effect
on the DIR-SOFC overpotentials. On the other hand, it was
shown that decreasing the inlet temperature leads to smoother
temperature profiles and to the formation of smaller thermal
gradients. Although the DIR-SOFC performance was found to
be affected by the thickness of the electrochemically active
anode catalyst layer, the net system response was found to be
not substantially affected at the conditions simulated, due to
the counter-balancing behavior of the ohmic and activation
overpotentials. Electronic and ionic potentials distributions
were also presented across the solid structure thickness, which
enable the individual evaluation of the activation, concentra-
tion and ohmic overpotential terms.

Although further experimental data are required to validate
the developed model for a wider range of operating condi-
tions and design parameters, the detailed modeling frame-
work presented here can be used for DIR-SOFC design and
optimisation purposes, as well as a tool to provide better
understanding of the complex interrelated processes taking
place in an DIR-SOFC.

All research data supporting this publication are directly
available within this publication.
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