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ABSTRACT

The main motivation of the presented paper is to study the amplitude and location of the
maximum temperature (Tmax) and maximum temperature gradient (AT/AXmayx), respec-
tively, as well as the performance parameters of the modeled, single, planar, anode-
supported, solid oxide fuel cell (SOFC) with internal methane steam reforming at
different operating conditions (i.e. current density and inlet velocity of fuel gas). The
reforming reaction and locally increased current density lead to inhomogeneous heat
generation within the SOFC that results in inhomogeneous distribution of temperature.
Due to the latter, a comprehensive, three-dimensional, thermo-fluid model of the SOFC has
been developed and implemented in software package COMSOL Multiphysics® 4.3. The
simulation results show that the amplitude and location of the Ty,ax and AT/AXpax Within
the modeled SOFC depend on operating conditions. The data about their values can be
efficiently used instead of temperature measurements with expensive embedded ther-
mocouples when a realistic, operating SOFC is controlled. The results also show that the
current density and the inlet velocity of fuel gas are the key parameters to improve the fuel
utilization and the total conversion efficiency.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

operate at high temperatures (T = 650—1000 °C) [3]. The SOFC
consists of a positive electrode (cathode), solid oxide (electro-
lyte) and negative electrode (anode) sandwiched between the

Fuel cells (FCs) have become attractive as alternative power
sources during the last decades since they convert chemical
energy of the fuel directly into electrical energy with high
conversion efficiency [1]. Some FCs must be supplied with pure
hydrogen as a fuel, e.g. proton exchange membrane (PEM) FCs,
which operate at low temperatures (T < 100 °C), whereas the
others can be supplied with different mixtures of fuels, with
e.g. hydrogen, methane, natural gas, and carbon monoxide [2].
One of practically interesting FCs, which can be supplied with
hydro-carbon fuels, are solid oxide fuel cells (SOFCs), which

* Corresponding author. Tel.: +386 14773240; fax: +386 14773994.
E-mail address: marko.nerat@ijs.si (M. Nerat).
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metal contacts, as can be seen in Fig. 1a. The contacts are
commonly made of ferritic (Fe) alloys with chrome (Cr) or
nickel (Ni). They serve to conduct electric current from the
cathode to the external load and from the load back to the
anode, or to interconnect many cells in parallel or/and in series
into the stack. Besides this, the contacts form the fuel- and air-
flow channel adjacent to the anode and cathode side of the
SOFC, respectively. The anode is usually porous nickel/yttria-
stabilized zirconia (Ni/YSZ) material, the electrolyte is dense
YSZ and the cathode is porous lanthanum manganite (LaMnOs)
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Fig. 1 — a) Cross-section profile of the modeled solid oxide fuel cell (SOFC) with external load, b) Velocity field (in m s—*) of gas

species in the modeled SOFC structure.

doped with strontium (LSM) [4]. Under the operation of SOFC
(i.e. the FCis supplied with inflow of air and fuel), the following
electrochemical reactions occur within triple phase bound-
aries (TPBs are thin boundaries between the electrode and
electrolyte micrograins surrounded with gaseous phases that
fill the pores) at the interfaces between the electrolyte and
cathode (1 — reduction), and electrolyte and anode (2, 3 —
oxidation) catalyst layer:

%02 +2e =07,

H, + 0% = H,0 + 2e",

CO 4 0% =CO, + 2e".

The oxygen is thus adsorbed within the TPBs at the inter-
face between the electrolyte and porous cathode and the ox-
ygen ions are transferred through the dense electrolyte to the

interface between the electrolyte and porous anode, where
the oxidation of hydrogen/carbon monoxide occurs within the
TPBs. The flow of oxygen ions through the electrolyte repre-
sents electric current density that is in the opposite direction
since the ions are negatively charged. The flow of electrons is
terminated through the load, which is connected to the con-
tacts, and it represents the output current density of the SOFC.
The electrons exit the anode side and enter the cathode side of
the SOFC through the contacts and load. The output current
density is thus directed from cathode to anode side through
the electric load since electrons are negatively charged. The
physical background behind the operation of a SOFC is far
more complex as explained before and cannot be described in
all details at this point.

In this paper, the study is based on physical model that
consist of coupled partial differential equations when spatial
variations of dependent variables are considered. The models
are conditioned by the purpose of application. Many different
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studies employing modeling have been conducted recently
and have focused on various geometries [1] and operating
conditions [5] of anode-supported cells [6—8] with internal
[6,7] or external [8] reforming of methane. The reforming of
methane is endothermic reaction that consumes the heat and
possibly leads to locally lowered temperature within the
porous anode layer [6]. The results show high temperature
gradients along the fuel- and/or airflow channels when the
reforming occurs. However, the models in Refs. [6,7] are
simplified to one- or two-dimensional variation of tempera-
ture rather than representing complete three-dimensional
variation. The three-dimensional diffusion of gases through
the porous electrodes is also neglected. The model of SOFC
with internal reforming, which is presented in Ref. [9], is
complex, since it includes charge, species, mass, momentum
and energy conservation equations in three dimensions.

However, the modeled steam reforming reaction is
simplified since it considers only the methane's partial pres-
sure. There are many other models that can be found in the
literature, but they are limited to a specific structure [10], or
are too complex to be implemented on device level since the
electrochemistry [11] and transport [11,12] fenomena are
modeled on microscale level.

The purpose of this work is to build an advanced, steady
state, three-dimensional (3-D) model of a single, planar,
anode-supported SOFC with internal reforming. In this study,
the model of steam reforming considers forward and back-
ward reactions, which are dependent on partial pressures of
methane, water vapor, hydrogen and carbon monoxide.
Furthermore, the heat transfer model includes thermal radi-
ation through the SOFC's surface since it is assumed that a
single cell operates within the sealed chamber and the radi-
ative heat transfer is important. The resistance of the contacts
with interconnects is also included in this model. Besides this,
two modeling approaches, with and without thermal radia-
tion through the SOFC's surface, are presented and discussed
in terms of the simulation results accuracy.

The main goal of this study is to obtain valuable data about
the amplitude and location of the maximum temperature
(Tmax) and maximum temperature gradients (AT/AXmax)
within the modeled SOFC. The data is important when the
control of a realistic SOFC is performed since the number of
expensive embedded thermocouples for local temperature
measurements can be considerably reduced or even zero.
Moreover, the amplitude and location of the Tpax (and AT/
AXmax) Within a realistic SOFC depend on operating condi-
tions. Consequently, the measurements of local temperature
might not reproduce the exact Tmax (AT/AXmax) due to a fixed
spatial position of embedded thermocouples. The main nov-
elty, or the main contribution, of this paper is thus using the 3-
D model of SOFC to study temperature profiles and gradients
within the SOFC to obtain data about Tyax and AT/AXmax
instead of using simplified 1-D (2-D) models or linear
interpolation.

Modeling

A three-dimensional (3-D) model of a single, planar, anode-
supported SOFC is developed and implemented in software

package COMSOL Multiphysics® 4.3. The model includes
charge, species, mass, momentum and energy transport
conservation equations that can be found in literature [10].
However, some differences exist in the presented model and
these are outlined.

Geometry and meshing

The modeled SOFC structure consist of porous electrodes and
solid oxide (thin electrolyte layer sandwiched in between thin
active cathode and anode layer, supported with thicker
porous anode layer), connected to external electric load
through the contacts, as schematically shown in cross-section
profile in Fig. la. The dimensions of the modeled SOFC
including its layers are listed in Table 1 and are similar to
those found in the literature [10,13].

It should be pointed out that computational domain, indi-
cated with dashed line in Fig. 1a, includes only a periodic part
of the modeled structure and the symmetry about the z-x
plane is considered to reduce memory usage and computa-
tional time during the simulations. Obviously, appropriate
boundary conditions for symmetry have to be considered at
the left and right surface (in parallel to the z-x plane) of the
computational domain.

The computational domain is meshed with 31000
(I x w x h =50 x 10 x 62) finite volume elements, as can be
seen in Table 2. Please note that computational domain con-
sists of two contact ribs (2 x 10 elements) and two in-
terconnects (2 x 5 elements). Increasing or decreasing the
number of elements by a factor of two in arbitrary direction
(along the x-, y- or z-axis) influences the solution accuracy by
a few percent only, so the meshing from Table 2 is adopted.

Model description

A three-dimensional (3-D), steady state, thermo-fluid model
coupled with electrochemical and reforming reactions for a
single, planar, anode-supported, SOFC has been developed to
study current densities, electrostatic field, transport of gases,
temperature distributions and reaction rates within the
computational domain. The model is composed of eight sub-
domains, namely two gas chambers, two porous electrodes,
two porous catalyst layers (anode and cathode, respectively),
the electrolyte and contacts with interconnects, that are

Table 1 — Dimensions of the modeled SOFC.

Dimensions Values (m)
Cell length (x-axis), 1 1.0 x 107*
Cell width (y-axis), w 1.0 x 107*
Cathode/anode gas chamber width (y-axis), Wen 2.0x 1073
Cathode/anode gas chamber height (z-axis), hen 1.0 x 1073
Contact rib width (y-axis), Wb 5.0 x 10°*
Contact rib height (z-axis), hy, 1.0 x 1073
Interconnect height (z-axis), hic 25x10*
Cathode active layer thickness (z-axis), d. 5.0 x 107>
Electrolyte layer thickness (z-axis), de 1.0x10°°
Anode active layer thickness (z-axis), d, 5.0 x 107>
Anode support layer thickness (z-axis), ds 5.0 x 10°*
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Table 2 — Meshing of the structure.

Dimensions Number of
elements

Cell length (x-axis), | 50
Cathode/anode gas chamber width (y-axis), Wen 8
Cathode/anode gas chamber height (z-axis), hcn 10
Contact rib width (y-axis), Wyin 2
Contact rib height (z-axis), hyp 10
Interconnect height (z-axis), hic 5
Cathode active layer thickness (z-axis), d. 5
Electrolyte layer thickness (z-axis), de

Anode active layer thickness (z-axis), d, 5
Anode support layer thickness (z-axis), ds 20

Table 4 — Molar mass and diffusion volume of gas species
[18].

Gas species Molar mass Diffusion volume
(g mol™?) (cm?)

Hydrogen (Hy) 2 7.07

Oxygen (O5) 32 16.6

Nitrogen (N) 28 17.9

Water (H,0) 18 12.7

Carbon dioxide 44 26.9
(c02)

Carbon monoxide 28 18.9
(co)

Methane (CHg) 16 24.42

governed by appropriate equations and boundary conditions.
The equations and boundary conditions have to be parame-
terized with corresponding parameters used in the model.

Gas chambers
The gas chamber is patterned with contact ribs and in-
terconnects that form a rectangular duct together with porous
anode support layer or porous cathode layer, as can be seen in
Fig. 1a. The flow of gases is assumed steady and is modeled
according to Equations (3)—(12) in Ref. [10]. The important is-
sues when modeling the fluxes and heat exchange are phys-
ical properties of gas species that are involved at these
processes. Thus, the following viscosities, thermal conduc-
tivities and specific heats at constant pressure are adopted
from literature [14—17] and are shown in Table 3. As can be
seen, all these quantities are linearized functions of temper-
ature T, that approximate measured values in the range from
800 °C to 1000 °C reasonably well.

Since the ideal gases are assumed, the multicomponent
diffusive mass flux can be evaluated by using Maxwell—Stefan
diffusion coefficients for binary pairs of gas species that are

dependent on temperature T and total pressure p in the
system.

The diffusion coefficient D;; for a binary mixture of gas
species i and j can be estimated by using Fuller, Schettler and
Giddings relation [18]:

107 T4
Dj=——""" @)
. 2, 3 3
pM;;- (Vi +V))
1 1\
M= (3 ag) ©)

where T is the temperature in Kelvin (K), p is the pressure in
bar (1 bar = 10° Pa), My; is the molar mass in gram per mole (g
mol™") of a gas specie in the binary mixture, and Vjy; is the
diffusion volume in cubic centimeter (cm®). The values of
molar masses and diffusion volumes of all involved gas spe-
cies are summarized in Table 4 [18].

The boundary conditions are specified as following. The
flux of gases is directed along the x-axis with homogeneous
mass fractions (Y;) of gas species and velocity (v) over the
entire cross-section area at the fuel/air (anode/cathode) inlet.
The inlet mass fractions of gas species in the fuel are:

Table 3 — Physical properties of gas species.

Physical property Symbol Value Unit Ref.
Hydrogen viscosity i, 6.162 x 10°© +1.145 x 10 8 x T Pas [14]
Oxygen viscosity Ko, 1.668 x 10> + 3.108 x 10 8 x T Pas [14]
Nitrogen viscosity i, 1.435 x 107> + 2.642 x 108 x T Pas [14]
Water viscosity B,0 4.567 x 107° +2.209 x 108 x T Pas [14]
Carbon dioxide viscosity Hco, 4743 x 10°° + 3429 x 10 8 x T Pas [15]
Carbon monoxide viscosity Hco 6.646 x 10°° +3.727 x 108 x T Pas [16]
Methane viscosity thcH, 4121 x 10°°+2.353 x 10 8 x T Pas [15]
Hydrogen thermal conductivity Ry, 8.525 x 102 +2.964 x 10 * x T WmtK? [14]
Oxygen thermal conductivity ko, 1.569 x 102 4+ 5.690 x 10> x T Wm'K? [14]
Nitrogen thermal conductivity Ry, 1.258 x 102 + 5444 x 10> x T WmtK?! [14]
Water thermal conductivity Ri,0 —1.430 x 1072 +9.782 x 10> x T WmtK? [14]
Carbon dioxide thermal conductivity Rco, 6.750 x 10 % + 6.460 x 10 > x T Wm'tKk? [17]
Carbon monoxide thermal conductivity Rco 1.505 x 1072 4+ 5.660 x 10> x T Wm'K? [17]
Methane thermal conductivity Ren, —3.780 x 10724+ 2.135 x 10°* x T WmtK? [17]
Hydrogen specific heat Cpn, 1.396 x 10* + 0.950 x T Jkg'K! [14]
Oxygen specific heat Cpo, 8.768 x 10° 4+ 0.217 x T Jkg 'K ? [14]
Nitrogen specific heat Cpn, 9.356 x 10° + 0.232 x T Jkg'K! [14]
Water specific heat Cp1,0 1.639 x 10° 4 0.641 x T Jkgtk? [14]
Carbon dioxide specific heat Cp.co, 1.033 x 10° + 0.205 x T Jkg'K! [17]
Carbon monoxide specific heat Cp,co 1.029 x 10° 4 0.159 x T Jkgtk? [17]
Methane specific heat Cp.cH, 2.393 x 10° + 2,182 x T Jkg 'K [17]
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Yinia = 0.035, 0.595, 0.055, 0.130, 0.185, where i is H,, H,0, CO,
CO,, CH,. The data from literature indicate that the steam-to-
carbon ratio (STCR) must be higher than two to prevent solid
carbon deposition within the porous anode and catalyst layer
during the methane reforming and shift reactions [19]. Due to
this, the inlet mole fraction of steam (Xuy,0 = 0.49) in this
model is higher than the sum of two mole fractions of
methane (Xcy, = 0.17) and carbon monoxide (Xco = 0.03). It
should be noted that only methane reforming and water-gas-
shift reactions are considered in this model as explained in
the following section. The inlet mass fractions of gas species
in the air are: Yin ; . = 0.200, 0.785, 0.015, where i is Oy, Ny, H,0.
The inlet velocity is denoted with vUina.c and is equal to
05 m s ! and 1.0 m s~ ! at the anode and cathode side,
respectively. The outlet velocity is determined indirectly by
defining a constant pressure prer = 1.013 bar of the gas mixture
at the outlet. The velocity (v;) of gas fluxes at the contact walls
is determined by no-slip boundary condition that assumes
v; = 0 m s~%. The modeled symmetry also demands that no
flux passes the z-x plane. Furthermore, it is assumed that heat
transfer between the porous electrodes/catalyst layers and
gases is predominately conductive since the velocity of gas
fluxes within the porous electrodes and catalyst layers is low
due to dominant diffusive transport of gases through the
pores. The same assumption is made for heat transfer be-
tween the contact walls and gases due to no-slip boundary
condition. Fig. 1b shows the velocity field of gas species in the
modeled structure to illustrate and support the assumptions
made before. As can be seen, the boundary conditions
Uina =0.5m s ' and vj, . = 1.0 m s * clearly reflect on the first
slice from left side of 3-D plot. The velocity field is then
developed across the gas chambers, porous electrodes and
catalyst layers. It can be noticed that the velocity is close to
zero nearby the contact walls and within the porous elec-
trodes and catalyst layers. The symmetry of velocity about the
z—x plane is also obvious.

Porous electrodes

Gas diffusion anode and cathode layers consist of porous
media that serve to transport gaseous species to and away
from the active reaction sites at the porous electrode/elec-
trolyte interfaces. Beside this, porous electrodes also conduct
generated electric current from the reaction sites to the cur-
rent collectors and contacts with interconnects of the SOFC.
The following equations are implemented to model porous
electrodes:

e Continuity equation:

v (pﬁ) = Sn, (6)

where p is the average density of gas, v is the velocity vector
and Sy, is the source (or sink) for the production (or con-
sumption) of gas species that can be attributed to electro-
chemical reactions within the porous electrodes.

e Momentum equation:

The flow of gases in porous media is modeled by the
following momentum equation:

L) =% [ w7 (7)) 2 (T

where u is viscosity of gases, ¢, is porosity and « is perme-
ability of the electrode media.

e Species conservation equation:
Vo(pUY) =V i 45, 8)

where j; is the multicomponent diffusive mass flux vector.
Diffusion in porous media is commonly modeled by a mo-
lecular (particle—particle collision) and Knudsen (particle-wall
collision) diffusion mechanism [20]. However, in this case the
diffusivities of gas species in porous media are simplified by
using effective diffusion coefficient Djj.s. Considering the
relation Djjesr = €52 x Dyj, the j; is obtained by the following
equation:

R N-1 N-1
Ji =— Zp'Di,j.eff'VYj =- ZP'SP%‘DU VY;, ©)
=1 =1

where S; is the source (or sink) for the production (or con-
sumption) of a gas specie. In this model, the steam reforming
of methane and water-gas-shift reactions are considered. As
presented by W. Lehnert et al. [7], the methane reforming
within the porous anode-cermet is carried out in a two-stage
step. The steam reforming of methane is thermodynami-
cally favored at higher temperatures (it is a strongly endo-
thermic reaction) and lower pressures:

CH; + H,02CO +3H, (forward or reverse reaction). (10)

The electrochemically active carbon monoxide is con-
verted via water-gas-shift reaction into carbon dioxide and
hydrogen:

CO +H,02C0, +H, (forward or reverse reaction). (11)

Since the operational temperatures of the SOFC are from
800 °C to 1000 °C, it is believed the shift reaction is very quick
and remains in equilibrium. The volumetric reaction rate of
reforming reaction (10) is expressed as moles of methane
reacted per unit volume and time as:

Ry =k} P, 'Pu0 — Ry “Poo- (PH2)37 (12)

where k; and k; are velocity constants of forward and back-
ward steam reforming reactions, p; is partial pressure of gas
specie involved in the reactions. A similar expression is
formed for water-gas-shift reaction (11):

Rs = k{ -PcoPu,0 — Ry *Pco, *Pry s (13)

where k¢ and kg are velocity constants of forward and back-
ward shift reactions. The values and units of constants are
summarized in Table 5 [7].

The molar rates (in mol m > s') of formation are
expressed as follows:
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Table 5 — Velocity constants of forward/backward steam
reforming and shift reactions [7].

T=1073K T=1123K T=1163K

ki (molm>3Pa?s!) 23x10°? 8.0 x 10°2 1.6 x 1077

kr (molm>Pa*s™) 14x10%° 15x10%* 15x10%°

ke (molm>3Pa?s!) 15x1077 3.2 x 1077 3.6 x 1077

ks (molm>Pa?s™") 1.4 x 107/ 3.5 x 1077 4.3 x 1077
Ren, = —Ry, (14)
RCO = Rr - Rs= (15)
Ru,0 = —R; — Ry, (16)
Ry, = 3-R; +Rs, (17)
Reo, = Rs. (18)

Finally, the mass rates of formation (in kg m~> s™?) are
calculated to obtain sources (or sinks) for the production (or
consumption) of gas species:

Scu, = Mcn, ‘Ren,, (19)
Sco = Mco Rco, (20)
Su,0 = Mu,0-Ry,0, (21)
Sh, = My, ‘Ry,, (22)
Sco, = Mco, Rco, (23)

where M; is molar mass of gas specie in kg mol ™.
e Charge conservation equation:

The electronic current transport in porous electrodes is
modeled by considering conservation of electric charge in a
solid metal conductor:

V- ( — Geer* V ¢s) -0, (24)

where o6 is effective electronic conductivity of porous
electrode and ¢; is electrostatic potential in the solid phase. It
is assumed that no electrical current source is present within
the solid metal.

e Energy conservation equation:
The energy transport in porous electrodes is also modeled
by considering effective thermal conductivity (kser), and

effective product of specific heat (C,) and specific density (p) of
the solid material:

V- ((0CpugvT) =¥ -(ks_eﬁ-% T) +5e. (25)

The values o e, ksefr, Cp and p for porous electrodes are
shown in Table 6.

Table 6 — Physical properties of porous electrodes.

Physical property Symbol Value Unit Ref.

Effective electronic conductivity —osaerr 4800 Sm™* [10]
of porous anode

Effective electronic conductivity — gscerr 1600 Sm™* [10]
of porous cathode

Effective thermal conductivity of kg eff 3 Wm K [10]
porous anode

Effective thermal conductivity of ks efr 2 Wm K [10]
porous cathode

Anode material specific heat Cam 595 Jkg 'K' [10]

Cathode material specific heat Cage 573 Jkg 'K' [10]

Anode material specific density  pa 6870 kgm™3 [10]

Cathode material specific pec 6570 kgm 3 [10]
density

The source/sink term S, is evaluated by considering ohmic
heating that is modeled as:

Se = Oseft- e (bs : e ¢s- (26)

Appropriate boundary conditions have to be applied to the
porous electrodes as well. At the left and right side of the
calculation domain the symmetry condition for electrostatic
potential in the solid phase, velocity, mass and heat fluxes is
applied at the anode and cathode side. The interfaces between
the porous electrodes and contact/catalyst layers are modeled
with continuity of electric current density and heat flux
through the interface.

At the front (at the fuel/air inlet) and at the back (at the
fuel/air outlet) side of the SOFC the insulation of the electric
current, ie. the current density through the surface is
assumed zero, is applied. The same is valid for velocity and
mass flux of gas species.

Catalyst layers

The implemented equation for modeling the electronic cur-
rent transport in catalyst layers is similar to the Equation (24),
with exception the source/sink terms Ss are added on its right
hand side and o5 efr has to be corrected to account for mixed
ionic and electronic conductivity. An additional charge con-
servation equation is added for ionic charge transfer that is
used to calculate the ionic current transport:

v < - O'el.eff'e ¢e1) = As 'Sel-, (27)

where o off is effective ionic conductivity of the catalyst layer,
¢e1 is electrolyte potential, the A is the active surface area per
unit volume, and the source/sink term S, represents the ionic
current density.

Furthermore, the current density has to be coupled with
source/sink terms in the mass and species conservation
equations. At the interface between the anode porous elec-
trode and catalyst layer the fuel (hydrogen or carbon mon-
oxide) is consumed and the water or carbon dioxide is
produced, so the sink terms are (28), (29) and the source terms
are (30), (31):

MH 'iH
Sy, = ——=2 2

= (28)
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Mco-i

Seo = —Mcorlaco, 29)
My,0-ia

Shy0 = +% ) (30)
Mco, ia

Sco, = +~4l3%%i;f¥3. (31)

At the interface between the cathode porous electrode and
catalyst layer, the oxygen is consumed, so the sink term is:

MOZ 'ic 0,

— %2 <O 2

SOZ 2.F (3 )
where the i,/ is anodic/cathodic current density source and
F = 96457 As mol ! is Faraday constant. Furthermore, when
evaluating the source/sink terms in the charge conservation
Equations (24) and (27), the electronic current density is a sink

term in the anode/cathode catalyst layer:
Ss = _iﬁ/Cv (33)

and the ionic current density is a source term in the anode/
cathode catalyst layer:

Sel = +ia/c~ (34)

The anodic and cathodic current density i, is defined by
Butler—Volmer equation [21]:

ajc ajc
(“a Z’F‘"act.a/c> ( ac’ "z Foagep a,’c)
3 : RT RT
lajc = loac" | —e . (35)

The anodic exchange current density ig , can be formulated
as a sum of exchange current densities, each one defining one
oxidation process, namely H,—H,0 and CO—CO, oxidation, in
this specific case [21]:

(i:) 1' (lﬂHzo)ABT

i =i, % (36)
PH,
()
1
4 3
4
%) '(pcoz)
159 = igo- — I | (37)
Pco
1+ <Pref>
foa = Ip3 +159, (38)

where p; is partial pressure of a gas specie and py.r is refer-
ence pressure. The latter is equal to 1.013 bar in this study.
The iy, and ico are empirical constants that can be used for
fitting the simulation results with experimental data. It was
found that the rate of CO—CO, oxidation is about 2—3 times
lower than the rate of H,—H,O oxidation [21], so the ico is
adjusted to approximately one third of iy,. The cathodic ex-
change current density ip . can be formulated in a similar way
as following:

(39)

———.
2
Po.
()

Table 7 summarizes the parameters used as inputs for
modeling the anode/cathode exchange current density in the
catalyst layers, including their values, units and references.
Please note that constant values of the exchange current
densities are used.

The anode activation overpotential 7,4 is calculated as a
difference between the solid phase and electrolyte phase
electrostatic potential of the anode catalyst layer:

Nacta = Psa — Pelas (40)

and the cathode activation overpotential 7actc is calculated
similarly:

- d’el.c - Voc~ (41)

where the solid phase and electrolyte phase electrostatic po-
tentials in the anode catalyst layer are denoted with ¢, and
$e1,2, Whereas the solid phase and electrolyte phase electro-
static potentials in the cathode catalyst layer are denoted with
¢sc and ¢e . The Vo is the open circuit voltage of the SOFC
that can be calculated by evaluating Nernst equation:

Nacte = Psc

2
__ 170 E ) P,
Voe =V +4-F In | po, Do . (42)

For simplicity, a constant value of Vo = 0.95 V is used as
model input in this case.

The energy transport equation is similar to the Equation
(25), with exception the heat source term S, has to be adjusted
according the chemical, electrochemical and ohmic heat
generation. The reversible heat is generated in the anode

Table 7 — Properties of catalyst layers.

Property Symbol Value Unit Ref.

Active surface area Ag 1.025 x 10° m™*  [22]

Anodic exchange current 6z 53x10° A m=?[20]
density, H,—H,0

Anodic exchange current i59 1.7 x 10° A m=2 [21]
density, CO—CO,

Anodic exchange current i0a 7.0 x 10> A m2[20,21]
density, sum

Cathodic exchange current i,c 2.0x10° A m?[20]
density

Anodic charge transfer aa 2 / [23]
coefficient, anode

Cathodic charge transfer al 1 / [23]
coefficient, anode

Anodic charge transfer ag 1.5 / [23]
coefficient, cathode

Cathodic charge transfer ag 0.5 / [23]
coefficient, cathode

Effective anode ionic Oeaerr 0.29 Sm" [23]
conductivity

Effective cathode ionic Oecetr 0.24 Sm™! [23]

conductivity
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catalyst layer due to chemical reaction as the fuel is oxidized.
The reversible heat term gyey o is calculated as:

Qreva = _%7 (43)
where i, is anodic current density and AHg,e is the standard
enthalpy change of formation. The AHy, = —241kJ mol * and
AHco = —283kJ mol™ are taken from Ref. [7] and assumed
constant since no reliable data regarding their temperature
dependence was found.

Since the rate of hydrogen oxidation is assumed three
times faster than that of carbon monoxide, the
AHpye = 3-AHy, + 2-AHco = —251.5k) mol .

The irreversible heat generation in the anode is attrib-
uted to electrochemical reaction that occurs when the
charge is transferred from the electrolyte (ionic) to the solid
(electronic) phase. The irreversible heat term i o is calcu-
lated as:

Qirra = Taeff- Nacta- (44)

The ohmic heat term gonm,a is calculated as:

Johm,a = Osaeff " v ¢s Y ¢s + Tea eff * v <Pel Y ¢e17 (45)

where the og, ofr and geq efr are effective anode electronic and
ionic conductivity. The total heat generation term S, is the
sum Of qrev,ay Qirr,a and qohm,a:

Se.a = Qreva + qirr,a + Qohm.a- (46)

The irreversible heat term @iy in the cathode is calculated
similarly:

Qirrec = Tc.eff “MNact,c (47)

The ohmic heat term gonm ( is calculated as:

Qohm,c = Osc,eff " 6 ¢s . 6 (Ps + Oeceff* e ¢e1 : e ¢e17 (48)

where the o ofr and oec ofr are effective cathode electronic and
ionic conductivity. The total heat generation term Se. is the
sum of Girrc and Gohm,c:

Se.c = Qirrc + Johm,c- (49)

At the left and right side of the anode and cathode catalyst
layer the symmetry condition for electrostatic potential in the
solid and electrolyte phase, velocity, mass and heat flux is
applied, respectively. The interfaces between the catalyst
layers and electrolyte/porous electrodes are modeled with
continuity of the electric current density and heat flux
through these interfaces. The interfaces between the catalyst
layers and porous electrodes are also modeled with continuity
of velocity and mass flux.

Oppositely, at the interfaces between the catalyst layers
and electrolyte, the gas species are not allowed to pass into
the electrolyte layer due to its dense (non-porous) structure,
so the normal components of velocity and mass flux vectors at
these boundaries are zero. At the front (at the fuel/air inlet)
and at the back (at the fuel/air outlet) side of the SOFC the
insulation of the electric current, i.e. the current density
through the surface is assumed zero, is applied. The same is
valid for velocity and mass flux of gas species.

Electrolyte
The charge conservation equation is applied to dense elec-
trolyte in the following form:

v ~<—ael~€ ¢e1> =0. (50)

Right hand side of Equation (50) is zero since there is no
current source within the electrolyte. Only the transport of
oxygen ions is considered here for simplicity. The heat
transfer through the electrolyte layer is modeled by the
following equation:

6'(ke1'€T>+Ue1'€¢el'€¢e1201 (51)

where the ke is specific thermal conductivity and o is specific
ionic conductivity of dense electrolyte. The heat source is
attributed to losses due to ionic charge transfer through the
electrolyte with finite g¢.

As mentioned before, due to non-porous structure of
electrolyte, this layer is impermeable to gases. Thus, the ve-
locity and mass flux components normal to the electrolyte
surface are zero. The continuity boundary condition for ionic
current density and heat flux is applied at the interfaces be-
tween the electrolyte and catalyst layers (anode and cathode).
Other surfaces of the electrolyte are insulated to ionic current
density by setting its normal component to zero.

Contacts with interconnects

The metallic contacts with interconnects allow the current
collection and transport to external electric (ohmic) load that
is powered by the SOFC. The modeled contacts with in-
terconnects also form gas chambers of the SOFC. The charge
conservation equation is used to model electric current den-
sity within the contact layers:

6-(7%-6%):07 (52)

where o, represents conductivity of the metal. Obviously,
there is no current sources or sinks within the modeled
contacts.

Furthermore, energy conservation equation is used to
model ohmic heating within the contacts:

i(km-GT)Jramﬁquid)S:oi (53)

It is assumed that Crofer® 22H [24] high-temperature
ferritic stainless steel for SOFC applications is used as inter-
connect material. The thermal conductivity k., is about
26 W m~! K~ and specific electric conductivity o, is about
9x10°Sm*at T =800 °C.

The boundary conditions for constant electrostatic poten-
tial (¢s) are applied on the top (cathode) and bottom (anode)
interconnect surface of the SOFC:

¢s,c = Vecells (54)

¢s,a =0 (55)

The continuity of electric current density and heat flux is
applied at the interfaces between the contacts and porous
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electrodes. It should be pointed out that convective heat
transfer is not allowed due to applied no-slip boundary con-
dition for velocity of gases inside the chambers. Only the
conductive heat transfer between the contacts/interconnects
and gases is allowed. The radiative heat transfer boundary
condition is added on the top, bottom, front and backside of
the modeled SOFC structure when the influence of thermal
radiation is studied:

Praa :8'0_'(T‘4*T‘§mb): (56)

where P,q is radiative power density (in W m™2), ¢ is emis-
sivity constant (between O and 1), o is Stefan constant
(5.67 x 1078 W m~2K~*), T is temperature at the surface, Tamp
is ambient temperature.

Results and discussion

The 3-D modeling of SOFC described in the previous sections
is continued with simulation results with some discussions.
Fig. 2 shows the calculated current/power density (J/P) char-
acteristic as a function of SOFC's output voltage. The J/P
characteristic in Fig. 2 is compared to that in Fig. 5, presented
by P. Aguiar et al. [6]. Similar values (] = 8934 A m™2 at
Veen = 0.5 V, or Py, = 4521 W m™2, Fig. 2) can be noticed
(approximately ] = 8500 A m? at Vey = 05 V, or
Pmp = 4400 W m™? at T = 1073 K and Ur = 0.85, Fig. 5 [6]).
Moreover, the results presented by H. Zhu et al. [25] also show
that the methane-fueled SOFC can generate maximum power
density Pr,p = 3200—4200 W m2if operating voltage Ve is set
to about 0.5 V and the current density ] = 6000—8000 A m2
The J/P characteristic can be very useful when SOFC oper-
ates as electric generator and as much as possible power
needs to be extracted. The maximum power point (Pp) can be
predicted from simulation results when the scan over the
output cell's voltages (Vcen) is performed. As can be seen in
Fig. 2, the Py, occurs when Ve is 0.55 V. This indicates that
the output power density (P) decreases if the Ve is below
0.55V, regardless the current density (J) increases. The latter is

0.3 0.4 0.5 0.6 0.7 0.8 0.9
12000 6000

10000 l 5000

8000 H-rvveriverens :\‘ 4000
6000 -8 N . 3000
4000 \\ \\' 2000
2000 - \. 1000

—a— Current density (J)
—e— Power density (P)
0 T g T 0
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Current density J (A m_z)
Power density P (W m™)

Output voltage V,, (V)

cell

Fig. 2 — Current (J) and power (P) density of the modeled
solid oxide fuel cell (SOFC) as a function of output voltage
(Vcen)- The maximum power density (Pr,;p) is reached at
Vcell = 0.55 V.

also dangerous since the generated power is thermally dissi-
pated within the SOFC structure (mainly within the electrolyte
and catalyst layers due to the high potential drop, but also
within porous electrode layers and contacts) and the tem-
perature T of the SOFC can potentially exceed the maximum
operating temperature that is about 1000 °C [3]. This can lead
to degradation or, finally, to failure of a realistic SOFC.

Fig. 3a) shows surface temperature distribution of the
modeled SOFC structure at maximum power point Py, It can
be noticed that the temperature gradually increases from the
air/fuelinlet side towards the middle of the structure since the
heat exchange between the SOFC structure and its sur-
roundings is allowed by the air/fuel flow through the cham-
bers. In other words, the flow of air/fuel carries away the heat,
i.e. ohmic (due to electric current), reversible and irreversible
(due to chemical and electrochemical reactions), generated
within the structure. The temperature slightly decreases from
the middle towards the air/fuel outlet side since the heat is
also exchanged through the surface by the thermal radiation.
It is assumed that emissivity constant ¢ is equal to 0.8.
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10715
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Fig. 3 — Surface temperature (in Kelvin) of the modeled
solid oxide fuel cell (SOFC) a) at maximum power point
(Pmp = 4521 W m~?) and b) at low output power

(P =930 Wm™).
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However, it should be pointed out that the temperature
inside the SOFC can also drop below the temperature of inlet
gases or/and the temperature of ambient, especially at low
current (power) densities, as shown in Fig. 3b, due to internal
methane reforming reactions. The methane reforming is
endothermic reaction that consumes the heat, thus the tem-
perature is locally lowered. Fig. 4 shows a) temperature T,
reforming and shift reaction rate Ry/s, and b) mole fractions X;
of gas species along the x-axis at the interface between the
porous anode and anode catalyst layer. It can be observed that
the temperature close to the fuel inlet (at x = 0 mm) is lowered,
since the reforming reaction rate is high due to high mole
concentration of methane. As the methane is gradually
consumed along the fuel channel, the reforming reaction rate
decreases, and the temperature increases. However, if the
current (power) density is higher, the locally produced heat is
higher than consumed by reforming reaction, and the tem-
perature is higher than the ambient temperature of 1073 K
elsewhere within the modeled SOFC structure, similarly as
seen in Fig. 3a.

Please note that R; should be calculated by inserting the Ry/s
into the Equations (14)—(18). The lower absolute values of R; in
this case are possibly attributed to lower temperature (1073 K
in this study versus 1123 K in Ref. [7]) that influences the k;".
The k; is about three times lower (as can be seen in Table 5)
and, considering Equation (12), the calculated R, is lower.
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Fig. 4 — a) Temperature T, reforming/shift reaction rate R/,
and b) mole fractions X; of gas species along the x-axis at
the interface between the porous anode and anode catalyst
layer of the modeled solid oxide fuel cell (SOFC).

From the results, it can be concluded that the reforming
and shift reactions influence the temperature distribution
within the modeled SOFC structure.

The main goal of the following test is to verify if the reac-
tion rate model is consistent and reproduces comparable re-
sults to those from literature. A similar operating conditions
to those in Ref. [7] are set in the following simulation to verify
if the molar rates of formation match closely: the ambient
temperature (Tamp) is 1123 K (850 °C), the thickness of anode
support layer (ds) is 2 mm, the current density ] is about
0.3 A cm~2. The other input parameters are the same as those
in previous calculations. Fig. 5 shows the temperature T and
molar rates R; of formation for all gas species within the
porous anode support layer as a function of z-axis at the fuel
inlet (x = 0 mm) of the modeled SOFC. The R; = —70.98, +65.27,
+5.71, +218.65, and —76.69 mol m~3 s~* for i = CH,, CO, CO,,
H,, and H,0, respectively, at the interface between the anode
gas chamber and anode support layer (at ds = 0 mm). These
values are similar to those presented in Ref. [7], but the profiles
of R; along the z-axis differ, probably due to mismatch be-
tween the models (3-D model in this study vs. 1-D model in
Ref. [7]) and differences between some of the input parame-
ters. It can be seen the minimum temperature (Tmin = 1120 K)
is reached close to the middle of the anode support layer (at
ds = 0.92 mm). This local minimum at x = 0 mm (global min-
imum is at 0 mm < x < 20 mm as already seen in Fig. 4a) is
expected since the methane reforming is endothermic reac-
tion that consumes the heat. The T is locally lowered to the
level that establishes sufficient temperature gradient for heat
transfer according to the boundary conditions (the inlet tem-
perature is bounded at 1123 K) and effective thermal con-
ductivity of porous anode (ksaerr = 3 W m~* K~?%). The local
minimum of temperature gradient AT/Azy;, = —10,000 K m~?
(AT/AXpin = —3500 K m™Y) is observed at d; = 0 mm, whereas
the AT/AzZmax of about +6400 K m~! and +7800 K m™? are
observed within the porous anode catalyst layer and electro-
lyte layer. These high temperature gradients are critical since

1125 + + L L 250
T
1124 ", CH, L 200 +
., -_—— - (O @
o £
1123 Ty oL 150 <
o R e H, g
AU L R 2 ) P — H,0 | e
g 122 Anode support layer - 100 g
2 1121 A ~ g ; S o E
£ Anode gas S e e e e e Anode &
= khamber : : catalyst o
1120 4 T. T fayer 0 g
min H
119 e —— 0 2
e :
1118 : : T -100
0.0 0.5 1.0 15 2.0

z-axis, d (mm)

Fig. 5 — Temperature (T) and molar rates (R;) of formation
for gas species within the porous anode support layer as a
function of z-axis at the fuel inlet of the modeled solid
oxide fuel cell (SOFC). The ambient temperature (T,mp) is
1123 K (850 °C), the pressure (p,e) is 1.013 bar, the output
current density (J) is about 0.3 A cm~2 at cell's voltage
Vcell = 0.85 V.
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the coefficient of thermal expansion (CTE) mismatch between
the porous anode and the electrolyte layer has been widely
reported to be the main cause of thermomechanical failure of
SOECs [26].

Moreover, thermal stresses at the interface between the
ceramic sealant and metallic interconnect in planar SOFC
stacks may cause failure of sealing with excessive deforma-
tion, leading to gas leakage and electrochemical performance
degradation [27]. However, it can be concluded that the SOFC
model including the steam reforming and shift reactions
makes sense since the simulation results give more accurate
spatial distributions of temperature and its gradients.

The thermal radiation, which is included with Equation
(56) in SOFC model A, is disabled at the top, bottom, front and
backside of the calculation domain, if considering SOFC model
B. The radiative heat flux is zero at the left and right side by
default since a symmetric calculation domain within the
modeled structure is chosen.

Fig. 6 shows a) the temperature profiles and b) temperature
gradients along the x-axis at the interface between the porous
anode and anode catalyst layer at different SOFC's output
voltages Ve, considering model A with, and model B without
thermal radiation. The differences between the temperature
profiles obtained from the model B and model A increase with
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Fig. 6 — a) Temperature profiles and b) temperature
gradients along the x-axis at the interface between the
porous anode and anode catalyst layer considering SOFC
model A with, and model B without thermal radiation. The
output voltage Ve is varied from 0.7 V to 0.9 V.

increasing (decreasing) the ] (Veen) due to increased heat
generation since a higher temperature within the structure is
needed to achieve thermal equilibrium with surroundings
when using the model B instead of model A. It can be seen in
Fig. 6a the difference between the temperature distributions
within the calculation domain of the model B and model A can
be very high (AT = 270K at 1 = 100 mm, Ve = 0.7 V). Similar
difference is obtained if the maximum temperatures along the
x-axis are compared (Tmaxp = 1358 K Vs. Traxa = 1091 K).
Moreover, it can be noticed that the Trmax s = 1085 °C critically
exceeds the maximum operating temperature of a realistic
SOFC, if it is supposed to be about 1000 °C. Since the input
parameters in Tables 3 and 5, the diffusion coefficients D;; in
Equation (4), the anodic/cathodic current density iy in
Equation (35), etc., are temperature dependent, the SOFC
model B may also produce inaccurate results and might be
inappropriate for high-temperature operating conditions. For
example, the current density of the SOFC, considering model
A, Ja = 1878, 3909, 5749 A m~2, whereas the current density,
considering model B, Jg = 1860, 3769, 5346 A m~2 at Veen = 0.9,
0.8, 0.7 V, respectively. As can be noticed, the relative differ-
ence between the current density J5 and Jp is approximately
1%, 4%, 8%, and increases with decreasing the V.. It can be
seen in Fig. 6b that the maximum temperature gradients (AT/
AXmax as) Of the modeled SOFC occur at the fuel inlet
(I =0 mm, Veen = 0.7 V). The AT/AXmax s is about 50% higher
than AT/AXmax,a, Which means that the calculated maximum
temperature gradients might be overestimated if using model
B instead of model A.

Furthermore, by considering high operating temperature
of a realistic SOFC, which ranges from 800 °C to 1000 °C, it is
reasonable to model radiative heat transfer to the surround-
ings, since the local radiated heat, e.g. P,.q = 4137 W m~2 at
€ = 0.8, Tmax,a = 1091 K and Tamp = 1073 K, is high. Please note
that the local radiated heat P,,q4 is also comparable with output
power density (P = 4024 W m2atVep=07V, Fig. 2) of the
SOFC, and it should not be neglected.

Similar conclusions have been made by L. Petruzzi et al. [5].
The main difference (beside some differences between
models and fuel compositions) is that the co-flow configura-
tion of the SOFC is used in this study, whereas the cross-flow
configuration is used in Ref. [5]. However, the electrical power
(P=3127W m~2at Veep = 0.8 Vand temperature about 800 °C,
Fig. 2) of the modeled SOFC is similar to the electrical power
(P=3200W m ™2 at Ve = 0.8 V and temperature about 800 °C),
which is reported in Ref. [5].

The temperature profiles in Fig. 6a, obtained by using SOFC
model A, are also similar to the temperature profiles at fixed
distance from air inlet, as can be seen in Fig. 12, presented in
Ref. [5]. The comparison is reasonable since the inlet velocity
Uine = 1.0 m s7! of air provides sufficient mass fraction of
oxygen along the cathode chamber in this case (in co-flow
configuration) and insignificantly influences the output cur-
rent density J and total heat generation, so it is assumed that
different configuration is irrelevant.

For example, the difference between the maximum and
minimum temperature AT is 10—20 °C and the maximum
temperature Tmayx is observed approximately in the middle of
the SOFC in both cases. The values of temperatures are also
similar, which implies that the results in this study are in
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accordance with the results, which were presented by the
other researchers [5]. Due to these arguments, the SOFC model
A is used in the following.

When a realistic SOFC operates as an electric current
generator, it is also important to be controlled in such way to
achieve the desired output power and to utilize the inlet
mixture of fuel gases (hydrogen, carbon monoxide and
methane for this case) as much as possible. In other words,
the ratio between the outlet and inlet mole fraction of a fuel
gas should be as low as possible. The fuel utilization (Ug) may
be controlled by adjusting the inlet velocity and composition
of gas mixture [28]. However, it is crucial that the maximum
temperature and temperature gradient within the SOFC are
not exceeded during the operation. In the following, the op-
timum operating point of the SOFC is studied in terms of
chemical-to-electrical conversion efficiency (n.) combined
with Us. The ne is formulated with:

Ne = Pel,out _ 2'F'Icell 'Vcell
¢ Pch.in //"/- AI_Ifuel : ireac -dx- dy -dz ’

Anode

(57)

where the P oyt is output electrical power (product of current
I.en and voltage V.e) dissipated on SOFC's load, Py in is input
power that is proportional to the standard enthalpy change
and rate of the chemical reactions (oxidation of hydrogen and
carbon monoxide) within the anode active layer. The ireqc is
reaction current density (in A m~3) that has to be integrated
over the volume of anode active layer. In this case, solely the
chemical-to-electrical conversion efficiency is considered.
The overall conversion efficiency of a SOFC can be formulated
in a different way when the efficiency of whole power plant
(including gas turbines, reactors, heaters and inverters) is
considered [29]. The Ut is formulated with:

Us=1

_ 4"YiCH4,out + Yin.out + YiCO.out (58)
4-NcH, in + N, in + Ncojn

where the 1ifin and g o are the total molar fluxes (in mole per
second) of fuel gas species at the fuel inlet and outlet side. The
multiplying factor of four is applied since one mole of
methane (with one mole of water steam) produces three
moles of hydrogen and one mole of carbon monoxide during
the steam reforming reaction, Equation (10).

It should be noted that Ur is applied to gas species that are
directly (oxidation of hydrogen and carbon monoxide) and
indirectly (steam reforming reaction of methane produces
hydrogen and carbon monoxide) involved in electrochemical
reactions.

Fig. 7a—d shows the power density (P), fuel utilization (Uy),
electrical (ne) and total conversion efficiency (nt = Us x ne) of
the modeled SOFC as a function of output current density (J)
and velocity of fuel gas (Vin,a) at the anode inlet. The J ranges
from 1000 to 10,000 A m~2, which is a common value of J for
realistic SOFC under operation [3]. The vin, is varied from
0.2ms 'to 1.0 m s * by increments of 0.1 m s~* to study P, U,
Ne, Ntot- AS can be seen in these plots, the maximum power
density (Pmp), fuel utilization (U, max), electrical (ne, max) and
total conversion efficiency (ntot, max) are not coincident. It can
be noticed that the Py, occurs at lower J (around 8000 A m )
than Ug, max OT NMiot, max, Which means the J must be higher than
the J at Py to achieve Ug max OF Mo, max- The latter is

undesirable in terms of increasing the temperature and tem-
perature gradients within the structure, as discussed previ-
ously. However, if the excessive heat is recycled by other
components of the power plant (e.g. reactors or steam tur-
bines), this could be beneficial in terms of increasing the
overall conversion efficiency. It can be also noticed that
increasing the v, , from 0.3 m s7* to 1.0 m s ! is inefficient
since the Ut (at Pmp = 4500 Wm ™2, ] = 8200 Am ™2, Ve = 0.55 V)
drops from around 0.68 to only 0.11, whereas the P of the SOFC
is just slightly increased (by 0.1% relatively). The n. drops with
increasing the J (from 0.72 at 1000 A m™2 to 0.31 at
10,000 A m~?) and is almost independent on the variation of
the Uin, from 0.3 m s * to 1.0 m s~ The ny drops with
increasing the vin, (from 28.5% at vina = 0.3 m s7! and
J=8200 Am 2t04.5% at Ui, , = 1.0m s * and ] = 8200 A m~?)
or/and decreasing the J (from 28.5% at ] = 8200 A m 2 and
Uina = 03 m s ' to 1.4%/0.3% at ] = 1000 A m ? and
Uina=03ms /1.0ms™).

Please note that the results for vj,, < 0.2 m s~* are not
shown in graphs since ] saturates at lower value than
8200 A m 2, since almost all fuel gas is used (Ug = 1 if all fuel
gas was used).

The P, = 4500 W m~2 also cannot be reached if almost all
fuel gas is used. In this case, the power density P drops
abruptly since the anode concentration overpotential be-
comes so large that no fuel can reach the anode TPBs [25].
Moreover, the operating conditions at Uf = 1 are undesirable
due to degradation processes that might occur when the local
fuel starvation and the anode reoxidation within a realistic
SOFC are present [30].

It can be concluded that 0.3 m s™* < vj, , < 1.0 m s~ * results
in lower Us and 1o, Whereas 0m s < Ui, o < 0.2 m s~ * results
in lower Ppn,. The SOFC should operate around its Ppy,
(J = 8000 A m~2), while the vj, , needs to be properly controlled
(0.2m s " <Ujnn <0.3m s ) to achieve high Pp,p,, Uy, ne and nior.
These results are very important when designing control for
realistic SOFC since they show the guideline for setting
appropriate inlet velocity of fuel gas (Uin,a). As can be seen, the
Uina = 0.3 m s~! ensures that the current density J should
safely vary from 1000 A m~2 to 8000 A m~2 without local fuel
starvation, whereas high Pr;,, Us, ne and n¢o: can be achieved.

Fig. 8a—d shows the maximum temperature (Tmax),
maximum temperature gradient (AT/AXmax), X-axis (l) where
the Tmax and AT/Axmax OcCcur, respectively, as a function of
output current density (J) and velocity of fuel gas (Vin,a) at the
anode inlet. As can be seen in plot a), the Tp,,x monotonically
increases with increasing the J, which is expected due to
increased heat losses. The Tmax Within the SOFC structure is
about 50 K higher than the ambient temperature and the
temperature of inlet gases (specified with boundary condi-
tions) at] = 10,000 A m~2. A similar observation can be made in
plotb), since the AT/AXmax also increases with increasing theJ.
The AT/AXmay is about 13,500 K m ™~ atJ = 10,000 A m 2. As can
be seen in plot c), the Ty occurs at different location within
the SOFC regarding the J and vip, 5. The Tiax is shifted from the
outlet (at | = 100 mm) atJ = 1000 A m 2 towards the inlet (at
1 =0mm)at]= 10,000 Am~—2

For example, Tpax is shifted from | = 98 mm at
J=1000Am ?tol =28 mmatJ = 10,000 Am 2if Ui, = 0.5m
s~1. A slight spatial shift of Tpay (€.g. from 1 = 52.5 mm to
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Fig. 7 — a—d): power density (P), fuel utilization (Uy), electrical (n.) and total conversion efficiency (1) of the modeled solid
oxide fuel cell (SOFC) as a function of output current density (J) and velocity of fuel gas (i, ) at the anode inlet.

[ =425 mm at ] = 5700 A m*2) is also observed if Vi, is
increased from 0.2 m s ' to 1.0m s~ . It should be stressed that
the AT/AxXmax Occurs predominantly at the inlet, but it also
occurs at the outlet of the SOFC when the ] ranges from
1000 A m~2t0 2000 A m ™2, as can be seen in plot d). Depending
on operating conditions, the Tmax (AT/AXmax) Occurs at
different locations within the SOFC. Moreover, the AT/Aymax
or AT/AZmax (AT/AYmin OF AT/AZpy;iy) are also very important
(not shown in plots) since they may be even higher (lower)
than AT/AXmax (AT/AXmin), @s shown in this study and also in
Ref. [9], so it is necessary to use 3-D model to find out the most
critical temperature gradient.

For optimum control, it is crucial to obtain accurate
maximum temperature and temperature gradients, and their
location. Since the number of thermocouples within a realistic
SOFC is limited and the locations, where the thermocouples
measure the temperature, are fixed, it is impossible to get the
exact values of maximum temperature and temperature

gradients. The presented 3-D model thus gives us valuable
data for estimation of maximum temperature and tempera-
ture gradients when soft sensors [31] are implemented to
control a realistic SOFC more efficiently.

However, a complete control design requires development
of the model-based controller, e.g. model predictive control
(MPC) [32] might be appropriate for SOFC system, which is
needed to capture dynamic behavior during the operation of a
realistic SOFC. Future work thus demands implementation of
the 3-D dynamic model [33] for single, planar, anode-
supported SOFC, including the development of control
strategy.

Conclusions

An advanced, three-dimensional (3-D), steady-state, thermo-
fluid model of a single, planar, anode-supported, solid oxide
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Fig. 8 — a—d): Maximum temperature (Tmax), maximum temperature gradient (AT/AXmax), and x-axis (I) where the Tp,.x and
AT/AXmax Occur, respectively, as a function of output current density (J) and velocity of fuel gas (vin,») at the anode inlet.

fuel cell (SOFC) has been implemented in software package
COMSOL Multiphysics® 4.3 and presented in details. The in-
ternal steam reforming of methane and water-gas-shift
chemical reactions are considered in the model.

The simulation results show that modeling of the radiative
heat transfer is necessary when the SOFC operates at high
temperatures, in the range from 800 °C to 1000 °C, since the
radiative terms become significant. The power density (P), fuel
utilization (Uy), electrical (ne) and total (niy) conversion effi-
ciency are studied at different current densities (J) and inlet
velocities (vin o) Of fuel gas. The simulation results show that
the maximum P is not coincident with maximum Uy or 1. if
the vip 5 is varied. It is also shown that increasing the vin 4
beyond 0.3 m s~ has small gain on the maximum P, while the
Ur and myot drop significantly. Conversely, decreasing the vin 5
below 0.2 m s~* lowers the maximum P. It can be concluded
that the J and vip 5 have to be controlled precisely to obtain

maximum P, U, ne and my if it is considered that the inlet
composition of fuel gas is fixed. The latter should be varied
with special care in practice since the steam-to-carbon ratio
(STCR) has to be higher than two to prevent solid carbon
deposition. Various inlet compositions of fuel gas should be
addressed in the next paper by considering also the influence
of SOFC's geometry on the performance parameters. The re-
sults also show that the maximum temperature (Tmax) and
maximum temperature gradient (AT/AXmax) occur at different
locations within the SOFC depending on the J and Uiy .. The
presented model thus helps to predict the Trax (AT/AXpmayx) and
its location within the SOFC. The most important gain is
valuable data for efficient control of a realistic SOFC with
reduced number of thermocouples for temperature mea-
surements. However, dynamic model of the SOFC is needed to
develop appropriate control strategy. The future work will
focus on dynamic modeling and control of a realistic SOFC.
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