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bstract

As the first part of a two paper series, we present a two-dimensional impedance model of a working solid oxide fuel cell (SOFC) to study
he effect of contact degradation on the impedance spectrum for the purpose of non-invasive diagnosis. The two dimensional modeled geometry
ncludes the ribbed interconnect, and is adequate to represent co- and counter-flow configurations. Simulated degradation modes include: cathode
elamination, interconnect oxidation, and interconnect-cathode detachment. The simulations show differences in the way each degradation mode

mpacts the impedance spectrum shape, suggesting that identification is possible. In Part II, we present a sensitivity analysis of the results to input
arameter variability that reveals strengths and limitations of the method, as well as describing possible interactions between input parameters and
oncurrent degradation modes.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFC) are considered a promising
andidate to replace thermo-chemical plants based on fossil fuel
urning for power generation. Capable of generating electricity
ith relatively high efficiency, SOFCs are especially suitable

or stationary electricity generation. Remote location activities,
uch as mining, are typical examples of applications in which
OFCs could be useful, providing power in places where access

o a distribution grid would be prohibitive in terms of cost.
Despite their advantages, SOFCs have not reached commer-

ial status, due to problems related to durability, reliability, and
ost. The importance of the problems associated with durability
nd reliability is reflected in the significant research effort within
he SOFC community aimed at understanding the large number
f degradation mechanisms that are known to affect SOFCs.

xamples of degradation mechanisms include contact problems
etween adjacent cell components, microstructural deteriora-
ion of the porous electrodes, and blocking of the reaction sites

∗ Corresponding author. Tel.: +1 416 978 3835; fax: +1 416 978 7753.
E-mail address: kesler@mie.utoronto.ca (O. Kesler).
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ithin the electrodes. Contact problems include delamination
f an electrode from the electrolyte, growth of a poorly con-
uctive oxide layer between metallic interconnect plates and
he electrodes, and lack of contact between one or more inter-
onnect ribs and the electrode, caused, for example, by cell
arping prior to stack assembly. Examples of microstructural
egradation are anode sintering, carbon deposition, and sulfur
r chromium poisoning.

Electrode delamination consists of a detachment of one of
he electrodes from the electrolyte. This phenomenon is usually

consequence of thermal or redox cycling, which progres-
ively degrades the bonding of the two adjacent layers at the
nterface [1–3]. Delamination has severe consequences on the
erformance, since it increases the ohmic resistance of the cell
roportionally to the delaminated area, which impedes the trans-
ort of ionic species between the electrode and the electrolyte.
urthermore, it renders the affected area electrochemically inac-

ive as a consequence of the high aspect ratio of the cell, which
nhibits the transport of ions in the in-plane directions [4].
The loss of electrochemically active surface area in a porous
lectrode has a negative impact on cell performance because
t causes a decrease in the amount of reaction sites available
ithin the electrode volume. The coarsening of the electrode

mailto:kesler@mie.utoronto.ca
dx.doi.org/10.1016/j.jpowsour.2007.10.047
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icrostructure [5] or the blocking of triple phase boundaries
nd pores caused by deposits of extraneous elements present in
he reactant [6] are common causes of this type of degradation

ode.harsh atmospheric conditions on each side of the SOFC
nterconnect narrow down the spectrum of materials from
hich to fabricate the cell components to only a few candidates.
xpensive lanthanum chromite ceramics are typically used as

nterconnects in stacks of tubular SOFCs, but cheaper stainless
teel interconnects are more commonly used in planar SOFC
tacks, thanks to the lower temperature of operation allowed by
he planar configuration. Despite their advantages, chromium-
ased steels oxidize over time under the physical conditions to
hich they are exposed in an SOFC, and ceramic coatings are
ften used to slow the rate of oxidation and reduce the rate of
hromia evaporation from the interconnects. Scales of chromia
row on the interconnect surface, degrading the electrical
onductivity of the interconnect-electrode interface. This oxide
ayer is dense and adherent, providing the substrate with protec-
ion against further oxidation. However, it is important to ensure
hat the conductivity loss will remain within acceptable limits
ver the expected lifetime of the fuel cell. Extensive research
ork on chromia layer growth has focused on the study of oxi-
ation kinetics and on the increase in ohmic resistance over time
7–10]. Park and Natesan [7] studied the kinetics of chromia
rowth at different temperatures and in different atmospheres.
ccording to their data, it is expected that a 20 �m layer of

hromium oxide grows at 850 ◦C in cathode-like atmospheres
ver 40,000 h, the current target lifetime for prospective com-
ercial systems for residential applications. Larrain et al. [8]
odeled stack degradation derived from interconnect oxidation

nd anode re-oxidation, analyzing the main factors influencing
oth processes. According to their model, cells in the inner part
f the stack degraded to a larger extent than cells in the outer
art, mainly due to temperature differences. Brylewski et al. [9]
nd Huczkowski et al. [10] conducted similar studies, focusing
n SOFC conditions, and leading to similar results. Chen et al.
11] and Huang et al. [12] studied the effectiveness of protective
oatings and the oxidation kinetics of 430SS [11] and of a com-
ercial ferritic steel with 26% wt Cr–1% wt Mo [12]. In [11],

he authors predicted an increase of approximately 0.5 � cm2

n the area specific resistance of the samples after 50,000 h at
50 ◦C, using a simple model of the oxide scale geometry.

Solid oxide fuel cell processing routes involve several thermal
ycles with temperature changes of the order of 1000–1300 ◦C.
o-firing and in situ firing are examples of techniques aiming
t minimizing the number of thermal cycles during manufac-
ure. These thermal excursions, plus those resulting from normal
peration, may lead to deformation of the planar cell compo-
ents, with detrimental consequences associated with contact
egradation between the interconnect and the electrodes. If
ne or more interconnect ribs lose contact with the adjacent
lectrode, electron conduction will be interrupted through the
ffected ribs. This phenomenon is referred to as rib detachment

13].

The nature of these degradation mechanisms is very different,
nd so are their potential corrective actions. Some mechanisms
re reversible, and some are irreversible. Therefore, a method
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d
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o identify individual degradation modes in a non-invasive way
ould facilitate the identification of those degradation modes

hat can be reversed or slowed during operation. Currently, the
ay to identify a given degradation mode is by disassembling

he cell for ex situ observation and assessment. This method is
ostly and time consuming, and it requires shutting down the
ystem for extended periods of time. A non-invasive diagnostic
echnique, on the other hand, would allow reversible degradation

odes to be identified and corrected by proper adjustment of the
perating variables, and would justify the need to disassemble a
tack where an irreversible mode was identified.

A method capable of performing minimally invasive stud-
es of electrochemical systems is impedance spectroscopy.
mpedance spectroscopy is commonly used for the study of elec-
rochemical systems, including SOFCs. It consists of observing
he current or voltage response of the system to a small sinusoidal
erturbation of voltage or current around the operating point.
he analysis is performed over a wide range of frequencies,

esulting in an impedance spectrum. The impedance spec-
rum provides information about individual processes that occur
imultaneously in the cell, with different time constants. Slow
rocesses such as diffusion cause a phase shift in the impedance
esponse at lower frequencies compared to fast processes such
s charge transfer. Therefore, changes in the impedance of an
perating SOFC can potentially be linked to individual degra-
ation processes in such a way that they can be uniquely
dentified.

In earlier studies, we presented a modeling analysis of the
nfluence of electrode delamination [4] and of microstructural
egradation modes [14] on the impedance spectrum of an
perating SOFC. Those studies suggested several identification
trategies for the degradation modes under study. The geome-
ry under study was limited to the cathode–electrolyte–anode
ystem, and the reactant concentration was assumed constant
hroughout the electrodes, simulating a low fuel utilization sce-
ario. In this work, we extend the modeled system to include
he ribbed interconnect plates, and we incorporate the mass
alance equations into the system to allow the simulation of
ariable concentrations of reactants and products through the
lectrodes. With these additions, the cell-level model can be
xtended to analyze the impact of contact problems such as inter-
onnect detachment or growth of a lower-conductivity interlayer
t the interconnect–electrode interface, on stack performance.
lectrode delamination is also revisited for the newly modeled
eometry, and mass transport effects on both cell- and stack-level
egradation modes have also been examined.

The solution of the mass balance equations improves the
redictive capability of the method for larger systems, and it
onstitutes a necessary stepping-stone toward three dimensional,
ulti-cell stack simulations. A convenient formulation of the
ass balance equations allowed us to solve for the reactant

oncentration at steady state, and then to solve for the oscil-
atory components of the concentrations in a linear form. It is

lso shown how the ribbed interconnect geometry influences the
ell impedance due to local reactant depletion underneath the
ibs, resulting in concentration polarization occurring at current
ensities far below the mass transport limitation regime.
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ig. 1. The geometry including the ribbed interconnect plates. This two-dimen
nit geometry represented by half a rib and half a channel is useful to represent th
xidation.

. Numerical model

.1. Geometry

The modeled geometry is, at present, restricted to two dimen-
ions. With this simplification, the influence of reactant dilution
long the channel can be modeled only by the consideration
f 2-dimensional cross-sections representing different loca-
ions along the channel, with different concentrations at the
hannel–electrode interface occurring at each section. The influ-
nce of changes in reactant concentration along the channel
ength is accounted for in Part II of this series, in the multivari-
ble parametric study, by parameterizing the inlet concentration
nd allowing it to vary over a broad range from low to high
uel and oxidant utilizations. Furthermore, the model represents
he situation at a section of either a co- or counter-flow stack.
ross flow, an inherently three-dimensional geometry, cannot
e represented using a two-dimensional model. Fig. 1 shows
he six-rib geometry as generated by the finite element pack-
ge. A repeating unit consisting of half of a rib width and
alf of a channel width represents the behavior of the intact
ell if used with the appropriate symmetry boundary condi-

ions. However, this approach is not useful to simulate localized
egradation phenomena such as delamination or interconnect
etachment, because these modes destroy the cell symmetry.
he simplified repeating unit approach is useful to simulate
approximation is valid for co- and counter-flow configurations. The repeating
t case and degradation modes that affect the cell uniformly, such as interconnect

xide layer growth, under the assumption that the oxide layer
ppears on all ribs uniformly. The intact cases correspond-
ng to the repeating unit and the complete geometry are not
dentical because of end effects that appear in the six-rib
onfiguration.

.2. Model equations

Several phenomena take place simultaneously within a
orking SOFC. The reactants flow along the interconnect

hannel and diffuse into the porous electrode toward the
lectrolyte, driven by the concentration gradient established
ue to electrochemical consumption. A result of this reaction
s the production or consumption of ionic or electronic species,
hich move along the ionically or electronically conductive
hase. Furthermore, there is production or consumption of heat,
epending on the type of chemical or electrochemical reaction
aking place within the porous electrode. In our present study,
e restrict the model to the solution of the mass and charge

ransport equations within the electrodes, the electrolyte, and
he interconnect, and we consider only the electrochemical
xidation of hydrogen fuel by oxygen from the air.
The general equation for the conservation of species x is

∂x

∂t
= −∇- · N- x + Rx (1)
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This equation indicates that the accumulation of species x
ith time t, ∂x/∂t, is given by the negative divergence of the
ux Nx of x plus the volumetric production or consumption of
, Rx. This general equation will be used in the form of mass
nd charge conservation equations to solve for potentials and
oncentrations throughout the cell components. For example, if
represents ionic or electronic charge per unit volume (C m−3),
x will represent a current density, and Rx will take the form of
Faradaic current source or sink. If the fundamental variable

o be solved is electric potential, the accumulation term will
escribe the charge of an interfacial double layer, given by a
ime change in potential. The current density will be expressed
s proportional to a gradient in potential using Ohm’s law. If x
epresents concentration of gaseous species within the electrode
ores (mol m−3), Nx will become a diffusive mass flux, and Rx

ill take the form of a Faradaic production or consumption of
as species.

The DC and AC sets of equations for the charge transport
ave been described in detail previously [4], with the influence
f concentration gradients neglected. This work presents both
he DC and the time-independent approximations of the AC
iffusion equations. The latter are linearized around an oper-
ting point, thus allowing the solution of a linear set of AC
quations, superimposed on a DC solution found earlier and
ndependently. A further addition to the previous model is the
oupling between charge and mass balance, i.e. the incorpora-
ion of concentration polarization effects in the charge transport
quations.

.2.1. Steady-state equations

.2.1.1. DC charge transport including coupling with mass
ransport. A detailed explanation of the charge balance equa-
ions has been presented previously [4], under the assumption
f no mass transport limitations. The general form of the ionic
r electronic charge balance for an elemental volume within a
orous electrode is:

SCdl

∂η

∂t
= −∇ · i + SiF(η), (2)

Expressions (3)–(6) below show examples of the DC charge
alance equations used in the present work. The concentra-
ion ratios affecting the exponential terms in the Butler–Volmer
xpression link the charge and mass transfer processes. The
ddition of these terms constitutes an upgrade with respect
o our previous contribution, and it is the mechanism by
hich concentration polarization is included in the present
odel.
The ionic charge balance equation at the cathode modified to

nclude the concentration effects is:

kION,CAT∇2ΦION = SCATi0,CAT

[
exp

(
αCAT,ANOF

RT
ηCAT

)

cO2

(
αCAT,CATF

)]

−

c0
O2

exp −
RT

ηCAT (3)

here i0,CAT is the cathodic exchange current density (A m−2),
ij is the charge transfer coefficient for the reaction, with the

a
e
m
t
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rst sub-index indicating the electrode and the second sub-
ndex indicating the anodic or cathodic direction, F is the
araday’s constant (A s mol−1), R is the universal gas con-
tant (J mol−1 K−1), T is the absolute temperature (K), cO2

mol m−3) is the local oxygen concentration, and c0
O2

(mol m−3)
s the reference oxygen concentration at which i0,CAT is mea-
ured and is coincident with the channel concentration in this
ork.
The ionic charge balance at the anode with concentration

ffects included is:

kION,ANO∇2ΦION

= SANOi0,ANO

[
cH2

c0
H2

exp

(
αANO,ANOF

RT
ηANO

)

− cH2O

c0
H2O

exp

(
−αANO,CATF

RT
ηANO

)]
(4)

The electronic charge balance equations at the cathode and
he anode are obtained in a similar way, using the proper con-
uctivities of the media, and inverting the sign of the source term
ith respect to their ionic counterparts [4].
At the electrolyte, the ionic potential follows:

2ΦION = 0 (5)

At the interconnect, the electronic potential obeys:

2ΦELE = 0 (6)

Prescribed potential boundary conditions for the steady state
quations are only required for the electronic potential, along
he current collecting lines at the top of the cathode interconnect
nd at the bottom of the anode interconnect:

ΦELE|cathode current collector = VCELL

ΦELE|anode current collector = 0
(7)

.2.1.2. DC mass transport. The reactant flows within a porous
lectrode are driven by a concentration gradient established
etween the boundaries with the channel and with the elec-
rolyte. The change in reactant or product concentration at a point
ithin an electrode is proportional to the divergence of the neg-

tive flux of that species, and to the electrochemical production
r consumption.

∂ck

∂t
= −∇ · Nk + SiF(η)

nF
(8)

ere, ck is the concentration of species k (mol m−3), and Nk
s the species’ molar flux (mol s−1 m−2), n is the number of
lectrons participating in the relevant electrochemical produc-
ion or consumption reaction, and the other terms are as defined
bove. Eq. (8) indicates that accumulation of species within

volume element can be the result of diffusive flux and of

lectrochemical production or consumption. For binary gas
ixtures, Fick’s law of diffusion gives an adequate represen-

ation of the diffusive flux, under the assumption that Knudsen
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iffusion effects are small for pore sizes of about 1 �m and
arger [15]:

k = −Dk∇ck + xkNTOT, (9)

here Dk is the effective diffusivity of the gas in the binary
ixture, xk is the molar fraction of species k, and NTOT is the

otal flux for all species [16].
At the anode, hydrogen diffuses toward the electrolyte, while

aseous water diffuses away from it. This combination obeys
he laws of binary equimolar diffusion, since the sum of molar
ydrogen and water fluxes is null at every point because every
ydrogen molecule that reacts is transformed into a water
olecule:

TOT = NH2 + NH2O = 0 (10)

H2 = −DH2−H2O∇cH2 (11)

The following steady-state mass balance equation for the
ydrogen at the anode results, assuming that the effective diffu-
ion coefficient is spatially invariant, i.e., that the porosity and
icrostructure are invariant throughout the electrode:

DH2−H2O∇2cH2

= −SANOi0,ANO

2F

[
cH2

c0
H2

exp

(
αANO,ANOF

RT
ηANO

)

− cH2O

c0
H2O

exp

(
−αANO,CATF

RT
ηANO

)]
(12)

For a full cell in which a bi-layered electrode structure is used
o optimize the electrochemical and mass transport properties,
he electrode would be represented by 2 separate domains in
he model geometry. Eq. (12) would be solved in each domain,
sing the appropriate effective diffusivity for each layer of the
lectrode.

The water concentration is calculated using the relation:

H2 + xH2O = 1, (13)

ith xk indicating the molar fraction of species k.
At the cathode the situation is slightly different, since only

xygen takes part in the reaction of the two primary gas phase
pecies, while the nitrogen in the cathode remains unreacted.
he net total flux at a reaction site is therefore equal to the net
xygen flux, since the net flux of nitrogen at any specific reaction
ite is null:

O2 = −DO2−N2∇cO2 + xO2NO2 (14)

Simplifying and substituting for the mole fraction xO2 from
he ideal gas law,

−D ∇c −D ∇c

O2 = O2−N2 O2

1 − xO2

= O2−N2 O2

1 − (RT/P)cO2

, (15)

here p is the total pressure of the system, often very close
o atmospheric pressure. The resulting mass transport equation,

m
f
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gain assuming that the diffusivity is spatially invariant, is:

−DO2−N2∇ ·
( ∇cO2

1 − (RT/p)cO2

)

= SCATi0,CAT

4F

[
exp

(
αCAT,ANOF

RT
ηCAT

)

− cO2

c0
O2

exp

(
−αCAT,CATF

RT
ηCAT

)]
(16)

The boundary conditions for hydrogen and oxygen concen-
rations are prescribed concentrations at the boundaries between
he electrodes and channels, and no-flux everywhere else:

cH2 = c0
H2

cH2O = c0
H2O

at the channel/anode boundary

∇cH2 · n = 0

∇cH2O · n = 0
everywhere else on the anode side

cO2 = c0
O2

at the channel/cathode boundary

∇cO2 · n = 0 everywhere else on the cathode side

The DC mass transport equations are solved within the porous
lectrodes, simultaneously with the DC charge transport equa-
ions. The equations are nonlinear and coupled. The nonlinearity
rises from the exponential dependence of current density on
verpotential. The coupling is a result of the concentration
ependence of the Butler–Volmer source terms. Comsol Mul-
iphysics (Comsol, Inc.) general purpose PDE solver was used
o solve the equations using finite elements. The choice of ini-
ial guess is of importance to achieve convergence. The default
alue for the initial guess is zero for the COMSOL package, but
better value is the Dirichlet boundary condition value.

.2.2. AC equations

.2.2.1. AC charge transport. The time dependent transport Eq.
2) can be transformed into complex-valued, time independent
quations, by assuming that the response to a small sinusoidal
erturbation is also sinusoidal, of the same frequency as the
erturbation, and can be decoupled into a DC component and a
mall sinusoidal component superimposed on it [4]. A limitation
f this earlier formulation is that it ignored concentration gradi-
nts. In this work, mass transport and concentration gradients are
onsidered, and all unknown functions are decomposed into a
teady state and an oscillatory component, under the assumption
f small perturbation and linear response of the system around
he steady state point:

ΦELE = Φ̄ELE + Φ̃ELE ejωt

ΦION = Φ̄ION + Φ̃ION ejωt

cH2 = c̄H2 + c̃H2 ejωt

cO2 = c̄O2 + c̃O2 ejωt

jωt

(17)
cH2O = c̄H2O + c̃H2O e

The oscillatory component is a complex variable of small
agnitude that represents the phase shift and the excursion

rom the equilibrium point of the corresponding variable. The
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agnitude of the oscillatory component of the electronic poten-
ials ranges between zero and the imposed AC potential, 20 mV
n this example. According to our calculations, the oscilla-
ory components of the concentrations are of the order of
0−1 mol m−3 for low frequencies, and range down to values
s low as 10−10 mol m−3 for the maximum frequency.1

Taking the anode ionic charge transport as a working exam-
le, the expressions above are substituted into Eq. (2):

−SANOCdl,ANO
∂

∂t
(η̄+η̃ ejωt)−kION,ANO∇2(Φ̄ION + Φ̃ION ejωt)

= SANOi0,ANO

[
c̄H2 + c̃H2 ejωt

c0
H2

exp(faa(η̄ + η̃ ejωt))

− c̄H2O + c̃H2O ejωt

c0
H2O

exp(−fac(η̄ + η̃ ejωt))

]
(18)

ere, for notation simplicity, we have made the following
eplacements:

η̄ = Φ̄ELE − Φ̄ION − ΦREF

η̃ = Φ̃ELE − Φ̃ION

faa = αANO,ANOF

RT

fac = αANO,CATF

RT

(19)

Eq. (18) contains terms that can be expressed in simpler form,
n account of the small amplitude of the perturbation:

exp(faa(η̄ + η̃ ejωt)) ≈ exp(faaη̄)(1 + faaη̃ ejωt)

exp(−fac(η̄ + η̃ ejωt)) ≈ exp(−facη̄)(1 − facη̃ ejωt)
(20)

Substituting Eq. (20) in (18) and expanding the time deriva-
ive,

SANOCdl,ANOjωη̃ ejωt − kION,ANO∇2Φ̄ION

− kION,ANO ejωt∇2Φ̃ION = SANOi0,ANO

×

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢

c̄H2

c0
H2

exp(faaη̄) − c̄H2O

c0
H2O

exp(−facη̄)+
c̄H2

c0
H2

exp(faaη̄)faa ejωtη̃ + c̄H2O

c0
H2O

exp(−facη̄)fac ejωtη̃+
c̃H2 exp(f η̄) ejωt − c̃H2O exp(−f η̄) ejωt+

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥ (21)
⎢⎢⎢⎢⎢⎢⎣

c0
H2

aa
c0

H2O
ac

c̃H2

c0
H2

ejωt exp(faaη̄) ejωtfaaη̃ + c̃H2O

c0
H2O

ejωt

× exp(−facη̄) ejωtfacη̃

⎥⎥⎥⎥⎥⎥⎦

1 An intuitive way to understand this behaviour is by thinking of the solution of
he diffusion equation along a semi-infinite 1D domain, imposing an oscillatory
oundary condition at the origin. The penetration of the oscillation decreases
ith increasing perturbation frequency for a fixed diffusivity.

i

−

er Sources 176 (2008) 138–154 143

All terms in Eq. (21) that do not have ejωt as a factor
ancel out because they are identical to those of the steady
tate equation, whose solution we already have (Eq. (4)). Fur-
hermore, the last two terms in brackets are of second order,
ince they contain the product of two oscillatory terms, c̃H2 η̃

nd c̃H2Oη̃, each of small magnitude, and can therefore be
eglected with respect to the other terms. These two sim-
lifications allow the removal of the ejωt term from all the
emaining terms, yielding a linear, time independent PDE with
espect to the oscillatory potential and concentration amplitudes
17]:

SANOCdl,ANOjωη̃ − kION,ANO∇2Φ̃ION

= SANOi0,ANO

[
c̄H2

c0
H2

exp(faaη̄)faaη̃+ c̄H2O

c0
H2O

exp(−facη̄)facη̃

+ c̃H2

c0
H2

exp(faaη̄) − c̃H2O

c0
H2O

exp(−facη̄)

]
(22)

The first two terms in the brackets correspond to the Faradaic
ocal current that appears as a consequence of the imposed AC
verpotential η̃. The last two terms in the brackets indicate the
C concentration contribution to the source term. This formu-

ation is numerically very convenient, since the DC component
f the solution is decoupled from the AC component of the solu-
ion. On account of the small size of the AC perturbation, it does
ot have any influence on the DC solution. This fact allows the
olution of the AC equations based on the previously and inde-
endently obtained DC solution. The steady-state equations are
olved using a nonlinear iterative routine yielding values for η̄

nd c̄, and the steady state solution is then used as a base on
hich the AC solution is superimposed. No iterative method is

equired for the latter, since the equations are linear in the oscil-
atory unknowns. The electronic potential equation is obtained
imilarly, resulting in:

SANOCdl,ANOjωη̃ − kELE,ANO∇2Φ̃ELE = −SANOi0,ANO

×
[

c̄H2

c0
H2

exp(faaη̄)faaη̃ + c̄H2O

c0
H2O

exp(−facη̄)facη̃

+ c̃H2

c0
H2

exp(faaη̄) − c̃H2O

c0
H2O

exp(−facη̄)

]
(23)

The derivation of the cathode ionic charge balance equation
s omitted, but it is obtained in the same way, resulting in:

2 ˜
SCATCdl,CATjωη̃ − kION,CAT∇ ΦION

= SCATi0,CAT

[
exp(fcaη̄)fcaη̃ + c̄O2

c0
O2

exp(−fccη̄)fccη̃

− c̃O2

c0
O2

exp(−fccη̄)

]
(24)
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Finally, a similar expression corresponds to the electronic
harge balance at the cathode:

SCATCdl,CATjωη̃ − kELE,CAT∇2Φ̃ELE

= −SCATi0,CAT

[
exp(fcaη̄)fcaη̃ + c̄O2

c0
O2

exp(−fccη̄)fccη̃

− c̃O2

c0
O2

exp(−fccη̄)

]
(25)

Prescribed potential boundary conditions for the AC equa-
ions are only required for the electronic potential:

Φ̃ELE
∣∣
cathode current collector = −�Φ̃0

Φ̃ELE
∣∣
anode current collector = +�Φ̃0

, (26)

here �Φ̃0 is the perturbation amplitude. Neumann boundary
onditions apply everywhere else for the electronic potential,
nd everywhere for the ionic potentials.

.2.2.2. AC mass transport. In order to solve for the oscil-
atory concentrations we need another set of equations to be
olved simultaneously with Eqs. (22)–(25). The decomposition
hown in Eq. (17) can be applied to the mass balance equations,
n a similar way as shown for the charge balance. The equa-
ion describing the distribution of hydrogen concentration at the
node can be calculated starting with the general form of the
ass balance within the pores at the anode:

∂cH2 (x̄, t)

∂t
= DH2−H2O∇2cH2 (x̄, t)

− SANOi0,ANO

2F

[
cH2 (x̄, t)

c0
H2

exp(faaη(x̄, t))

− cH2O(x̄, t)

c0
H2O

exp(−facη(x̄, t))

]
(27)

ere, the concentration and the overpotential depend on time t
nd on the spatial coordinates x̄ = (x, y). Replacing them using
he expressions (17):

∂(c̄H2 + c̃H2 ejωt)
∂t

= DH2−H2O∇2(c̄H2 + c̃H2 ejωt) − SANOi0,ANO

2F

×
[

c̄H2 + c̃H2 ejωt

c0
H2

exp(faa(η̄ + η̃ ejωt))

− c̄H2O + c̃H2O ejωt

c0
H2O

exp(−fac(η̄ + η̃ ejωt))

]
(28)
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After simplification, Eq. (28) results:

ωc̃H2 = DH2−H2O∇2c̃H2 − SANOi0,ANO

2F

×
[

c̄H2

c0
H2

exp(faaη̄)faaη̃ + c̄H2O

c0
H2O

exp(−facη̄)facη̃

+ c̃H2

c0
H2

exp(faaη̄) − c̃H2O

c0
H2O

exp (−facη̄)

]
(29)

The derivation of the AC equation for oxygen concentration
n the cathode side is slightly more complicated, because of the
resence of the extra term in the expression for the oxygen flux
Eq. (14), second term on the r.h.s.). Revisiting Eq. (15),

O2 = −DO2−N2∇cO2

1 − (RT/p)cO2

(15)

it is apparent that we cannot directly incorporate the AC terms
s before, because of the presence of the variable in the denom-
nator. However, it is possible to expand the 1/(1 − (RT/p)cO2 )
erm in a geometric series around some convenient value for
RT/p)cO2 . If the expansion is performed around zero, the fol-
owing expression holds if we neglect second order terms and
igher:

−DO2−N2∇cO2

1 − (RT/p)cO2

≈ −DO2−N2∇cO2

(
1 + RT

p
cO2

)
, (30)

s long as |(RT/p)cO2 | < 1. Usually, the cathode gas is air, and
or air this inequality always holds, since the maximum value
t can take is |(RT/p)cO2 | = 0.21. The point around which the
xpansion is centred does not have to be zero, but it can also
e, for example, some average oxygen concentration along the
athode channel. If this is the case, the linearization of the expres-
ion on the right hand side of Eq. (15) is, for a given intermediate
oncentration c∗

O2
:

−DO2−N2∇cO2

1 − (RT/p)cO2

≈ −DO2−N2∇cO2

×
[(

1 − RT

p
c∗

O2

)−1

+
(

1 − RT

p
c∗

O2

)−2

×
(

RT

p
cO2 − RT

p
c∗

O2

)]
(31)

A sensitivity analysis of the results revealed that the choice
f intermediate concentration has a negligible effect on the
olution, with a maximum discrepancy in value of the left and
ight hand sides of Eq. (31) varying from 5% when c∗

O2
= 0–7%

hen c∗
O2

= 0.21. Our choice was to expand the term around
tmospheric oxygen concentration (RT/p)c∗

O2
= 0.21, corre-

ponding to a common operating condition of high excess

xidant stoichiometry, resulting in:

−DO2−N2∇cO2

1 − (RT/p)cO2

≈ −DO2−N2∇cO2

[
A1 + A2

RT

p
cO2

]
, (32)
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Table 1
Operating conditions and geometry used for typical simulations in this work

Property Value

Temperature, T 850 ◦C
Operating point, VCELL 0.7 V
Anode channel hydrogen partial pressure, pH0

2 0.97 atm
Anode channel water partial pressure, pH2O0 0.03 atm
Cathode channel oxygen partial pressure, pO0

2 0.21 atm
Open circuit potential, OCV 1.13 V
Electrolyte thickness, tELY 150 �m
Anode thickness, tANO 40 �m
Cathode thickness, tCAT 40 �m
Rib width 2 mm
C
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here A1 = 0.929 and A2 = 1.602. Now, substituting cO2 =
¯O2 + c̃O2 ejωt as before:

DO2−N2∇cO2

[
A1 + A2

RT

p
cO2

]

= − DO2−N2∇(c̄O2 + c̃O2 ejωt)

[
A1+A2

RT

p
(c̄O2+c̃O2 ejωt)

]
(33)

Expanding this expression, reorganizing the time dependent
nd the time independent terms, and neglecting second order
erms, the term on the l.h.s. in Eq. (30) is:

DO2−N2

[
A1 + A2

RT

p
c̄O2

]
∇ c̄O2 − ejωtDO2−N2

×
[
A1∇ c̃O2 + A2

RT

p
c̄O2∇ c̃O2 + A2

RT

p
c̃O2∇ c̄O2

]
(34)

The first term in expression (34) is the steady-state (DC) first-
rder approximation of the term inside the divergence in Eq. (16)
ultiplied by the effective binary diffusion coefficient. When we

ombine expression (34) with the other terms that constitute the
ass balance for oxygen in (16), the first term in expression (34)

anishes because it is part of the steady state solution, similarly
o the case of Eq. (17) in the anode mass balance. The remaining
C terms form the AC mass balance for oxygen in the cathode.

ω c̃O2 = DO2−N2∇ ·
[
A1∇ c̃O2+A2

RT

p
(c̄O2∇ c̃O2+c̃O2∇ c̄O2 )

]

+SCATi0,CAT

4F

[
exp(fcaη̄)fcaη̃+ c̄O2

c0
O2

exp(−fccη̄)fccη̃

− c̃O2

c0
O2

exp(−fccη̄)

]
(35)

Comparing Eqs. (35) and (29), it can be concluded that the
econd term inside the first set of brackets of Eq. (35) represents
he influence of the unreacting nitrogen on the oxygen flux.

The boundary conditions used for the AC concentrations

re:

c̃H2 = 0 at the channel/anode boundary

∇ c̃H2 · n = 0 everywhere else

c̃O2 = 0 at the channel/cathode boundary

∇ c̃O2 · n = 0 everywhere else
.3. Calculation of the cell impedance

Solving for the potentials throughout the modeled domain
llows the calculation of the corresponding current densities,

i

1
2

hannel width 2 mm

sing Ohm’s law:

iDC
ION = −kION∇ΦDC

ION

iDC
ELE = −kELE∇ΦDC

ELE

iAC
ION = −kION∇ΦAC

ION

iAC
ELE = −kELE∇ΦAC

ELE

(36)

Last, the impedance results from the relationship between the
mposed AC perturbation potential and the resulting AC current
ensity.

(ω) = 2�ΦAC

iAC
ELE(ω)

∣∣
current collector

(37)

.4. Model parameters

An adequate choice of input parameters is of great impor-
ance in the development of numerical models. A nonlinear,
onvoluted electrochemical system such as a full SOFC is a
ood example of this statement. Many important system param-
ters are very difficult, or impossible, to measure independently.
xchange current, transfer coefficients, symmetry factors, tor-

uosity, and interfacial double-layer capacitance, are examples
f these quantities. In addition, the porous nature of the elec-
rodes in a fuel cell further complicates the analysis, since many
f their properties are not defined by a single value, but by
distribution of values. Finally, the experimental difficulties

nherent to high temperature solid-state electrochemical sys-
ems make validation of modeling results extremely difficult.
mong these difficulties, contact resistance, system inductance,

eference electrode placement, and precursor powder contam-
nation, are examples of external sources of error that hinder
ccuracy and repeatability. The influence of inaccuracies in the
nput parameters on the present model results are discussed in
art II of this series. Table 1 shows the operating conditions and
eometries used for the simulations.

Model parameters can be classified into three groups, accord-

ng to the physical process that they characterize:

. Electrical conductivity

. Gas species diffusion
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Table 2
Electrical conductivity and related properties

Property Symbol Value Ref.

Electrolyte ionic conductivity @ 850 ◦C kION,ELY 0.04 S cm−1 [27,28]
Anode bulk electronic conductivity @ 850 ◦C kb

ELE,ANO 1.90 × 104 S cm−1 [29,30]
Cathode bulk electronic conductivity @ 850 ◦C kb

ELE,CAT 2.66 × 102 S cm−1 [28]
Anode porosity volume fraction εANO 0.4 This work
Cathode porosity volume fraction εCAT 0.4 This work
Anode electronically conductive phase volume fractiona xELE,ANO 0.4 This work
Cathode electronically conductive phase volume fractiona xELE,CAT 0.5 This work
Anode ionically conductive phase volume fractiona xION,ANO 0.6 This work
C a xION

I kELE

3

2

m

a
a
[
u
i

σ

H
p
a

i
c
e
f

2

b
a
c
c

D

w
r
f
s
o
m
t
A
i
m
t
b
v
i

2

a
e
A
c
d
S
t
p
n
e
e

T
G

P

H
O
A
A
H
O

athode ionically conductive phase volume fraction
nterconnect conductivity @ 850 ◦C

a Based on total solid phase.

. Electrochemistry

.4.1. Electrical conductivity
Table 2 shows bulk conductivities and volume fractions of the

aterials used for the electrodes, electrolyte, and interconnect.
The calculation of conductivity in porous electrodes requires

correction for the presence of non-conducting phases. The
pproach used in this work is the one used by Kenney and Karan
18], approximating the probability of percolation with the vol-
me fraction of the corresponding phase, as presented in detail
n [19]:

eff
k = (1 − ε) · xk · P(xk)σbulk

k

ere the effective conductivity of phase k, σeff
k , depends on the

orosity ε, the volume fraction of phase k in the solid phase, xk,
nd the probability of percolation P.

The large electronic conductivity of the electrodes and the
nterconnect makes them practically equipotential. The ionic
onductivity of the electrodes is one of the factors that influ-
nce the extent of penetration of the electrochemical reaction
rom the electrolyte interface into the electrode volume.

.4.2. Gas species diffusion
The effective diffusivity in porous media is smaller than the

ulk diffusivity, and it can be calculated using a correction
nalogous to that of conductivity. Unlike the case of electri-

al conductivity, there is reasonable consensus on the type of
orrection to use:

eff = ε

τ
Dbulk,

c
p
a
a

able 3
as diffusion properties

roperty Symbo

ydrogen bulk diffusivity in H2–H2O @ 850 ◦C
xygen bulk diffusivity in O2–N2 @ 850 ◦C
node and cathode porosity εANO,

node and cathode tortuosity τANO,

ydrogen effective diffusivity in H2–H2O @ 850 ◦C DH2−H

xygen effective diffusivity in O2–N2 @ 850 ◦C DO2−N
,CAT 0.5 This work

,IC 8.0 × 103 S cm−1 [31]

here ε and τ are the porosity and tortuosity of the pore phase,
espectively. Despite the relative agreement on the functional
orm of the diffusivity correction, the tortuosity value is still a
ource of discrepancy. The magnitude of the tortuosity depends
n both the total level of porosity and on the microstructural
orphology. Typical values for tortuosity reported in the litera-

ure range from 2 to 7, and sometimes reach as high as 10 [20].
dedicated study [21] was recently published stating that τ = 3

s a reliable estimate for SOFC electrodes based on tortuosity
easurements, and that is the value used in the simulations in

his work. As far as the bulk diffusivities are concerned, they can
e calculated using the Lennard–Jones formulation [22]. Their
alues, and the corresponding effective values, are summarized
n Table 3.

.4.3. Electrochemistry
Factors affecting the rate of the electrochemical reactions

t the SOFC electrodes include electroactive surface area,
xchange current density, and charge transfer coefficients. The
C behavior is characterized by the capacitance of the electro-
hemical double-layer existing at the interfaces. The nature and
etails of the reactions taking place at a microscopic level in
OFCs remain largely unknown, and one reason for this limi-

ation is the difficulty to directly measure the electrochemical
arameters mentioned above. From a modeling viewpoint, it is
ecessary to make estimates based on fitting model results to
xperimental data. A problem inherent to electrode-level mod-
ling of 3D electrodes is the indirect relationship between what

an be measured and what has to be modeled. When measuring a
olarization curve or an impedance spectrum, the quantities that
re accessible to the measurement are the current and potentials
t the current collectors. It is not possible to measure current

l Value Ref.

8.9 cm2 s−1 [22]
2.3 cm2 s−1 [22]

εCAT 0.4 This work
τCAT 3 [21]

2O 1.2 cm2 s−1 This work

2 0.3 cm2 s−1 This work
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Table 4
Anode and cathode experimental data used to calculate the exchange current and the double layer capacitance by fitting

Property and conditions Symbol Value Ref.

Cathode polarization resistance @ OCV, 3-electrode measurement, 850 ◦C Rp ∼0.8 � cm2 Fig. 8a in [32]
Cathode summit frequency @ OCV, 2-electrode measurement, 850 ◦C fp ∼0.5 Hz Fig. 8a in [32]
Anode polarization resistance @ OCV, 2-electrode measurement, 850 ◦C, 97%H2, 3% H2O Rp 0.4 � cm2 Fig. 5.4 in [30]
Anode summit frequency, 3-electrode measurement, 850 ◦C fp 3600 Hza Fig. 4 in [33]

a Data not available at OCV, but taken at 300 mA cm−2.

Table 5
Electrochemical data adopted from the literature and results of the fitting

Property Symbol Value Ref.

Anode charge transfer coefficient, anodic direction αAA 1.2 [34]
Anode charge transfer coefficient, cathodic direction αAC 0.8 [34]
Cathode charge transfer coefficient, anodic direction αCA 1.5 [28,35]
Cathode charge transfer coefficient, cathodic direction αCC 0.5 [28,35]
Anode and cathode active surface area Sano, Scat 106 m−1 [25]
Anode volumetric exchange current density Sano i0,ano 2.5 × 107 A m−3a [30]
Cathode volumetric exchange current density Scat, i0,cat 5 × 107 A m−3a [32]
A ◦

l,ano
−2a

C l,cat
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the interconnect rib has important performance implications.
Localized depletion limits the electrochemical activity within
the porous electrode because of the dependence of kinetics on
reactant concentration. Fig. 4 shows the difference in perfor-
node double layer capacitance @ 850 C Cd

athode double layer capacitance @ 850 ◦C Cd

a Fitted to reproduce empirical impedance results.

ensity within the electrode volume. Therefore, the relation-
hip between, e.g., a measured exchange current and i0 in Eq.
3) and similar ones, is not straightforward. A similar situation
ccurs with the observed charge transfer coefficients, as recently
hown in [23] and [18]. Patterned electrode experiments are use-
ul in trying to measure electrochemical parameters on a simple
eometry [24], and provide evidence of the inverse relation-
hip between polarization resistance and triple-phase-boundary
ength, reflected in this model as the electroactive surface area. It
s clear, then, that the products Si0 and SCdl are to be considered
ogether as volumetric exchange current and volumetric double
ayer capacitances, and whose values need to be adjusted to fit
elevant experimental data.

The procedure adopted in the present work is as follows.
harge transfer coefficients were adopted from published results
n single electrode studies at the modeled temperature. Sur-
ace areas were estimated based on a published model that uses
article size and packing theory [25]. The exchange current den-
ity and the double layer capacitance are then the only free
arameters at each electrode, tuned to match published appar-
nt polarization resistance and peak frequency determined by
mpedance spectroscopy performed in single electrode experi-

ents. Tables 4 and 5 summarize these data.

. Results and discussion

.1. Intact cell

Figs. 2 and 3 show examples of the results obtained with the
odel, for a cell with no degradation. Fig. 2 shows the electronic
urrent density magnitude and distribution within the intercon-
ect material. The figure on the right shows contour lines of
qual current density, with the numbers indicating the current
ensity magnitude in A cm−2, and the figure on the left shows

F
A
f
t
r

0.4 F m Fig. 4 in [33]
90 F m−2a Fig. 8a in [32]

he corresponding streamlines. Close to the electrode the cur-
ent density lines curve toward the channel because of partial
xygen starvation underneath the interconnect rib. Fig. 3 shows
he oxygen concentration within the porous electrodes. Under-
eath the interconnect rib, reactant access is limited by diffusion,
nd the concentration is much lower than below the channel,
specially in the cathode. The reactant starvation underneath
ig. 2. Electronic current density magnitude contours (right, numbers indicate
cm−2), and corresponding streamlines (left), at the cathode current collector

or an intact cell, working at 0.7 V. Close to the cell the current density lines bend
oward the channel because of oxygen starvation underneath the interconnect
ib. Axes labels indicate length in metres.



148 J.I. Gazzarri, O. Kesler / Journal of Power Sources 176 (2008) 138–154

F and a
i range
s

m
c
s
m
l
t
t
o
f
o
a
d
e

d
q
w

F
i
c
T
o

p
d
t

3

3

o
u
d
f
d
g

ig. 3. Reactant partial pressure contour lines inside the porous cathode (left)
nterconnect rib causes local depletion. Note the difference in the color scale
ymmetry. Axes indicate length in metres.

ance between the cell presented in this work and an equivalent
ell with no interconnect. Although both simulations used the
ame electrochemical and diffusional parameters, the perfor-
ance of the cell that includes the interconnect is lower due to

ocalized reactant depletion. Fig. 5 shows the Nyquist plot of
he resulting impedance, with two arcs related to the cell elec-
rochemistry at high (anode) and low (cathode) frequency, plus
ne related to the anode diffusion behavior, at an intermediate
requency. The size of the electrochemistry related arcs depend
n kinetics and on reactant concentration at both electrodes. The
node diffusional arc depends on rib size and on the anode gas
iffusivities, as determined by numerical experiments in which
ach of the parameters was varied one at a time.

In practice, the ability to distinguish the electrode arcs

epends on the difference in their characteristic relaxation fre-
uencies. If these frequencies are similar, the impedance plot
ould show two convoluted arcs adding up to the same total

ig. 4. Polarization curve corresponding to the intact cell including the ribbed
nterconnect (thick line), compared with the equivalent polarization curve for a
ell (thin line) with no interconnect, modeled using the same kinetic parameters.
he ribbed interconnect lowers the overall performance by limiting the access
f reactant in regions underneath the ribs.

t
t
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1

F
A
r
r

node (right), in atm. The limited access of reactant to regions underneath the
s. The pictures show half of the rib width and half of the channel width for

olarization resistance. The identification of interface contact
egradation mechanisms, however, can be performed even when
he arcs are convoluted, as will be shown later.

.2. Cell with contact degradation

.2.1. Cathode delamination
A thin layer of elements with the dielectric characteristics

f air inserted between the cathode and the electrolyte sim-
lates a delamination at this interface. The effect of cathode
elamination is essentially the same as that previously reported
or the button cell geometry in [4]. The regions affected by
elamination become electrochemically inactive. No current is
enerated within the electrode volume directly above and below
he delamination. Fig. 6 illustrates this statement, showing that
he electronic current density is negligible in the regions affected

y delamination. An observation of Fig. 6 reveals:

. The almost total deactivation of the affected zone, both on
the cathode (top) side, and on the anode (bottom) side, with

ig. 5. Impedance corresponding to an intact cell, for three different rib widths.
rc A is a result of the anode diffusional limitation, increasing in size for larger

ib widths. Processes B and C correspond to anodic and cathodic electrochemical
eactions, respectively. Legend labels indicate rib and channel half-width.
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Fig. 6. Electronic current density magnitude (color scale, A cm−2) and stream-
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F
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ines after occurrence of a delamination between the cathode and the electrolyte
xtending for a length of 2 rib and 2 channel widths. Axes indicate spatial
imensions in meters. The zone affected by delamination is deactivated.

delamination occurring at the cathode–electrolyte interface.
This is the result of the cell shadowing due to its high aspect
ratio.

. The third rib from the left (above an intact portion of the cell)
carries less current than it does when the entire cell is intact,
because the cathode segment under the second channel from
the left is inactive and does not generate any demand for
charge carriers.

. The intact rib adjacent to the delamination does not take up
any current from its neighbors above the delamination. This
observation contrasts with the case presented in Section 3.2.3,
constituting a distinct difference between delamination and
interconnect detachment.
Cathode delamination affects the impedance similarly as it
oes for a cell with the same geometry but with no interconnect,
ith a simultaneous and equivalent increase in both series and

t
r
t

ig. 8. Electronic current density magnitude contours (scale, A cm−2), and correspon
nd for a cell with a 20 �m thick chromium oxide layer between the interconnect and
egend, the reader is referred to the web version of the article.)
ig. 7. Impedance change caused by a cathode delamination of length two ribs
nd two channels. While series (high frequency intercept) and polarization (arc
ize) resistances increase, the peak frequencies remain unchanged.

olarization resistances and no change in peak frequencies, as
hown in Fig. 7. The reason for this behavior is the shadowing
aused by the large cell aspect ratio. Although delamination may
ppear at first glance to be an inherently ohmic phenomenon,
t effectively reduces the size of the cell’s projected area, by
n amount equal to the area of the delamination. The number
f reaction sites is decreased by an amount proportional to the
elaminated area, thereby increasing the polarization resistance
y decreasing the overall electrochemical activity of the cell.
his result demonstrates the inter-relation between series and
olarization resistances, two quantities usually assumed inde-
endent of each other.

This behavior provides further evidence of the need for an
lternative to the equivalent circuit model to understand delam-
nation, because the equivalent circuit analogy, being inherently
-dimensional, cannot explain a change in arc size without a
hange in peak frequency if the electrochemistry remains unal-
ered.
In summary, the ohmic resistance increase and the elec-
rochemical deactivation produced by electrode delamination
esults in the series and polarization resistance increasing simul-
aneously and equivalently as delamination progresses. This

ding streamlines (red), at the cathode current collector for the intact case (left),
the cathode (right). (For interpretation of the references to color in this figure
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the cell performance by blocking electronic species. The high
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vent is likely to occur during thermal cycling (typically cath-
de delamination) or redox cycling (anode delamination), rather
han continuously in time.

.2.2. Oxide layer growth between the interconnect and the
athode

A chromium oxide layer that grows between the intercon-
ect rib and the cathode hinders the flow of electrons into the
lectrode and, consequently, degrades the cell performance by
ncreasing its overall resistance. This phenomenon is simulated
n the present model by inserting a layer of elements with the con-
uctivity of chromia between the interconnect and the cathode.
ig. 8 shows the current density magnitude and distribution after

he growth of a 20 �m thick oxide layer between the interconnect
nd the cathode. This thickness corresponds to the extrapolation
f the oxidation kinetics data presented in [7] and [9] to 40,000 h,
he target lifetime of a stationary SOFC. The current density is

uch lower than it was in the intact case (Fig. 2), and there is
o significant curvature of the current lines. Fig. 9 shows the
hange in impedance for this degradation mode. The thin line
urve shows the impedance for the intact case, for comparison.
he increase in series resistance is approximately 0.4 � cm2. For
thickness of 20 �m, and an electronic conductivity of Cr2O3 of
.01 S m−1 at 850 ◦C, this increase represents twice the value:

Ω = δ

σ
= thickness

conductivity

ecause the interconnect rib surface on which the layer grows is
alf as wide as the total unit width. Another noticeable feature
f the post degradation spectrum is the slight increase in polar-
zation resistance. This behavior is related to the dependence of
olarization resistance on the overall cell polarization. In poten-

iostatic mode, the change in overall series resistance introduced
y the oxide layer lowers the total current density. This change
roduces a change in polarization resistance, especially of the
athode. The nonlinear dependence of overpotential on current

ig. 9. Impedance change after the growth of a 20 �m oxide layer between the
athode and the interconnect. The series resistance increases by about 0.4 � cm2.
he characteristic frequencies remain practically unaltered. The intact case is
hown as a thin line for comparison. Calculation made using the half-rib/half-
hannel repeating unit. The polarization resistance in the intact case is slightly
ower than in the examples using the 6-rib interconnect geometry because the
epeating unit does not show end effects related to more severe reactant starvation
nder the end ribs.
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ensity implies that the polarization resistance of an electrode is
lso current density dependent. This behavior has been reported
n an earlier modeling report by Zhu and Kee [26, Fig. 6]. Part
I revisits this and other interaction phenomena.

.2.3. Rib detachment between the interconnect and the
athode

Another degradation mechanism involving the interconnect
lates is the loss of contact, or detachment, of one or more ribs
ith the electrode. Analogously to the case of delamination, a

ayer of elements with the conductivity of air simulates the inter-
acial detachment, this time between the interconnect plate and
he cathode. In common with oxide layer growth, this problem
auses an increase in the total resistance of the cell, but it is phys-
cally of a different nature. Fig. 10 shows the redistribution of the
lectronic current density after the detachment of the first two
nterconnect ribs, on the cathode side, from the left. The elec-
ronic current density increases substantially at the first intact
ib adjacent to the group of detached ribs, since the cell under-
eath the interconnect detachment is still electrochemically
ctive. This increased local current density could lead to further
egradation because of localized overheating. Fig. 11 shows the
mpact of interconnect detachment on the cell impedance. Sim-
larly to oxide layer growth, interconnect detachment has the
argest effect on series resistance, with practically no change
n characteristic frequency. However, interconnect detachment
oes have an effect on polarization resistance (Fig. 12, solid tri-
ngles), in contrast with oxide layer growth. The reason is the
on-negligible shadowing effect caused by the increase in the
lectronic current path length around the detachment. Unlike
lectrode delamination [4], interconnect detachment degrades
obility of the electrons makes the performance loss caused by
his degradation mode less severe than that caused by electrode
elamination. In the case of electrode delamination, the blocking

ig. 10. Redistribution of the electronic current density upon the detachment of
he first two interconnect ribs on the cathode side. The current density increases
t the first intact rib. Unlike the case of electrode delamination (Fig. 6), the
lectrochemical activity on the bottom side is not obliterated, but lowered.
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Fig. 11. Impact of interconnect rib detachment on the impedance spectrum.
The reduction of the conduction area increases the series resistance. The high
electronic conductivity of the electrodes redistributes the current density, thereby
limiting the shadowing effect on polarization resistance.
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ig. 12. Normalized resistance trends for all degradation cases considered. Open
ymbols: normalized series resistance. Filled symbols: normalized polarization
esistance.

f ionic species deactivates the affected area since ions cannot
eadily travel the long path around the delamination due to their
imited mobility.

.3. Normalized resistance

One useful way to characterize the trend followed by the
mpedance upon the occurrence of progressive degradation
onsists of analyzing the normalized series and polarization
esistances:

¯ S = R0
S

RS
R̄P = R0

P

RP

In this way, these variables range from one to zero, corre-
ponding to the intact and totally destroyed cases, respectively.
lotting these variables as a function of a normalized quantity

ssociated with the extent of degradation can give useful insight
n what type of degradation is affecting the cell. Examples
f such abscissa variables include fraction of active area lost
ue to electrode delamination [4], and fraction of total active

o
t
(
d

er Sources 176 (2008) 138–154 151

rea lost due to microstructural degradation [14]. Although
he extent of degradation is not a quantity that is known in
ractice for an operating cell, the normalized series and polar-
zation resistances can be tracked as a function of time, possibly
howing a distinct behavior that can be used for identification
urposes.

Applying this concept to oxide layer growth is not straight-
orward, since “total” degradation cannot be defined for a
rogressively increasing oxide layer thickness. To circumvent
his problem, we defined the “total” degradation oxide layer
hickness as the thickness corresponding to 40,000 h of opera-
ion, based on a growth kinetic study reported in the literature
t the temperature of operation simulated in the present work:
pproximately 20 �m, at 0.1 �m h−0.5 [7]. A conductivity of
.01 S cm−1 was used for Cr2O3 at 850 ◦C.

Fig. 12 shows the normalized resistances for all degrada-
ion modes under study, as a function of extent of degradation,
efined as:

egradation mode Extent of degradation

elamination Delamination length/total length
xide layer growth Oxide layer thickness/20 �m

nterconnect detachment Detachment length/total length

he trend in normalized resistance is different for all three cases.

hile delamination affects series and polarization resistance to
he same extent and simultaneously, oxide layer growth mainly
ffects series resistance. Interconnect detachment affects series
esistance to a larger extent than it affects polarization resistance.
he shadowing effect of detachment only becomes evident for

arge extents of degradation, at which in-plane electronic con-
uction becomes limiting. The trend in normalized resistances is
hen a further potential tool for degradation diagnosis, in addition
o impedance peak tracking.

The concept of normalized resistance is also useful to study
he influence of design parameters on how degradation affects
ell performance. The effect of interconnect rib size on per-
ormance loss caused by interconnect oxidation is an example
f this statement. Interconnect oxidation mainly degrades the
ell performance by increasing its series resistance. Therefore,
t is expected that the interconnect/electrode area ratio will have
n influence on how cell performance deteriorates as the oxide
ayer builds up at the interconnect surface. The next two sec-
ions describe the influence of design parameters on resistance
ncrease for interconnect oxidation and interconnect detach-

ent.

.3.1. The effect of interconnect geometry on resistance
ncrease caused by interconnect oxidation

The choice of rib and channel size in planar SOFCs responds
o a compromise between adequate electronic conductivity from
ell to cell, and good reactant diffusion from the flow channel
nto the porous electrode. Fig. 13 (left) compares the results

btained in Section 3.2.2 for the default interconnect geome-
ry (rib = channel = 2 mm) with a larger (5 mm), and a smaller
1 mm) geometry, indicating that the results are nearly indepen-
ent of interconnect geometry for the case where rib and channel
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ig. 13. Left: The effect of interconnect rib and channel widths on the normali
f interconnect rib and channel width on the normalized resistances for oxide la
ndicate rib/channel width in mm. The series resistance increases to a larger ext

re of equal size. In contrast, Fig. 13 (Right) shows that the
eries resistance is more severely affected for narrow rib sizes,
or the case of a constant rib + channel total width of four mil-
imetres. This result is of importance in designing interconnect
ow fields. It demonstrates that the performance of the cell over

he full design lifetime, including any changes resulting from
egradation over the lifespan, should be considered in the initial
owfield design, and not only the reactant supply and current
ollection in the initial stages of the stack life.

The performance loss associated with oxide layer growth
n the interconnect increases with oxide layer thickness, as
xpected. The increase in series resistance depends only on
he layer thickness, and its effect will be much more severe,
n relative terms, in high performance cells, compared to low
erformance cells. In contrast, electrode delamination causes
he same relative loss of performance for a given amount of
elaminated area. Small rib width/channel width ratios show

ood performance in the intact state due to beneficial reactant
nd product diffusion effects, but they are more severely influ-
nced by oxide layer growth than cells with large relative rib
idth.

g
c
m
d

ig. 14. Influence of rib/channel width on the relative performance loss upon detach
qual width: 1 mm, 2 mm, and 5 mm. Relative deterioration increases with increasing
n the label indicate rib/channel width in mm. Relative deterioration increases with n
sistances for oxide layer growth, for the case of equal width. Right: The effect
owth, for the case of total width equal to 4 mm. Fractional numbers in the label
e narrower the rib.

.3.2. The effect of interconnect geometry on resistance
ncrease caused by interconnect detachment

Fig. 14 (left) shows the effect of interconnect geometry on the
esults for rib detachment. For equally wide ribs and channels,
he relative deterioration is larger for wider ribs and channels,
s seen in the graph on the left. For rib and channel of constant
otal rib + channel width (Fig. 14, right, equal to 4 mm in this
xample), the relative deterioration is larger for narrower ribs and
ider channels, as shown in the graph on the right. It is important

o take into account that the normalized resistance value provides
nformation about the relative deterioration, rather than real cell
erformance.

.4. Computational requirements

Fig. 1 (main) and Fig. 1 (inset) are the two geometries con-
idered in the present work. The possibility to use the simplified

eometry (Fig. 1, inset) depends on the degradation mode under
onsideration, and in particular, on its influence on the cell sym-
etry. The only degradation mode reported in this work that

oes not modify the overall symmetry of the problem is inter-

ment of an increasing number of interconnect ribs. Left: Ribs and channels of
width. Right: Constant rib + channel width equal to 4 mm. Fractional numbers

arrower ribs and wider channels.
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Table 6
Computational demand for each intact case considered

Geometry # DoF Problem # iter Time (s)

Full, ASC 36945 DC (nonlinear) 2 8 –
36945 AC (linear) – 606 61 freq

Full, ESC 32361 DC (nonlinear) 2 7 –
32361 AC (linear) – 476 61 freq

Simplified, ASC 9951 DC (nonlinear) 2 2.6 –
9951 AC (linear) – 139 61 freq
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implified, ESC 7491 DC (nonlinear) 2 2.2 –
7491 AC (linear) – 92.1 61 freq

ull geometry: Fig. 1. Simplified geometry: Fig. 1 (inset).

onnect oxidation, since the assumption is that all rib/cathode
nterfaces are affected identically. Electrode delamination and
nterconnect detachment, on the other hand, drastically mod-
fy the overall current path, destroying left-to-right symmetry,
nd demanding the modeling of the entire geometry. Thus, the
omputational demand of these two geometries varies greatly.

The model was solved using quadrilateral Lagrangian ele-
ents. Interfaces and corners require special attention, since it

s at those places where variables show large gradients. A com-
ination of MATLAB and COMSOL resulted very useful for the
umerical implementation of the model. In this way, it is easier
o vary any aspect of the model, including the geometry, without
he need to use a graphical user interface that would require re-
rawing the whole problem for every case. More importantly, it
s important to code the meshing strategy in such a way that it
dapts to changes in the geometrical characteristics of the sys-
em, thereby increasing the method’s efficiency at the expense of
elinquishing the convenience of automatic meshing algorithms.

Table 6 summarizes the data corresponding to the problem
ize (i.e. DoF = degrees of freedom) and computational time.
or each case (DC and AC), the system solves for four unknown
unctions: ionic and electronic potentials, and hydrogen and oxy-
en concentration. The computer used in the simulation had an
ntel® Pentium® 4 CPU with 1 GB RAM.

. Conclusions

A comprehensive two-dimensional SOFC model that simu-
ates both steady state and AC behavior was presented to study
he effect of contact degradation modes on the impedance spec-
rum. This work expands the two-dimensional model of a full
OFC presented previously to include the ribbed interconnect
lates and examines the effect of contact degradation modes
elated to the interconnect plates. Even in the intact case, the
resence of the ribbed interconnect influences the overall cell
erformance by hindering the access of reactant to regions
nderneath the ribs, thereby locally decreasing the electrochem-
cal activity. This is the first report of an SOFC impedance model
hat includes the interconnect plates.
Electrode delamination degrades both conductivity and elec-
rochemistry in an SOFC. It constitutes a direct hindrance to the
ow of charge between the electrodes, and also deactivates the
ell everywhere in the electrodes above and below the delami-

[
[

[
[

er Sources 176 (2008) 138–154 153

ated zone as a result of the large aspect ratio of the cell. This
eactivation effectively shadows the cell over the affected area.
he simultaneous and equivalent increase in series and polar-

zation resistances, proportional to the delaminated area, is a
istinct change of the impedance spectrum that may be used
or identification purposes. Since it does not cause a change
n the electrochemical processes, delamination is expected to
eave the relaxation frequencies of the electrochemical processes
nchanged.

Interconnect oxidation is an important degradation mode
ffecting contact resistance. This degradation mode mainly
ffects performance by increasing the SOFC series resistance.
he extent of degradation increases for small rib/channel width

atios. A small change in the electrode arcs may appear as a con-
equence of the polarization resistance dependence on overall
urrent density, but this contribution is small compared with the
hange in ohmic resistance. The characteristic frequency of the
lectrode arcs remains essentially unchanged.

The simulation of interconnect detachment yielded inter-
sting results in terms of the physical difference between
nterconnect detachment and electrode delamination. The loss of
erformance resulting from detachment is less severe than that
aused by delamination, since electrons, the blocked species, can
ove laterally in the electrodes to a much larger extent than ions

an move within the electrolyte. Consequently, this mechanism
roduces an increase in series resistance, with some increase in
olarization resistance, with almost no peak frequency change.

Tracking the change in normalized series and polarization
esistance provides further useful information on the type of
egradation affecting the cell. Part II of this work further exploits
he benefits of this concept by describing the influence of simul-
aneous degradation modes on the SOFC impedance.
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