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In this paper, a detailed one-dimension transient elementary reaction kinetic model of an anode-
supported solid oxide fuel cell (SOFC) operating with syngas based on button cell geometry is developed.
The model, which incorporates anodic elementary heterogeneous reactions, electrochemical kinetics,
electrodes microstructure and complex transport phenomena (momentum, mass and charge transport)
in positive electrode|electrolytenegative electrode (PEN), is validated with experimental performance
for various syngas compositions at 750, 800 and 850 °C. The comparisons show that the simulation results
agree reasonably well with the experimental data. Then the model is applied to analyze the effects of tem-
perature and operation voltage on polarizations in each component of PEN, electronic current density in
both electrodes and species concentrations distributions in anode. The numerical results of carbon depo-
sition simulation indicate that higher temperature and lower operation voltage are helpful to reduce the
possibility of carbon deposition on Ni surfaces by Bouduard reactions. Furthermore, a sensitivity analysis
of cell performance on syngas composition is performed for the typical syngas from entrained-flow coal
gasifier and natural methane thermochemical reforming processes. The cell performance increases with
the increasing of effective compositions (e.g. H, and CO) in syngas and the large N, content introduced
by using air as oxidant leads to significant deterioration of performance.
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1. Introduction

Solid oxide fuel cells (SOFCs) can convert the chemical energy
of fuel into electricity directly. With the rising fuel prices and
stricter emission requirement, SOFCs have been widely recognized
as a promising technology in the near future. In principle, besides
hydrogen, a variety of hydrocarbon-based fuels, such as natural
gas, biomass, coal and their derived syngas can be used directly
and efficiently in SOFCs. That is because the high operation tem-
perature offers inherently rapid electrode kinetics and the less
need for high catalytic activity. However, due to the carbon depo-
sition problems associated with pure hydrocarbon fuels, practical
SOFC systems often operate on the syngas derived from them [1,2].
The hydrocarbon-based fuels can be converted by gasification or
reforming to the syngas, which is essentially a mixture mainly con-
sisted of Hy, H,0, CO, CO, and N,. Nevertheless, depending on the
types of fuels and the technologies of gasification or reforming, the
compositions of syngas vary widely and affect the SOFCs perfor-
mances considerably [3-7]. In addition, the carbon depositions of
syngas fueled SOFCs are also determined by the syngas composi-
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tions, especially the CO content. Generally, the methane-derived
syngas from reforming is H,-rich while the coal-derived syngas
from gasification is CO-rich [3]. Therefore, it is necessary to clarify
the SOFCs performances and electrochemical properties for vari-
ous operation conditions fueled by a mixture of Hy, H,0, CO and
CO,.

The positive electrode|electrolyte/negative electrode (PEN) is
the core of SOFCs, which provides a functional material backbone
for complex chemical, electrochemical and transport processes.
Consequently, investigating the fundamental mechanisms and
transport processes is very important for SOFCs optimization
design and performance improvement. Nevertheless, it is very
difficult by only experimental method to clarify internal parame-
ters distributions and complex physical phenomena in fuel cells.
Furthermore, the experimental studies on SOFCs are expensive,
time-consuming and labor-intensive. Based on the above con-
siderations, a validated mechanism model has been proved an
effective method for internal phenomena comprehension, perfor-
mance evaluation and design of the SOFCs.

In recent years, many SOFC models have been developed to
study the fundamental mechanisms, transport phenomena and cell
performances for various operation situations.

Numerous various dimensional SOFC models considering intri-
cate interdependency among the ionic conduction, electronic
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pre-exponential factor in sticking coefficient
expression

pre-exponential factor (in terms of cm, mol and s)
temperature exponent in sticking coefficient
expression

concentration (mol m—3)

specific double-layer capacitance (Fm~2)
activation energy in sticking coefficient expression
(Jmol-1)

diffusion coefficient (m2s-1)

activation energy (k] mol~1)

parameter in Eq. (23) (130kJ mol~1)

Faraday constant (96,485 Cmol~1)

exchange current density (Am~—2)

volumetric Faradaic current (Am—3)

reaction rate constant (in terms of m, mol and s)
number of species

molecular weight (kg mol~1)

temperature exponent fraction number of elec-
tronic or ionic conductor particles

number of electrons participating in the reaction
total number of particles per unit volume

number of the reactions

pressure (Pa)

whole range connection probabilities of same kinds
of particles

source term of charge balance equations (Am~3)
average pore radius (m)

mean radius of the electronic conductor particle (m)
gas constant (8.314Jmol~1 K1)

source term of mass balance equations (kgm=3s-1)
molar production rate (molm-2s-1)

initial sticking coefficient

effective reaction area per unit volume (m? m-3)
Ni active surface area per unit volume (m2 m—3)
TPB active area per unit volume (m% m~3)

time (s)

temperature (K)

voltage (V)

diffusion volume

molecular weight of the gas-phase species in stick-
ing coefficient reaction (kg mol—1)

molar fraction of gas-phase species k

coordination number

Greek letters

I O ™ N R ™R

O
ki

X 2 Q

transfer coefficient

tuning parameter (2! m~2)

parameter modeling the rate constant from sticking
coefficient

surface sites density (mol m~2)

porosity

parameter modeling the species coverage
overpotential (V)

contact angle between the electronic and ionic con-
ductors particles (rad)

surface coverage of species k

parameter modeling the species coverage
stoichiometric coefficient

conductivity (Sm~1)

tortuosity

species symbol

Subscripts

ac anode chamber

act active layer

an anode

ca cathode

cc cathode chamber

ec electrochemical reactions
el electronic conductor particles
elec electronic

electrolyte electrolyte

g gas-phase species

i reactions index

io ionic conductor particles
ion ionic

k species index

Kn Knudsen

mole molecular

ocv open circuit voltage

ref reference

S surface species

Sp support layer
Superscripts

0 parameter at equilibrium conditions
bulk bulk phase

eff effective

TPB three-phase boundary

conduction, gas transport phenomena, and electrochemical pro-
cesses have been reported in the literatures for pure hydrogen,
syngas or methane [8-19].In order to simplify the calculation, these
published models conventionally treated the catalytic reforming
and water-gas-shift reactions within anode as global kinetics reac-
tions, or even assumed to be locally equilibrated. In fact, the
adsorption-desorption reactions and water-gas-shift reactions of
syngas take place heterogeneously within the anode. Consequently,
itis important to understand the elementary heterogeneous chem-
ical kinetics of syngas, especially for the anode-supported SOFCs.
Hecht et al. [20] reported a multi-step heterogeneous elemen-
tary reaction mechanism for CH4 reforming using Ni as catalyst,
which was used in some SOFCs modeling and simulations [21-23].
However, the mechanism reported by Hecht et al. [20] was eval-
uated only at 800°C and then Janardhanan and Deutschmann
[24] developed an extended version of the mechanism evaluated
for temperatures between 220 and 1700°C. The extended mech-
anism was adopted to treat internal reforming of CH4 in many
SOFCs modeling literatures [25-28]. Besides the CH4 reforming
reactions, the mechanism also involves the adsorption-desorption
and water-gas-shift reactions for syngas [20,24]. In these litera-
tures [20-28], despite the consideration of heterogeneous reactions
within anode, the electrochemistry was implemented using a
Butler-Volmer equation based on oxygen partial pressure in both
electrodes and the changes of syngas concentrations in the electro-
chemical reactions were directly determined by the local exchange
current density.

For the simplest case of hydrogen oxidation, many possible reac-
tion pathways and corresponding models are proposed [22,29-33].
Bieberle and Cauckler [29] developed a simplified electrochemical
model which combined the charge transfer with the concentra-
tions of surface species, oxygen interstitial and vacancy in anode
for pure H,. It is convenient for keeping the consistency of elec-
trochemical and heterogeneous reactions in electrode. However,
the electrochemical oxidation mechanism is more complex for syn-
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gas [34,35]. H, is considered as the only electrochemically active
species in some models [22,24,26,27].

Furthermore, most of the modeling studies are steady state and
some transient models of SOFCs have been proposed in literatures
[19,21,22,36,37]. Due to the frequently fluctuation in actual power
generation, a transient model of SOFCs is needed for transient
behavior prediction.

In this paper, a transient mechanistic SOFC model cou-
pled with anodic elementary heterogeneous reactions
(adsorption-desorption and water-gas-shift reactions) and
electrochemical kinetics for syngas operation (mixtures of Hj,
H,0, CO, CO; and N,) based on an anode-supported button cell
was developed. Besides, the model takes account for the electrode
microstructure and complex transport phenomena within PEN,
including charge migration and species transports. Another unique
advantage of this model is that it associates the electrochemical
oxidation of Hy and CO with the surface species distribution in
heterogeneous reactions. Then the developed model was cal-
ibrated and validated using experimental data obtained on a
button cell for various syngas compositions at 750, 800 and 850°C.
Afterwards, the model was applied for the research of fundamental
mechanisms, the effects analysis of various parameters and the
cell performance predictions for various typical coal-derived and
methane-derived syngas. Besides, the model was also employed to
study the influence of operation conditions on carbon deposition.

It should be noted that this paper preliminarily focuses on the
steady state characteristics of SOFC and the model was validated
using voltage-current density (V-I) data in experiments. However,
the model developed here is convenient for the transient analysis
and validation associated with transient experimental data, such
as the simulations of electrochemical impedance spectra and the
influences of scanning rate on V-I curves. Further studies on SOFC
transient behavior will be summarized in our further study.

2. Experiment

2.1. Anode-supported button cell structure and fabrication

An anode-supported SOFC button cell made by SICCAS (Shang-
hai Institute of Ceramics Chinese Academy of Sciences) was
employed in this study. It consists of a Ni/YSZ anode-support
layer (680 wm), a Ni/ScSZ anode-active interlayer (15 wm), a ScSZ
electrolyte layer (20 wm), and a lanthanum strontium manganate
(LSM)/ScSZ cathode layer (15 wm) [8]. The diameter of cathode
layer is 1.3 cm and diameters of other layers are all 2.6 cm.

The anode-support layer and active layer were prepared
by mixing nickel oxide (NiO) powder (Inco Ltd., Canada)
with 8 mol% YSZ powder (Tosoh, Japan) and with ScSZ pow-
der (Zrg.ggSco.1Cen.0102_x, Daiichi Kigenso Kagaku Kogyo, Japan)
respectively. The powders were mixed at 50 wt% NiO and 50 wt%
stabilized zirconia (YSZ or ScSZ). The electrolyte substrate was a
dense film of ScSZ powder. All the ceramic powders were homog-
enized in a planetary mill with methyl ethyl ketone and ethanol
(dispersant) to slurries. Besides, rice starch, polyvinyl butyral,
polyethylene glycol and dibutyl o-phthalate were added into the
anode layers slurries, which were used as pore former, blinder and
plasticizer. After being vacuumed for 2 min, the ScSZ, NiO-ScSZ and
NiO-YSZ slurries which were used to form electrolyte, anode-active
and -support layers, were cast onto the glass plate by tape cast-
ing in sequence. After drying overnight at room temperature, the
multilayer tape was detached and co-sintered at 1400°C in air for
4h. Then the button cells were cut out from the whole sintered
plate. Therefore, the anode and electrolyte layers of all cells were
fabricated in one time, which compensates the performance dif-
ferences caused by cell-to-cell variations in fabrication to a certain
extent. The cathode material was similarly made into paste by mix-
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Fig. 1. Schematic of the test setup.

ing LSM (Inframat Advanced Materials, USA) and ScSZ powders in
a mass ratio of 50:50. Then, the paste was screen-printed onto the
ScSZ layer of button cell and sintered at 1200 °C for 3 h to form the
cathode.

Before testing, silver paste was reticulated on the anode and
cathode surface by screen-printing for current collection.

2.2. Test setup

Fig. 1 shows the schematic of the test setup used for evaluating
the performance of the SOFC button cell.

The button cell was located at the end of two coaxial alumina
tubes and impacted by an alumina plate, which was strained by
springs. The Pt mesh was used as the cathode current collector and
fixed to the porous cathode with silver paste screen-printed on the
surface. The oxidant flowed into the inner tube to the cathode and
passed through the porous Pt mesh. Another Pt mesh was fixed to
the anode-support layer with silver paste to collect anode current.
The fuel was induced to the anode surrounding by an alumina tube.
Due to the porous structure of Pt mesh, the anode gas reached the
anode easily. For both anode and cathode, Pt wires were used as
voltage and current probes. A borosilicate glass ring (SiO, 76%, B,03
15%,R,0 6%, Al,05 3%, Beijing Glass Instrument Factory, China) was
used as sealant to separate the anode gas and cathode gas. All the
devices were enclosed in one quartz tube and heated by a furnace
to keep the operation temperature.

Before testing, pure H, was sent to the chamber for 1h to
fully reduce the anode at the flow rate of 50 mLmin~!. During
the actual testing, syngas was used as fuel, which is a mixture
of H,/H,0/CO/CO, at a given proportion; pure oxygen was used
as oxidant. The flow rates of both fuel and oxygen were kept at
300 mLmin~1.
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Fig. 2. Illustration of simplified 1D model geometry of SOFC button cell.

The polarization curves were measured using four-probe
method with an electrochemical workstation (IM6ex, Zahner-
Elektrik GmbH, Germany). Electrochemical impedance spec-
troscopy (EIS) was performed using amplitude of 10 mV over the
frequency from 0.1Hz to 100 kHz. The ohmic resistance of but-
ton cell was estimated from the high frequency intercept of the
impedance curve. The measurements were initiated when the tem-
perature changing 30 min later until the system was stable. After
the cell tests, the microstructure of anode was characterized using
mercury porosimeter.

3. Model development
3.1. Model assumptions and geometry
The model assumptions are listed as follows:

(1) All gas mixtures are considered as ideal gas.

(2) The temperature of button cell is uniform and the model is
assumed isothermal. All the model parameters are evaluated
at a given temperature.

(3) The convection flux and pressure gradient in the porous elec-
trodes are ignored.

(4) The microstructures of electrodes are stable and homogeneous
in operation. The carbon deposition influence to the pore struc-
ture and reaction activities in anode is disregarded. Besides,
the distributions of the two conducting phases (electronic and
ionic) in electrodes are assumed to be uniform.

(5) The heterogeneous and the electrochemical reactions are
assumed to only take place on the Ni surface and directly at
the TPB, respectively. Thus, Ni is used as catalyst and the all the
active sites only exist on the Ni surface for heterogeneous reac-
tions, which involve gas adsorption or desorption reactions and
surface reactions.

(6) All surface species are considered to be uncharged and
the charge transfer reactions (electrochemical reactions) are
assumed to take place in one step.

(7) For anode heterogeneous reactions, mean field approximation
is used, i.e. the surface adsorbates are assumed to be uniformly
distributed over the catalyst surface.

(8) The transport of surface species over microscopic distances
caused by surface diffusion is assumed to be negligible.

The button cell used in this work has a smaller cathode com-
pared with anode and electrolyte. The special geometry causes the
significant non-uniform distributions of current and gas concentra-
tions in anode in radial direction [9,10]. Fortunately, at the center
of button cell where covers with cathode, all the parameters are
relatively uniform. In this work, the focuses are concentrated on
parameters distribution in the thickness direction and the radial
non-uniformity is neglected. In order to reduce calculation compli-
cation, the one-dimensional (1D) SOFC geometry is adopted as that
illustrated in Fig. 2. In this figure, the model structures, calculation
domains and boundaries are labeled schematically, which will be
described later.

As described in cell fabrication, the ionic conductors of anode-
support layer and anode-active layer are YSZ and ScSZ, respectively.

The anode-active layer has a higher ionic conductivity and bet-
ter thermal compatibility than anode-support layer. However, it
should be noted that the electrochemical reactions maybe take
place not only in anode-active layer but also in anode-support layer,
especially for the thin anode-active layer. Therefore, the govern-
ing equations of charge and mass balance for anode-support layer
are the same as those for the anode-support layer, although some
parameters may be different. Besides, due to the similar oxygen
ionic conduction mechanisms of YSZ and ScSZ, the one step elec-
trochemical reactions are the same for anode-support and -active
layers. In addition, the electron conductors of anode-support layer
and anode-active layer are both Ni, which is assumed to be the only
catalyst of heterogeneous reactions. Thus, the same heterogeneous
reaction kinetic parameters are used for both layers.

Within the above assumptions and simplified model geometry,
a 1D SOFC model is formulated considering anodic heterogeneous
chemistry, electrochemistry, charge and mass balance, as described
in the following sections.

3.2. Governing equations

3.2.1. Anode heterogeneous chemistry

Within a syngas fueled SOFC, a mixture of H,, H, 0, CO, CO,, exists
and water-gas-shift reaction proceeds in the anode, where it is nec-
essary to consider the heterogeneous chemistry and varied species
distributions. In contrast, there is no significant heterogeneous
reaction in cathode. In this work, anodic syngas heterogeneous
chemistry based on molecular behavior at the catalytic surface
is developed. In Ni-YSZ anode, Ni is an effective catalyst for sur-
face elementary reactions, especially for the hydrocarbon fueled
SOFC. Hecht et al. [20] reported a multi-step heterogeneous reac-
tion mechanism for CH,4 using Ni as catalyst. The mechanism was
evaluated only at 800°C and then Janardhanan and Deutschmann
[24] developed an extended version of the mechanism evaluated
for temperatures between 220 and 1700 °C.

The elementary mechanism reflects all the characteristics of
reforming, water-gas-shift and Bouduard reactions. There is no
significant internal reforming reaction and hydrocarbon species in
anode for syngas fueled SOFC. A simplified heterogeneous mech-
anism from Janardhanan and Deutschmann [24] is used in this
study. The simplified mechanism, which consists of 20 irreversible
reactions and involves 5 gaseous species and 8 surface-adsorbed
species, is listed in Table 1 (the complete mechanism can be down-
loaded from www.detchem.com/mechanism).

Using a mean field approximation, the surface adsorbates are
assumed to be uniformly distributed over the catalyst surface. Then
the species molar production rates depend on the gaseous species
concentrations or surface species concentrations, which sometimes
expressed as coverage 0. The coverage 0, is the fraction of the
surface sites covered by the adsorbed species k to the all active
sites on catalyst surface. It is assumed that the total number of sur-
face active sites is conserved and the saturation sorbent capacity is
described by the maximum surface sites density I" [38]. Further-
more, the uncovered surface of catalyst Ni is also can be treated
as a surface species. Then, the heterogeneous reactions, including
gaseous adsorption-desorption reactions and surface reactions can
be written in the same form [38]

Kg+Ks Kg+Ks

> vie= Y v (1)

k=1 k=1

where y is the kth species in the reaction, v’} and v”j are the sto-
ichiometric coefficients of reactants and products, Kg and K; is the
number of gaseous species and surface species, respectively. The
net molar production rate §, of a gaseous species or a surface species
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Table 1
Heterogeneous reactions mechanism on Ni-based catalysts.
Reaction A2 n? E?

1 H, +Ni(s)+Ni(s) - H(s) + H(s) 1.000 x 10-02b 0.0 0.00
2 0, +Ni(s) +Ni(s) — O(s) +O(s) 1.000 x 10-02b 0.0 0.00
3 H,0+Ni(s) — Hy0(s) 0.100 x 10-00b 0.0 0.00
4 CO; +Ni(s) — COx(s) 1.000 x 10-95b 0.0 0.00
5 CO +Ni(s) — CO(s) 5.000 x 10-01b 0.0 0.00
6 H(s)+H(s)— Ni(s)+Ni(s)+H; 2.545 x 10*12 0.0 81.21
7 O(s) +0(s) — Ni(s) +Ni(s) + O, 4.283 x 1023 0.0 474.95
8 H,0(s)— H,0+Ni(s) 3.732 x 10%12 0.0 60.79
9 CO4(s)— CO, +Ni(s) 6.447 x 10%07 0.0 25.98
10 CO(s)— CO+Ni(s) 3.563 x 10*!1 0.0 111.27

BOcors) —50.00¢
11 H(s)+0(s) — OH(s) +Ni(s) 5.000 x 10%22 0.0 97.90
12 OH(s)+Ni(s) — H(s)+0O(s) 1.781 x 102! 0.0 36.09
13 H(s)+OH(s) — H,0(s) +Ni(s) 3.000 x 10%20 0.0 42.70
14 H»0(s)+Ni(s) — H(s)+OH(s) 2.271 x 10%21 0.0 91.76
15 OH(s)+OH(s) — H,0(s) +O(s) 3.000 x 10*21 0.0 100.00
16 H,0(s)+O(s) — OH(s)+OH(s) 6.373 x 10%23 0.0 210.86
17 C(s)+0(s)— CO(s)+Ni(s) 5.200 x 10%23 0.0 148.10
18 CO(s)+Ni(s)— C(s)+0(s) 1.354 x 10*%2 -3.0 116.12

Bcors) —50.00¢
19 CO(s)+0(s)— CO,(s)+Ni(s) 2.000 x 10*1° 0.0 123.60

Bcors) —50.00¢
20 COx(s)+Ni(s) — CO(s)+0(s) 4.653 x 1023 -1.0 89.32

2 Arrhenius parameters for the rate constant written in the form: k=AT" exp(—E/RT). The units of A are given in terms of moles, cm, and s. E is in k] mol 1.

b Sticking coefficient.
¢ Coverage dependent activation energy.

in a heterogeneous reaction can be written as:

N
Sk = g (V;éi*
i=1

where N is the total number of reactions and ¢, is the concentration
of the kth species. For all the surface reactions and desorption reac-
tions, the reaction rate constant k; for the ith reaction is presented
in the general modification Arrhenius form [24]:

Kg+Ks
i Skzek
)Helexp( RT) 3)

where A;, n; and E; are the Arrhenius number which are listed in
Table 1, R is the gas constant, T is the reaction temperature, /4; and
&k are the parameters describe the species coverage dependency
of rate constants for species k and reaction i. Here for most of the
reactions, which are independent of species coverage, (y; and &;
are both 0 and the effects of species dependency are ignored. But
for the reactions (10), (18) and (19), the reaction rate constants of
which relay on the CO(s) coverage Ocq(s). Then, wy; is 0 and gy for
corresponding reactions are listed in Table 1.

For absorption reactions, the rate constants are expressed in
sticking coefficient form [38]

Kg+Ks

V.
v, ki H ¢l 2)

k=1

k; = A;T" exp <

s? | RT

ki= 17\ 27w

(4)

where S? is the initial sticking coefficient, Wis the molecular weight
of the gas-phase species, and

Ks

VZZV;Q‘ (5)
k

sticking coefficient S? is temperature dependent and expressed as

S? = ;TP exp (—Ig—]’,) (6)

where g; and b; are dimensionless parameters and d; has the com-
patible units with RT. These parameters can be treated as Arrhenius
number which also listed in Table 1.

3.2.2. Anode electrochemistry

Electrochemical reactions take place with electric current trans-
port and convert chemical energy into electrical energy. All
electrochemical reactions of fuel cell exist in the two electrodes
separated by the electrolyte. Here the electrochemistry elemen-
tary reactions in anode are analyzed in detail and those in cathode
are neglected. However, the electrochemical processes in a fuel cell
are quite complex in nature. The elementary reactions and charge
transfer at the TPB are the predominant concern and still under
research. For the simplest case of hydrogen oxidation, many pos-
sible reaction pathways and corresponding models are proposed
[22,29-33]. The reaction system mainly consists of gaseous species
adsorption-desorption reactions, surface reactions and interface
electrochemical reactions at TPB. According to the model assump-
tions, all the active sites only exist on the Ni surface. In order to keep
the consistency of electrochemical and heterogeneous reactions,
the interface electrochemical reaction at TPB can be expressed as
[29]

+Nl(s) 50(s) + Vo** +2e” (7)

k-ec

O(s) + Vpo** +2e~—>0g + Ni(s) (8)

where O denotes an oxygen interstitial and Vp®* an oxygen
vacancy in the ionic conductor, while e~ denotes the electron in the
electronic conductor Ni. kec and k_ec are the forward and reverse
electrochemical reaction rates, respectively.

Nevertheless, it is well known that H, and CO both partic-
ipate in charge transfer chemistry and some possible reaction
pathways of the mixture of H, and CO are proposed [34,35]. It
is reported that H, oxidation kinetics dominates over CO oxida-
tion [34] and the conversion rate of CO in water-gas-shift reaction
exceeds that in the electrochemical oxidation [35]. So H; is consid-
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ered as the only electrochemically active species in some models
[22,24,26,27]. Fortunately, the interface electrochemical reactions
here do not involve the species composed of C or H and also can
be used for syngas fueled system. The effects of H, and CO to
the SOFC performances are reflected in the heterogeneous reac-
tions.

According to the Faraday’s law, the electrochemical reactions
associate the exchange current between ionic and electronic con-
ductors in anode together with the concentrations of species as

Ir = 2FStpp(kecCoy Cni(s) — K-ecCo(s)Cvo*+) (9)

where If is the volumetric Faradaic current, F is the Faraday con-
stant, Stpp is the TPB active area per unit volume. cg(sy and cyjs)
denote the surface concentrations of the species O adsorbed on the
Ni surface and the free surface sites, respectively. Cox, and cye-
denote the volumetric concentrations of oxygen interstitial and
oxygen vacancy in the ionic conductor.

The forward and reverse electrochemical reaction rates have
been formulated by Bieberle and Cauckler [29] using electrochem-
ical impedance spectrums method as follows

F
kec = K3, exp <—2aﬁnan) (10)
Kec = KOy exp (_2(1 P ) (1)
—ecC —ec RT an

where « is the charge transfer coefficient and 7, is the anodic over-
potential which will be described later. The parameters k9. and k® .
can be calculated as

i
ke = ———5— (12)
FStpgc?, 0.
TPB OO Ni(s)
i
Koo = (13)
e FSTPBCB(S)C80’°
where k9., k%, cg‘x), CRits) Co(sy CV,e+ have their usual meaning

under equilibrium conditions, when no net current is observed at
the TPB. ip is the exchange current density at equilibrium condi-
tions.

If the oxygen interstitial and oxygen vacancy are treated as nor-
mal volumetric species, the electrochemical and heterogeneous
reaction rates can be expressed in the general form

N+2 Kg+Ks+2

. , v,
Se= p-vidki J] ¢ (14)
k=1

i=1

where N +2 denotes the total number of the heterogeneous and the
electrochemical reactions, and Kg + K5 + 2 denotes the total number
of gaseous species, surface species, oxygen interstitial and oxygen
vacancy.

3.2.3. Effective reaction areas

The heterogeneous reaction rates and electrochemical reaction
rates also relate to the concentrations of surface species. Conse-
quently, in order to obtain the volumetric reaction rates in the
anode, the effective reaction areas for all kinds of reactions per unit
volume are needed. According to the model assumptions, the het-
erogeneous reactions and electrochemical reactions only take place
at the Ni surface and TPB, respectively. Therefore, the Ni active sur-
face area per unit volume Sy; and TPB active area per unit volume
Stpg in anode need to be determined.

The calculation of parameter Stpg is a research focus in SOFCs
modeling and simulations [39-41]. According to the particle coor-
dination number theory in binary random packing of spheres and

the percolation theory, Stpg can be formulated as

: 240
7 Sin” OrsneneNioZelZioPe P
Stpp = elltt eZl io%el%io'el’"io (15)

where Z is the mean coordination number, re is the mean radius
of the electronic conductor particle, 6 is the contact angle between
the electronic and ionic conductors particles, n; is the total number
of particles per unit volume, ne| and n;, are the fraction number of
electronic and ionic conductor particles, Z,; and Z;, are the coor-
dination numbers of electron and ion conductor particles, and Pg
and P;, are the whole range connection probabilities of the same
kinds of particles. Here Stpg is treated as the contact area of different
kinds of particles. The detailed model description and parameters
calculation can be found in the literature [40,41].

Enlightened by the calculation of Stpg, Sy; can be treated as the
total Ni particles surface area minus the contact surface area around
the Ni particles per unit volume. The contact surface area consists of
two parts, the contact surface area between Ni and YSZ particles and
that between two Ni particles. Itis assumed that the Ni particles and
YSZ particles are the same in the sizes and fraction number. Both the
contact angles between Ni particles themselves and two different
particles are set as (7r/12) rad in this paper. Then, the effective Ni
surface area per unit volume can be formulated as

sin? OnioZe1Zio

i 2
sin“ Ong Ze|Z
Swi = TN <4 . - Ze' el e‘) (16)

where the three terms on the right of equation denote the total
Ni particles surface area, the contact surface area between Ni and
YSZ particles and that between two Ni particles per unit volume,
respectively. It is noted that the calculation of Sy; does not involve
the connection probabilities of the same kinds of particles, which
is different from the Stpg. That is because the transport of current
is not needed in heterogeneous reactions and all the Ni particle
surface can be used as catalyst.

3.2.4. Charge balance

Some transient models of SOFC have been proposed in lit-
eratures [19,21,22,36,37]. Shi et al. [36] developed a transient
physical model of SOFC, which is used in this paper to describe the
charge balance. Only the model formulations, as well as differences
between the present model and the model in [36] are presented
here.

For electrodes, the charge balance equations considering the
transient effects of double-layer capacitance are formulated as

A[CaiStpa(V; — V))]
at

where tis time, Cy is the specific interface double-layer capacitance
between electronic and ionic conductor phase, Q is the current
source, V; and V; are the electric potential of either ionic or elec-
tron conductor phases, o¢ff is the corresponding conductor phase
effective conductivity.

The charge balance equations have respective expressions for
two electrodes and electrolyte. The cathode ionic charge and elec-
tronic charge equations can be formulated as follows

0(Cy1,caS Vi -V
( dl,ca TPB,ca( 81;)n,ca elec,ca)) +V. (—Uieofg,cavvion.ca) — Qion,ca

+ V(-oftyv)) = Q (17)

TPB
c

—i "0 oyp [¥NeFca ”Cﬂ] _ [_%]}

=—1p,caSTPB,ca ulk exp[ AT exp °T

02
(18)

(Cq1,caStpB.ca(Vetec,ca — Vion,ca))
,ca ca aet ec,ca ioncal) | v, (_O'eelfgc,cavvelec,ca) = Qelec.ca

= _Qion,ca (]9)
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where CE)ZB and cg‘;‘k are the cathode oxygen concentrations at the

TPB and in the bulk, respectively, « is the charge transfer coefficient,
ne is the number of electrons participating in the reaction, and 7,
is the cathode local overpotential, which defined as [39]

Neca = elec ca Vlon ca — Vrefca (20)

where Vierc, is the cathode local relative potential difference
between the electronic conductors at a reference state. Similar to
the cathode local overpotential, the anode local overpotential 1an
used in Section 3.2.2 is defined as

nal‘l - elec an — VlOl'l an — Vref,an (2])

By setting anode reference potential Vif a4, to zero, the cathode
reference potential Vi, equals to the actual cell open circuit volt-
age (OCV), Vocev [36]. Generally, the calculation of Vcy for syngas is
based on the H, oxidation mechanism [24], in which H; is assumed
the only electrochemically active species and the Nernst equation
of Hy is used to predict the OCV. The simplification neglects the
simultaneous electrochemical oxidation of H, and CO and brings
in deviation to the predictions. Essentially, the SOFC is a concentra-
tion cell of O, and the OCV can be determined by Nernst equation
as [42]

V RT | (P2 22
n
oov = F ( 0, ) (22)
where p% and p$2 are the equilibrium oxygen partial pressures
in cathode and anode, respectively. Here p$z is determined by the
heterogeneous reactions mechanism in Section 3.2.1 and the com-
position of fuel in anode.

The cathode exchange current density ig ¢, is expressed as [39]

. PBRT Eca\ [ 0,10.25
fo,ca = 5 €Xp ( RT) (peg) (23)
where Ec, is 130k] mol~1, and 8 is treated as an adjustable param-
eter to fit the experimental data.

The anode ionic charge and electronic charge equations can be
formulated as

a(cdl,anSTPB,an(Vion,an* elec,an))+V ( O_eff Vvion,an)

ot ion,an
= Qion,an (24)
3(Cat anStPB.an(V, ~Vionan))
dl,an°TPB,an ag;lec,an ion,an +V. (*O'glfécvanvvelec,an) _ Qelec,an
= _Qion,an (25)

The ionic current source in anode Qjop, 5 €quals to the volumetric
Faradaic current Ig defined in Section 3.2.2.

There are no double-layer capacitance effects and current
sources or sinks in electrolyte. Consequently, the electrolyte charge
balance equation can be briefly expressed as

ff
V. (_aie(m electm]yteVvion,electrolyte )=0 (26)

eff . . . .« .
where o nelectrolyte is the effective ionic conductivity of electrolyte

and Vigp electrolyte 1S the ionic potential in electrolyte.

3.2.5. Mass balance

Gas transport in the porous electrodes is very important for
fuel cell reactions and performance. Generally, either the extended
Fick’'s model (EFM) or the dusty-gas model (DGM) is used to
describe the gaseous mass transport in porous media [43]. Both
the EFM and the DGM are the mass balance equations considering
Knudsen diffusion, molecular diffusion and the mass transport of a
finite pressure gradient. It is generally agreed that DGM is superior

to EFM to predict the fluxes inside porous media [44] and used in
many SOFC models [8,10,25]. However, EFM allows explicit analyt-
ical expressions derived for fluxes and reduces the computational
complexity, which also used in SOFC gas transport modeling [41].
Suwanwarangkul et al. [45] established SOFC models based on EFM
and DGM for anode mass transport and compared the differences
of simulation results.

Here the EFM is used to describe the mass transfer in porous
electrodes and the effect of finite pressure gradient is neglected.
Consequently, the EFM equation in porous electrode can be formu-
lated as

% + V(=D ey o) = Reg (27)
where ¢ is the porosity of electrode, ¢ ¢ is the gas molar concentra-
tion, Ry ¢ is the mass balance source term of gaseous specie inside
the porous medium, and D;ff is the effective diffusivity of gaseous
species k. Considering the molecular diffusion and Knudsen diffu-
sion, which are dominant for large pore sizes and significant when
pore sizes smaller than molecular mean-free path, respectively, the
effective diffusivity DT can be formulated as

-1

1 1
Dt = (28)
k peff ' peff
Dk mole Dk Kn
where sz‘;mle and Dﬁ,ffm is the effective molecular diffusion coeffi-

cient and effective Knudsen diffusion coefficient, respectively. For
multi-components gas, the effective molecular diffusion coefficient
can be calculated as [44]

1 — Xk

ZJ =1 XJ/Deff
J#k

eff
D k,mole =

(29)

where x; and x; are the fractions of molar concentrations of gaseous
species k and j, and Deff is the effective binary molecular diffu-
sion coefficient. The effectlve molecular diffusion coefficient of kth
gaseous species is restricted to the situation wherein the species k
diffuses in a mixture of stagnant and non-transferring species. Con-
sidering the porous material property, effective binary molecular
diffusion coefficient sz]f and effective Knudsen diffusion coefficient

eff
Dk Kn

can be calculated as

et _ £ 0-00101eT"75( (1/M) +(1/M;)'? 20

kj = Tk = 13 Y13 (30)
‘Cp[V A ]

ff & 4¢_ 8RT
D‘,‘: Kn — ;Dk,l(n = §;T an

(31)

where T is the tortuosity factor, V is the diffusion volume, M is the
molecular weight, p is the total pressure of gas, and r denotes the
average pore radius.

In the cathode, the relationship between the mass balance
source term and the current source term can be determined by
Faraday’s law as

_ Qelec,ca
2 4F
The reaction rate of nitrogen is zero and the molar fraction can
be determined by

XN, = 1 — X0, (33)

Ro

(32)

Within the anode, the pore size is comparable to the molecular
mean-free-path length and there is very little chance for gas-gas
collisions [20]. Consequently, the gas-phase reactions are neglected
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Table 2
Boundary conditions.

Boundary Ionic charge Electronic charge Mass balance
0o fnsulation Van o ltion for surfacespecie
Pty Continuity Continuity Continuity
Relectrolyte/an.act Continuity Insulation Insulation
Qcafelectrolyte Continuity Insulation Insulation
Rcajec Insulation Vea Cgca
and only the heterogeneous reactions and electrochemical reaction 04 LT 100
is considered in the anode. T
For surface species mass balance in the anode, the transport =2
caused by surface diffusion is neglected and there is no conduc- "= 03| >
tion term in the mass balance equation, consequently. However, in “e g
order to obtain the surface species concentration distributions in ° 5
the anode and reduce the complexity of calculation convergence, o >
the mass balance equation of surface species is formulated similar ‘_3’ 02 %
to the gaseous species 5 %
aCk s % =
= + V(=DsVcy s) = Ry s (34) > 0.1+ 3
ot ’ k) 5
where ¢ is the molar concentration of surface specie, Ry is the o
mass balance source term of surface specie, D is a parameter com- 0.0 = . ) ) ) N ) 0
patible to the diffusion coefficient and should be small enough. It 0 200 400 600 800

is found that if Ds is smaller than 1E—6, there is no obvious dif-
ferences in the SOFC performance and the anodic concentration
distributions of surface species.

Not similar to the cathode, the mass balance source terms in
the anode are determined by kinetic reaction rates per unit volume
of heterogeneous and electrochemical reactions. For both gaseous
and surface species in the anode, the source terms Ry, and Ry ; can
be expressed in the same form

N+2 Kg+Ks+2
. V.
Re =55 =503 " — vk [] (35)
i=1 k=1

where Seff is the effective reaction area per unit volume, which
equals to Sy; or Stpg for heterogeneous and electrochemical reac-
tions, respectively.

To simplify the calculations, the concentrations of oxygen inter-
stitial and oxygen vacancy are treated as constant. In fact, the
concentrations of oxygen interstitial and oxygen vacancy in ionic
conductor are several orders of magnitude larger than the concen-
trations of gaseous and surface species and the simplification is
reasonable.

3.3. Boundary conditions

According to the operation situations and model simplifications,
the boundary conditions of charge and mass balances partial differ-
ential equations are specified in Table 2. The boundaries of model
geometry are labeled in Fig. 2, schematically.

The boundary conditions “Insulation” and “Continuity” mean
that the partial derivative is zero and the flux is continuous of the
variables at the boundary, respectively. ¢gan and cgca in the table
are the molar fractions of gaseous species in the anode and cathode.
At the interface of anode and anode chamber, the boundary con-

Pore diameter / um

Fig. 3. Pore diameter distribution of anode-support layer characterized by mercury
porosimeter.

ditions for surface species are “Insulation”, which is different from
gaseous species. That is because there is no surface species out of
the anode. The difference between V3, and V; is the cell operation
voltage in the calculation. Here V;j, is set to zero.

3.4. Model parameters

Besides the parameters given in model equations descriptions,
some other parameters are needed to solve the SOFC model. Those
parameters are: pore structure parameters in porous electrodes,
ionic or electronic conductivities of all layers and some other cal-
culation parameters.

The pore structure of the anode-support layer was character-
ized using mercury porosimeter, which is shown in Fig. 3. The
mean pore diameter, porosity and total pore area were found to
be 0.387 um, 0.335 and 8.54x 106 m2 m~3, respectively. To simplify
the calculation, the mean particle diameters of the two conductors
are assumed to be the same and equal to the mean pore diam-
eter [46]. With this assumption and the expressions of effective
reaction areas, the calculated values of Stpg and Sy; in the anode-
support layer are 2.22 x 10°> and 3.97 x 106 m2 m—3, respectively.
The calculated value of Sy; is nearly a half of the experimental
total pore area, which confirmed the calculation correction indi-
rectly.

It is very difficult to characterize the pore structures of anode-
active layer and cathode layer by experiment since they are very
thin and hard to be separated from the button cell. Shi et al.
[8] used image processing software to determine the pore size

Table 3

Pore structure parameters in porous electrode.
Cell layer Porosity Mean pore diameter (jm) Stpg (M2 m—3) Sni (m2m~—3)
Anode-support layer 0.335 0.193 2.22 x 10° 3.97 x 106
Anode-active layer 0.335 0.129 3.33 x 10° 5.96 x 10
Cathode layer 0.335 0.161 2.66 x 10° -
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Table 5
Gases compositions of the fuels used in this study.

Table 4
Properties and parameters for model calculation.
Property and Value or expression Unit
parameter
Tonic conductivity (o)
ScSz 6.92E4 exp(—9681/T) Sm!
[8]
YSZ 3.34E4 exp(—10,300/T) Sm-!
[47]
Electronic conductivity (oejec)
LSM 4.2E7|Texp(—1150/T) Sm!
[47]
Ni 3.27E6-1065.3T Sm!
[48]

Equivalent ionic —3.622E-5T? +0.083T - 46.343* Sm™!
conductivity of
electrolyte layer

(Uelectro]yte)

Concentration of 4.45E4 [49] molm3
oxygen interstitial in

the YSZ (C(yé )

Concentration of 4.65E3 [49] mol m3
oxygen interstitial in

the YSZ (¢, ++)

Maximum surface sites 2.6E5 [20] mol m—2
density (I")

Faraday current (i) 420 [29] Am~2
Cathode tortuosity 3.0 [36]

(Tca)

Interface double-layer 27 [36] Fm2

capacitance (Cqjan,
Cd],ca)

a Curve fitting according to the experimental data.

and porosity of each layer compared to anode-support layer from
SEM image based on quantitative stereology. It is found that
the mean pore size in anode-support layer is nearly 1.2 and
1.5 times of that in cathode layer and anode-active layer, but
the porosities of all three layers are almost the same. Table 3
lists the porosity, mean pore diameter, Stpg and Sy; in each
layer.

Table 4 lists the material conductivities and some other calcu-
lation parameters. The equivalent ionic conductivity of electrolyte
layer (i.e. when the whole conductivity of the cell is reduced to that
of the electrolyte layer) was determined by the ohmic resistance
of the whole cell, which was estimated from the high frequency
intercept of the impedance curves at open circuit state. Accord-
ing to the evaluated conductivities at 750, 800 and 850°C, the
equivalent ionic conductivity of electrolyte layer was given by
quadratic curve fitting as a function of temperature. The interface
double-layer capacitances between electronic and ionic conduc-
tor phase are specified the same for both anode layers, since the
anode-active layer is very thin compared with anode-support layer.
In addition, all the kinetic parameters for heterogeneous reac-
tions and electrochemical reactions are also the same for both
anode layers, which have been explained in Sections 3.2 and 3.3
in detail.

3.5. Solution method

The calculations of model were performed using the finite ele-
ment commercial software COMSOL MULTIPHYSICS®, Version 3.2.

The button cell performance was calculated at a given cell volt-
age Ve. In order to approach the actual experimental testing, a
linear scanning V¢, at rate of 10mVs~! was used in calculation,
which was the same as polarization curve measurement. For 1D
SOFC model, the average current density at a given cell voltage was
treated as that in electrolyte. Then, with the scanning of cell voltage,
a complete polarization curve was generated.

Temperature (°C) Fuel no. Composition
H; (%) H,0 (%) CO (%) CO; (%)
800 FI-1 100 0 0 0
FI-2 96.9 3.07
FII-1 80 0 20 0
FII-2 60 40
FII-3 40 60
FIII-1 80 0 0 20
FIII-2 60 40
FIlII-3 40 60
FlII-4 20 80
FIV-1 0 0 80 20
FIV-2 60 40
FIV-3 40 60
FIV-4 20 80
FV-1 38.8 3.07 38.8 19.4
FV-2 58.2 19.4 19.4
FV-3 194 58.2 194
Fv-4 19.4 38.8 38.8
FV-5 19.4 19.4 58.2
750/850 FI-1 100 0 0 0
FI-2 96.9 3.07
FIV-1 0 0 80 20
FIV-5 50 50
FIV-4 20 80
FV-2 58.2 3.07 19.4 19.4
FV-3 19.4 58.2 19.4
FV-4 194 38.8 38.8
FV-5 194 19.4 58.2

4. Experiment results and model validation
4.1. Experimental and operation conditions

The button cell performances were measured experimentally
at three temperatures (750/800/850°C). In order to improve the
model validation for syngas, the experiments were extended to var-
ious fuel compositions in this study, which are listed in Table 5. The
fuel was saturated at 25 °C for water content cases. In addition, oxy-
gen was used as oxidant. The flow rates of fuel and oxidant were
both kept at 300 mL min~! for all experiments.

4.2. Model calibration

Ideally, all the model parameters should be determined from
literatures or experiments data. Unfortunately, some parameters
cannot be determined directly and must be tuned in a reasonable
range to fit the experimental data during the calibration step. The
model parameters are tuned according to the FIII and FIV cases at
800°C, which are summarized in Table 6.

The anode tortuosity, which affects the diffusion transport rate
through the porous anode, is tuned to 5.5 here for all the gas in
anode except H,. It is found that the diffusion transport rate of Hy
is overestimated in model calibration and revised by an individual
anode tortuosity of 7.9. The tortuosities values seem reasonable
since the observed range for porous sintered ceramics is usually

Table 6

Tuned model parameters.
Parameter Value
Anode tortuosity for Ha (th, ) 7.9
Anode tortuosity for other gases (7an) 5.5
BinEq. (22) (' m~2) 1.26E9
Transfer coefficient («) 0.33
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Fig.4. A comparison of experimental observed OCVs and those calculated by model
for various fuel mixtures (a) CO/CO-, (b) H,/H,0 and H,/H,0/CO/CO,.

2-10, and most often in the range of 2-6 [50]. The transfer coef-
ficient o« depends on the symmetry of the activation barrier. For
most electrochemical reactions, « ranges from 0.2 to 0.5 [42]. Once
all the model parameters are determined, they were not changed
in other cases simulations.

4.3. Model validation and discussion

4.3.1. Validations of open circuit voltages

To validate the capability of the model in prediction of OCVs,
the calculated results based on equilibrium oxygen partial pres-
sure mechanism were compared with the experimentally observed
OCVs for various fuel compositions, which are shown in Fig. 4.
Fig. 4(a) indicates that the calculated OCVs agree well with the
experimental observations for CO/CO, fuel mixtures at all tem-
peratures. Both the predicted and the experimental results show
that the OCVs increase with the increasing of CO content and the
decreasing of temperature. Fig. 4(b) shows a fairly good agreement
between the calculated results and experimental data. For H,/H,0
fuel mixtures, the experimental observed OCVs are slightly lower
than calculated results presumably due to the slight gas leaks in
cell testing. For Hy/H,0/CO/CO, fuel mixtures, the experimental
observed OCVs are slightly higher than those calculated by model,
which are different from most results calculated by Nernst equation
[8,24]. Nevertheless, it should be noted that the results are in good
agreement with experiments for H, /H,0/CO/CO, fuel mixtures and
the simplification that H, being assumed the only electrochemi-
cally active species for OCVs calculations is avoided. In addition, the
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Fig. 5. Modeling and experimental polarization curves for H,/H,O fuel mixtures at
750, 800 and 850°C. H, was humidified at 25°C, corresponding to water content
3.07%.

fuel composition in actual test is not exactly the same as supposed,
which maybe result in deviation.

For pure H;, H,/CO and H,/CO, fuel mixtures, the contents of
resident product gas (e.g. H,0, CO,) in actual testing are not exactly
zero and hard to determine, which affect the OCVs significantly.
Therefore, the calculations and comparisons of OCVs in these cases
are not performed here.

In the validations of the model for various fuel mixtures, which
are discussed in details as follows, the experimental observations
are used as the OCVs in calculations. However, in the simulations
and analyses of other fuels absent in experiments, the OCVs calcu-
lated by model are adopted.

4.3.2. Validations for H,/H,0 fuel mixtures

Fig. 5 shows the experimental and simulated cell performances
using H, humidified at 25°C as fuel at 750, 800 and 850°C. It
is noted that the current densities of experiments are limited to
about 15,000 Am~2 because the maximum allowed current of the
electrochemical workstation (IM6ex, Zahner-Elektrik GmbH, Ger-
many) is 2 A and the corresponding cathode area is 1.33 cm?2. Both
the experimental and simulated data suggest that, as the opera-
tion temperature decreases, the cell performance deteriorates but
the OCV increases. Fig. 5 indicates that the simulated polarization
curves agree well with the experimental data at various tempera-
tures. But the model slightly underestimates the cell performances
at high current density.

4.3.3. Validations for H,/CO and H,/CO, fuel mixtures at 800°C

The simulated results agree well with experimental data for all
H,/CO cases and the H;/CO ratio has little influence to the OCVs.
Besides, as the H,/CO ratio increases, the cell operation voltage
increases at a given current density, which is more significant at
high current density. However, the influence of H,/CO ratio to the
cell performance is comparatively small from the overall.

Fig. 6 depicts the simulated and experimental polarization
curves for various H,/CO, fuel mixtures and shows a good agree-
ment when the CO, content was up to 60% at 800 °C. However, the
model results deviates from the experimental data and underesti-
mate the diffusion transport at higher current density in 80% CO,
case.Asdiscussed inliterature [50], for high current density and low
H, concentration, the competitive adsorption and surface diffusion
mechanism may be significant, which result in the increasing of
diffusion resistance. Here the elementary reactions are used for gas
adsorption and desorption processes. However, the model does not
take into account the effect of surface diffusion, which may result
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Fig. 6. Modeling and experimental polarization curves for various H,/CO; fuel mix-
tures at 800°C.

in the difference between experimental and simulated results at
high current densities.

4.3.4. Validations for CO/CO, fuel mixtures

Fig. 7 shows the modeling and experimental polarization curves
for various CO/CO, fuel mixtures at 750/800/850°C. It can be
observed from Fig. 7(b) that the modeling polarization curves agree
well with the experimental data at 800°C, the cases of which are
the base cases for the model calibration. As the CO concentration
decreases, the OCVs and cell performance decrease significantly.
It is clear that there is a limiting current density at zero volt-
age caused by anodic concentration polarization. The simulated
limiting current density is 11,193 Am~2 for 80% CO fuel mixture
while 3940 Am~2 for 20% CO, which match well the values mea-
sured experimentally. The anodic concentration polarization is
more significant and the cell operation voltage at turning point in
polarization curve increases with the decreasing of CO content.

The polarization curves at 750 and 850 °C have the similar fuel
compositions effects features compared with that at 800°C. At
750 and 850°C, the modeling results agree well with the experi-
mental data at low current density but deviate from experimental
data for some cases at high current density, which is shown in
Fig. 7(a) and (c). The modeling results at 750 °C underestimate the
diffusion resistance of concentration polarization slightly at high
current density. For higher CO content (e.g. >50%) at 750°C, the
concentration polarization is not significant. The calculated limit-
ing current densities are lower than experimental data at 850°C,
which is more pronounced in high CO content cases. The model
overestimates the diffusion resistance of concentration polariza-
tions, especially at higher current density. The simplification of
model geometry might be an unneglectable derivation source. The
anode of button cell is larger than the cathode, which results in
the significant non-uniform distributions of gas concentrations in
anode in radial direction. In fact, the model is not exactly accorded
with 1D geometry assumption and this assumption will cause the
deviation in calculations. The larger anode is helpful to the gas dif-
fusions and enhances the performance of cell, especially for the
high current density and significant concentration polarization sit-
uations. It should be noted that this effect is more remarkable for
the gas with lower diffusion coefficients, such as CO and CO, com-
pared to H, and H,0. Comparison between the modeling results
and experimental data in Fig. 7(a)-(c) indicates that the cell per-
formance increases and concentration polarization becomes more
significant with the increasing of temperature for the same CO/CO,
composition. Therefore, the influence of geometry simplification is
more obvious at 850 °C, which is shown in Fig. 7(c). In addition, the
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Fig. 7. Modeling and experimental polarization curves for various CO/CO; fuel mix-
tures (a) 750°C, (b) 800°C and (c) 850°C.

neglect of bulk diffusion in anode chamber also enlarges the devi-
ation of the calculated results from the experimental data at high
current density.

4.3.5. Validations for Hy/H,0/CO/CO; fuel mixtures

The comparison of experimental and simulated polarization
curves is shown in Fig. 8 for various H,/H,0/CO/CO, fuel mix-
tures at 750/800/850°C. In all cases, the fuel gas is saturated at
25°C and the water content is kept at 3.07%. Both modeling and
experimental results indicate that the cell performance increases
with the decreasing of CO, content or the increasing of H,/CO
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ratio at the same temperature. The increasing of temperature
results in a higher OCV and a better cell performance for the same
fuel gas composition. In addition, the concentration polarization
becomes significant with raising temperature for high CO, con-
tent (e.g. >38.8%) cases at high current density. Fig. 8 shows a
reasonable agreement between experimental and simulated polar-
ization curves. It is proved that the model is comparably capable
to calculate the performance of syngas fueled SOFC in a certain
temperature range. However, there is still slight deviation of the
simulated results from the experimental data. The simplification of
gas diffusion in the model might be the major cause of the deviation.
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Fig. 9. Contributions of each PEN component to cell overpotential.

Suwanwarangkul et al. claimed that the DGM is more appropri-
ate than EFM to simulated gas transport phenomena inside a SOFC
anode by comparison [45], especially for multi-component gas dif-
fusions. The calculation of effective diffusion coefficients in EFM is
restricted to the situation wherein the species k diffuses in a mix-
ture of stagnant and non-transferring species [44], which might
cause the discrepancy for H,/H,0/CO/CO, fuel mixtures. In addi-
tion, the slight differences of cell ohmic resistance during testing
also affect the agreements of simulated results and experimental
data.

5. Simulation results and discussion
5.1. Cell overpotential

Numerous calculations have been carried out to predict the
various cell overpotentials. Here the anodic and cathodic local over-
potentials are defined as [8]

Nan = ‘(Veleqan,sp/ac - ion|electrolyte/an,act) - Vref,an| (36)
Nca = |(Velec\ca/cc - ion\electrolyte/ca) - Vref,ca‘ (37)

The electrolyte overpotential, which includes the ohmic polar-
ization and the loss due to contact resistance between the
electrodes and electrolyte, is calculated as

Telectrolyte = (Vion|electrolyte/ca - ion\electrolyte/an,act) (38)

Here the leak overpotential is neglected and then the total cell
overpotential is calculated as

Ntotal = Nan + Nca + Nelectrolyte (39)

In order to separate the effects of concentration overpoten-
tial, the source terms caused by electrochemical reactions of the
anode and cathode mass balance equations (Egs. (27)) are set to
zero [8]. As a mathematical trick, then the oxidant concentrations
are uniform in cathode and the fuel concentrations in anode only
reflect the consumptions and productions of heterogeneous reac-
tions without electrochemical reactions. In this way, the anodic
and cathodic concentration overpotentials are obtained in simu-
lations. Fig. 9 shows the simulated detailed contributions of each
PEN component to the cell overpotential for FV-3 fuel mixture and
pure oxygen at 800°C.

The modeling results in Fig. 9 indicate that the cathodic acti-
vation overpotential and ohmic overpotential dominate for syngas
fueled SOFC operating at 800 °C at low current density. Whereas the
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ratio of the anodic activation overpotential to the cell overpoten-
tial increases with the current density. The cathodic concentration
polarization in this case is neglectable because the cathode film
is thin enough and pure oxygen is used as oxidant. In con-
trast, the anodic concentration polarization is more significant
than that in cathode due to the thick anode. The anodic concen-
tration overpotential increases with the current density and is
more than 15% of total overpotential for current density above
12,000Am~2.

The effects of temperature on the anodic and cathodic over-
potentials for FV-3 fuel mixture and pure oxygen at various
temperatures are shown in Fig. 10. It is clear that the operation
temperature affects both the anodic and cathodic overpotential
and the overpotentials in both electrodes increase as the temper-
ature decreases, as expected. The anodic overpotentials increase
with current density linearly at low current density and increase
rapidly when current density is more than 15,000A m~2, which
is caused by the significant concentration polarization. The effects
of temperature on overpotentials are more pronounced in cath-
ode than in anode. Therefore, the anodic activation overpotentials
dominate for SOFC operation at high temperature. Besides, it should
be noted that the cathodic overpotentials increase rapidly at low
current density but relatively slow at high current density for low
temperature cases (such as 750 and 800°C). So the fraction of
anodic overpotential to cathodic overpotential increases at first
then decrease with current density, which also can be observed
in Fig. 9.
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5.2. Species concentration distributions in anode

5.2.1. Effects of operation voltage

Fig. 11 shows the Hy, H,0, CO and CO, molar fractions distribu-
tions in the anode for FV-3 fuel mixture and pure oxygen at 800 °C
with cell voltage 1, 0.8 and 0.6 V. It can be seen that the concentra-
tions of H and CO, increase while those of H,0 and CO decrease
rapidly to the equilibrium near the anode outer surface for all the
cell voltages. The heterogeneous reactions of syngas in anode are
quick enough. Once the gaseous species diffuse into the anode, the
gases concentrations reach equilibrium rapidly (less than 50 wm
from anode outer surface). In addition, the concentrations of Hy
and CO decrease in the anode from the heterogeneous reactions
equilibrium point to the anode-active layer/electrolyte interface,
while the opposite is true for H,O and CO,. This is due to the
electrochemical reactions at the TPB which results in the consump-
tion of Hy and CO and production of H,0 and CO,. The calculated
results show that the operation voltage significantly affects the gas
concentrations. As the operation voltage decreases, the cell cur-
rent density increases and electrochemical reactions rates increase,
which accelerates the H,/CO consumptions and H,O/CO, produc-
tions, especially near the electrolyte. It should be noted that the
variations of CO/CO, concentrations are more obvious than those
of Hy/H, 0 because the water-gas-shift reaction turns H,O and CO
to H, and CO».

Fig. 12 shows the coverage distributions of various surface
species in the anode for FV-3 fuel mixture, pure oxygen at 800°C
with cell voltage 1, 0.8 and 0.6 V. It can be seen that CO(s), H(s)
and Ni(s) (Ni vacancies) are the major species in anode; C(s),
0O(s), COy(s), Hy0O(s) and OH(s) are the minor species in anode,
the coverage of which is about 10~ to 10-6. Due to the rapid
heterogeneous reactions, the surface species reach equilibrium
quickly near the anode outer surface as gaseous species, which
is more significant for minor surface species. The coverage of
0(s), CO,(s), H,O(s) and OH(s) decreases but that of C(s) increases
sharply and reaches equilibrium in less than 50 wm from anode
outer surface. Then the surface species in anode will be uniform
from the equilibrium point to the electrolyte at OCV. As the cell
voltage decreases and current density increases, the electrochem-
ical reactions in anode are accelerated, especially in the regime
near electrolyte. Then the acceleration of electrochemical reactions
results in the increasing of H(s), Ni(s), O(s), CO,(s), H,O(s), OH(s)
and the decreasing of CO(s), C(s) at low cell voltage. The closer to
the electrolyte in anode, the more significant the effects of cell volt-
age on surface species coverage are. Besides, it should be noted
that the carbon deposition mitigates along the anode thickness
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Fig. 12. Coverage distributions of various surface species in anode.

direction from anode outer surface to electrolyte at a given cell
voltage.

5.2.2. Effects of operation temperature

Fig. 13 shows the effects of current density on the surface cov-
erage of Ni(s), CO(s), H(s) and O(s) for various temperatures. With
the increasing of the current density, the coverage of O(s) and Ni(s)
increases; the coverage of CO(s) decreases; the coverage of H(s)
increases at first then decreases, which reaches maximum at about
10,000 Am~2. That is because more and more O(s) is formed from
oxygen ionic by electrochemical reactions at high current density.
As a minor intermediate species, the increasing of O(s) acceler-
ates the heterogeneous reactions, which turn more CO(s) to CO(s)
and produce free Ni surface. The effects of the increscent O(s) to
the variation of H(s) are more complicated. The surface coverage
of H(s) is determined by heterogeneous reactions (11)-(16). Due
to the concentration polarizations, the coverage of Ni(s) decreases
slightly and that of O(s) increases sharply when current density is
more than 16,000 Am~2, which is more significant for high tem-
peratures (e.g. above 850°C). Besides, it should be noted that the
coverage of H(s), CO(s) and O(s) decreases with increasing tem-
perature at a given current density. That is because the desorption
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Fig.13. The surface coverage of (a) Ni(s)and CO(s), and (b) H(s)and O(s) as a function
of current density for various operation temperatures. All data for FV-3 fuel mixture,
pure oxygen and the point of anode-support layer/anode-active layer interface.

rates are higher at high temperature and thereby leaving more free
Ni surface.

5.3. Current density distributions

The simulation results indicate that the cell voltage significantly
affects the electronic current density, which increases with the
decreasing of cell voltage. The electronic current density distri-
bution reflects the degree of electrochemical reactions, which are
mainly concentrated in the zone where the slope of electronic cur-
rent density distribution is large. The simulated cathodic current
density distributions indicate that the electrochemical reactions
occurred within the whole cathode uniformly. Therefore, an appro-
priate thicker cathode is helpful to improve the cell performance
dueto theincreasing of TPB active sites for cathodic electrochemical
reactions.

Fig. 14 gives the electronic current density distributions within
the anode along the cell thickness direction for FV-3 fuel mixture,
pure oxygen at 800 °Cwith cell voltage 1,0.8 and 0.6 V.It can be seen
that the anodic electrochemical reactions are mainly distributed
within a 50 wm distance from the anode-active layer/electrolyte
interface. It is easily concluded from the curve slopes that the elec-
trochemical reactions rates in anode-active layer are larger than
those in anode-support layer. That is because there are a better
ionic conductivity and more TPB active sites per unit volume in
the anode-active layer. In addition, the electrochemical reactions
are also not limited within the anode-active layer and extent to
the anode-support layer. However, there are no obvious electro-
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Fig. 14. Electronic current density distribution in anode near the electrolyte.

chemical reactions for a large range in the middle of anode-support
layer.

5.4. Effects of carbon deposition in anode

The surface coverage distribution of deposited carbon in anode
hasbeengiveninFig. 12 and discussed in detail in Section 5.2. Here a
point of anode-support layer/anode-active layer interface in anode
is taken for example to study the effects of temperature, current
density and fuel composition on carbon depositions.

Fig. 15 shows the carbon deposition as a function of current den-
sity for various operation temperatures for FV-3 fuel mixture and
pure oxygen. Itis evident from the figure that the carbon deposition
is mitigated at high current density for all temperatures. It is mainly
because that, as the current density increases, more surface specie
O(s) is produced by electrochemical reactions and hence reducing
the possibility of carbon deposition on Ni surfaces by Bouduard
reactions. Besides, as the temperature decreases, the surface cov-
erage of C(s) increases significantly at a given current density. The
effect of temperature on carbon deposition is more pronounced at
low current density, but the degree of carbon deposition trends
to be identical for various temperatures with the increasing of cur-
rent density. Therefore, the carbon deposition of syngas fueled SOFC
could be reduced by raising the operation temperature and reduc-
ing cell voltage.
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Fig. 15. Carbon deposition as a function of current density for various operation
temperatures. All data for FV-3 fuel mixture, pure oxygen and the point of anode-
support layer/anode-active layer interface.
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Fig. 16 highlights the effects of fuel compositions on carbon
deposition at OCV. Therefore, the effects of current density are
excluded. The results of Fig. 16(a) indicate that, as the CO content
increases, the degree of carbon deposition aggravates for CO/CO,
fuel mixture. Fig. 16(b) shows the effects of H,O content in fuel
mixtures on carbon depositions for 40% CO and 40% CO,, respec-
tively. N, is used as dilution in the fuel mixtures. The addition of
H, 0 in the fuel mixture improves the resistance of carbon deposi-
tion greatly, especially for higher H,O content (e.g. more than 10%).
However, the existence of H, in fuel mixture has insignificant effect
on carbon deposition, which mainly caused by the H,O produced
through electrochemical reactions. Furthermore, the carbon depo-
sition in all cases in Fig. 16 shows the expected behavior with the
temperature, which has been discussed earlier.

5.5. Effects of typical syngas on cell performances

For actual SOFC operation, the fuel syngas is a mixture of H, and
CO produced mainly from coal or natural gas via various chemical
processes. However, different fossil fuels and chemical processes
lead to different syngas compositions, which affect the cell perfor-
mances significantly. Therefore, the effects of typical syngas on cell
performance from two most commonly used syngas production
processes are discussed here. The first aspect involves the coal-
derived syngas produced from coal gasifier. The second analysis
relates to the syngas from thermochemical reforming techniques.
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Table 7
Syngas compositions of typical entrained-flow coal gasifier [51].

Gasifier Coal Syngas compositions (vol%)
H, H,0 co CO, CH4 Ar N> H,S Cos
Texaco [llinois 6 30.28 16.45 39.58 10.78 0.08 0.91 0.73 1.00 0.03
Shell Illinois 6 26.74 2.01 63.05 1.49 0.03 1.1 4.08 1.3 0.14
€ Texas lignite 27.57 3.2 60.63 2.77 0.03 1.03 434 0.32 0.04
Destec Texas lignite 24.6 34.64 21.81 17.15 0.03 0.78 0.54 0.25 0.01
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Fig. 17. Cell performances fueled by the syngas of typical entrained-flow coal gasi-
fier at 800°C.

Compared with combustion, coal gasification is only partial oxi-
dation producing combustible fuel gas. The classic gasifier could be
divided into three types: moving-bed gasifier, fluidized-bed gasi-
fier and entrained-flow gasifier [51]. Due to the large production
capacity, wide fuel adaptability and stable operation property, the
entrained-flow gasifier is selected here. Table 7 lists the syngas
compositions of typical entrained-flow coal gasifier.

The CHy, Ar, H,S and COS in syngas are neglected and treated as
N, in calculations due to the minor content compared to other gas.
Fig. 17 shows the cell performances fueled by the syngas of typical
entrained-flow coal gasifier at 800 °C. The results indicate that the
cell performance and OCV increase with the increasing of effective
compositions (e.g. H, and CO) in fuel. The effective compositions in
syngas of Texaco and Destec gasifier are 69.9% and 46.4%, respec-
tively, whereas those of Shell gasifier are more than 82.2% for two
kinds of coal. Therefore, the performances of the cells fueled with

Current density / A m?

Fig. 18. Cell performances fueled by the syngas of typical methane thermochemical
reforming at 800°C.

the syngas of Shell gasifier are better than that of Texaco or Destec
gasifier. However, it should be noted that the CO content in the
syngas of Shell gasifier is relatively high whereas the H,0 content
is low, which may cause carbon deposition. Besides, it is clear that
there is concentration polarization for the syngas of Destec gasifier
at high current density due to the low effective compositions.

Another common syngas production process is the thermo-
chemical reforming from hydrocarbon fuels. There are three major
thermochemical reforming techniques used to produce syngas, i.e.
steam reforming (SR), partial oxidation (POX), and autothermal
reforming (ATR) [52]. Here the syngas compositions and opera-
tion conditions of typical methane thermochemical reforming are
listed in Table 8. In calculations, the minor gas component CHy is
neglected and treated as N,.

Fig. 18 shows the cell performance fueled by the syngas of typical
methane thermochemical reforming at 800 °C. There is no obvious

Table 8
Syngas compositions and operation conditions of typical methane thermochemical reforming.
Molar fraction (%) Syngas 1 [53] Syngas 2 [54] Syngas 3 [55] Syngas 4 [52]
(SR) (POX) (POX) (ATR)
Inlet Outlet Inlet Outlet Inlet Outlet Inlet Outlet
H, 0 55.6 0 29.8 0 35.2 0 50.0
H,0 74.8 26.6 26.7 20.2 22.7 14.0 26.0 19.5
co 0 9.2 0 9.2 0] 10.5 0 25.0
CO, 0 7.2 0 5.1 0 5.4 52 52
CH4 23.0 0.7 19.1 0.9 22.7 1.7 433 0.3
N, 22 0.7 429 34.8 43.1 33.2 0 0
0, 0 0 114 0 115 0 25.5 0
Temperature (°C) 565 700 535 867 720 640 427 1050
Pressure (MPa) 0.115 2.53 2.48 0.8 21
Catalyst Ni-based Ni/MgO/Al, 03 Ni-based Ni-based
Steam carbon ratio 3.25 1.40 1 0.6
Oxygen carbon ratio 0 0.597 0.504 0.59

CH4 conversion (%) 96.3 93.6 90.5 /




2282 C. Li et al. / Journal of Power Sources 195 (2010) 2266-2282

difference in cell performance for all the syngas, especially at low
current density. The effective compositions in syngas 1 to syngas
4 are 64.8%, 39.0%, 45.7% and 75%, respectively. For syngas 2 and
3, due to the large N, content introduced by using air as oxidant,
the effective compositions are diluted. Therefore, the cell perfor-
mance is relatively low and there is a concentration polarization at
high current density. Besides, the H, content in methane-derived
syngas is more than that in coal-derived syngas, which results in
higher performance for same effective compositions and mitigation
of carbon deposition.

6. Conclusion

A detailed one-dimension transient elementary reaction kinetic
model of an SOFC operating with syngas based on button cell
geometry was developed. The model, which incorporated anodic
elementary heterogeneous reactions, electrochemical kinetics,
electrodes microstructure and complex transport phenomena
(momentum, mass and charge transport) in cell, was validated with
experimental performance for various syngas compositions at 750,
800 and 850 °C. The comparisons show that the model agrees rea-
sonably well with the experimental data.

The simulation results indicate that the cathodic activation over-
potential and ohmic overpotential dominate at low temperature
while the anodic activation overpotential is more significant at
high temperature. The anodic concentration polarization increases
with current density and is more than 15% of total overpotential
when current density is above 12,000Am~2 for FV-3 fuel mix-
ture. Besides, the electrochemical reactions are condensed in the
anode-active layer and neighbouring support layer for anode. For
the heterogeneous reactions, CO(s), H(s) and Ni(s) (Ni vacancies) are
the major species in anode; C(s), O(s), CO,(s), H,O(s) and OH(s) are
the minor species, of which the coverage is about 10~ to 10-6. As
the cell voltage decreases and current density increases, H(s), Ni(s),
0O(s), COy(s), Hy0(s), OH(s) increases but CO(s) and C(s) decrease.
The coverage of H(s), CO(s) and O(s) decreases with increasing
temperature and leaving more free Ni surface. Afterwards, the mod-
eling results indicate that higher temperature and lower operation
voltage are helpful to reduce the possibility of carbon deposition
on Ni surfaces by Bouduard reactions. In addition, as the CO, and
H,0 contents in syngas increase, the degree of carbon deposition
aggravates. Finally, the cell performance analysis of typical syn-
gas from entrained-flow coal gasifier and methane thermochemical
reforming processes indicates that the cell performance and OCV
increase with the increasing of effective compositions (e.g. H, and
CO) in fuel. The large N, content in syngas introduced by using air
as oxidant leads to significant deterioration of performance.

Acknowledgements

The authors acknowledge the Project 20776078 supported by
National Natural Science Foundation of China and the Project
20080440033 supported by China Postdoctoral Science Founda-
tion. We gratefully acknowledge the insightful discussions and
offers of button cells used in experiments from Prof. Shaorong
Wang in Shanghai Institute of Ceramics Chinese Academy of Sci-
ences (SICCAS), China.

References

[1] S.C.Singhal, K. Kendall, High Temperature Solid Oxide Fuel Cells: Fundamentals,
Design and Applications, Elsevier Advance Technology, Oxford, UK, 2003.

[2] J.H. Hirschenhofer, D.B. Stauffer, R.R. Engleman, et al., Fuel Cell Handbook, sev-
enth ed., EG&G Technical Services, Inc., West Virginia, 2004.

[3] K. Sasaki, Y. Hori, R. Kikuchi, K. Eguchi, A. Ueno, H. Takeuchi, M. Aizawa, K.
Tsujimoto, H. Tajiri, H. Nishikawa, Y. Uchida, ]. Electrochem. Soc. 149 (2002)
A227-A233.

[4] S. Baron, N. Brandon, A. Atkinson, B. Steele, R. Rudkin, J. Power Sources 126
(2004) 58-66.

[5] S.Onuma, A. Kaimai, K. Kawamura, Y. Nigara, T. Kawada, J. Mizusaki, H. Tagawa,
Solid State Ionics 132 (2000) 309-331.

[6] K.Eguchi, H. Kojo, T. Takeguchi, R. Kikuchi, K. Sasaki, Solid State Ionics 152-153
(2002) 411-416.

[7] A. Weber, B. Sauer, A. Muller, D. Herbstritt, E. Ivers-Tiffee, Solid State Ionics
152-153 (2002) 543-550.

[8] Y.X. Shi, N.S. Cai, C. Li, C. Bao, E. Croiset, ].Q. Qian, Q. Hu, S.R. Wang, ]. Power
Sources 172 (2007) 235-245.

[9] Y.X. Shi, N.S. Cai, C. Li, C. Bao, E. Croiset, ].Q. Qian, Q. Hu, S.R. Wang, J. Power
Sources 172 (2007) 246-252.

[10] Y.X. Shi, N.S. Cai, C. Li, ]. Power Sources 164 (2007) 639-648.

[11] K.P. Recknagle, R.E. Williford, L.A. Chick, D.R. Rector, M.A. Khaleel, J. Power
Sources 113 (2003) 109-114.

[12] H.Yakabe, T. Sakurai, Solid State Ionics 174 (2004) 295-302.

[13] N. Autissier, D. Larrain, J. Van herle, D. Favrat, J. Power Sources 131 (2004)
313-319.

[14] T. Nishino, H. Iwai, K. Suzuki, J. Fuel Cell Sci. Technol. 3 (2006) 33-44.

[15] ]. Yuan, B. Sunden, ]. Fuel Cell Sci. Technol. 3 (2006) 89-98.

[16] R.Suwanwarangkul, E. Croiset, E. Entchev, S. Charojrochkul, M.D. Pritzker, M.W.
Fowler, P.L. Douglas, S. Chewathanakup, H. Mahaudom, ]. Power Sources 161
(2006) 308-322.

[17] T. Aloui, K. Halouani, Appl. Therm. Eng. 27 (2007) 731-737.

[18] R.S. Gemmen, ]. Trembly, ]. Power Sources 161 (2006) 1084-1095.

[19] Y. Xie, X. Xue, Int. ]J. Hydrogen Energy (2009), doi:10.1016/j.ijhydene.
2009.06.034.

[20] E.S. Hecht, G.K. Gupta, H. Zhu, A.M. Dean, RJ. Kee, L. Maier, O. Deutschmann,
Appl. Catal. A 295 (2005) 40-51.

[21] H. Zhu, R]J. Kee, ]. Electrochem. Soc. 153 (2006) A1765-A1772.

[22] W.G. Bessler, S. Gewies, M. Vogler, Electrochim. Acta 53 (2007)
1782-1800.

[23] H.Zhu, A.M. Golclasure, R.J. Kee, Y. Lin, S.A. Barnett, ]. Power Sources 161 (2006)
413-419.

[24] V.M. Janardhanan, O. Deutschmann, J. Power Sources 162 (2006) 1192-1202.

[25] H.Zhu, RJ. Kee, M.R. Pillai, S.A. Barnett, ]. Power Sources 183 (2008) 143-150.

[26] V.M. Janardhanan, V. Heuveline, O. Deutschmann, ]. Power Sources 172 (2007)
296-307.

[27] V.M. Janardhanan, O. Deutschmann, Chem. Eng. Sci. 62 (2007) 5473-5486.

[28] G.M. Goldin, H. Zhu, RJ. Kee, D. Bierschenk, S.A. Barnett, ]. Power Sources 187
(2009) 123-135.

[29] A. Bieberle, LJ. Cauckler, Solid State Ionics 146 (2002) 23-41.

[30] S.P.Jiang, S.P.S. Badwal, ]. Electrochem. Soc. 144 (1997) 3777-3784.

[31] B.de Boer, SOFC Anode: Hydrogen Oxidation at Porous Nickel and Nickel/Yttria
Stabilized Zirconia Cermet Electrodes, Ph.D. thesis, University of Twente, The
Netherlands, 1998.

[32] P. Holtappels, L.C. Vinke, G.J. de Haart, U. Stimming, ]. Electrochem. Soc. 146
(1999) 2976-2982.

[33] W.G. Bessler, J. Warnatz, D.G. Goodwin, Solid State lonics 177 (2007)
3371-3383.

[34] A.M. Sukeshini, B. Habibzadeh, B.P. Becker, C.A. Stoltz, B.W. Eichhorn, G.S. Jack-
son, J. Electrochem. Soc. 153 (2006) A705-A715.

[35] Y. Matsuzaki, I. Yasuda, J. Electrochem. Soc. 147 (2000) 1630-1635.

[36] Y.X.Shi,N.S.Cai, C.Li, C.Bao, E.Croiset,].Q. Qian, Q. Hu, S.R. Wang, J. Electrochem.
Soc. 155 (2008) B270-B280.

[37] W.G. Bessler, Solid State Ionics 176 (2005) 997-1011.

[38] R.J.Kee, M.E. Coltrin, P. Blarborg, Chemically Reacting Flow, John Wiley & Sons.
Inc., Hoboken, NJ, 2003.

[39] V.M. Janardhanan, V. Heuveline, O. Deutschmann, J. Power Sources 178 (2008)
368-372.

[40] P. Costamagna, P. Costa, V. Antonucci, Electrochim. Acta 43 (1998) 375-394.

[41] S.H. Chan, Z.T. Xia, J. Electrochem. Soc. 148 (2001) A388-A394.

[42] R.P.O’Hayre, S.W. Cha, W. Colella, F.B. Prinz, Fuel Cell Fundamentals, John Wiley
& Sons, Inc., Hoboken, NJ, 2006.

[43] R. Krishna, J.A. Wesselingh, Chem. Eng. Sci. 52 (1997) 861-911.

[44] E.A. Mason, A.P. Malinauskas, Gas Transport in Porous Media: The Dusty-Gas
Model, Elsevier, New York, 1983.

[45] R. Suwanwarangkul, E. Croiset, M.W. Fowler, P.L. Douglas, E. Entchev, M.A.
Douglas, J. Power Sources 122 (2003) 9-18.

[46] ]. Divisek, R. Wilkenhoner, Y. Volfkovich, ]J. Appl. Electrochem. 29 (1999)
153-163.

[47] RJ. Braun, Optimal Design and Operation of Solid Oxide Fuel Cell Systems
For Small-Scale Stationary Applications, Ph.D. thesis, University of Wisconsin,
Madison, USA, 2002, pp. 109-111.

[48] ]J.H. Nam, D.H. Jeon, Electrochim. Acta 51 (2006) 3446-3460.

[49] A. Mitterdorfer, L.J. Gauckler, Solid State Ionics 117 (1999) 203-217.

[50] R.E. Williford, L.A. Chick, G.D. Maupin, S.P. Simner, J.W. Stevenson, ]. Elec-
trochem. Soc. 150 (2003) A1067-A1072.

[51] Electric Power Research Institute, Coal Gasification Guidebook: Status, Appli-
cations, and Technologies, Final report, 1993.

[52] M. Zahedi nezhad, S. Rowshanzamir, M.H. Eikani, Int. J. Hydrogen Energy 34
(2009) 1292-1300.

[53] G.Lozza, P. Chiesa, J. Eng. Gas Turbines Power 124 (2002) 89-95.

[54] A.M.D. Groote, G.F. Froment, Catal. Today 37 (1997) 309-329.

[55] S.Liu, W. Li, Y. Wang, H. Xu, Fuel Process. Technol. 89 (2008) 1345-1350.



	Elementary reaction kinetic model of an anode-supported solid oxide fuel cell fueled with syngas
	Introduction
	Experiment
	Anode-supported button cell structure and fabrication
	Test setup

	Model development
	Model assumptions and geometry
	Governing equations
	Anode heterogeneous chemistry
	Anode electrochemistry
	Effective reaction areas
	Charge balance
	Mass balance

	Boundary conditions
	Model parameters
	Solution method

	Experiment results and model validation
	Experimental and operation conditions
	Model calibration
	Model validation and discussion
	Validations of open circuit voltages
	Validations for H2/H2O fuel mixtures
	Validations for H2/CO and H2/CO2 fuel mixtures at 800°C
	Validations for CO/CO2 fuel mixtures
	Validations for H2/H2O/CO/CO2 fuel mixtures


	Simulation results and discussion
	Cell overpotential
	Species concentration distributions in anode
	Effects of operation voltage
	Effects of operation temperature

	Current density distributions
	Effects of carbon deposition in anode
	Effects of typical syngas on cell performances

	Conclusion
	Acknowledgements
	References


