Multiphysical modelling of planar solid oxide fuel cell stack layers
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HIGHLIGHTS

e SOFC modelling by well-defined and complete parameter data set.

o Extensive model validation by temperature tracking and gas conversion measurements.

o Detailed comparison of ASC and ESC cell design.
o Precise quantification of heat sources during SOFC operation.
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Anode supported (ASC) and electrolyte supported cells (ESC) represent the most common cell concepts in solid
oxide fuel cell (SOFC) technology. In ASCs, mechanical manageability is provided by a porous nickel/yttria-
stabilized zirconia (Ni/YSZ) substrate, whereas in ESCs a self-supporting dense YSZ electrolyte is applied.
Naturally, the electrical loss contributions arising in ASCs and ESCs differ in quantity, leading to different
temperature profiles within planar SOFC stacks.

A two-dimensional, finite element method model was developed which considers the underlying chemical and
physical processes, and calculates both the electrical performance and the thermal distribution of planar SOFC
stack layers operated with reformate fuels. It was then validated by comparing simulation results with exten-
sively measured (i) temperature profiles in SOFC stacks, (ii) gas composition changes along the fuel gas channel

of planar ASCs, and (iii) current-voltage characteristics in a temperature range from 650 °C to 800 °C.

The subsequent numerical study reveals (i) the different performances of ASC and ESC, (ii) the impact of
operation conditions on performance and temperature profile and (iii) how the individual loss contributions
generate temperature distributions in the stack layer.

1. Introduction

Planar stack configurations of solid oxide fuel cells (SOFCs) have
attracted much attention in recent years. Compared to tubular stacks,
they are simple and affordable to fabricate. Additionally, planar stacks
allow the highest power density of all stack configurations, attributed to
low in-plane ohmic losses [1,2]. However, the operation of planar SOFC
stacks remains challenging. Delamination or crack formation caused by
thermomechanical stresses due to an inhomogeneous temperature dis-
tribution within the stack have to be especially avoided [1,3,4].

Among self-supporting cell concepts, the most common are anode-
supported (ASCs) and electrolyte-supported cells (ESCs), where their
mechanical stabilities are provided by the nickel/yttria-stabilized zir-
conia (Ni/YSZ) substrate and by the YSZ electrolyte, respectively. Due to
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the low ohmic losses of their thin film electrolyte (approximately 10 pm
[51), ASCs enable operation in a lower temperature range (500-800 °C)
[2,6] than for ESCs (850-1000 °C) [5], and also with higher current
densities. Despite these ASC advantages, ESCs are still used in a number
of SOFC systems on account of their low susceptibility to anode
re-oxidation and the strong mechanical support from the solid electro-
lyte layer [7,8].

The temperature distribution within a SOFC stack results from heat
sinks and heat sources, caused by endothermal and exothermal (electro-)
catalytic reactions as well as by Joule heating due to ohmic and polari-
zation power losses. These processes strongly depend on the local tem-
perature. When using pre-reformed or even pure hydrocarbon fuel gases,
the catalytic reforming of these gases at the nickel surface within the
anode [9,10] has also to be dealt with. Consequently, the complex



interrelation between local gas composition, temperature and current
density distribution, catalytic reactions, charge transfer and the transport
of heat, mass and charge must all be considered when describing SOFC
stack performance.

Numerous 3D models and simulations have been published, each
pursuing different objectives. For example, Achenbach [11] presented
the first three dimensional (3D) and nonstationary model of a planar
SOFC stack under hydrocarbon fuel operation, evaluating cell efficiency
under co-, counter- and crossflow configurations. Studies from Yakabe
et al. [3] and from Recknagle et al. [12] focused on the determination of
thermal stresses within a stack layer based on simulated temperature
profiles. Nishida et al. [13] presented a validated 3D stack model,
capable of revealing cell performances depending on their locations
within the stack. Anderson et al. [14] analyzed the current density
distribution in a 3D stack under Hy/H50 operation. All these studies
provided an important background for further investigation. However,
none of the developed models included a detailed description of the
electrochemical and catalytic processes based on an experimental model
parameterization — only this knowledge would allow a comparison of
different cell designs.

The model presented here is based on numerous in-house in-
vestigations, frequently published and herein briefly summarized.
Electrochemical charge transfer and ohmic charge transport were
modeled for stationary and zero dimensional (0D) conditions [15,16],
while a unique parameter data set (elaborated by extensive experi-
mental analysis over a broad temperature range and for various cathode
and anode gas compositions) provided the model parameters. Micro-
structural properties of the porous electrodes are determined by
parameter setting via focused ion beam/scanning electron microscopy
(FIB/SEM) tomography [17,18]. Further applications of this 0D model
have been validated for operation with carbon monoxide asfuel gas [19]
and for steam electrolysis [20]. Model equations and the parameter data
have been implemented into a 2D FEM model, which describes a repeat
unit of a planar SOFC stack (RPU). This RPU integrates the electro-
chemically active cell itself with the metallic interconnector (MIC) (this
model approach was published in Ref. [22]). Furthermore, an
isothermal 2D FEM model was described in Ref. [23], which calculates
gas conversion during hydrocarbon fuel operation along the longitudi-
nal gas flow direction within a SOFC stack layer. Global reaction kinetics
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for the catalytic steam reforming of methane and the water-gas shift
reaction (WGS) [21,22] were integrated in the model. Finally, the model
has been extended by including the energy balance on laboratory scale
[23].

In this study, our extensive analysis on experimental cells is trans-
ferred to stack application by presenting a 2D FEM model of an SOFC
stack layer. Thus, SOFC stack operation is described for the first time by
an (exclusively) experimentally parameterized model. The model con-
siders occurring loss processes (ohmic and contacting losses, activation
and concentration polarization) in every stack layer component and
precisely quantifies coupled heat release by appropriate model equa-
tions. To determine the temperature distribution, heat transport is
considered by reasonable parameter setting for each stack layer
component. The spatial resolution of every cell component enables the
model to compare different cell designs. By the comparison of ASC and
ESC, the impact of cell concept on stack performance and temperature
distribution is revealed. Furthermore, the precise quantification of the
different heat sources elucidates the physical origin of various temper-
ature profiles.

Simulation results have been extensively validated by measured
current-voltage characteristics, fuel gas conversion analysis by gas
chromatographic measurements and by temperature tracking along the
gas channel on laboratory scale. Furthermore, the model’s validity on
the stack level is demonstrated by means of stack test results from For-
schungszentrum Jiilich.

2. Modelling

This study quantitatively analyses the interplay between physical
and chemical processes which impact the performance and temperature
distribution of a planar SOFC stack layer. The 3D geometry of a single
planar anode supported cell (ASC) stack layer is schematically shown in
Fig. 1 (a). A FEM model was developed, which accounts for transport of
mass, charge and heat, electrochemical charge transfer and catalytic
reforming reactions in each cell component. Coupled heat source terms
enable a sophisticated attribution of heat release to corresponding loss
processes and (electro-) chemical reactions.

Since the computational effort needed to render the complete 3D
geometry is immense, gradients perpendicular to the gas flow direction
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Fig. 1. Schematic of (a) the 3D model geometry of a single planar anode supported cell (ASC) stack layer, (b) the test bench model geometry with numerical mesh,
(c) the 2D model geometry with heat sources and boundary conditions with regard to the energy balance equation, and (d) the boundary conditions for species
balance for component i on the anode and cathode sides, as well as for the charge balance equation.



Table 1
Overview of governing balance equations.
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species balance V-Ni+ V-(cit)  Rwacs.i (18)

energy balance puVT+Vyqg Q (38)

(z-direction) are neglected. Thus, the 2D model geometry was homog-
enized in the area of the flow field ribs and the gas channels. This
simplification ignores in-plane diffusion underneath the contact ribs
[24], but saves computing times significantly.

The 2D FEM model is described by the governing model equations
listed in Table 1.

2.1. Mass and momentum balance

Convective flow, driven by a pressure gradient, mainly contributes to
mass transport within the gas channels and the nickel contact mesh. It is
described by the continuity equation (mass balance) (Equation (1)) and
the Navier-Stokes equation (momentum balance) (Equation (2)),
neglecting volume forces. Because of the relatively low flow-velocities, a
laminar and incompressible flow of an ideal and Newtonian gas is

assumed <6p/ap 0,p RLTinMi) [25], see Table 1:
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For describing the flow in the nickel mesh, momentum balance is
extended on the right-hand side, introducing the permeability x. This
and the porosity ¢ are estimated from the nickel mesh geometry and are
denoted in Table 2. Fluid transport properties in this study are deter-
mined in dependence of gas composition, pressure and temperature by
means of correlations, extracted from Ref. [26].

At the air and fuel gas inlet, mass flow rates are fixed (Equation (3)).
The corresponding fluid flow velocity is determined by means of the
cross-sectional flow area A:

- / p(un)dA Mig. 3)

X Xin

At outlet boundaries, constant pressure is assumed (Equation (4))
(Prer  1.013:-10° Pa).

—pl +p(Vu+ (Vu)")

Pret (4)
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To ensure a constant ratio between active cell area and gas channel
volume after homogenization, half channel height is used in the two-
dimensional model.

Table 2
Porosity &, tortuosity T and permeability « for the gas channels, Ni mesh, porous
Ni/YSZ anode and LSCF cathode.

porosity ¢ tortuosity ¢ permeability mean pore
x/m? diameter dpore/
nm
gas 1 1 - -
channels
nickel mesh  0.735 x-direction: 1.76 - 10 ° -
2.2
y-direction:
1
anode 0.415 3.03 [18] 1.7-10 " [27] 820 [18]
substrate [18]
cathode 0.446 1.92 [28] 1.27-10 '° 552 [28]
[28] [29]
2.2. Charge balance
Charge conservation is described by Equation (5):
v-j o %)

The boundary conditions are shown in Fig. 1 (d) and given by
Equation (6) at the top, by Equation (7) at the bottom and by Equation
(8) at each front side of the 2D geometry, respectively:

_n~j|y h j, ©)
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In Equations (6)—(8),]_' depicts the average current density, ¢, the
electronic potential and n the normal vector of the corresponding
boundary. The electrical conduction is described by Ohm’s law for both
electrons and ions:

J 0% Vefion ©

In Equation (9), ¢jon is the ionic potential. The effective electronic
conductivities of the electrodes ¢*" and one condensed ionic conduc-
tivity of the electrolyte and the CGO-interlayer 6" had been experi-
mentally determined over a broad temperature range [19]. Using this
condensed conductivity these two layers are treated jointly in one model
domain (dgysz 10 pm; dCGO 7 pm)

Since the electronic conductivities of the interconnector, the elec-
trodes and the contact mesh are several orders of magnitude higher than
the ionic conductivity of the electrolyte, the main part of ohmic loss
takes place during ionic transport. The corresponding power loss den-
sity, which is equivalent to the generated heat, is quantified by Equation
10):

p‘ohm,clcc JAQions 10)
where Ag,,, denotes the difference of ionic potential between the
anode/electrolyte and the cathode/electrolyte interfaces.

For the metallic interconnector, an electronic conductivity value is
adopted from Ref. [30] (omic 4.55-10°Sm™'). Ideal contacting is
guaranteed by contact meshes on the cathode and anode sides in the
experimental setup; contact resistance between MIC and cathode surface
is to be expected in stack layer geometry. Hence, the area specific con-
tact resistance ASRcontact is quantified (depending on local temperature
T) by means of experimental values, individually determined for the
selected flow field geometry and material combination [31]:

T
As1em,m/szcm2 17119 exp(—O.O]ZE) . an



2.3. Charge transfer

Charge transfer is assumed to only take place at the electrode/elec-
trolyte interfaces, although in reality there is always a spatial extension
of the reaction into the electrode, which is generally described by the
penetration depth [32]. As the charge transfer reaction and thus also its
penetration depth is highly dependent on the material and microstruc-
tural properties of the electrodes and the operating conditions (tem-
perature and gas composition) its value can vary over a wide range. In
literature the determined penetration depth within Ni/YSZ cermet an-
odes spread from 6 to 20 pm [33-35].

In previous studies, it was demonstrated that depending on the
temperature the penetration depth within Ni/YSZ cermet anodes varies
between 10 pm at 950 °C and 14 pm at 750 °C (xy,0  0.05) [36] and for
the LSCF cathode between 2.3 and 10 pm in the temperature range
between 600 and 900 °C [37]. However, the individual electrode
thicknesses are much larger than the expected penetrations depths.
Hence, the impact of the penetration depth on the performance pre-
diction is assumed to be negligible.

The charge transfer current density jeie is determined for each
electrode by the well-established Butler-Volmer equation [38]:

. . neF”ac el nanac el
Jetel ]O,CI {CXP <aelT“> —€Xp <*( 1*061) T”) :| ) (12)

where a denotes the charge transfer coefficient, n. the number of
transferred electrons, F the Faraday constant, R the ideal gas constant
and T the local temperature. As demonstrated [39-41], we assume that
by supplying a reformate fuel mixture, only hydrogen is directly elec-
trochemically converted, whereas CO is only converted by the water-gas
shift reaction. Thus, the exchange current densities jo ¢ are specified for
the anode and cathode sides as follows:

a b
. sz,an/elec pHgO.an/elec Eacl.an)
,an an €X| o | (13)
JO' 4 Dref ) Pref ) P ( RT
. PO, cat/elec Eucl.cal
cal € . 14
e e ) P < RT > as)

In Equations (13) and (14), the temperature dependency of jg e is
defined by pre-factors y| and the activation energies Ectel. By reaction
orders a, b and m, charge transfer kinetics are expressed depending on
the local partial pressure p; of each involved species. Please note that
every model parameter in Equations (12) - (14) is experimentally
determined by electrochemical impedance spectroscopy (EIS) [19]. The
capability of this parameter dataset to precisely predict cell performance
over a broad range of operating parameters (including SOEC) was
proven in Refs. [20,24].

The activation overpotentials #actel are modeled by potential
balancing at the individual electrode/electrolyte interface in de-
pendency to local electronic and ionic potential ¢ejon and half-cell po-
tentials Ageg,el:

Mact,an (pe_(pion_A(ﬂeq,an (pi.an/clcc) 3 (15)

”acl,cal —Pe + Pion + A(/]eq,cal (pi,cﬂl/elec> - (16)

For a detailed derivation of Equations (15) and (16) the reader is
referred to Ref. [24]. The power losses at each electrode, p. ., (which
originate from passing of the electrochemical double layer), are deter-
mined by Equation (17):

p!&cl,e] jct.el Nactel (17)

2.4. Species balance

For operation with pre-reformed fuels the balance equation (18) is
solved for Hy, H20, CO, CO5 and N3 on the fuel gas side and for O and
Nj on the air side, respectively:

V‘N[ + V'(C,'M) RWGSJ. (18)

The left-hand side of Equation (18) comprises diffusion and con-
vection. Fuel and air are assumed to enter the model domain at a fixed
composition:

i 19)

ci .
RT

In Equation (19), x; i, depicts the mole fraction of component i at the
inlet. Molar density is calculated via ideal gas law. At outlet boundaries,
no diffusive flux is assumed (Fig. 1 (d)):

Nl 0. 20)

X Xout

Gas composition changes due to the electrochemical conversion of
oxygen on the air side:

0, +4e =207, (21)

and due to oxidation of hydrogen on the fuel side:
2H, +20% =2H,0 +4e . (22)

Electrochemical reactions are assumed to only occur at the elec-
trode/electrolyte interfaces. There, the area specific reaction rate r; is
coupled to the current density, jet,cat and jet an, via the Faraday constant F
and an electron balance, derived from Equation (21) and Equation (22),
respectively. Thus, area specific reaction rate is set at cathode/electro-
lyte interface:

Jetcat (23)

-1 -No, ‘cal/elec 7o, 4F

and analogously at anode/electrolyte interface:

Jetan (24)

-1 Ny, ‘an/clcc TH, 2F’

Jetan (25)
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The kinetics of diffusive species transport within the gas channels
and the contact mesh are implemented by Maxwell-Stefan equations
[42]:

n N; — x;N; V,

> SEEAN Ux—(n - 0)~L. (26)
e p
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In Equation (26), w; depicts the mass fraction of component i. The
porosity ¢ and the tortuosity 7 of the respective model domain are listed
in Table 2.

Binary diffusion coefficients D; are determined by the Chapman-
Enskog relation [43]:

15 1 1
(T/K> \/(10 Skg’imo] ') + (10 3kfjmul ')
3 .

In Equation (27), M; denotes the molar mass of component i, o; the
average collision diameter and ©; the collision integral of the compo-
nents i and j.

Due to the comparable length scale of pore diameter and the mean
free path length in the porous SOFC electrodes (Knudsen number be-
tween 0.3 and 0.7), both intermolecular diffusion and Knudsen diffusion
had to be taken into account for an appropriate mass transport kinetic

(27)

2
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approach. This was achieved by the well-established Dusty-Gas model
[44], which covers the gas species balance and momentum balance by
abstracting the porous medium as giant, uniformly distributed mole-
cules. The Dusty-Gas model is implemented in the form suggested by
Zhu et al. [45]:

- ¢iNi —ciN; N; ¢ K

T -Vei - -Vp. (28)
]ZI: Dy Dk Din,i 1 b
i/

The Knudsen-diffusion coefficient of species i, Dy, is calculated
according to Equation (29) [44].

1 8RT
Dk, gdpure \/TM, (29)

An explicit representation of N; within the porous electrodes can be
derived from Equation (28) [45].

n n C: K
N, =D DEMYG - ZDE?GMQDI';J) P (30)

Jjl Jjl

In Equation (30), D,?GM depicts the DGM diffusion coefficients, which
can be represented by an inverse of matrix H:

D™ H ' 31)
The elements of H, hy, are described by Equation (32).
Xk

D,
7 D
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where §;; denotes the Kronecker delta. Our group already published the
required microstructural parameters of the porous electrodes, e.g.
porosity &, tortuosity 7, permeability x and mean pore diameter dpore
(highly relevant for gas transport in porous media). These were deter-
mined by high-resolution FIB/SEM tomography [18,28] and are listed in
Table 2.

Under reformate fuel operation, gas mixture components are con-
verted via the catalytic activated WGS in the anode. Hence, the reaction
rate of WGS, Rwgs, appears in the individual gas species balance ac-
cording to the stoichiometric coefficients:

CO + H,0=H, + CO, AHY -412 kJ/mol' (33)

It is very often assumed that the WGS is at local equilibrium [3,11,
46-48]. However, Kromp et al. [39] showed an influence of WGS ki-
netics on the polarization resistance comparing the impedance spectra of
Ni/8YSZ anodes under reformate fuel operation and hydrogen opera-
tion. In the presented model, the kinetics of the catalytic WGS are
implemented by the volumetric reaction rate in the anode model domain
Rwgs, whereby homogeneous gas phase reactions are neglected [49]. Its
kinetic is determined by means of a global reaction rate, proposed in
Ref. [50]:

1
Rwas  kwas <Pco Pro~ & Pco, PH2> . (34)
g, WGS

Equation (34) reflects forward and reverse WGS. The corresponding
reaction rate constants are related by the equilibrium coefficient Keq,wgs,
which is calculated (dependent on local temperature) using the ther-
modynamic database MALT ® [51]:

4521 K
T

Kegwes — exp <—4.235 + ) +0.0999. (35)

Reaction rate constant for the forward WGS kygs is determined by
fitting an Arrhenius approach to experimental data:

Eqctwas
kwas  Awas €xp <T)’ (36)
where Awgs denotes the pre-exponential factor and E,¢;,wgs the activa-
tion energy of WGS. These parameters were individually set for the used
test cells by analyzing fuel gas conversion along the gas channel. This
analysis was carried out on the test bench, which will be introduced in
Section 3.1. By fitting the Arrhenius approach to the experimental re-
sults in the operating temperature range of 650-800 °C, the parameters
were determined to Awgs 0.027 mol Pa—2 m~ s7! and Eact,was
83.73 kJ mol L. Reaction rate constant for 800 °C according to Equation
(36) is one order of magnitude higher than the value reported by Lehnert
in Ref. [50]. However, in view of high uncertainty of kinetic data for the
WGS reaction in SOFC anodes in literature, this value is still within
reasonable range.

Anodic concentration overpotential is defined by means of a modi-
fied Nernst equation [19] based on the partial pressures of hydrogen and
steam, which are important in the gas channel (GC) and at the ano-
de/electrolyte interface (an/elec), respectively. By multiplying the
concentration overpotential with the charge transfer current density on
the anode side jeyan, the corresponding power loss density pl, ... is
evaluated:

RT PH,0,an/elec PH,,GC | .
| 50, ,
Peone =In ————— | - (37)
oneim 2F " PH,0,GC PHy an/elec "

2.5. Energy balance

For spatially resolved determinations of temperature profile, the
energy balance is implemented in the model framework:

pe,uNT+V-q O (38)
Simulations are performed assuming fixed gas inlet temperatures:

T| Tin, (39)

X Xin
and adiabatic boundary condition at the outlets and at the front sides of
the stack:

gl ., O (40)

To account for the thermal interaction between the adjacent stack
layers, a symmetry heat condition is set at top surface (y  h) and bottom
surface (y  0) of the model domain:

-nql, ,  nql o (41)

Heat conduction vector q and convective heat transport, consisting of
the density p, the specific heat capacity c, and the fluid flow velocity
vector u are denoted on left-hand side of the energy balance (Equation
(38)). Convective heat transport is solely considered in the gas channels
and in the contact mesh, while it is assumed that heat is transported only
by conduction in the solid components of the geometry. The influence of
surface-to-surface radiative heat transfer across the gas channels (y-di-
rection) was found to be negligible, based on an estimation which
considers the flow field and cell surfaces to be black bodies [52]. In the
theoretical case of black bodies, the maximum amount of heat is
transported via radiation. Due to the small-scale channel height and the
high thermal conductivity of the interconnector material (see Table 3),
less than 2.5% of heat is transported by black-body radiation. Con-
cerning radiative heat transfer along the flow gas direction (x-direction),
small view factors of solid surfaces lead to a negligible radiation
contribution. Conductive heat transport is modeled by Fourier’s law
[53]:
. 2

Ay

—kVT. (42)



Table 3
Average thermal conductivities of solid stack components (valid for T =
500-1000 °Q).

Solid material phase Thermal conductivity k/Wm 'K ?

MIC (Crofer 22 APU) [30] 24

Ni [56] 90.7

Au [26] 317

8YSZ [57] 2

LSCF [58] 3.2

Al,03 [59] 8.773 -3.3-10 ® T/K

In Equation (42), q is defined by the heat conduction vector Q per
unit area normal to heat flux direction A, . Heat transport properties of
the porous electrodes and the contact mesh are reflected by effective
thermal conductivities k", These effective thermal conductivities are
composed by the conductivity of solid phase kgoiq Which is listed in
Table 3 and the conductivity of fluid phase kqyiq [26]. Effective thermal
conductivity for nickel contact mesh k¢ is specified as:

‘mesh

k:gsh ksolid ( lfemesh) + kﬂuid Emesh - (43)

The effective heat conductivities of the Ni/YSZ anode and the LSCF
cathode were determined by heat transport simulations in the 3D porous
microstructure. Thereby, heat conduction within reconstructed micro-
structures was taken into account individually for each material phase
by means of the thermal conductivities of the bulk phases [18,28]. A
temperature difference between opposite boundaries was set as model
parameter. The solution of this problem is a spaced-resolved heat con-
duction vector. The effective thermal conductivities of the porous media
were evaluated using the dimensions of the model domain, the averaged
heat conduction vector and the temperature difference [29]. A com-
parison of these effective conductivities against analytical correlations
from literature revealed that the Effective Medium Theory (EMT) [54]
showed excellent consistency for the Ni/YSZ anode and LSCF cathode.
According to EMT, the effective thermal conductivity can be expressed
as:

0.25 [(3€c1—1)kﬂuid + (3(1-€a)-1 )ksolid}
+0~25\/[(3gel_1)kﬂuid + (3(1—€a1)-1 kgoiia ]2 + 8knuiaksotia

eff
el

44)

The solid-phase thermal conductivity of the Ni/YSZ cermet anode is
also determined by EMT [55].

In the homogenized model domains, heat is transported by convec-
tion in the gas channels and by conduction in the contact ribs. Since a
significant part of the heat is transported in both components, corre-
sponding transport equations are assigned to the identical model do-
mains, particularly since heat flux direction differs in both transport
paths. Thus, while in the real stack geometry half of the cell surface is in
physical contact with the contact ribs and the gas channel respectively,
in the 2D model it is assumed that the cell is completely surrounded both
with the channel and with the contact ribs. In regards to heat conduction
in y-direction, the cross sectional area normal to the heat flux is doubled
(A lhom 2A Lin;). As described in Section 2.1, channel height is halved
(d¥nom  0.5dyiy) in terms of fluid flow modelling due to the homoge-
nization. As the heat flux in y-direction does not change due to ho-
mogenization (Quomy  Qiniy), the thermal conductivity in y-direction in
the homogenized domains is determined with Equation (42):
—m% 24 L in —kim%/m : (45)

Thus, thermal conductivities in y-direction in the homogenized do-
mains were multiplied by a factor of 0.25:

Kini 0
khom ( 0 0.25 kini) (46)

Heat generation due to electrochemical losses and (electro-)

chemical reactions is implemented by appropriated heat source terms.
Thereby, volumetric heat sources Q° appear explicitly in Equation (38),
while area specific heat sources are implemented as internal boundary
conditions, denoted in Equation (47) for general model domains [ and m:

dr

dr

ma

q. 47)
m

In the following, heat sources terms are listed and discussed in detail.
Fig. 1 (c) depicts all heat sources in regard to their spatial location.

The main part of heat is released due to the electrochemical con-
version at the electrode/electrolyte interfaces, and can be calculated by
entropy balancing [60]. Although the overall reaction is strongly
exothermic, heat is released by the electrochemical reduction of oxygen
at cathode/electrolyte interface (Equation (21)) and consumed by the
electrochemical oxidation of hydrogen (Equation (22)) at the anode/e-
lectrolyte interface under standard SOFC operating conditions. Consid-
ering the electrode reactions, described by Equations (21) and (22), the
molar entropies of the oxygen ions and electrons are unknown. Thus,
attribution of generated heat to electro-oxidation and -reduction can
only be estimated by experimental investigations [61]. However, cor-
responding data is rare in literature and not given for the gas composi-
tions and temperatures that are of interest. Since the dependency on gas
composition at these interfaces should be investigated, entropy transfer
of the overall electrochemical reaction is considered in the model:

q?ev -T (ZSHZO.HH/SICC7 ZSHZ.an/elec* SOZ .cnl/elec)]:;i“v (48)

Because the main part of heat is released by the electrochemical
reduction of oxygen (Equation (21)) [62], g3, is attributed to the cath-
ode/electrolyte interface. The molar entropies of the involved gas spe-
cies S; are specified by Equation (49), assuming air and fuel as ideal
gases [63]:

T i
S, STty put) + o M; 1n< >—R m (49)
Trel' Pret

Therein, S? depicts the molar entropy under standard conditions
(Trer 298.15K,pres 1.013- 10° Pa), cp,i the specific heat, M; the molar
mass and p; the partial pressure of species i. Thus, heat generation due to
the electrochemical conversion is expressed by Equations (48) and (49)
depended on local temperature and gas species concentration. From the
latter dependency it follows that heat sources due to gas diffusion po-
larization are indirectly considered by the resulting gas composition at
electrode/electrolyte interfaces, i.e. the entropy change related to the
gas diffusion.

Irreversibilities accompanied with charge transfer are assumed to
generate heat quantitatively. Thus, heat source g}, is specified by
activation power loss density (Equation (17)) on electrode/electrolyte
interfaces:

qZCl.cl chl.cl : (50)

In the anode substrate, slightly exothermic WGS acts as a heat source
and is quantified by reaction rate Rygs and the molar reaction enthalpy
AgrHygs:

Owes —Rwas ArHwes. (51)

The reaction enthalpy of WGS is calculated depending on local
temperature by thermodynamic data extracted from MALT ® [51]:

T
ArHyas / kJ mol ' 0.0094-2— 44.326. (52)

Joule heating during charge transport is only considered for ionic
conduction in the electrolyte:

S jiz()ﬂ (53)
Qohm.clcc O.cff :

ion



Table 4
Inlet gas flows and fuel gas compositions for validation measurements.

dieselATR [69] H operation (single cell) stack operation (a) ' 0.5 A cm %) stack operation (b) ' 0.41 Acm ?)

V5 (o o) /s 127310 ° 0.833.10 ° 52.167 - 10 52.328 10 °

! 5 5 5 5
Vi (pur. Tug) /s 1 1.107 - 10 1.667 - 10 268.333 - 10 255.257 - 10
uif:el (pthm) /ms ! 2.63 1.72 1.12 1.13
i (pur,Tu) /m's 1 1.72 2.60 5.46 5.24
H, 0.23 0.49 0.9 0.9
H,0 0.24 0.01 0.1 0.1
co 0.13 - - -
CO, 0.03 - - -
N 0.37 0.5 - -

Heat source due to contact resistance is implemented via area spe-
cific contact resistance ASR ontact at interconnector/cathode interface:

I ASchntacl . (54)

s
9 contact

2.6. Model adaption on laboratory geometry

Since the presented 2D FEM model accounts for numerous coupled
physical and chemical processes in the SOFC, a validation requires
various experiments (i.e. local gas conversion, temperature measure-
ments and current-voltage characteristics). Some of these are hard to
perform in a stack. Thus, we adapted the presented model to a sophis-
ticated test bench for single cell measurements [22] and solved the set of
equations with the finite element method. A schematic of this test bench
is shown in Fig. 1 (b). As denoted in Fig. 1 (b) air flow is supplied by an
impinging jet, while fuel gas flows along the active cell area.

The adapted model considers heat transport in the chemically inert
Aly03 (alumina) housing. The corresponding thermal conductivity is
depicted in Table 3. Only heat radiation (Equation (55)) is considered
between housing and furnace atmosphere:

Grad €radOrad (T47 Tg)) . (55)

In Equation (55), €14 denotes the emissivity of Al;O3 which is set to
0.3 [64], oraq the Stefan-Boltzmann constant and T the furnace tem-
perature. Fuel and air are assumed to enter the model domain at furnace
temperature. The Au mesh is added in the model geometry. Corre-
sponding parameters can be found in Tables 2 and 3 The contact re-
sistances of cathode/Au mesh and Ni/YSZ anode/Ni mesh were
determined to be below 5 and 2 mQ cm? respectively [65]; thus the
contact resistances on both electrodes can be neglected in the laboratory
geometry.

3. Test units for validation
3.1. Single cell

The SOFC test cells analyzed in this study are state-of-the-art ASCs with
Ni/YSZ cermet anode, 8YSZ electrolyte, Cey gGdg 202.5 (CGO) interlayer
and a mixed electron and ion conducting Lag 5gSrp.4C0op 2Fep.g03.5 (LSCF)
cathode manufactured by Forschungszentrum Jiilich [2,66,67]. Corre-
sponding layer thicknesses are denoted in Fig. 1 (a).

For single cell tests, these cells are inserted into an AlpOs housing
(Fig. 1 (b)). Gas flow rates are adjusted by digital mass flow controllers
(MFCs). A gas mixing battery enables a variation of inlet fuel composi-
tions with up to five components. Fuel gas compositions and corre-
sponding flow rates are denoted in Table 4. The entire housing is
installed in an oven, which allows the furnace temperature to be varied
independently of operating conditions. In order to monitor the tem-
perature profile along the cell, three thermocouples are installed in the
ceramic housing at 3, 20 and 37 mm from fuel inlet (x-direction) and 7
mm under the Ni contact mesh (y-direction). For in situ fuel conversion

analysis, five small Al;O3 tubes were installed at equal distances along
the anode flow field, through which fuel gases could be extracted and
analyzed with a Micro-gas-chromatograph (Varian CP4900). Ideal con-
tacting is ensured by an Au mesh on the cathode side and a Ni mesh on
the anode side. Further information about the test setup is provided in
Ref. [22].

3.2. Stack

The model is validated with experimental data from an 18-layer
stack of ASCs manufactured and operated by Forschungszentrum
Jiilich. The Jiilich F-design stack consists of an MIC with lateral di-
mensions of 317 x 224 mm, made from ferritic chromium steel by
ThyssenKrupp (Crofer 22 APU), and ASCs with the same cell chemistry
and layer thicknesses as described above. The ASC has an active cell area
Acer Of 190 x 190 mm?. A nickel mesh for anode contacting was inte-
grated between the interconnector and anode substrate. Seven thermo-
couples were inserted 10 mm deep into the MIC plate of an inner layer at
different positions along the gas channel. For model validation we
consider two different current densities under supply of air as oxidant
and 10% humidified hydrogen as fuel (Table 4). Operation results of the
stack used for model validation in this study were published in Ref. [68].

4. Validation
4.1. Single cell

4.1.1. Temperature distribution - Fig. 2 (a)

The measured and simulated housing temperatures agree very well,
and are almost identical to furnace temperature under open circuit voltage
(OCV) conditions . 0 A cm 2. The temperatures rise with increasing
current density up to 764 °C, at current density of 1 A cm 2. The model
over-estimates this temperature increase by up to 20%. The strongest de-
viation is noticeable at the highest current density of 1 A cm 2
The measured temperature is almost constant along the cell, but the
simulation results in a parabolic profile (with maximum temperature in
the center). Besides the simplified 2D model geometry, an important cause
for this deviation is that the complex thermal interactions between the
housing surface and furnace cannot be accurately reproduced by the ra-
diation kinetics (Equation (55)).

The temperature gradient perpendicular to cell plane increases with
the averaged current density, indicated by the temperature difference
between the anode/electrolyte interface and the thermocouple location.
Overall, the capability of the model to reflect thermal distribution in the
single cell setup could be clearly demonstrated for different current
densities.

4.1.2. Fuel gas composition profile - Fig. 2 (b)

Due to the small channel height, any concentration gradient in y-
direction within the gas channels can be neglected, and simulation re-
sults for half fuel-channel height (lines) were used for validation. The



total agreement between simulation and experimental values along gas
flow direction (x-direction) excellently validates the modelling of
viscous fluid flow by Equations (1) and (2), of species transport by
Equations (26) and (28) and of catalytic reforming kinetics by Equation
BD.

In the first section (0-20 mm from gas inlet) the concentration profile
seems to indicate that the WGS reaction (Equation (31)) compensated
the electrochemical hydrogen oxidation. In the section of 20-40 mm
from gas inlet, ongoing electrochemical oxidation (implemented by
Equations (24) and (25)) causes the hydrogen concentration to decrease
and the steam concentration to increase. The monotonous decrease of
the CO mole fraction results from the pervasive WGS reaction (Equation
(33).

In Fig. 2 (b), the simulated mole fraction profiles at the anode/
electrolyte interface are shown in dashed lines. Due to the smaller molar
weight of hydrogen (Hz) compared to steam (H30), hydrogen diffuses
much faster, resulting in an approximately smaller-by-half concentra-
tion gradient perpendicular to the cell plane (dxyu,/dy 31.1m %
0X,0/0y  —59.4m~ 1). In contrast to Ha/H0, CO and CO; are not
converted at the anode/electrolyte interface, but actually within the

entire anode substrate. Hence, the concentration gradients of these two
species are relatively small.

(a) temperature profiles

4.1.3. Current-voltage characteristics - Fig. 2(c) and (d)

Experimental data were available for varying furnace temperatures
(650-800 °C) and for two fuel gases: (i) dieselATR and (ii) 1% humid-
ified mixture of hydrogen (Hy) and nitrogen (N3) (Table 4).

The comparison of measured and simulated CV-curves is shown in
Fig. 2 (c) and (d). The model is able to reflect the temperature depen-
dence of OCV for both fuel gas compositions. For dieselATR as fuel
(Fig. 2 (c)), cell voltage decreases linearly with average current densities
below 1 A cm ™2 for furnace temperatures of 750 °C and 800 °C. Ohmic
losses are predominant for these elevated operating temperatures and
high fuel humidity, while activation polarization is negligible [15]. For
current densities above 1 A cm ™2 a non-linear decrease of cell voltage is
noticeable, attributable to diffusion losses in the anode substrate. This
steep gradient is more visible for furnace temperature To 800 °C than
for To 750 °C, and it is reflected by the model. Under Hy/Ny/H20
operation (Fig. 2 (d)), a steep voltage loss under low current densities is
present, especially at furnace temperature To < 700 °C. This voltage
drop is attributable to polarization [15] caused by electrochemical
charge transfer. The good agreement between measurement and simu-
lation results indicates an excellent display of activation losses via
Butler-Volmer approach (Equation (12)) and the included parameters.
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Fig. 2. Comparison of simulation results (lines) and measured data (symbols) after at least 1-h operation. Furnace temperature Tp = 750 °C; fuel gas flow rate 1.273 -
10 >m3s ! (dieselATR, Table 4, standard condition); air as oxidant with a gas flow of 1.107 - 10 5m®s ! (standard condition).



4.2. Stack layer

The applicability of the FEM model on stack geometries was proven
by means of stack tests, performed by Forschungszentrum Jiilich [68] on
an 18-layer stack of ASCs. The stack was operated with air as oxidant
and 10% humidified hydrogen as fuel in counter flow configuration and
with an average current density of 0.5 A cm™2 and 0.41 A cm™2
respectively (see Table 4). The temperature profiles shown in Fig. 3 and
cell voltage were measured in (and calculated for) the middle layer of
the stack.

Gas flow within the feed tubes is not considered by the model. Hence,
gas inlet temperatures are not predictable and were set in the simulation
to the outer temperature probes. These temperature probes are located
outside of the active cell area.

The model qualitatively reflects the temperature profiles very well for
both considered operating conditions, indicated by mean absolute error
along the MIC length of 9.5 K for average current density of 0.5 A cm ™2
(9.0 K for 0.41 A cm’z). However, around the maximum temperature
under average current density of 0.5 A cm™2, the difference between
measured and simulated MIC temperature is approximately 18 K,
which corresponds to 21% of the temperature increase relative to furnace
temperature (AT 85 K). This deviation is attributable to the simplified
2D model geometry.

Cell voltage U and resulting power output P (Table inside Fig. 3) are
very precisely redacted. Given the good correspondence for most
properties in experiment and simulation, one can confidently regard the
model as valid.

5. Simulation results and discussion
5.1. Power loss densities

The local distribution of the power loss densities pl (Equation (10),

(a)] =0.5 A cm?, Tfuel=757 °C, Tsir="702 °C

820

(17) and (37)) characterize the performance of an SOFC. For the single
cell test setup, the power loss densities and the influences of (i) the
furnace temperature To and (ii) the average current densities j on them
were calculated and revealed by simulations. Inlet gas compositions
were set to dieselATR as fuel and air as oxidant (flow rates shown
Table 4).

The courses of the power loss densities over the channel length,
shown in Fig. 4, clearly indicate a strongly varying temperature de-
pendency of the loss mechanisms. At To 850 °C (Fig. 4 (a) and (d)),
concentration polarization is decisive, expressed by the highest power
loss density along the entire active cell area. Concentration polarization
shows a negligible temperature dependency, while the activation over-
potentials of the electrodes show a moderate dependency, and the ohmic
loss strongly rises with decreasing temperature. Even for the thin elec-
trolyte (delec  dgysz + dcgo 17 pm), ohmic loss dominates for inter-
mediate and low operating temperatures of 750 and 650 °C. Regarding
temperature influence on the activation polarization power losses pl, ;,
the higher activation energy for the cathode (E,ct,cat) compared to the
anode (Eacr,an) [24] leads to there being a slightly steeper increase of
power loss density with decreased temperature.

The increase of the average current density from 0.4 to 1 A cm™2 at
the same temperature reveals a significant increase of total power loss,
whereas the relative contribution of the individual losses remains
approximately constant. This behavior is related to the cell design and
the operating conditions. Neither the diffusion limitation current density
nor a limiting fuel utilization are reached at any point along the gas
channel.

5.2. Comparison of ASC and ESC stack layer arrangements

In the previous section, power losses during SOFC operation were
calculated in dependency of operating conditions. In the following
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Fig. 3. Comparison of simulated (line) and measured (symbols) temperature profiles in the MIC of an ASC stack layer. The stack is operated with 10% humidified
hydrogen as fuel and air as oxidant. Furnace temperature is 700 °C. Simulated and measured cell voltage and power output under the average current density of (a)

0.5 A cm 2 and (b) 0.41 A cm 2 are tabled directly in the diagram.
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Fig. 4. Power loss densities in single anode supported test cell with active cell area of 16 cm?.

section these losses, their attributed heat generations and their conse-
quences for performance data are discussed for both ASC and ESC cell
configurations. For an unbiased investigation, it is assumed that ESC and
ASC differ solely in layer thicknesses and exhibit the same microstruc-
tural and material properties. The layer thicknesses of electrodes and
electrolytes are given in Table 5.

Simulations were conducted with dieselATR as fuel (see Table 4) and
air as oxidant. For describing operation conditions, common key
figures like fuel utilization us,e; (Equation (56)), and air-fuel ratio Air
(Equation (57)), are used throughout the following. Both quantities
relate the electrochemically converted fuel/air amount (j A.) to the
supplied fuel/air amount (Vin}_ neCiin ).

Simulation results in terms of stack layer performance are displayed
by electrical cell efficiency 7 (Equation (58)), which relates the elec-
trical power output P to the chemical energy of the fuel. The latter is
determined by the fuel volume flow rate V,!*' and the lower heating
value of the fuel LHV. Temperature profiles are compared by tempera-
ture increase AT (Equation (59)), which denotes the difference between
maximum and gas inlet temperature. In order to compare volumetric
and area-specific heat sources (Equation (48), (50), (51), (53) and (54))
the total amount of released heat is evaluated by integration over vol-
ume or area, respectively. The integral heat sources Q', are calculated by
Equations (60) and (61). All parameters are defined in Table 6.

Simulation results for a variation of the gas inlet temperature Ti,
between 650 and 950 °C are shown in Fig. 5 for ASC and ESC. The course

Table 5

Layer thicknesses of anode supported cell (ASC) and electrolyte supported
cell (ESC).

ASC ESC
dsyp,an/pm 1500 45
dejec/Hm 17 150
deae/pm 45 45

Table 6
List of parameters for characterization of operating conditions, predicted per-
formance and temperature profile by the model.

parameter description unit equation
fuel utilization usyes j Aca - (56)
Utuel —_—
Vi (2, + 2 )
air-fuel ratio A, V,irg car - (57)
Agie  —5—=
JAcen
electrical cell efficiency 71 P - (58)
e Vm(ue] LHV
temperature increase AT AT Toax—Tin K (59)
integral heat sources Q' Qy JfQdx dy dz w (60)
Q. J¢dxdz w (61)

of cell efficiency over gas inlet temperature (Fig. 5 (a)) reveals a constant
higher performance of ASC as compared to ESC, until a gas inlet tem-
perature of 950 °C when nearly the same power outputs are generated
by both ASC and ESC.

However, the gas inlet temperature influences the electrical effi-
ciency of the two stack layer configurations quite differently. While the
ASC stack layer obtains a maximum power output of 113 W at approx-
imately Ti, 800 °C, the efficiency of the ESC increases monotonously
with gas inlet temperature.

Cell efficiencies increase in the temperature range of 650-800 °C for
both cell designs. In the gas inlet temperature range of 800-950 °C, the
contribution of diffusion polarization increases slightly, which lowers
ASC cell efficiency. In the diagram (Fig. 5 (a)) the corresponding oper-
ating cell voltage U is denoted as the secondary y-axis. For the ESC, cell
voltage is less than 0.6 V for gas inlet temperatures below 800 °C.
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Besides low power output, electrochemical nickel re-oxidation is a risk
at such a low cell voltage [70].
The temperature increases AT in the stack layers (Fig. 5 (b))

inversely follows the electrical efficiency trends (Fig. 5 (a)) with respect
to amount and distinction between ASC and ESC. A detailed look at the
quantities of the integral heat sources due to the individual power losses
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Fig. 6. Simulated temperature profiles along the gas channels within the interconnector for anode supported (ASC) and electrolyte supported (ESC) stack layers (gas
inlet temperature: Tj, = 800 °C; fuel: dieselATR; fuel utilization: ug, = 0.8; oxidant: air; average current density j = 0.4 A cm 2.



(Fig. 5 (c) and (d)) explains the trends and the differences between ESC
and ASC. The main distinction originates from Joule heating in the
electrolyte. Due to the thinner electrolyte in ASC (Table 5), Joule
heating is significantly reduced compared to the ESC (Fig. 5 (c)). With
increasing operating temperature, the ohmic loss process is diminished
by the rising ionic conductivity of 8YSZ, which causes the courses of AT
for the ASC and the ESC to converge.

A further difference between ASC and ESC is visible in the amount of

reversible heat fcv. A relatively low hydrogen concentration and high

steam concentration at the anode/electrolyte interface results from
limiting gas transport kinetics in the anode substrate of the ASC. Ac-
cording to Equation (48), entropy transfer (and thereby heat release by
the electrochemical conversion) increases with decreased partial pres-
sure of hydrogen and increased steam content. Thus, more heat is
released by the electrochemical conversion within the ASC. This effect is
more pronounced for T, 950 °C, since the reversible heat release rises
with the temperature.

5.3. Comparison of co- and counter-flow

Co- and counter-flow of air relative to fuel gas strongly influence the
exit temperatures of air and exhaust gas as well as the temperature
distribution within the gas channel. For ASC and ESC cell designs, this
influence was studied for two air-fuel ratios A,ir (4 and 1.5, respec-
tively). Other operating conditions were kept constant: average current
density was set to 0.4 A cm™ 2, fuel gas conversion to 0.8 and gas inlet
temperature to 800 °C.

Simulation results are shown in Fig. 6 (a) for co-flow and in Fig. 6 (b)
for counter-flow. ASC and ESC cell designs result in qualitatively similar
temperature profiles. In the first section of the ASC stack layer (0-100
mm), the temperature is slightly higher than in the ESC layer under co-
flow operation. The temperature profiles intersect in the stack layer
center (Fig. 6 (a)). Diffusion polarization and gas conversion limit the
electrochemical charge transfer (Equation (13)) in the region near the
fuel outlet of the ASC layer. Hence, a more inhomogeneous current
density distribution is present in the ASC than in the ESC layer, with its
maximum near the fuel inlet (0.67 A cm™~ 2 under Aqxir  4). However, a
higher maximum temperature is obtained from the ESC stack layer. As
discussed above, the higher temperature increase is due to higher heat
release by Joule heating in the ESC. Thus, the application of ASCs en-
ables the reduction of cooling air.

Co-flow exhibits a monotonous temperature increase while the
counter-flow temperature rises to a maximum. Cell efficiencies are
roughly two to five percent (relative) higher for counter-flow (Table 7).
Reducing the air-fuel ratio from 4 to 1.5 leads to an increase of AT in the
range of 35-50 K for the regarded cell concepts and flow configurations.
Under counter-flow operation, the maximum temperature shifts from
the region surrounding the fuel inlet to the center of the stack layer. The
presented results clearly show that co-flow operation is advantageous in
terms of reducing thermal gradients within a stack layer.

5.4. Variation of fuel utilization

According to its definition in Equation (56) fuel utilization ug,e can
be adjusted by the average current density and/or by the fuel gas flow
and composition. For the simulation results shown in Fig. 7 the fuel gas
and its flow rate were fixed and average current density was altered. By

Table 7
Predicted electrical cell efficiency ne for simulations shown in Fig. 6.
nel, ASC e, ESC
Aair co-flow counter-flow co-flow counter-flow
0.47 0.48 0.39 0.41

1.5 0.45 0.47 0.41 0.43

changing the average current density the power output of the stack layer
changes accordingly.

Fig. 7 (a) and (b) show that for ESC the electrical efficiency 7 and
the temperature increase AT linearly increase with fuel utilization over
the fuel utilization range of 0.7-0.95. Meanwhile, ASC shows the same
behavior for low fuel utilization, until a maximum cell efficiency is
reached atup,e)  0.92. For fuel utilization higher than 0.92, the ASC cell
efficiency decreases and the maximum temperature increases non-
linearly.

In the fuel utilization range of 0.7-0.9, the increase of load current
dominates the slight voltage loss due to activation and concentration
polarization and ohmic losses. Consequently, power output P and cell
efficiency 7] increase in this fuel utilization range for both cell designs.

To explain the differing behaviors of ASC and ESC in the fuel utili-
zations range above 0.92, 2D profiles of the partial pressure of hydrogen
pu, were calculated and are shown in Fig. 7 (¢)-(f) for ASC and ESC at
fuel utilizations of 0.7 and 0.95, respectively. For the lower fuel utili-
zation, the hydrogen concentration profile along the fuel gas flow di-
rection is nearly the same for both cell configurations. For a high fuel
utilization of 0.95 (Fig. 7 (d) and (f)), the concentration gradient along
the gas channel (x-direction) is reasonably steeper for both the ESC and
the ASC. However, a steep gradient is generated within the anode sub-
strate of ASC (y-direction). This gradient leads to an inhomogeneous
hydrogen profile at the anode/electrolyte interface of the ASC, which
causes the decrease of electrical efficiency.

In Fig. 7 (g) and (h), integral heat sources are compared for ASC and

ESC. The heat release due to electrochemical conversion Qsev is
approximately the same in both cell designs at ug,e 0.7 but is much
higher for ASC at a fuel utilization of 0.95. As discussed above, more
heat is generated by the electrochemical reaction under low hydrogen
concentration (Equation (48)). Consequently, hydrogen depletion (due
to high gas conversion and high diffusion losses) indirectly influences
thermal distribution within the ASC stack layer at extremely high fuel
utilization.

The presented results clearly show that the electrochemical losses of
ESCs are dominated by ohmic resistance of the electrolyte. Therefore,
optimization can be achieved by thinner electrolyte layers and/or ma-
terials with higher ionic conductivities. On the other hand, the power
output of ASC is limited by diffusion losses within the anode substrate,
particularly in high fuel utilization range. Since diffusion losses decrease
with decreased temperature (Fig. 5), ASC application enables SOFC
operation at lower temperatures. Our study shows that the optimization
of gas transport on fuel side would lead to higher power output and
simultaneously lower temperature gradients within the stack.

6. Conclusions

A 2D FEM model was presented, which calculates both the electrical
performance and the thermal distribution of planar solid oxide fuel cell
(SOFC) stack layers. It necessarily follows that transport equations for
heat, fluid flow and multi-component gas transport are coupled with
equations for catalytic reforming kinetics, electrical conduction, elec-
trochemical charge transfer reactions and associated heat sources. All
model parameters have been experimentally determined using appro-
priate test benches and samples. The excellent validity of the 2D FEM
model has been proven, experimental data were assessed without free
parameter fit. All relevant sub-processes necessary for quantifying
electrical loss and associated heat sources were taken into consideration
and attributed to their physical origins.

The model was validated using experimental data on anode sup-
ported cells and planar SOFC stacks:

e Correctness of simulated temperature distribution was proven by
temperature profiles measured (i) on 16 cm? ASCs and (ii) on one
planar 18-layer SOFC stack.
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e Correctness of implemented (electro)chemical kinetics was proven
by gas conversion measurements at five positions along the fuel gas
channel, via gas chromatography.

e Correctness of simulated current-voltage characteristics was proven
by comparison with measured current-voltage characteristics at
different temperatures (650-800 °C).

The unique strengths of the presented 2D FEM model were proven by
simulation and quantitative performance comparison of anode sup-
ported (ASC) with electrolyte supported (ESC) stack layers with diesel-
ATR as fuel in co-flow and counter-flow configuration:

e The ohmic loss contribution within ESC stack layers is solely
responsible for a lower power output with simultaneously higher
temperature increase within a gas inlet temperature range of
650-950 °C.

For ASC and ESC stack layers, co-flow-operation leads to a smaller

temperature gradient compared to counter-flow-operation. At gas

inlet temperature of 800 °C and fuel utilization of 0.8, the temper-
ature increase for the ASC is 20 K higher for counter-flow configu-
ration compared to co-flow configuration.

e For ASC stack layers, cooling air can be saved compared to ESC. At a
gas inlet temperature of 800 °C and fuel utilization of 0.8, the
maximum temperature within an ASC layer is only 22 K higher than
in an ESC layer, if the air-flow rate is reduced by a factor of 2.7.

o In ASC stack layers the efficiency drops, generating a steep temper-
ature gradient at fuel utilizations above 0.92, which is caused by a
depletion of hydrogen at the anode/electrolyte interface.

It should be noted, that the 2D FEM model is also applicable for many
other SOFC cell materials, cell designs and stack geometries. It is well-
suited for extended parameter studies and thus identifies the “ideal”
operating window for each design option.

The presented study is an important basis for future work as it pro-
vides the detailed modelling of reaction and transport kinetics and
corresponding effects on performance and temperature profile of one
stack layer. This sophisticated modelling approach will be further ho-
mogenized to enable the simulation of an entire 3D SOFC stack with
reasonable computational effort.
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Nomenclature

Al unit area normal to the direction of heat flux
Awags pre-exponential factor (mol Pa2m3sh
Acell active cell area (m?)

abm reaction order in Butler-Volmer approach
ASR oncact area specific contact resistance (Q m2)

B empirical coefficient in Chapman-Enskog approach (m* kg®® s™! K~1° mol'%-%)
ci molar concentration of species i (mol m~3)
cp specific heat (J kg1 K1)

d thickness, diameter (m)

Eact activation energy (J mol™)

F Faraday constant (C mol™1)

ARH enthalpy of reaction (J mol ™)

I unit matrix

current density (A m*2)
average current density (A m’z)

Jjo exchange current density (A m~2)

k thermal conductivity (W m KD

Keq equilibrium coefficient

kwas reaction rate constant of water-gas shift reaction (mol Pa2m3s1)
LHV lower heating value (J )

M; molar weight of component i (kg mol™!)
n normal vector

Ne number of transferred electrons

N molar flux density (mol m2s

P pressure (Pa)

P electrical power output (W)

P power loss density (W m~2)

q heat flux density (W m’z)

Q heat flux vector (W)

q area specific heat source (W m2)

Q° volumetric heat source (W m’?’)

“”

integral heat source (W)

r area specific reaction rate (mol m2s )

R universal gas constant (J mol ! K’l)

Rwas global reaction rate of water-gas reaction (mol m3s
Si molar entropy of component i (J mol ! K1)

u fluid velocity vector (m sH

U voltage (V)

Ufyel fuel utilization

T temperature (K)

1% volume flow rate (m3 s’l)

x,y, 2  Cartesian coordinates

Greek letters

a charge transfer coefficient

y pre-exponential factor in Butler-Volmer equation (A m™~2)
€ porosity

Erad emissivity

n overvoltage (V)

Tel electrical efficiency

K permeability (m?)

u dynamic viscosity (kg m~! s}

Agir air-fuel ratio

p density (kg m™>)

o electrical conductivity (S m

ojj the average collision diameter of gas species i and j (m)
Orad Stefan-Boltzmann constant (W m ™2 K™%)

T tortuosity

@ electrical potential (V)

A @eq half-cell potential (V)
Qj the collision integral of gas species i and j



Subscripts

0 standard conditions

A area specific

act activation

an anode

cat cathode

conc concentration

ct charge transfer

e electronic

eff effective

el electrode

elec electrolyte

fluid fluid phase

GC gas channel

hom homogenized

i gas species i

in inlet

ini initial

ion ionic

(0] furnace

ohm ohmic

out outlet

rad radiation

rev reversible

ref reference

solid solid phase

sub substrate

\Y% volumetric
Abbreviations

ASC anode supported cell
ATR autothermal reforming
CGO Ceo.8Gdo.202.5

DRT distribution of relaxation times
ESC electrolyte supported cell
EMT effective medium theory
FEM finite element method
FIB/SEM focused ion beam/scanning electron microscopy
LSCF Lag,58Sr0.4C00.2Fe0.803.5
MFC mass flow controller
MIC metallic interconnector
OoCcv open circuit voltage
WGS water-gas shift reaction
YSZ Yttria-stabilized zirconia
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