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a  b  s  t  r  a  c  t

A  quasi-two-dimensional  physically-based  model  for the  description  of  transport  and  reaction  in pla-
nar solid  oxide  fuel  cells  (SOFC)  is  presented  in this  study.  Electrochemistry  and  transport  phenomena
in  the  cell  are  locally  described  in  2D  using  mass  conservation  equations  and  well-established  global
electro-kinetics,  coupled  with  the 1D  representation  of gas  channels  in both  co-flow  and  counter-flow
configurations.  The  key feature  of the  model  consists  in  the  numerical  reconstruction,  through  packing
algorithms,  of  the  three-dimensional  microstructure  of each  porous  layer  for  an  accurate  evaluation  of
the  effective  properties.  Coupling  of  a detailed  microstructural  modeling  into the  cell-level  electrochem-
ical  model  allows  the  prediction  of  the  polarization  behavior  from  the  knowledge  of  operating  conditions
and  powder  characteristics,  thus  eliminating  the need  for empirical  correlations  and  adjusted  parameters,
which  is typically  the  weak  point  of  existing  cell-level  models.  The  framework  is  used  for  the  simula-
tion  of a  short  stack  of  anode-supported  cells  with  LSM-based  cathode  and  1.5  mm  thick  anode  support,
developed  and  tested  by  Forschungszentrum  Jülich.  The  effective  properties  of each  layer  are  calculated
and  compared  with  available  experimental  data.  A good  agreement  is also  reached  when  comparing
simulated  and  experimental  polarization  curves  under  different  operating  conditions  without  fitting  any
parameter.  Simulations  show  that  at 800 ◦C  the activation  resistance  in  the  cathode  functional  layer  is
the  main  contribution  to the cell  overpotential.  In addition,  the  model  suggests  that  gas  concentration
effects  at  the  anode  play  an important  role on the global  electrochemical  response.  The  study  shows  that
quantitative  predictions  can be obtained  using  this  integrated  approach,  making  it an  attractive  tool  to
assist  the  SOFC  development.

© 2014  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices
which offer clear advantages if compared with conventional power
systems, such as low emission of pollutants [1], high efficiency [2]
and fuel flexibility [3], making them attractive for both station-
ary and mobile applications [4]. Recent advances in manufacturing
techniques and improvements in cell lifetime have led this tech-
nology close to be launched on the market [5–7].

SOFC development is currently assisted by modeling and sim-
ulation techniques [8], which help researchers understand the
complex interactions between electrochemical phenomena and

Abbreviations: LSM, strontium-doped lanthanum manganite; SOFC, solid oxide
fuel cell; TPB, three-phase boundary; YSZ, yttria-stabilized zirconia.
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material properties over different length scales [9]. In particular,
many efforts have been done to model the electrochemical behavior
of cells within a stack [10,11]. Cell-level models describe the chem-
ical and electrochemical phenomena occurring within an SOFC in
order to relate the global cell response (e.g., the cell current-voltage
characteristic) to the microscopic processes occurring within the
cell components, such as the transport of species within the elec-
trodes and the local kinetic electrochemical phenomena. This
allows researchers to interpret the experimental results and to
predict the system performance.

Several cell-level models have been developed in the past.
Aguiar et al. [12] proposed a dynamic model for anode-supported
SOFCs, consisting of mass and energy balances applied to the fuel
and air channels. Zhu et al. [11] and Janardhanan and Deutschmann
[13] adopted a continuum approach based on local balance
equations in the membrane-electrode assembly, focusing on the
elementary kinetics of internal reforming. A similar approach
was adopted by Bessler et al. [14], who presented a physically-
based modeling framework for the description of kinetics and
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Notation

Ades pre-exponential factor of hydrogen desorption
kinetics (s·m2·mol-1)

Bla permeability in the layer la (la = af, as,  cf, cc)  (m2)
dlap mean particle size of phase p (p = ela,  elc,  io) in the

layer la (la = af, as,  cf, cc) (m)
dlapore mean pore size in the layer la (la = af,  as,  cf, cc)  (m)

Deff,laK,s effective Knudsen diffusivity of species s (s = H2,

H2O, O2,  N2)  in the layer la (la = af,  as,  cf, cc)  (m2·s-1)
Ds1/s2 binary diffusivity of the pair of species s1/s2

(s1/s2 = H2/H2O, O2/N2)  (m2·s-1)
Deff,la
s1/s2 effective binary diffusivity of the pair of species s1/s2

(s1/s2 = H2/H2O, O2/N2)  in the layer la (la = af, as,  cf,
cc) (m2·s-1)

E◦ standard electromotive force (V)
Edes activation energy of hydrogen desorption kinetics

(J·mol-1)
Eact
j

activation energy (j = a, c) (J·mol-1)
fj friction factor (j = a, c) (-)
F Faraday constant (C·mol-1)
Fair molar flow rate of air (mol·s-1)
Ffuel molar flow rate of fuel (mol·s-1)
hj channel height (j = a, c) (m)
ij current density per unit of TPB length (j = a, c)

(A·m-1)
ij0 exchange current per unit of TPB length (j = a, c)

(A·m-1)
iref
j0 exchange current per unit of TPB length at the ref-

erence temperature (j = a, c) (A·m-1)
I current density per unit of cell area (A·m-2)
Js molar flux of species s (s = H2,  H2O, O2,  N2,  e, O)

(mol·m-2·s-1)
J̃
s

mass flux of species s (s = H2,  H2O, O2,  N2,  e, O)

(kg·m-2·s-1)
Jcells molar flux of species s (s = H2,  H2O, O2,  N2)  at the

cell-channel interface (mol·m-2·s-1)
L cell length (m)
Ms molecular weight of species s (s = H2,  H2O, O2,  N2)

(kg·mol-1)
n normal unitary vector oriented from cell to channel

(-)
OCV open circuit voltage (V)
Pj pressure (j = a, c) (Pa)
P∗
H2 reference pressure of hydrogen adsorp-

tion/desorption equilibrium (Pa)
PrefO2 reference oxygen partial pressure (Pa)
Pej Peclet number (j = a, c) (-)
qs charge of species s (s = e, O) (-)
rj interconnect rib width (j = a, c) (m)
R ideal gas constant (J·mol-1·K-1)
Rej Reynolds number (j = a, c) (-)
tla thickness of the layer la (la = af,  as,  cf, cc,  ey)  (m)
T operating temperature (K)
Tref
j

reference temperature for reaction kinetics (j = a, c)
(K)

vj mass-averaged gas velocity (j = a, c) (m·s-1)
Vcell cell potential (V)
Vp electric potential of phase p (p = ela,  elc,  io) (V)

wj channel width (j = a, c) (m)
x coordinate along channel longitudinal direction (m)
ys molar fraction of gas species s (s = H2,  H2O, O2,  N2)

(-)
ỹs mass fraction of gas species s (s = H2,  H2O, O2,  N2)

(-)
z coordinate along cell thickness direction (m)

Superscripts
af anode functional layer
as anode supporting layer
cc cathode current collector
cf cathode functional layer
ey electrolyte

Subscripts
a anodic
c cathodic
e electron
ela electron-conducting phase in the anode (e.g., Ni)
elc electron-conducting phase in the cathode (e.g., LSM)
H2 hydrogen
H2O water
io ion-conducting phase (e.g., YSZ)
IN inlet conditions
N2 nitrogen
O oxygen ions
O2 oxygen

Greek Letters
˛j first transfer coefficient (j = a, c) (-)
ˇj second transfer coefficient (j = a, c) (-)
�0 sticking probability of hydrogen adsorption kinetics

(-)
� surface site density (mol·m-2)
ıj dimensionless factor of Taylor-Aris axial dispersion

(j = a, c) (-)
�Veq,j local equilibrium potential difference (j = a, c) (V)
� reaction order of oxygen in cathode kinetics (-)
�cell cell overpotential (V)
�j activation overpotential (j = a, c) (V)
�u overpotential of compartment u (u = anode, cathode,

electrolyte) (V)
�la maximum angle of contact among the particles in

the layer la (la = af,  as,  cf, cc)  (◦)
�eff,lap effective conductivity factor of phase p (p = ela,  elc,

io) in the layer la (la = af,  as,  cf, cc,  ey)  (-)
	laTPB TPB length per unit volume in the layer la (la = af, as,

cf, cc)  (m-2)

j gas dynamic viscosity (j = a, c) (kg·m-1·s-1)
�j gas density (j = a, c) (kg·m-3)
�p conductivity of phase p (p = ela,  elc,  io) (S·m-1)
 la tortuosity factor in the layer la (la = af, as,  cf, cc) (-)
w,j shear-stress factor at the wall (j = a, c) (N·m-2)
�s stoichiometric coefficient of species s (s = H2,  H2O,

O2, N2,  e, O) (-)
�la porosity of the layer la (la = af,  as,  cf, cc)  (-)
 el solid volume fraction of electronic phase el (el = ela,

elc) after sintering (-)
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