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Abstract In recent years, fuel cell technology has
attracted considerable attention from several fields of sci-
entific research as fuel cells produce electric energy with
high efficiency, emit little noise, and are non-polluting.
Solid oxide fuel cells (SOFCs) are particularly important
for stationary applications due to their high operating
temperature (1,073—1,273 K). Methane appears to be a fuel
of great interest for SOFC systems because it can be
directly converted into hydrogen by direct internal
reforming (DIR) within the SOFC anode. Unfortunately,
internal steam reforming in SOFC leads to inhomogeneous
temperature distributions which can result in mechanical
failure of the cermet anode. Moreover this concept requires
a large amount of steam in the fed gas. To avoid these
problems, gradual internal reforming (GIR) can be used.
GIR is based on local coupling between steam reforming
and hydrogen oxidation. The steam required for the
reforming reaction is obtained by the hydrogen oxidation.
However, with GIR, Boudouard and cracking reactions can
involve a risk of carbon formation. To cope with carbon
formation a new cell configuration of SOFC electrolyte
support was studied. This configuration combined a cata-
lyst layer (0.1%Ir—CeQO,) with a classical anode, allowing
GIR without coking. In order to optimise the process a
SOFC model has been developed, using the CFD-Ace+
software package, and including a thin electrolyte. The
impact of a thin electrolyte on previous conclusions has
been assessed. As predicted, electrochemical performances
are higher and carbon formation is always avoided.
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However a sharp decrease in the electrochemical perfor-
mances appears at high current densities due to steam

clogging.
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List of symbols

D; Diffusion coefficient of the i-th species (m*s™h

D; e Effective diffusion coefficient of the i-th species
m*s™h)

Ey Voltage between the electrolyte and the nickel
at equilibrium (V)

F Faraday constant (96500) (C mol ™)

J; Diffusion flux of the i-th species (mol m2 sfl)

Kg, Equilibrium constant of steam methane
reforming reaction (Pa?)

K> Equilibrium constant of water gas shift reaction
)

Kp Equilibrium constant of Boudouard reaction
(Pa™")

Kc Equilibrium constant of Cracking reaction (Pa)

M Molecular weight of the mixture of gases
(kg kmol ™)

P; Partial pressure of the i-th species (Pa)

R Universal gas constant (8.314) (J mol ! Kil)

(S/V)eie  Effective surface-to-volume ratio (m* m™>)

T Temperature (K)

ac Carbon activity (-)

dpore Pore diameter (M)

H Gas mixture enthalpy (J kg™")

hg Solid-phase enthalpy (J kg™")

i Current density (A mfz)

[7] Molar concentration of the i-th species
(kmol m™?)
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[ilo Reference concentration of the i-th species
(kmol m~)
Jao Exchange current density of the anode (A m 2
Jat Faradaic current due to anodic reaction (A m™2)
Jet Faradaic current due to cathodic reaction (A m™2)
P Total pressure (Pa)
0 Heat flux (W m_z)
rx Reaction rate of the k-th reaction
(Kmol m~ sfl)
Ucenl Cell potential (V)
v Fluid velocity (m sh
w; Mass fraction of the i-th species (—)
X; Molar fraction of the i-th species (-)
Greeks
o Boudouard coefficient (-)
o, Anodic Tafel constant (-)
o Cathodic Tafel constant (-)
p Cracking coefficient (-)
0 Shear stress tensor (—)
e Porosity (-)

Pas ITonic phase potential at anode (V)

¢ Electronic phase potential at anode (V)

Pes Ionic phase potential of the electrolyte (V)

y Boudouard + Cracking coefficient (-)

B Thermal conductivity of the solid phase (W m! Kil)
Na Anode overpotential (V)

K Permeability (mz)

u Dynamic viscosity of the gas mixture (Pa s)
Wi Dynamic viscosity of the i-th species (Pa s)
0 Mass density of the gas mixture (kg m™>)

Gas Tonic phase conductivity at anode (Q~' m™")

oam  Electronic phase conductivity at anode (Q_l m_l)

Oes Ionic phase conductivity of the electrolyte
@ 'm™

T Tortuosity of pores (m m™")

1 Introduction

Solid oxide fuel cells (SOFCs) are promising candidates for
power generation while preserving the environment.
SOFCs can nowadays operate with good efficiency and
decent durability with hydrogen as the fuel at intermediate
temperature (873-973 K), even though technological
efforts still have to be made in order to increase life time
and reduce fabrication, operation and recycling costs.
Given the actual energy context, and in particular the
aspects concerning production, storage and distribution
infrastructures of hydrogen, the use of other fuels based on
hydrocarbons sounds interesting to be considered in the
next decades. Natural gas, bio-gas, waste fuels, bio-ethanol
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or other sources are interesting candidates for clean and
cheap operation of various devices like SOFC, instead of
oil-based fuels. In this context, several solutions have been
proposed to overcome technical issues and enable direct
and stable hydrocarbon operation of SOFC without coke
formation [1]. The concept of gradual internal reforming
(GIR) [2] with the addition of a catalyst layer onto the
conventional Ni-YSZ cermet anode is one of them. The
lack of coking at the Ni-based anode can be explained by
the fact that the greater part of the reforming reaction
occurs in the catalyst layer and therefore most of the
hydrocarbon species are eliminated before the fuel reaches
the anode. A key element of this strategy was the choice of
a catalyst material that promotes hydrocarbon reforming
but does not itself cause coking.

Gradual internal reforming is based on local coupling
between steam reforming of the fuel, which occurs on a
catalyst (nickel for a Ni-YSZ cermet anode) and hydrogen
electrochemical oxidation, which occurs at the electrode/
electrolyte/gas three phase boundary. GIR also enables the
hydrogen required by the electrochemical reaction to be
generated in situ. However, in contrast to direct internal
reforming (DIR) where the steam is fed in a consequent
way, this process requires a very weak inlet steam contri-
bution. Indeed the steam used by the reforming reaction is
produced by the electrochemical reaction all along the cell.
This approach is based on the works of Vernoux et al. [2],
Georges et al. [3] and Klein et al. [4] who have studied the
feasibility of GIR in SOFCs.

A previous work [5], using the CFD-Ace+ software
package, proposed a model of gas diffusion electrode to
simulate the behavior of a SOFC under conditions of GIR
with the addition of a catalyst layer. A conventional anode
material (Ni-YSZ cermet) designed to operate with high
H,O/CH,4 ratios was covered with a catalytic layer active
for methane reforming and resistant to carbon formation.
This concept, close to the one mentioned by Barnett and
co-workers [6], was referred as electro-catalytic dissocia-
tion. A realistic three phase boundary distribution was
considered through the porous electrode thickness. The
electrochemical reactions within the porous electrodes
described using the Butler—Volmer equations at the three
phase boundary. Modeling was based on solving the con-
servation equations of mass, momentum, energy, species
and electric current by using a finite volume approach on
2D grids of arbitrary topology. Simulations with the CFD-
Ace+ software package allowed the calculation of the
distributions of partial pressures (CHy, H,, CO, CO,, and
H,0), current density and potentials of electronic and ionic
phases within the anode part (i.e. gas channel and cermet
anode), and finally the calculation of the thermal gradient
in the cell. It was demonstrated that GIR of methane, using
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pure methane and in the presence of small quantities of
steam, can be achieved without any carbon deposition (of a
thermodynamic nature) using this original geometry. With
a catalyst layer thickness of 900 pm and a Kkinetic
reforming rate 10 times higher than the reforming rate in
the cermet, carbon deposition is not thermodynamically
favoured throughout the length of the tubular SOFC.

Catalytic tests [7] have been done and it has been proved
that iridium impregnated ceria is a promising candidate for
the catalytic layer. Based on this work and on previous
simulations, an electrolyte support SOFC cell has been
designed. The article of Klein et al. [8] presents the asso-
ciated results. The cell associated a good anode material
(Ni/YSZ cermet) and a catalyst layer (Ir/CeO,) deposited
on a thick YSZ electrolyte. It was operated under GIR
conditions in dry methane. Stable operation without steam
at the anode inlet was obtained for several hours, demon-
strating the efficiency of the GIR concept together with
high CH,4 conversion and anode protection by the highly
active catalyst layer. Electro-catalytic dissociation associ-
ated with GIR allows stable operation in dry methane
without coking in the anode layer. The cell had to
be optimized to increase the power density and reduce
the operation temperature.

Due to the experimental equipment the cell has been
designed with a thick electrolyte. One way to optimize the
cell performances is thus to reduce the thickness of the
YSZ electrolyte in order to reduce ionic ohmic losses in
the electrolyte. The aim of this study is to compare the case
of the electrolyte-supported system to a metal-supported
cell with a thin electrolyte. This study proposes also a
model of SOFC which takes into account the kinetics of the
reforming reaction on the Ir/CeO, catalyst in order to
assess the limitations under current of the precedent design.
The influence on the carbon deposition of the real kinetic in
the catalyst layer is thus studied, based on thermodynamic
considerations.

2 Tubular SOFC model descriptions
2.1 Description of the tubular SOFC

An SOFC is an assembly of an electrolyte sandwiched
between anode and cathode electrodes [4]. The SOFC
length in the present modeling is 30 mm and the thick-
nesses of the different parts of the SOFC are given in
Table 1. Both, an electrolyte-supported (thick electro-
Iyte = 1 mm) and a metal-supported (thin electrolyte =
50 um) geometry are considered for this model. The pre-
sented modelling concerns only the region near the inlet of
a real SOFC where the risk of carbon deposition is very
important.

Table 1 Geometrical parameters of the tubular SOFC (thick elec-
trolyte/thin electrolyte)

Geometry Inner radius (mm) Outer radius (mm)
Fuel channel 3.4/2.45 4.4/3.45

Catalyst layer 2.4/1.45 3.4/2.45

Collector 2.3/1.35 2.4/1.45

Anode 2.2/1.25 2.3/1.35
Electrolyte 1.2/1.2 2.2/1.25

Cathode 1.1/1.1 1.2/1.2

Collector 1.0/1.0 1.1/1.1

Air channel 0 1.0/1.0

In the present model, mass and charge transport
phenomena coupled with chemical and electrochemical
reactions are investigated within the inlet of the SOFC as
described in Fig. 1. A finite volume method using a com-
putational grid allows solving the mass, charge, energy,
momentum balances including transport through porous
media and chemical and electrochemical reactions within
porous electrodes in a gas diffusion electrode model. The
set of resulting conservation equations is solved using the
commercial software package CFD-Ace+ [9].

This model deals with a two-dimension geometry at
steady state conditions for a SOFC. The O,/N, (air) and
CH4/H,0 mixtures are supplied at the cathode and at the
anode gas channel, respectively. Fuel consumption at the
anode results from both internal reforming and water gas
shift reactions. Fuel composition can include any combi-
nation of methane and steam.

In the gas phase, the mass conservation equation is
described as follows:

V- (epv) =0 (1)

where ¢ is the porosity of the medium, defined as the ratio
of the volume occupied by the pores to the total volume of
the porous medium, p is the density and v is the velocity
vector of the gas mixture.

The momentum conservation equation, when com-
pressibility and turbulence effects are not taken into
account, is described by Klein et al. [4]:

2
V~(8pV~V)=—8Vp+V-(88)+¥ (2)
where p and v are the pressure and the velocity vector of
the gas mixture, J is the shear tress tensor and p is the
dynamic viscosity of the fluid. p and u are properties are
dependent on temperature. x is the permeability which is a
quantity representing the square of the effective volume to
surface area ratio of the porous matrix. The last term in
Eq. 2 represents the Darcy’s drag force imposed by the
pore walls on the fluid within the pores, and usually results
in a significant pressure drop across the porous medium.
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Fig. 1 Geometry of the tubular
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The conservation equation for energy (Eq. 3) may be
expressed as [9-11]:

d
V - (¢pvh) :V‘q+38~VV+3d—IZ
(S il
—Ji (V) eff(¢aM - ¢aS) +T (3)

where h is the gas mixture enthalpy; hg and pg are,
respectively, the solid phase enthalpy and density. The heat
flux, q, is comprised of contributions due to thermal
conduction and species diffusion (Eq. 4), and is written as:

q= iVT—l—ZJihi 4)

h; being species i enthalpies (defined here as sum of
enthalpy of formation and latent heat, in case of phase
change), J; their diffusion fluxes, and T the temperature.
The thermal conductivity, 4, of the porous medium is an
effective thermal conductivity of the fluid and solid regions
taken together [4]. The last two terms in Eq. 3 represent
electrical work and Joule heating, respectively. The irre-
versible losses due to the reaction (conversion of chemical
energy to heat energy) manifest themselves automatically
through the second term on the right hand side of Eq. 4
because the definition of enthalpy includes both the
enthalpy of formation and the sensible enthalpy.

The cell walls are considered adiabatic. The conserva-
tion equation for energy (Eq. 3) is solved in each volume
element and a continuity condition is imposed at interfaces.
Then the specific heat transfer coefficients are calculated
by the classical Jannaf method. Knowing the enthalpy and
the heat transfer coefficients it is thus possible to assess the
temperature distributions. However the heat transfer by
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radiation is not taken into account here because of the
weakness of the temperature gradient in the cell.

The mass and charge balances are numerically solved
with the following boundary conditions: Potentials are set
to zero for the anodic collector and to an input value for the
cathodic one. It is worth mentioning that no internal
boundary conditions are imposed when using the CFD
software package. The ionic current is assumed to be zero
on the surface of both collectors but variable elsewhere.
Electronic ohmic drops along the gas channel can be
neglected because of the high electronic conductivity
assumed for the electronic conductor.

2.2 Anode

The anode material is a composite between nickel and
yttria-stabilized zirconia (Ni-YSZ cermet). The anode is
considered in modeling as a porous gas diffusion electrode
wherein the electrochemical reaction occurs at the triple
phase boundary, i.e. at the interface between the electronic
conductor (nickel), the ionic conductor (YSZ) and the gas
phase (fuel). Current density (related to charge transports)
is thus the sum of two inseparable but different contribu-
tions: one related to ionic species and the other to electrons
transport. Mass transport occurs within the gas pores and
charge transport phenomena depend on four electric
parameters: ionic and electronic conductivities 0., Gam
(Sm™!) and potentials ¢, and ¢ (V).

The GIR consists of adding the function of reformer to
the SOFC anode, a direct production of hydrogen from
methane being possible due to the high temperature in the
fuel cell. Figure 1 presents the principle of GIR coupled
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with electro-catalytic dissociation [8]. To avoid cracking
by contact with methane, anodic current collection cannot
be made with conventional grids pressed onto the anode
because of the addition of the catalyst layer. SOFC cell
modelling was performed considering that current col-
lectors had to be placed between the electrolyte and the
anode.

Methane can thus be converted into H, and CO by
heterogeneous steam reforming (5) and heterogeneous
water gas shift (6):

CH, 4+ H,0 < CO + 3H, 5)
CO + H,0 «~ CO, + H, (6)

while hydrogen is electrochemically oxidized within the
anode (7):
%Hz + %027 — %Hzo +e (7)
There has been a number of papers published with
information on the kinetics of methane steam reforming on
nickel-based anode materials [12—17]. These studies of the
kinetics of methane steam reforming reaction were carried out
with the catalysts of different compositions prepared by
various methods and of different particle size, and over wide
ranges of temperature and pressure. Therefore, there were
suggested many different mechanisms and kinetic models
suggested. However, it is impossible to develop generalized
kinetic models, which can be applied to different catalyst with
only a change in parameter to suit to each catalyst [16]. The
kinetics model for methane steam reforming over nickel-based
catalysts developed by Xu and Froment [12] is the most
general expression. The rate expressions of the steam
reforming reaction (5) and water gas shift (6) used for
simulation were determined experimentally by Lehnert
et al. [13, 14]. These kinetic models give a reasonable
representation of the experimental data obtained on Ni/YSZ
cermet. They differ partly from the one proposed by Xu and
Froment [12]. The volumetric reaction rate of the methane
steam reforming reaction (mol m~> s_l), expressed as moles
of methane reacted per unit volume and time [14] can be
written as:

Fer = k;:rl [CH4][H20] — kg, [HZ]S[CO] (8)

where &, and kg, denote the velocity constant of forward
and backward reaction and [i] the concentration of gas
species i (mol m_3). The volumetric rate of the water shift
reaction (mol m> s_l) can be similarly formulated with

the velocity constants ki, and kg, as:
re2 = ki [CO|[H20] — kg, [H2][CO,] 9)
At the operating temperature range of 800—-1,000 °C, it

can be assumed that the water gas shift reaction is very
quick and remains near equilibrium [4].

These volumetric reaction rates can be rewritten by
considering the equilibrium constants [12, 17] for methane
steam reforming and water gas shift reactions as:

3

g1 = k]JErl ([CH4] [HZO] - [Hﬂ([CO]) (10)
El

e = ke ([CO] [H,0] — 7[1_12[]([;02}) (11)

where Kg; are the equilibrium constants of the reactions (5)
and (6).

Finally the kinetics of electrochemical reaction (7)
within the porous electrode can be described using the
Butler—Volmer equation at the triple phase boundary [18]:

pemin(oo () B (5, B

(10)

The overpotential 5 is defined as:
na:¢aM_¢as_E30 (11)

locally determined within the porous electrode through a
separate solving of the equations related to electronic and
ionic potentials. E, is the potential difference between the
electrolyte and the nickel in equilibrium, i.e., when no
current is produced.

The other parameters are the symmetry factors o, and o,
determined from the experimental Tafel slopes, the
exchange current density j,o (A m~ %), which are presented
in Table 2, the Faraday constant F' and the ideal gas law
constant R. [H,] and [H,O] are interfacial concentrations.
Note that j,o is the exchange current density at the bulk
composition and [H,]y, [H>O], the corresponding gas phase
concentrations in the bulk.

Within a porous composite electrode, current can be
split into two parts: one flowing through the ionic con-
ducting ceramic component and the other one flowing
through the electronic phase. During electrochemical
reactions, electrons are then either transferred from the
ionic phase to the electronic one or in the opposite way. If
we consider an electrochemical reaction occurring at the
anode, the charge conservation may thus be expressed by
the Ohm’s law as:

Table 2 Kinetics electrochemical parameters [22]

Anode Cathode
(S/V) jo (A m™?) 102 10"
oy 2 0.6
e 0.7 0.7
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/S take the porous medium into account in the Stefan—

V- (02Vy) = =V - (0amVPam) = Ji (V) 0 (12) Maxwell diffusion and must be deduced from the free
[

Note that the porous electrode is treated as an effective
homogeneous flooded medium characterised by an
effective ionic conductivity which depends on the
microstructural characteristics of the electrode [19].

On the other hand, mass balances for each gas phase
species i are given at steady-state by:

3
V - (epvw;) :V-JiJrZZip (13)
p=1

Here the first term corresponds to convection, term Z;,
stands for the creation or consumption rate of species i (per
unit volume of porous medium) and p represents the three
reactions which take place at the same time at the anode.
Thus the last term can be expressed under three forms,
resulting from the anodic electrochemical reaction, the
steam reforming reaction or the water gas-shift reaction on
the surface of the nickel catalyst particles:

(Vit = vir)rer = Zi (14)

(Vi =Vi)rea = Z; (15)
S\ Ja

Ml‘ (V;/ — V;_ ) () — = Zi3 (16)
3 Iy o F

where Vi, V| are, respectively, the normalized stoichi-

ometric coefficients for reactants and products, M; and w;
are the molecular weight and the mass fraction of species i,
(S/V) st (m2 m_3) is used to take into account the effective
surface-to-volume ratio which is directly related to the
three phase boundary surface area per unit electrode
volume (anode and cathode), and (A/V). is the specific
catalyst surface area per unit volume of anode which is a
direct representation of catalyst loading. To summarize, we
can say that the mass conservation equation of species
takes into account the three reactions located at the anode
side (steam reforming, water gas shift and the electro-
chemical reaction) at the same time.

With regard to the description of the diffusion term
taken into account in the mass balance (Eq. 13), the
diffusion flux is given by the Stefan—-Maxwell equation:

Wi
Ji = pDj et Vw; + %Di.efva + pw; JZDj,effij

VM
+ pwisy - Z,: D;jetrw (17)

which is dependent on the mass fraction of species i (w,),
the mass fraction of all the other components of the mixture
(w;) and the molar mass of the gas mixture (M).
The effective mass diffusion coefficient D, g is used to
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stream diffusion coefficient D; using the so-called
Bruggemann model [10, 20], depending on tortuosity .

Dt = Dje’ (18)

In this case, simulations were performed with a
tortuosity of 4 [21], a standard value from the literature.

Finally the description is completed by the ideal gas
law:

PM
_M 19
P =BT (19)
N
M = inMi (20)
i=1

where x; the molar fraction of species i.
2.3 Catalyst layer

The catalyst layer is placed against the anode side of the
SOFC. The lack of coking at the Ni-based anode can be
explained by the fact that the greater part of the reforming
reaction occurs in the catalyst layer, and therefore most of
the hydrocarbon species are eliminated before the fuel has
reached the cermet anode. A key element of this strategy was
choosing a catalyst material that promotes hydrocarbon
reforming but does not itself cause coking. Some experi-
ments have been done and Ir/CeQ, is such a material [7].

The chemical reactions that occur in this catalyst layer
are exactly the same as in the Ni—YSZ cermet. Thus,
methane is converted into H, and CO through the steam
reforming reaction (Eq. 6) and the water gas shift (Eq. 7).
The hydrogen produced then moves through the cermet.
The rate expression of the steam reforming reaction (5) in
the catalyst layer was determined experimentally by Klein
[7] for a steam to carbon (S/C) ratio ranging from 0.1 to
0.5. The reforming kinetics (mol m— s™") in the catalyst
layer (Ir catalyst particles) per unit volume is given
equation:

1.1
Fpq4 — kg4PCH4 (21)
with a zero order dependency with respect to steam.

Mass balances for each gas phase species i within the
catalyst loading are given at steady-state by:

V- (epvw;) =V - Ji+Zn + Zy (22)

where Z;, term stands for the creation or consumption rate
of species i (per unit volume of porous medium) by the
steam methane reaction in the catalyst layer:

(Vit = vir)res = Zi (23)
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2.4 Cathode

Cathode consists in a porous lanthanum manganite
(LaMnOs) doped with YSZ solid phases. Its behavior is
described in the same way as previously for the anode.

Oxygen reduction reaction occurs at cathode from the
electrochemical reaction:

1 1,
-0y +e — 5o2 (24)

4

The faradaic current j, at cathode is obtained from a

Butler—Volmer equation:
. . o, F o F [02}
= ex —exp| —
Jet Jco p RT ’1 p RT ”c [02] 0
where j.o is the exchange current density at the bulk

composition and [O;]y the corresponding gas phase
concentration in the bulk.

(25)

2.5 Electrolyte

The electrolyte material is YSZ, which is a suitable ionic
conductor at high temperature. Conditions of zero elec-
tronic current and zero electronic voltage are imposed in
the electrolyte to ensure that the electrolyte is completely
impermeable to electrons circulation. The electrolyte
potential is thus expressed by the classical Ohm’s law
without any charge creation or consumption within the
electrolyte:

3., ¢
s es es — O
0‘( o oy )

(26)

Table 3 Kinetic parameters and equilibrium constants [7, 12—14, 17]

2.6 Simulation parameters

The kinetic data used in the Butler—Volmer equations are
listed in Table 2 for both anode and cathode. A quite good
agreement between experimental and simulated data was
obtained with these kinetic electrochemical parameters
[22].

The velocity constants according to [7, 13,
presented in the Table 3.

Table 4 provides a brief description of the properties for
the materials currently used in the various cell components
of the tubular SOFC at 1,173 K.

14] are

3 Results and discussion

The high operating temperature of SOFCs allows operation
under DIR, and even under GIR conditions. With operation
in GIR, a delocalisation of the steam reforming reaction
along the cell can happen and, consequently yield to
homogenisation of the hydrogen production and tempera-
ture along the cell. However, carbon formation becomes a
serious problem in SOFC that use methane at high tem-
perature in GIR mode. Parasitic Boudouard and cracking
reactions can lead to the formation of a carbon deposit. It is
worth mentioning that Boudouard and cracking reactions
are not favoured in the catalytic layer but can occur in the
Ni—YSZ cermet. This carbon deposit on the anode surface
can obviously block the fuel supply and the transfer of the
oxide ions, leading to a decrease in the power efficiency of
the cell. Previous published studies highlighted that a

ki Kg;

Methane steam reforming in the cermet ki, = 1.40 x 10° T? exp(—22%3) Kg1 = 1.198 x 10% exp(—26830)
Water gas shift reaction ki = 1.20 x T? exp(—122) Kgy = 1.767 x 1072 exp(—2)
Methane steam reforming in the catalyst layer (Ir) ki, = 4.77 x 10° exp(—1237)
Table 4 Material properties at 1,173 K

Ni-YSZ YSZ Ir/CeO, LSM-YSZ Interconnect (x2)
e(-) 0.40 0.001 0.3 0.40 0.50
s (Wm™' K™ [23] 11.0 2.70 12 6.00 61.0
K (m?) 4.00 - 107" 9.3.107% 4.00 - 107" 5.00 - 107" 1.00 - 107"
os (S m™ Y [24] 0.46* 5.13 - 0.62* -
om (Sm™h 6.00 - 10* [25] - - 1.30 - 10* [26] 1.56 - 107
dpore (M) 1.00 - 107° 1.00 - 1078 1.00 - 107 1.00 - 107 1.00 - 107*
T (=) 4.00 4.00 3.00 1.50

4 Effective ionic conductivity of the porous electrode
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Table 5 Anode gas mixture composition

RID GIR
Methane mass fraction 0.296 0.2168
Water mass fraction 0.333 0.024
Argon mass fraction 0.3703 0.7539

catalyst layer thickness equal to 1 mm seems reasonable to
avoid carbon deposition into the cermet anode [5, 8].

For simulation, a mixture of fuel and steam is injected at
the anode (Table 5) side and air is fed at the cathode. The
different molar ratios xp,o/xcp, that are used at the anode
are equal to 1 in DIR or 0.1 in GIR. The value of 0.1
constitutes the arbitrary boundary between GIR and DIR
operation. The effect of the steam to methane ratio was
performed by varying the S/C from 1 down to 0.01 [4].
Results confirms that the GIR process is very promising for
thermodynamic reasons. The fuel flow at the anode is
2.107° kg s™'. The air flow at the cathode is sufficiently
high (10™* kg s~ ") so that the molar fraction of oxygen at
the cathode side varies only slightly. Finally a temperature
of 1,173 K is set for the injected gases. Such processing
conditions were imposed to avoid the limitation due to the
oxygen reduction at the cathode by a significant reduction
in the oxygen concentration along the cell.

3.1 Electrochemical behavior in GIR

The polarization curve (Fig. 2) allows the prediction of the
electrochemical performances of the SOFC under DIR and
GIR operations with the catalytic layer. Accordingly to
thermodynamic point of view, the open cell voltage is
higher in GIR mode, in view of the lower steam to methane
ratio, which results in higher OCV and thus higher power

3

Cell potential / V
ES
Power density / mW em

0 50 100 150 200 250 300 350 400 450 500

Current density / mA em ™

Fig. 2 Calculated polarization curves for various S/C ratios. Open square
DIR (xn,0/xcu, = 1) and open triangle GIR (x,0/xcu, = 0.1)

@ Springer

density. In GIR mode, the quantity of steam produced by
the electrochemical reaction is thus sufficient to feed the
reforming reaction. However, the cell performance remains
rather poor when considering electrolyte-supported cell
configuration.

For cell potential set to 0.75 V, a current density close to
200 mA cm 2 is recorded in GIR mode. Figure 3 presents
the ionic ohmic losses in the thick electrolyte. For this
operation point, ionic ohmic drop about to 380 mV is
recorded. In agreement with the polarization curve (Fig. 2),
the ohmic losses in the electrolyte represent nearly 75% of
the total losses when considering this cell configuration.

Figure 4 shows the anode overpotentials. As it can be
seen on Fig. 4, overpotentials are very weak in the cermet
Ni—YSZ even if largest anode overpotential is observed
closed to the inlet part of the cell due to the very low
hydrogen concentration in GIR mode. This is in agreement
with the works of Eguchi et al. [27] on Ni—YSZ cermet.

It results from this first part that the determining steps, in
terms of performances, are not related to the electrochemical
reaction at the anodic side when a thick electrolyte is used.
The major part of the limitations is thus related to the ionic
ohmic losses in the thick electrolyte. In the next section the
influence of the electrolyte thickness is then investigated.

3.2 Effect of the electrolyte thickness in GIR mode

In this second section the effect of electrolyte thickness is
studied by varying the electrolyte from 1 mm down to
50 um. All other model parameters are kept constant.

The polarization curves (Fig. 5) allow the comparison of
the electrochemical performances of the SOFC under GIR
mode with thin and thick electrolyte. As expected, the
electrochemical performances are much better with a thin
electrolyte than with a thick one. For a cell potential set to
0.75 V, the current density is three time larger and a lim-
iting current density is then observed in this case for a thin
electrolyte. A sharp decrease of the electrochemical per-
formances appears at high current density as shown by
Barnett and co-workers [28].

Figure 6 presents the distribution of the hydrogen partial
pressure along the anode for a ratio xy,o/xcp, = 0.1 in GIR
in the two cases: thick and thin electrolyte. Figure 6 shows
two kinds of propagation for hydrogen and water:
convection in the fuel channel and diffusion through the
catalyst layer. In the both case, the hydrogen partial pres-
sure is increasing over the length of the cell considered.
Since the electrochemical reaction takes place simulta-
neously, we can say that hydrogen is produced in a largely
sufficient way by the involved chemical reactions.

Figure 6a and b also show the evolution of the hydrogen
partial pressure as a function of the anodic side thickness.
As expected, the most important part of catalytic reforming
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Fig. 5 Polarization curve for two electrolyte thickness in GIR
(xm,0/Xch, = 0.1). Filled triangle thejeero = 0.05 mm, filled square
thelectro =1 mm

reaction taking place only within the catalyst layer. An
increase of the hydrogen partial pressure from the layer—
gas interface can initially be observed. Then a decrease of

2

this partial pressure is observed, close to the electrolyte,
due to electrochemical consumption in the both case.
Nevertheless, strongest hydrogen partial pressure gradient
are observed when considering a thin electrolyte (Fig. 6b).
This hydrogen depletion can be related to the larger current
density when thinner electrolyte layer is used.

Figure 7 presents the distribution of steam partial pres-
sures along the anode in GIR mode with a thin electrolyte.
It is worth to notice that important partial pressure gradi-
ents through the catalyst layer can be related to the steam
clogging at the anodic side. This involves difficulties for
hydrogen diffusion making concentration overpotentials
strongly increase. At high current density, slow diffusion in
the catalyst layer can be responsible for hydrogen depletion
when water clogging occurs. It is worth mentioning that
methane partial pressure distribution shows two kinds of
propagation: convection in the fuel channel and diffusion
through the catalyst layer. A methane partial pressure drop
is observed along the cell length and toward the catalytic
layer, owing to the methane steam reforming reaction (5).
Under conditions of GIR (S/C = 0.1), the average S/C
ratio into the catalyst layer and cermet increases along the
cell length due to the larger steam production through the
electrochemical oxidation of hydrogen in the cermet
compared to steam consumption in the reforming process.

The evolution of the average overpotential at the anode/
electrolyte interface versus the current density (Fig. 8)
could be an explanation of this phenomenon. Even though
diffusion limitation is generally assumed to be negligible
with regard to ionic ohmic drop for an electrolyte-sup-
ported SOFC cell, very large anodic overpotentials can be
observed at high current density when a thinner electrolyte
is considered. This behaviour is clearly due to the large
hydrogen depletion through the catalyst and anode
thicknesses.

@ Springer
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Fig. 6 Hydrogen partial P H2
pressure (Pa) in GIR for (a) .::[.
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Fig. 8 Overpotential evolution versus current density in GIR for
Xm,0/Xcn, = 0.1 for a thin electrolyte

Finally, Fig. 9 presents the temperature variations at the
anode side in GIR. For a thin (Fig. 9) or a thick [4] elec-
trolyte, the temperature increase is due to the exothermic
hydrogen oxidation. Temperature behaviour in GIR is
related to the delocalisation of the reforming reaction and
the disappearance of the cooling effect.

Finally, carbon formation is a serious problem in SOFCs
that use methane at high temperatures in GIR mode. The
Boudouard reaction and the cracking reaction are the major
pathways for carbon formation at high operating tempera-
tures [29]. Carbon deposit is then investigated based on a
thermodynamic analysis when methane-fuelled SOFCs in
the Ni-YSZ cermet (see Annex).

Figure 10 presents the distribution of In(y) along the cell
length for a current density of 416 mA cm™ 2. As predicted
the risks of carbon deposition are weaker than previously in
the case of a thicker electrolyte [5]. Carbon formation is
never thermodynamically favoured (y > 1) all over the
cell. This positive effect is related to the larger water
production by the hydrogen oxidation reaction (Eq. 7)

Fig. 9 Temperature
distribution all over the anode in
GIR for xp,0/xcn, = 0.1 for a
cell potential Ugey = 0.75 V:
thin electrolyte

In(y) /-

30

0.05 20

Position according 10 Length from the inlet
to the anode thickness/ mm 0 0 of the cell / mm

Fig. 10 7 Distribution all over the anode in GIR for xu,o/xcn, = 0.1
for a cell potential U, = 0.75 V: thin electrolyte

when decreasing the electrolyte thickness. Indeed it seems
that the higher the current density the better is the pro-
tection of cermet against carbon deposit [4].

4 Conclusion

A model using the CFD-Ace software package has been
developed for GIR at the anode of a SOFC. It was
demonstrated that GIR of methane, using pure methane
and in the presence of small quantities of steam, can be
achieved without any carbon deposition (from a ther-
modynamic point of view) using an original geometry
including a catalyst layer that promotes methane
reforming. The influence of the electrolyte thickness has
been investigated by considering the case of a thick or
thin electrolyte in this study. As expected, thin electro-
Iyte SOFC cells exhibit larger current density without
coking. However a sharp decrease in the electrochemical

@ Springer
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performances can be observed for high current densities
due to steam clogging.

Annex: Thermodynamic analysis of carbon
deposition

Carbon deposition is investigated based on a thermody-
namic analysis when methane-fuelled SOFCs in the
Ni—YSZ cermet; The results will be discussed based on the
values of driving forces for carbon deposition [4], defined
as the ratios o and f5, which depend on the respective
reaction quotients and on the equilibrium constants Kz and
K¢ of the Boudouard and cracking reactions [4, 17], which
are temperature functions are:

- Op _ dco,dc
T r. 2
KB aCOKB

(27)

2
_ % _ aHzac

o= =
Kc  acu,Kc

(28)

Qg and Qc are the reaction quotients of the Boudouard
and cracking reactions, respectively. a. represents carbon
activity and will be taken as 1 in the calculations. Finally a;
is the activity of each gas species I, where P; is the partial
pressure of / and P° is the pressure corresponding to
the standard state of i. The unit activity for carbon is
considered for any form of deposited solid carbon (carbidic,
graphitic...).

For each reaction, if o or § < 1, the system is not at
equilibrium and the reaction will progress towards the right-
hand side. In this case, carbon deposition is favored ther-
modynamically. Equilibrium is reached when o or ff = 1.
However, for o or f§ > 1, carbon formation is thermody-
namically impossible and the reaction will progress towards
the left-hand side. After these preliminary considerations, it
would appear to be of great interest to investigate the
simultaneous influences of both reactions through coeffi-
cient v (Eq. 29), which is explained in the works of Klein
et al. [4]:

y=axf (29)
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