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bstract

In the first part of this two-paper series, we presented a numerical model of the impedance behaviour of a solid oxide fuel cell (SOFC) aimed
t simulating the change in the impedance spectrum induced by contact degradation at the interconnect-electrode, and at the electrode–electrolyte
nterfaces. The purpose of that investigation was to develop a non-invasive diagnostic technique to identify degradation modes in situ. In the present
aper, we appraise the predictive capabilities of the proposed method in terms of its robustness to uncertainties in the input parameters, many of
hich are very difficult to measure independently. We applied this technique to the degradation modes simulated in Part I, in addition to anode

ulfur poisoning. Electrode delamination showed the highest robustness to input parameter variations, followed by interconnect oxidation and

nterconnect detachment. The most sensitive degradation mode was sulfur poisoning, due to strong parameter interactions. In addition, we simulate
everal simultaneous two-degradation-mode scenarios, assessing the method’s capabilities and limitations for the prediction of electrochemical
ehaviour of SOFC’s undergoing multiple simultaneous degradation modes.

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

In the first part of this series, we presented a numerical model
f the ac behaviour of an SOFC to explore the possibility to diag-
ose degradation using impedance spectroscopy in a minimally
nvasive way. Simulated degradation mechanisms included elec-
rode delamination, interconnect oxidation, and interconnect
etachment [1,2]. In a separate work, we had previously pre-
ented results for microstructural degradation modes such as
ulfur poisoning [3]. The distinct impact of these degradation
odes on the impedance spectrum suggested ways to identify

hem. Examples of distinct patterns induced by degradation are
he behaviour of the series and polarization resistance with pro-
ressing extent of degradation, and the change in electrode arc

ize and/or characteristic frequency. According to our model-
ng results, electrode delamination causes a simultaneous and
quivalent increase in both series and polarization resistance,

∗ 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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n proportion to the amount of delaminated area. At the same
ime, the electrode characteristic frequencies remain unchanged
ecause delamination does not alter the electrochemical nature
f the cell reactions. Interconnect oxidation, on the other hand,
egrades cell performance by increasing the series resistance,
ithout much change in either polarization resistance or relax-

tion frequencies [1]. Interconnect detachment, a third type
f contact degradation, mainly affects series resistance with
ome polarization resistance deterioration, especially for large
etached areas [1]. Finally, sulfur poisoning deteriorates cell
erformance by mainly affecting polarization resistance, with-
ut change in series resistance, at least at early stages when the
ffect is still reversible. As with any numerical model, it is of
tmost importance utilize reliable input parameters in order to
chieve sensible results. In this work, a multivariable interac-
ion study revealed how the model results vary with different
ombinations of input parameters. This study aims at providing

nsight on the impact of inaccurate input data on the modeling
esults. In such a complex model as that of an operating SOFC,
any of the model input parameters are very difficult to deter-
ine experimentally by independent measurements, leading to

mailto:kesler@mie.utoronto.ca
dx.doi.org/10.1016/j.jpowsour.2007.10.046
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he use of estimates of unclear accuracy, or to considering of
ome of the parameters as fitting parameters. In this work we
resent a multivariable sensitivity analysis study based on the
niform design experimental design method [4] that evaluates
he influence of varying each of the input parameters over a wide
et reasonable range.

A parametric study consisting of calculating the polariza-
ion and series resistances for a wide range of input parameters
evealed some of the strengths and limitations of the method.
epeated for all degradation modes presented in [1] plus sul-

ur poisoning, this parameterization revealed that the results
or delamination are very robust to inaccuracies in, or inter-
ctions among, cell parameters. A similar conclusion applies
o oxide layer growth and interconnect detachment, but to a
esser extent. In contrast, the results for sulfur poisoning are
trongly dependent on the operating conditions and cell charac-
eristics, especially the operating voltage and the charge transfer
oefficients.

The modeling results presented in Part I [1] and in [3] show
he impact of individual degradation modes on the impedance
pectrum, suggesting ways to diagnose them based on the iden-
ification of the induced changes. A situation not previously
onsidered, however, is the simultaneous occurrence of multiple
egradation modes. Natural questions arising from this idea are:

. Is it possible to diagnose multiple degradation mechanisms
occurring simultaneously?

. Are their effects additive? Could different degradation modes
interact in such a way as to obscure the effect of one or more
of them?

This work explores possible scenarios of simultaneous degra-
ation modes, assessing the capabilities and limitations of the
roposed method. A convenient method to visualize the effect
f multiple simultaneous degradation modes is presented that
llows a better interpretation of the trend in resistances.

. Results and discussion

.1. Sensitivity and parameter interaction analysis

Using realistic input parameters is of utmost importance in
ny numerical model. This is especially true in very complex
odels such as that of a fuel cell, because many important

arameters are not independently or readily measurable. Charge
ransfer coefficients, electroactive surface area, exchange current
ensity, and tortuosity are typical examples. Moreover, differ-
nt combinations of parameters may yield the same modeling
esults, making the model prone to ambiguities, and making
nambiguous model validation extremely difficult. Defining
arameters as fitting, or free, parameters is common practice
n the modeling literature, but it must be done with care, since
t is easy to obtain apparently sensible results, using unrealistic

nput data. This difficult problem, inherent to every numerical

odel, suggests the need for a method to assess the sensitivity
f the results to inaccuracies in the input data. One objective
f this work is to utilize a statistical method to determine the
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mpact of those inaccuracies on the model output. This method
s based on the uniform design technique [4], which consists
f designing a set of experiments using different combina-
ions of input variables to evaluate their relative influence on
he results and their potential interactions. In the present case,
e run a certain study case several times using a broad, yet

easonable, range of variability for each input parameter, and
ompare the results. If the obtained scatter is of the order of
he expected experimental scatter, then it can be concluded that
he simulation is reasonably insensitive to inaccuracies in the
nput data. On the other hand, if the dispersion is significant,
he critical input parameters that are most responsible for the
catter should be identified and, if possible, their values should
e estimated with higher accuracy. This study is of especial
mportance in a complicated system such as a fuel cell, since
ts many concurrent physical mechanisms may interact with
ach other, yielding unexpected results if not properly taken
nto account.

The cross influence between electrodes is an example of this
ind of interaction. The polarization resistance of an electrode
s inversely proportional to the total current density in the Tafel
egime, as long as the system is not under mass transport control.
f one electrode loses electrochemical activity due to microstruc-
ural degradation, the overall cell polarization state will change.
his will change, in particular, the polarization state of the other
lectrode if the cell is working in potentiostatic mode, thereby
hanging its polarization resistance. Therefore, both electrode
olarization resistances will change due to a performance loss
f just one electrode.

The Uniform Design method specifies a combination of
actors to be used for a given number of runs of the desired exper-
ment. The factors correspond to the input parameters whose
ffect on the result we want to characterize, 20 in the present
ase, as specified in Table 1. The number of runs chosen in this
ase is thirty. The next sections present the normalized resistance
esults for a certain extent of degradation for each individual
egradation mode, calculated 30 times using the parameter grid
pecified in Table 1. The dispersion in the normalized resistance
esults indicates the robustness of the method for each degrada-
ion mode to input parameter variability. For each case in which
he dispersion is considerable, we explore its possible causes and
uggest strategies for improvement. Table 2 details the param-
ter combinations used for the case of delamination: 21 factors
n 30 runs.

.1.1. Delamination
In the case of electrode delamination, a distinct trend followed

y both the normalized series and polarization resistances as a
unction of progressively increasing electrode delaminated area
ppeared as a suitable means to identify this type of degradation
ode [1,2]. For example, for a 36% loss in delaminated area,

oth normalized resistance values become:
0 0
¯ S = RS

RS
≈ 0.64 R̄P = RP

RP
≈ 0.64,

here the superscript zero indicates the resistance prior to degra-
ation.
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Table 1
Range of variability of input parameters for the sensitivity analysis of the results

Parameter Symbol Min Max Units

Anode (ESC) and cathode thickness (ESC, ASC) tANO, tCAT 10 100 �m
Anode (ASC) thickness tANO 500 1000 �m
Electrolyte thickness (ESC) tELY 90 200 �m
Electrolyte thickness (ASC) tELY 5 20 �m
Channel hydrogen partial pressure pH2 0.1 0.97 atm
Channel oxygen partial pressure pO2 0.1 0.21 atm
Operating point as a fraction of the OCV VCELL 0.2 0.99 –
Anode charge transfer coefficient, anodic direction αAA 0.5 2 –
Anode charge transfer coefficient, cathodic direction αAC 0.2 1 –
Cathode charge transfer coefficient, anodic direction αCA 0.5 2 –
Cathode charge transfer coefficient, cathodic direction αCC 0.2 1 –
Anode and cathode active surface area Sano, Scat 105 106 m−1

Anode and cathode porosity ε 0.1 0.7 –
Anode and cathode gas phase tortuosity τ 2 7 –
Log anode double layer capacitance Cdl, ano −1 2 F m−2

Log cathode double layer capacitance Cdl, cat −1 2 F m−2

Log anode exchange current density i O 1 3 A m−2

L T

D

p
b
o
e
s

o
o

0, AN

og cathode exchange current density i0, CA

elamination thickness (if applicable) t

In order to assess the sensitivity of these results to input
arameter inaccuracies and indetermination, as well as to possi-

le unexpected parameter interaction, 21 parameters were varied
ver the range shown in Table 1, using a 30-run set of numerical
xperiments. Each parameter takes 30 different values, equally
paced over an interval that spans a broad, yet reasonable, range

m
c

s

Fig. 1. The cell geometry used for the sensiti
1 3 A m−2

0.1 5 �m

f variability, for a fixed extent of degradation. Each run consists
f the solution of the system of equations to calculate the nor-

alized resistances for a different combination of parameters,

hosen according to the uniform design criterion.
Fig. 1 shows the geometry used for the simulations. Fig. 2

hows the results for both normalized series and polarization

vity and parameter interaction studies.
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Table 2
Parameter variation for the uniform design analysis corresponding to delamination

tANO tCAT tELY pH2 pO2 V αAA αAC αCA αCC Sano Scat εano εcat τano τcat Cdl, ano Cdl, cat i0, ANO i0, CAT t

3.17E−05 9.38E−05 1.51E−04 0.19 0.10 0.39 0.9 0.3 1.3 0.8 4.72E+05 8.76E+05 0.33 0.16 4.4 3.9 24.0 0.4 16 42 7.76E−07
5.03E−05 3.79E−05 1.09E−04 0.73 0.10 0.88 1.8 0.7 0.5 0.7 4.41E+05 5.03E+05 0.66 0.56 6.5 6.7 4.5 2.8 36 12 1.28E−06
3.48E−05 7.21E−05 1.28E−04 0.46 0.14 0.55 1.7 0.7 1.4 0.6 1.00E+05 3.79E+05 0.37 0.70 2.2 3.0 0.1 0.1 92 1000 2.69E−07
2.86E−05 1.62E−05 1.54E−04 0.91 0.11 0.66 1.1 0.5 1.5 0.5 6.90E+05 1.62E+05 0.14 0.45 6.1 5.4 62.1 0.2 108 728 3.82E−06
5.34E−05 5.03E−05 1.96E−04 0.25 0.15 0.45 0.7 0.4 0.6 0.7 8.14E+05 4.41E+05 0.64 0.35 6.7 2.3 0.2 0.5 386 281 3.31E−06
6.59E−05 5.97E−05 1.20E−04 0.20 0.20 0.20 0.6 0.6 0.9 0.2 4.10E+05 2.24E+05 0.43 0.37 3.2 6.3 7.3 0.1 30 30 4.16E−06
1.62E−05 8.14E−05 1.24E−04 0.88 0.18 0.77 1.4 0.9 0.8 0.9 5.97E+05 9.07E+05 0.45 0.20 5.1 6.1 0.2 0.2 204 240 2.30E−06
9.07E−05 2.55E−05 1.36E−04 0.61 0.12 0.74 1.0 0.3 0.8 0.8 1.93E+05 4.10E+05 0.22 0.14 3.4 4.9 0.1 24.0 67 36 3.48E−06
7.83E−05 2.86E−05 1.01E−04 0.82 0.13 0.28 1.4 0.4 1.1 0.3 3.79E+05 2.55E+05 0.49 0.18 5.3 3.2 11.7 5.7 853 204 6.07E−07
4.10E−05 5.34E−05 9.76E−05 0.13 0.17 0.80 1.5 0.3 1.1 1.0 9.38E+05 1.00E+05 0.16 0.49 2.5 3.4 2.2 1.7 12 127 2.13E−06
4.72E−05 4.10E−05 1.89E−04 0.70 0.17 0.34 0.8 0.8 1.8 0.8 2.24E+05 5.34E+05 0.18 0.27 2.9 6.8 5.7 0.9 530 386 1.45E−06
8.76E−05 8.45E−05 1.58E−04 0.94 0.20 0.42 1.8 0.4 1.6 0.7 5.03E+05 2.86E+05 0.12 0.47 4.2 2.7 0.3 3.6 329 10 1.96E−06
5.66E−05 4.72E−05 9.00E−05 0.49 0.18 0.61 0.5 0.5 1.9 0.9 1.31E+05 9.38E+05 0.41 0.58 7.0 3.7 78.8 78.8 281 92 2.47E−06
8.45E−05 4.41E−05 1.92E−04 0.79 0.16 0.72 1.3 0.9 1.0 0.4 2.86E+05 8.14E+05 0.29 0.64 4.9 2.5 18.9 0.3 14 16 3.14E−06
7.52E−05 6.90E−05 2.00E−04 0.52 0.16 0.99 2.0 0.4 1.9 0.6 7.83E+05 3.48E+05 0.39 0.22 4.6 6.5 14.9 100.0 19 853 2.80E−06
6.90E−05 0.0001 9.38E−05 0.64 0.13 0.31 1.6 0.9 2.0 0.3 9.69E+05 5.66E+05 0.24 0.29 6.8 4.4 1.1 0.7 49 67 2.97E−06
1.93E−05 9.07E−05 1.70E−04 0.67 0.18 0.36 1.6 0.2 0.7 0.4 3.17E+05 6.28E+05 0.60 0.53 3.6 4.6 48.9 14.9 57 329 3.65E−06
8.14E−05 1.31E−05 1.32E−04 0.34 0.19 0.91 1.2 0.2 1.8 0.3 7.21E+05 6.59E+05 0.62 0.62 4.1 5.1 0.3 0.3 174 108 1.11E−06
3.79E−05 7.52E−05 1.05E−04 0.76 0.15 0.53 0.9 0.3 1.3 0.4 8.45E+05 7.83E+05 0.27 0.66 4.8 7.0 0.9 30.4 621 19 4.32E−06
2.24E−05 2.24E−05 1.77E−04 0.55 0.19 0.23 1.1 0.9 1.0 0.8 8.76E+05 3.17E+05 0.35 0.60 5.4 4.8 0.7 48.9 26 79 4.38E−07
5.97E−05 1.00E−05 1.47E−04 0.16 0.14 0.50 1.9 1.0 0.6 0.3 5.34E+05 8.45E+05 0.10 0.43 2.0 5.8 3.6 62.1 240 174 2.63E−06
6.28E−05 3.48E−05 1.39E−04 0.97 0.21 0.58 1.0 0.7 1.4 0.6 9.07E+05 1.00E+06 0.70 0.12 3.0 3.6 2.8 4.5 10 452 5.00E−06
2.55E−05 1.93E−05 1.13E−04 0.37 0.15 0.47 1.7 0.8 1.7 0.9 7.52E+05 4.72E+05 0.56 0.24 3.9 2.0 38.6 9.2 149 14 3.99E−06
1.31E−05 5.66E−05 1.85E−04 0.85 0.11 0.83 0.6 0.6 1.7 0.2 6.28E+05 6.90E+05 0.47 0.39 2.3 2.2 0.5 18.9 42 57 1.62E−06
9.69E−05 6.28E−05 1.43E−04 0.22 0.12 0.25 1.3 0.6 1.6 1.0 3.48E+05 7.52E+05 0.51 0.51 5.6 6.0 0.4 7.3 22 530 4.49E−06
9.38E−05 7.83E−05 1.17E−04 0.31 0.19 0.85 0.8 0.8 0.7 0.5 6.59E+05 5.97E+05 0.20 0.33 5.8 2.9 30.4 11.7 79 621 9.45E−07
1.00E−05 3.17E−05 1.66E−04 0.28 0.21 0.96 1.9 0.6 1.2 0.5 1.62E+05 7.21E+05 0.31 0.31 6.0 4.2 1.4 1.4 1000 49 4.83E−06
7.21E−05 9.69E−05 1.62E−04 0.58 0.12 0.94 0.7 1.0 1.2 0.9 5.66E+05 1.93E+05 0.58 0.68 3.7 4.1 9.2 2.2 728 149 4.66E−06
4.41E−05 8.76E−05 1.73E−04 0.10 0.16 0.69 1.2 0.8 1.5 0.4 2.55E+05 1.31E+05 0.68 0.10 6.3 5.3 1.7 38.6 127 22 1.79E−06
0.0001 6.59E−05 1.81E−04 0.43 0.13 0.64 1.5 0.5 0.9 0.6 1.00E+06 9.69E+05 0.53 0.41 2.7 5.6 100.0 1.1 452 26 1.00E−07

The order given in Table 1 is preserved for the varied parameters, which are listed across the columns. Each row corresponds to one numerical experiment, using the values in that row for each parameter that is
varied. SI units are used throughout the table.
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Fig. 2. Normalized resistance results for a delamination equivalent to 36% of the cathode length (two ribs and two channel lengths) are almost insensitive to input
parameter variation, and no unexpected interaction is apparent.

Fig. 3. Some variability is observed in the normalized resistance results for growth of a 5 �m oxide layer on the interconnect. The variability in polarization
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esistance (empty squares) is associated with the non-monotonic dependence o
f the electrolyte thickness among the varied factors causes variability in norma

esistances. It is apparent from the graph that their sensitiv-
ty to variations in the input parameters is very small. This
esult shows that the model predictions of normalized resistance
ehaviour caused by delamination are robust to variability in the
nput parameters. This invariance is associated with the nature of
elamination itself. Electrode delamination deteriorates the cell
erformance by interrupting the flow of ionic charge, thereby
eactivating the cell volumes above and below the delamination
ecause of the large aspect ratio of the cell. This phenomenon is
f a conductance nature, and it will have an equivalent effect
or all reasonable cell geometries and electrochemical char-
cteristics. The normalized series resistance for run k can be
pproximated as1:
R0
S(k)

RS(k)
= R0

S(k)

R0
S(k)(A0/(A0 − AD))

= 1 − AD

A0 (1)

1 This approximation implies neglecting any in-plane conduction.

i
o
t
o
i

athode polarization resistance on overall polarization (see text). The presence
series resistance (solid circles vs. thin line).

here A0 and AD are the intact projected area and the delami-
ated area, respectively. Eq. (1) shows that the normalized series
esistance is independent of the intact series resistance. This
roperty makes the series resistance behaviour in the case of
lectrode delamination different from that corresponding to the
ollowing case studied: oxide layer growth.

.1.2. Oxide layer growth
If the same concept is applied to oxide layer growth on

he interconnect, the variability is larger, as shown in Fig. 3,
hich illustrates the scatter in normalized series and polariza-

ion resistances for a 5 �m thick oxide layer simulated between
he cathode and its corresponding interconnect. The variability

n normalized series resistance is a result of the impact of the
xide layer on the cell impedance. Unlike the case of delamina-
ion, the normalized series resistance does depend on the value
f the intact series resistance. An oxide layer of fixed thickness
ncreases the series resistance by a constant value in all runs:
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ig. 4. Both series and polarization resistance show a variability that is compa
ffect cathode conductance the most, are responsible for the series resistance v
eries resistance variability decreases (thin line).

R0
S(k)

RS(k)
= R0

S(k)

R0
S(k) + δ

(2)

here δ is a constant that depends on the oxide layer thickness
nd conductivity. The intact series resistance is different in all
ases, since the electrolyte thickness, by far the most important
ontributor, is among the varied parameters. Therefore, the scat-
er in the normalized series resistance is a result of the scatter
n the intact series resistance. When the numerical experiment
s repeated excluding the electrolyte thickness variability, the
eries resistance scatter disappears, as shown in Fig. 3 (thin line).
he dispersion in polarization resistance is the result of an inter-
ction between the increase in series resistance due to the oxide
ayer and the polarization resistance, via the polarization resis-
ance dependence on the total current density. The polarization
esistance of an electrode depends, among other factors, on cur-
ent density. An increase in total resistance lowers the delivered
urrent when the cell is operated in potentiostatic mode, hence
hanging the polarization resistance of the electrodes. Section
.1.4 addresses this phenomenon in further detail.
.1.3. Interconnect detachment
The variability in the case of interconnect detachment is com-

arable to that of oxide layer growth, as shown in Fig. 4. The

t
d
i
o

ig. 5. Both Rp magnitude and Rp scatter increase when the number of detached ribs
n Rs decreases upon locking the parameters relevant to cathode electronic conductan
to that of oxide layer growth. Cathode porosity and thickness, the factors that
lity (solid circles). When these parameters are locked at the default values, the

eason for the series resistance scatter, however, is not the same
ne described in Section 2.1.2. The electronic conductivity of
he cathode largely influences the resulting series resistance after
athode-interconnect interface detachment, because of an effec-
ive increase in the electronic path length. The increase in series
esistance becomes, therefore, dependent on the two factors that
etermine the electronic conductance for a given material: cath-
de porosity and cathode thickness. Upon detachment, the series
esistance will increase to a greater extent for high cathode
orosity and low cathode thickness. When cathode thickness
nd cathode porosity remain fixed at the default values, the dis-
ersion in series resistance diminishes considerably, as shown
y the thin line in Fig. 4.

The scatter in polarization resistance is related to the dif-
erent amount of shadowing produced by the detachment
mong runs. Shadowing is the partial deactivation of projected
ell area caused by a degradation mechanism affecting con-
act resistance at an interface, and it manifests itself as an
ncrease in polarization resistance. An interfacial problem at the
nterconnect-cathode boundary causes an extent of shadowing

hat depends on the cathode electronic resistance in the in-plane
irection, since incoming electrons must circumvent the affected
nterconnect ribs in order to reach the cathode. For large amounts
f detachment, the relative effect of relevant cathode parameters

increases from 2 to 3. Equivalently to the two-rib detachment case, the scatter
ce: cathode porosity and thickness.
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Fig. 6. Interconnect detachment on the anode side presents a lowe

n in-plane resistance is large; hence the larger scatter in the
esulting polarization resistance. Fig. 5 clearly shows this trend,
omparing the effect of two- and three-rib detachments on the
ormalized resistances.

Fig. 6 shows that there is a relatively small scatter in the
ase of interconnect detachment on the anode side, providing
urther evidence of the influence of electronic conductance on
he variability in the results. The very high conductance pro-
ided by metallic nickel accommodates the electronic current
edistribution relatively easily, largely regardless of the input
arameter combination. This statement is especially true for
node-supported cells, because of their very thick anode layer.

.1.4. Sulfur poisoning
There is experimental evidence of the fact that sulfur poi-

oning deteriorates SOFC anodes by adsorbing on electroactive
eaction sites as a monolayer [5], particularly at early stages
n the poisoning process. If this assumption holds, sulfur poi-
oning is expected to affect the electrochemistry by a direct
ecrease in surface area, without severe influence on microstruc-

ure morphology (porosity and tortuosity), and hence on the

ass transport characteristics of the porous electrode. In [5],
he authors also provide evidence of invariance in charge trans-
er coefficients, by showing single electrode polarization curves

t
c
d
a

ig. 7. Sulfur poisoning inducing 90% loss in the active anode area. While the norm
evel of interaction among parameters yields a large variability in the results for polari
arameters, inlet partial pressures, and operating point are fixed (thick line). These ca
ter, because of the very high electronic conductance of the anode.

efore and after poisoning. Based on these observations, our
pproach has been to simulate sulfur poisoning by decreasing
he electroactive surface area (SANO in Eq. (4) in [1]). Further-

ore, these characteristics make sulfur poisoning different from
arbon deposition, another microstructural degradation mode
ffecting the anode due to hydrocarbon cracking. In this case,
olid deposits of carbon on the surface of the material may par-
ially block the pores in the anode, and thereby also affect the
iffusional characteristics of the anode microstructure. It there-
ore is not possible to simulate it with the model in its present
orm without additional experimental information regarding the
xtent of pore blockage for a given extent of carbon deposi-
ion and its corresponding surface area loss. More information
s needed on how the relevant microstructural parameters are
ffected by the presence of solid carbon in the Ni–YSZ matrix.

Prediction of the electrochemical signatures associated with
his degradation mode is the most severely influenced by input
arameter variability, because the effects are electrochemical
n nature. The large variability in Rp shown in Fig. 7, empty
quares, illustrates this statement. As explained in the introduc-

ion, the high complexity of the SOFC electrochemistry causes
omponent interdependencies that may mislead an attempt to
iagnose a single degradation event. The reason for this vari-
bility is the current density dependence of the polarization

alized series resistance shows no variability (solid circles and thin line), a high
zation resistance (empty squares). The variability is much smaller when kinetic
lculations were done using the half-rib, half-channel geometry shown in Fig. 1.



1 of Pow

r
s
e
t
c
s
d
t
t
t
B
t

fcc −

a
fi
F
m
T
t
s
t
d
t
C
r
b
t
f
s
a

F
c
m

t
t
t
p
T
y
t
t
r
t
f

2
m

s
h
[
p
n
r
i
t
s

62 J.I. Gazzarri, O. Kesler / Journal

esistance, and the fact that the simulation is set as potentio-
tatic. The Butler–Volmer kinetics assumed dominant at the
lectrodes implies a non-monotonic behaviour of the polariza-
ion resistance with polarization state for cathodes with different
harge transfer coefficients in each reaction direction. At con-
tant dc potential, the reduction in anode electrochemical activity
ue to poisoning decreases the current density of the cell, and
his change modifies the polarization resistance of both elec-
rodes. The polarization resistance of the cathode, according to
his model, results from the reciprocal of the derivative of the
utler–Volmer source equation (Eq. (5), Part I [1]), with respect

o the overpotential:

∂iF,ION,CAT(η)

∂η
= RP

−1 =
[
SCATi0,CAT

[
fca exp(fcaη) +

(
cO2

c0
O2

Due to the different charge transfer coefficients in the anodic
nd cathodic directions, the cathode polarization resistance
rst increases, and then decreases for increasing overpotentials.
ig. 8 shows the cathode polarization resistance, calculated para-
etrically as a function of applied overpotential, for this model.
his figure shows three operating points: (A) the intact case; (B)

he state after some mild change in total current density; (C) a
everely degraded case. These two degraded states can occur due
o different extents of sulfur poisoning that change the overall
elivered current density, and therefore, the polarization state of
he cathode, even when degradation occurred at the anode. B and

indicate an increase and a decrease in polarization resistance,
espectively, compared to the intact state A. The non-monotonic
ehaviour of Rp with cathodic overpotential is responsible for

his behaviour. There is interaction between the amount of sul-
ur poisoning and the operating point. Consequently, to diagnose
ulfur poisoning it is essential to have access to information such
s the degradation history, since the initial and final state of resis-

ig. 8. Cathode polarization resistance dependence on overall (external)
athodic overpotential vs. 1.12 V. The overpotential at which the resistance is a
aximum is a function of both cathode charge transfer coefficients.
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1

c0
O2

∂cO2

∂η

)
exp(−fccη)

]]−1

ances may result in ambiguities. Fig. 7 shows, with a thick line,
he normalized polarization resistance resulting from locking
he operating voltage, exchange current densities, inlet partial
ressures, and main charge transfer coefficients, αaa and αcc.
he variability is clearly smaller, further confirming the anal-
sis of the previous paragraph. Locking the other two charge
ransfer coefficients did not have an appreciable influence on
he normalized resistance scatter, presumably because of their
elatively low importance at the operating point considered in
hese runs. Table 3 summarizes the sensitivity analysis results
or all the degradation modes under consideration.

.2. The simultaneous occurrence of multiple degradation
odes

Cathode delamination produces a simultaneous increase in
eries and polarization resistance. Sulfur poisoning, on the other
and, causes an increase in polarization resistance with little
5] or no [6,7] change in series resistance, since the conductive
ath for charge carriers remains essentially unaltered. Intercon-
ect oxidation results almost exclusively in an increase in series
esistance, while cathode-side interconnect detachment results
n increased series resistance with some increase in polariza-
ion resistance. A conceivable degradation scenario could be the
imultaneous occurrence of sulfur poisoning and interconnect
xidation such that both resulting normalized resistance ratios
re approximately equal, as in the case of delamination. Based
nly on the initial and final states of series and polarization resis-
ances, the two situations are indistinguishable. However, extra
nformation may help in the diagnosis of such a combination of
egradation modes:

. Tracking the evolution of a single electrode arc or peak, in
the case where this feature is reasonably deconvoluted from
the other electrode features.

. Tracking the cell degradation path to find a distinct pat-
tern, based on previous knowledge about specific degradation
mode kinetics.

For an explanation of each case, Table 4 details different
tages of degradation in a simulated combined degradation sce-
ario of interconnect oxide layer growth + sulfur poisoning, and
ndependently, cathode delamination, producing approximately
he same final values for normalized resistances. The charac-
eristics of the combined degradation mode were estimated as
ollows: the anode active area decreases according to the equilib-
ium sulfur coverage at the operating temperature of 850 ◦C [8]
or a fuel stream containing 10 ppm H2S. This change causes a

olarization resistance increase that is then matched to the series
esistance increase caused, independently, by interconnect oxi-
ation. A 4.3 �m thick oxide layer satisfies this requirement
sing the oxidation kinetics and chromia resistivity at the oper-
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Table 3
Average and percent deviation in normalized series and polarization resistance for the 30 uniform design runs, for each degradation mode, varying 20 (or 21, in the
case of delamination) factors according to Table 1 Cases 1 and 2 indicate before and after locking the parameter identified as primary source of deviation

G

a
t
a

2

a
a
f
i
i
i
s
T
t
i
a
s
i
t

2

s

e
f
c
g
s
a
(

r
t
m
a
i
i
a
o
o

g
l

T
E

T

1
1

n

ray cells indicate relevant dispersion values affected by this change.

ting temperature [9,10] described in Chapter Four in [11]. Using
his information, a combined degradation history is simulated,
s shown in Table 4.

.2.1. Tracking an individual electrode process
As explained in [3,11], the arc corresponding to the main

node process increases in diameter when the anode surface
rea decreases due to sulfur poisoning. Depending on the dif-
erence in relaxation frequencies between electrode processes,
ndividual impedance arcs may be identifiable, in which case
ndividual degradation mode diagnosis becomes easier. Fig. 9
llustrates this case for the first three stages in the simultaneous
ulfur poisoning and oxide layer growth scenario of Table 4.
he increase in Rp is solely due to the anode polarization resis-

ance, unlike the case of delamination, where both electrode arcs
ncrease, regardless of which one delaminates. In this case, the
node arc is clearly identifiable among the other features of the
pectrum. In the case where it is not, Schichlein et al.’s [12]
nteresting method could be of aid, but care must be taken with
he choice of data filtering and windowing strategy.
.2.2. Tracking the degradation path
Different combinations of degradation modes may lead to the

ame final normalized resistances values. However, the differ-

i
t
a
h

able 4
xtent of degradation used in the example of combined degradation modes

ime (h) Oxide layer growth oxide layer thickness (�

0 0.00
50 0.71

508 2.25
967 3.11
425 3.78
884 4.34

a The large difference in kinetics of the two processes suggests that not considerin
o appreciable influence in this example.
nt degradation rates make unlikely that the degradation path
ollowed by the system is equivalent in different cases. The con-
ept of degradation space is introduced to clarify this point. The
raph in Fig. 10 shows normalized polarization resistance ver-
us normalized series resistance, with the extent of degradation
s an implicit parameter. In this degradation space graph, point
1, 1) corresponds to the intact case.

Plotting the evolution of normalized series and polarization
esistance starting at (1, 1) provides useful visual informa-
ion about the nature and extent of degradation. A degradation

ode that mainly affects Rs, like oxide layer growth, appears
s an almost horizontal line progressing leftward with increas-
ng extent of degradation. Sulfur poisoning, on the other hand,
s reflected as a vertical line down from (1, 1), since it mainly
ffects the anodic Rp. Finally, a line at 45◦ from (1, 1) towards the
rigin represents delamination, because it causes a shadowing
f the entire cell.

In this way, a combination of two or more modes will be, in
eneral, a curve starting at (1, 1) and progressing downward and
eftward, depending on the relative effect on series and polar-

zation resistances. Regardless of its end point, the likelihood
hat two combinations will follow the same entire path is small
nd can reasonably be neglected, since each degradation mode
as its own kinetics, with very different time scales at which

m) Sulfur poisoning fraction of active area loss

0
0.88a

0.88
0.88
0.88
0.88

g the 2 h incubation period observed by Xia and Birss [5] is expected to be of
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Fig. 9. Impedance spectra corresponding to three stages of combined sulfur poi-
soning + interconnect oxidation degradation. Above: complete spectrum; below:
detail of the anodic contribution.

Fig. 10. Approximate overall degradation path followed by the mechanisms
under study, when acting individually.

c
b
d
t
p

(

m
f
g
i
f
fi
t
i
i
p

i
t
i
s
c
a

(

F
(
A
t
b

er Sources 176 (2008) 155–166

omparable extents of degradation occur. However, care must
e taken with the use of this concept, since the resulting degra-
ation path depends on characteristics of the intact cell, notably
he supporting configuration. Fig. 11 shows the two degradation
aths for our working example:

(a) Cathode delamination.
b) Sulfur poisoning + oxide layer growth to produce an

increase in Rs and Rp equivalent to (a), according to the
degradation history shown in Table 4.

In this example, the large difference in degradation kinetics
akes the two degradation paths different from each other. Sul-

ur adsorption kinetics are much faster than those of chromia
rowth, as illustrated in Fig. 11 (circles). The initial variation
n polarization resistance in the case of delamination does not
ollow the 45◦ line because the portion of the cell under the
rst rib is only partially active in the intact case due to reac-

ant starvation away from the channel. Therefore, inactivating
t via cathode delamination does not cause as large an increase
n polarization resistance as is observed when delaminating the
ortions of the cell away from the outside rib.

The combination of delamination with sulfur poisoning and,
ndependently, with interconnect oxidation, are further illus-
rative examples of the application of the concepts explained
n this section. In this case, the degradation scenario corre-
ponds to the individual extents of degradation shown in Table 4,
ombined in two different ways, and for both electrolyte- and

node-supported configurations:

(a) delamination + interconnect oxidation;
b) delamination + sulfur poisoning.

ig. 11. Degradation path plot showing the normalized resistance behaviour of
�) inter-connect oxidation plus sulfur poisoning and (�) cathode delamination.
lthough the final degradation state is approximately the same for both cases,

he difference in degradation history presents a possible way of distinguishing
etween the two cases.
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Fig. 12. Degradation path plots showing two different degradation scenarios:
combination of delamination with interconnect oxidation (filled circles), and
w
s
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d
p
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w
c
r

R N∑Rk

R0 − (N − 1)
ith sulfur poisoning (filled triangles). The delamination, oxide, and sulfur poi-
oning characteristic paths are shown for comparison. Electrolyte-supported
onfiguration.

Fig. 12 shows these two combinations, compared with pure
elamination, for the ESC configuration. The offset from the
elamination characteristic line reflects the influence of inter-
onnect oxidation and sulfur poisoning.

Fig. 13 shows the equivalent situation for the ASC configu-
ation. The performance loss for the delamination + oxide layer
ase is in this case much more severe, because of the much
igher relative importance of series resistance deterioration of

he anode-supported cell.

The usefulness of the degradation path plot is subject to
-priori knowledge about the expected kinetics of the degra-
ation modes, exemplified in this case by the much faster sulfur

ig. 13. Degradation plot for the same combinations shown in Fig. 12, for the
node-supported configuration.
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oisoning, compared with interconnect oxidation. In case of
on-interacting multiple degradation modes simultaneously act-
ng on a cell, it is possible to add their contributions to the
egradation path plot. For N concurrent, non-interacting degra-
ation mechanisms, the individual contributions to series and
olarization resistance are additive:

− R0 = �R =
N∑

k=1

�Rk =
N∑

k=1

(Rk − R0)

=
N∑

k=1

Rk − NR0 (3)

here R is either a polarization or a series resistance, �R indi-
ates its change, and R0 is the intact state series or polarization
esistance. Now,

R − R0 =
N∑

k=1

Rk − NR0

⇒ R =
N∑

k=1

Rk − (N − 1)R0

⇒ R0

R
= R0

N∑
k=1

Rk − (N − 1)R0

⇒ R0

= 1

(4)
k=1

ig. 14. Normalized resistance of the two combined degradation scenarios of
he example above, as a function of the result of their direct addition, according
o Eq. (5), with the assumption of no interaction. The plot indicates that the
ffects of the various degradation modes on the normalized polarization and
eries resistances are approximately independent of each other, and additive.
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[9] J.-H. Park, K. Natesan, Oxid. Met. 33 (1–2) (1990) 31–53.
[10] T. Brylewski, et al., Solid State Ionics 143 (2001) 131–150.
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ut Rk/R0 is the reciprocal of the normalized resistance for the
th degradation mode, so

R0

R
= 1

N∑
k=1

(1/(R0/Rk)) − (N − 1)

(5)

This expression relates the normalized resistance for the
ultiple degradation state to the individual normalized resis-

ances for each degradation mode. Plotting the result of Eq. (5)
n a degradation path plot gives an idea of the relative influ-
nce of each degradation mode and their contribution to the
verall degraded state. For known individual degradation mode
ehaviours, this equation gives the result of their combination,
nder the assumption of no interaction. As an application exam-
le, Fig. 14 shows the normalized resistances for the combined
egradation modes shown above, calculated using the model,
s a function of the combined normalized resistances calcu-
ated using Eq. (5), i.e. adding the individual effects assuming
o interaction. The small deviation from the x = y line indi-
ates only weak interaction between each pair of degradation
odes.

. Conclusions

As the second part of our SOFC degradation diagnosis mod-
ling series, the purpose of this paper is twofold:

. To evaluate the robustness of the normalized resistance
results obtained in Part I to input parameter variability.

. To assess the model predictive capability in the presence of
two simultaneous degradation modes.

A parametric study consisting of solving for the polarization
nd series resistances for a wide but reasonable range of input
arameters revealed some of the strengths and limitations of the

ethod. Repeated for all degradation modes under study, this

arameterization revealed that the results for delamination are
ery robust to inaccuracies in the knowledge of, or interactions
mong, cell parameters.

[
[

er Sources 176 (2008) 155–166

An equivalent conclusion applies to oxide layer growth and
nterconnect detachment, but to a lesser extent. In the case of
xide layer growth, the parameters that most influence repeata-
ility are the main charge transfer coefficients, the exchange
urrent densities, and the operating point. Interconnect detach-
ent variability on the cathode-side mostly depends on the

arameters that determine the cathode electronic conductance.
etachment at the anode/interconnect interface is much less

ffected by parameter variability due to the very high elec-
ronic conductivity of nickel, especially for thick anode support
onfigurations.

In contrast, the results for sulfur poisoning are strongly
ependent on the operating conditions and cell characteristics,
specially the operating point and the charge transfer coeffi-
ients.

Simulating two concurrent degradation modes challenged the
iagnosis capability of the proposed method. Modeling results
ndicate that the convolution of the impedance spectrum features

ay hinder individual diagnosis of each mode. Tracking the
lectrode characteristic arc (or peak), and/or the degradation
ath, provides further insight to the diagnostic technique, but
ome a-priori knowledge of the expected kinetics of the different
echanisms is essential. The degradation path plot constitutes
useful tool for the visualization of the degradation history of

he cell.
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