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Lifetime prediction and improvement of solid oxide fuel cell (SOFC) devices require a reliable electrochemical model that sup-
ports the implementation of degradation phenomena. This study comprises two parts. This Part I describes the calibration of an
electrochemical model based on physical principles for simulation at the stack scale. Part II presents the further implementation of
degradation models. A distinction is made between the two most common cathode materials, lanthanum strontium manganite and
lanthanum strontium cobalt ferrite. The experimental data used for the parameter estimations was gathered by two segmented set-
ups. The calibrations enabled to reproduce adequately the measurements over a wide range of operating conditions. The optimal
values of the physical parameters were inside the ranges reported in literature. Unambiguous discrimination could not be achieved
between variations (i) in the choice of electrode rate-determining steps, (ii) data on the properties of the materials found in litera-
ture and (iii) empirical relations for the steam-methane reforming reaction. However, these model variations do not affect signifi-
cantly the predicted magnitudes and distributions of the field variables assumed to govern the degradation processes at the SRU
scale, compared with the uncertainties on the degradation phenomena to be implemented in Part II.
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The core of any solid oxide fuel cell (SOFC) device is the mem-
brane electrode assembly (MEA). Most of the modelling effort is
focused on the description and understanding of the electrochemical
processes taking place in the MEA. The level of accuracy and
refinement depends on the issue to be solved. The affordable com-
putational time is not identical for optimisation1,2 or simulations of
the dynamic behaviour3–5 of a whole SOFC system, calculation of
the temperature profile in a single repeating unit (SRU) to mitigate
structural failures6–8 or identification of the relation between elec-
trode performance and microstructure9,10 Different phenomena,
such as heat transfer or fluid dynamics, can be selectively neglected,
depending on the emphasis in the study.

A major drawback of SOFCs is the degradation of their perform-
ance, even during steady-state operation, which currently exceeds the
specifications for large-scale commercialisation. Identifying the causes
of degradation is a subject of extensive ongoing research, which has
already shed light on some phenomena, related to physico-chemical
alterations of the materials and interfaces. Coarsening of the electrode
microstructure results in a reduction of the effective triple-phase
boundary length (TPBL), where the electrochemical processes take
place11–16 Formation of insulating phases that alter the electrochemical
processes, such as lanthanum (LZO) or strontium zirconates (SZO) in
cathodes based on lanthanum strontium manganites (LSM), have been
observed after operation17–19. Similarly, impurities in the raw materi-
als used for the manufacturing of anodes made of nickel and yttria-sta-
bilised zirconia (Ni-YSZ) are believed to promote the formation
of glassy phases at the interfaces between the constituents.20 Phase
transformation is a possible explanation for the decrease of ionic con-
ductivity of YSZ during aging,21,22 which affects the electrolyte and
ionic-conducting network in the composite electrodes. The electrode
contamination does not necessarily affect button-cell tests in alumina
test rigs, but can prevail in SOFC systems, where different materials
and fuels are used for cost and engineering reasons. Volatile chromium
species released by the metallic components of the stack or system
and transported by the air can deposit and block the active sites of
both LSM-YSZ and lanthanum strontium cobaltite ferrite (LSCF)
cathodes, even though the underlying mechanisms and severity of
the degradation differ.23–28

A mitigation strategy of degradation involves different research
fields. It starts with the selection of materials, in the light of their
absolute performance but also long-term stability. High electro-
chemical activity and stability are usually contradictory aims.
Because the degradation processes depend among others on temper-
ature, overpotential and gas composition, button-cell and short
stack endurance tests highlight a very strong dependence of the
degradation on the operating conditions.11,29,30 This results in differ-
ent but interrelated local degradation rates in a SOFC stack.31 The
control strategy3,32and stack and system design33 are therefore vital
to extend the lifetime of SOFC devices in the view of the lowest
cost of electricity delivered to the end-user.

An electrochemical model for the mitigation of the degradation
at the SRU/stack scale must provide the reliable prediction of the
performance of the cells, within a large range of operating condi-
tions. Micro-scale models have been developed to investigate the el-
ementary processes of the oxygen reduction reaction (ORR) or
hydrogen oxidation (HO).34–38 They have then been used to design
electrodes and current collection9,39 with the support of percolation
theories to provide the correct effective conductivities and TPBL in
the composite structures.40,41 The current trend consists in using the
discrete element method to handle changes in composition or micro-
structure at the particle size,10 or in using a combination of imaging
techniques to record the actual geometry of an electrode or inter-
face, and modelling techniques such as the lattice Boltzmann
method.42,43 Despite the availability of an analytical solution in
some micro-modelling cases,34,44 the link between micro- and SRU/
stack modelling in general has remained loose for a long time.
Many electrochemical models for the simulation of the behaviour
of SOFC SRUs and stacks use semi-empirical relations, because of
the advantage in terms of ease of implementation and computational
time.45–51 They can reproduce experimental current-voltage (IV)
characteristics within the typical range of operating conditions of
SOFC stacks but they fail when it comes to the calculation of local
quantities within the electrodes, such as local overpotential or com-
positions in multi-component gas mixtures. This strongly limits
their relevance for degradation-oriented investigations. A recent
change coincides with the introduction of elementary heterogeneous
chemical kinetics in the SOFC field.52–57 At the same time, stand-
ards in levels of detail have been determined for a satisfactory
description of some phenomena. The simulation of diffusionz E-mail: arata.nakajo@epfl.ch
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processes in a thick anode support requires the dusty-gas model
(DGM).58,59 However, such modelling frameworks currently focus
on a representative channel along the flow path60–62 and are sel-
domly found in design-oriented SRU models63,64and not yet com-
bined with structural analysis.

Even the most refined modelling approaches embed fitting pa-
rameters with however a physical meaning to reproduce not only
qualitatively but also quantitatively the response of a SOFC. Param-
eter estimation and design of experiment tools65,66 are of great value
for model calibration, as a direct measurement of each parameter is
unthinkable. Using such procedures as well as dynamic simulations
place a requirement on computational time. Implementation of a
calibrated electrochemical model in thermo-electrochemical and
structural SRU models can allow a quick, reliable and inexpensive
evaluation of technological solutions, such as the type of cell, partic-
ularly the type of electrode, or the sealing or GDL system, depend-
ing on the target application. The risks of failure ensued from typical
situations a SOFC stack may face during service can be evaluated,
and the procedures adjusted. The insertion of degradation phenom-
ena in the electrochemical model further allows lifetime predictions,
and hence the needed safety margin for a given specification.

A major difficulty in the application of such tools is to efficiently
gather experimental data. Automated segmented-cell setups67 have
several benefits for this task. One can take advantage of their ability
to provide insights into local quantities for different but linked pur-
poses.68,69 Investigations can focus either on the dependence of the
cell behaviour on the operating conditions or on the spatial distribu-
tion and interaction between the phenomena. A large amount of in-
formation can be effectively gathered by a few experimental runs,
as the composition of the gases and the temperature vary along the
flow path, depending on the rate of the chemical and electrochemi-
cal reactions. This ability helps to mitigate imprecision due to deg-
radation, when a large amount of experiments have to be performed
one after the other. Design of experiment tools can optimise the
arrangement of the segments and operating conditions to detect or
alternatively avoid large spatial gradients.

The context of this study is the prediction and mitigation of
ends-of-service induced either by an exceedingly severe degrada-
tion of the stack performance after long-term operation, or by dis-
crete structural failures due to the combined effects of aging and
operating procedures. The focus is on intermediate temperature,
anode-supported SOFC. The electrochemical and degradation
models for simulations at the SRU/stack scale developed here are
presented in two parts. Part I focuses on the calibration of a one-
dimensional electrochemical model. The implementation and
study of degradation phenomena is described in Part II,70 together
with a more detailed model of the cell and interconnection, to iden-
tify the limitations of the one-dimensional simplification. A short
literature survey on the current understanding of SOFC degrada-
tion and electrochemistry is presented to provide guidance in the
choice of modelling approaches. In an effort to retrieve knowledge
from existing modelling studies at the micro-scale for consistent
further implementation of degradation processes, specific
approaches are used for LSM-YSZ and LSCF cathodes. In the lat-
ter case, the approach of Adler et al.34 and Svensson et al.35,71 is
adapted and tested for simulation at the SRU scale. The electro-
chemical model is calibrated on data gathered by two segmented-
cell setups.67,68,72 The effect of the choice of rate-determining step
(RDS) and of the materials properties data from the literature is
discussed in the light of accuracy for the prediction of the cell per-
formance and further implementation of the selected degradation
phenomena in Part II, i.e. consistency in the prediction of relative
contributions to the polarisation losses.

Modelling Approach

Field equations.— The main zones in a SRU, e.g. manifold and
electrochemically-active area, are spatially discretised along the gas-
flow direction, and they include the local one-dimensional electro-

chemical model. The modular units, implemented in gPROMS,66 an
equation-oriented process modelling tool, can be assembled in both
gas flow and stacking directions, the former being sufficient to analyse
experimental data from a segmented SRU. The one-dimensional na-
ture of the models enables fast calculations but restricts their applica-
tion to either co- or counter-flow configurations, with a fairly uniform
gas distribution in the SRU. The calculation of the gas velocity is
based on plug-flow simplification. It does not account for the detailed
geometry of the interconnection system. It therefore represents better a
GDL/interconnection made of a cellular solid or the SOFConnex con-
cept,73 than the case of milled channels in a metallic interconnect
(MIC). The generic shape of a modular element is depicted in Fig. 1a.
Possible connection boundaries are C1/C8 and oR1. The species on the
fuel side are restricted to H2, H2O, CO, CO2, CH4 and N2.

The model is not fully dynamic in terms of species transport and
heat transfer, since only thermal inertia of the solid components and
gases are accounted for. The energy conservation of the cell, Eq. 2
and of both top and bottom MICs, Eq. 1 provides the temperature
profile in the solid structure Ts. Their terms are detailed further
below in Eq. 3 to Eq. 10

ks
o2Ts

oy2
þ _Qscond

þ _Qsconv
þ _Qshtl

þ _Qsbc
¼ qschs

oTs

ot
in R1;R7 [1]

Figure 1. (a) Description of the domains and boundaries in the 1D model.
The cell layers are merged in R3�5, which is detailed in Fig. 2. (b) In-plane
arrangement of the segments in the DLR setup and (c) view of the Flame-
SOFC SRU design, along with the location of the segments in the LENI-
EPFL setup.
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ks
o2Ts

oy2
þ _Qsrx

þ _Qscond
þ _Qsconv

¼ qschs

oTs

ot
in R3�5 [2]

The approach is identical for all domains. The terms for the rate of
volumetric energy change _Qs differ for the MICs (R1 and R7) and
the MEA (R3�5), because of the chemical and electrochemical reac-
tions and heat transfer with the surroundings.

The cell layers are discretised in the electrochemical model, but
merged in R3�5 in the field equations. Similarly, the thermal inertia
of the GDLs and sealants are embedded in the MICs, but their in-
plane thermal conductivities are neglected. _Qsrx

is used to relocate in
the cell the rate of volumetric thermal energy generated by the
chemical and electrochemical reactions. The energy released by the
chemical reactions is computed from the balance of species at the
anode-gas interface, assuming that all methane and carbon monox-
ide fluxes towards the anode are globally consumed by the steam-
methane reforming (SMR) and the water-gas shift (WS) reactions

_Qsrx
¼ NCH4

jGDL�an

hs
ð�dHoSMR

� dHoWS
Þ þ NCOjGDL�an

hs
ð�dHoWS

Þ

þ jtot

2Fhs
ð�dHoelchem

Þ � VSRU � ju
hs

in R3�5

[3]

The expression implicitely contains the Joule term. Resistive losses
in the MIC itself are small and not relocated. Those in the MIC ox-
ide scale are attributed in the cell.

Computational fluid dynamic models from our group applied to
similar conditions as investigated here have shown only limited
temperature gradients in the z-direction in a SRU.68,74 A simplified
approach is used here. Heat transfer by conduction through the solid
structure in the z-direction is not accounted for in Eqs. 1 and 2. Con-
duction through the GDLs is approximated as a rate of volumetric
energy change _Qscond

in the solid control volumesR1,R3�5 andR7

_Qscond
¼ kg

hsh3�5

ðT3�5 � TsÞ in R1;R7 [4]

_Qscond
¼ k2

h2hs
ðT1 � TsÞ þ

k6

h6hs
ðT7 � TsÞ in R3�5 [5]

Convection heat transfer between the gases and the solid structure is
embedded in _Qsconv

. Common relations are used for the computation
of heat transfer coefficients hc

g (Ref. 75)

_Qsconv
¼

hc
g

hs
ðTg � TsÞ in R1;R7 [6]

_Qsconv
¼
X

g

hc
g

hs
ðTg � TsÞ in R3�5 [7]

_Qshtl
and _Qsbc

refer to boundaries oR2 and C1 and C8 (see Figs. 1
and 2). _Qshtl

corresponds to the rate of volumetric energy change due
to averaged radiation exchange between the sides of the SRU and its
surroundings. Heat exchange by radiation between the SRU and its
surrounding is modelled in a simplified manner, i.e. each node is
coupled to an equivalent front node of the insulation. The exchange
with above and underneath, and front and rear nodes is neglected76

_Qshlt
¼ Cshtl

Lx
e1ðT4

savg
� T4

islÞ in R1;R7 [8]

Cshtl
¼ ðhMIC þ hGDL þ h3�5=2Þ=hMIC is a geometrical correction

factor for the GDL and sealant heights, which do not directly inter-
act with the insulation or furnace. _Qsbc

varies depending on the
assembly of the modules. It includes thermal exchanges by either
radiation with the surroundings or thermal conduction with above
and underneath SRUs. The former case refers to top/bottom SRUs

in a stack or a separately-tested SRU, while the latter is applied to
SRUs in a stack.

_Qsbc
¼ Cbc

Lx
e1ðT4

s � T4
islÞ in R1;R7; isolated SRU [9]

_Qsbc
¼ 2

h2
s

ksðTsbc
� TsÞ in R1;R7; stacked SRU [10]

Cbc ¼ ðAisl þ ASRUÞ=ASRU1D
is a geometrical correction factor corre-

sponding to additional heat losses over sealing or manifold areas not
explicitely considered due to the 1D assumption. Adiabatic condi-
tions for a SRU in a stack yield _Qsbc

¼ 0. The energy conservation
on the insulation is

e1ðT4
savg
� T4

islÞ ¼
kisl

hisl
ðTisl � TambÞ [11]

Tisl¼Tfnce is enforced, depending on the conditions of the
experiment.

The conservation of energy of gases, Eq. 12, as well as the con-
servation of species, Eqs. 13 and 14 considers variations of gas den-
sities qg for a consistent handling of internal steam-methane reform-
ing ð<m

SMRÞ. The ideal gas assumption is used and the required
properties are computed from Todd et al.77

oðqgugHgÞ
oy

þ _Qgconv
þ _Qgrx

¼ qgchg

oTg

ot
in R2;R6 [12]

oðqgugxiÞ
oy

¼ MiNijGDL�an

hg
in R2;R6 [13]

oðqgugÞ
oy

¼
X
<m

i in R2;R6 [14]

Because of the first left hand side term of Eq. 12, the rate of heat
generated by the electrochemical and chemical reactions that take
place in the cell rather than in the gas channels must be removed

Figure 2. Representation of the MEA of a SOFC, along with the denomina-
tion of the domains and interfaces. Case of LSM-YSZ cathode.
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from R2 and R6 and recast in R3�5 using _Qgrx
, which mirrors the

first three right hand terms of Eq. 3.

Electrochemical model.— The one-dimensional electrochemical
model is developed for the implementation of selected degradation
phenomena in Part II (Ref. 70): (i) the decrease of ionic conductivity
of 8YSZ, (ii) MIC corrosion, (iii) anode nickel particle growth, (iv)
chromium contamination and (v) formation of insulating phases in
the cathode. Controversy remains in the current understanding of
SOFC degradation. However, the dependence of the processes on (i)
local overpotentials, vacancy concentration and current density, (ii)
anode and cathode gas compositions and (iii) temperature is
acknowledged. The electrochemical model must therefore reliably
predict the distribution of these. The influence of the TPBL in the
electrodes, and of the rate-determining steps on the electrochemical
performance is further needed to assess the detrimental effect of
physico-chemical alterations.

The decrease of ionic conductivity of 8YSZ and the coarsening
of nickel particles tend to plateaus, after an initial variation.78–81 In
the case of nickel particle coarsening, this is due to the structural
constraint enforced by the YSZ backbone. Under such assumptions,
these phenomena do not provoke alone the end of life of a SOFC
stack. Their quantitative prediction enables to set a safety margin to
fulfil requirements over long periods and to identify alterations of
the temperature distribution and ensuing thermo-mechanical
stresses. In contrast, chromium contamination or development of
insulating phases on the cathode side can fully block the active sites
and so lead to the end of life of a stack. Therefore, computational
time is spared to afford a composite model for the cathode rather
than for the anode. The one-dimensional electrochemical model
considers both ohmic and non-ohmic losses. The calculation of the
losses in the electrolyte, the anode and the cathode terms is
described later. Part II (Ref. 70) presents the modelling approach
and parameters for the ohmic losses in the MICs. A small electronic
conductivity of the electrolyte, which induces a slight leakage cur-
rent, is included in the electrolyte.2 Ohmic losses due to current con-
strictions in the GDLs are evaluated using analytical relations.82

The electrochemical model is based on the equivalent circuit
approach, which is depicted in Fig. 3. The calculation of the Nernst
potential from interfacial gas composition, is based on hydrogen
only, as equilibrium of the water-gas-shift reaction is approximated
in the anode support. The equivalent circuit simplification, the
absence of composite electrode model on the anode side and the
one-dimensional description are tested for degradation prediction
against a more detailed model in Part II (Ref. 70) based on the

computation of the potential in the ionic- and electronic-conducting
networks in the MEA and interconnection/GDL system.

Electrolyte and compatibility layer.— Ohmic losses in the 8YSZ
electrolyte- and gadolinia (GDC) and yttria (YDC) doped ceria com-
patibility layer needed in the case of LSCF cathode are computed
using simple relations, without differentiation of the contributions
of the grain boundaries and the bulk. Thin electrolytes used in an-
ode-supported cells have a higher resistance than thick ones relative
to their thickness. The difference is significant for the typical elec-
trolyte thickness in anode-supported cells, ranging from 4 to 10 lm.
Fleig et al.83 have attributed this increase in resistance to current
constriction, due to the uneven interface between the dense electro-
lyte and the porous electrodes. Their interpolated relation satisfacto-
rily reproduces their finite-element calculations and is used in the
present work

ASRionelect
¼ helect � hcl

re
ionelect

þ lg
re

ionelect

lg=dg � 1

dg=lg þ 1

� �

þ 1� ncl

1þ 0:5ncl

hcl

re
ioncl

; in R4 [15]

In the absence of a compatibility layer, hcl is set equal to zero. It
should however be stressed that in reality, constriction effects
depend on reaction pathways and the extension of the active zone,
hence on the type of cathode and anode. Charge transfer at the inter-
face between the YSZ electrolyte and GDC compatibility layer is
neglected. The ionic conductivity of 8YSZ, GDC or YDC re

ion
strongly depends on temperature, according to

re
ion ¼

koion

Ts
exp �Eaion

R

1

Ts

� �� �
[16]

This relation is used as well for the electronic and ionic conductivity
of other SOFC and SRU materials.

Anode.— Nickel volatilisation and particle coarsening depend on
temperature and anode-gas composition. They detrimentally
reduce the anode TPBL during operation.12–16 An effect on the
rate determining step of the hydrogen oxidation cannot be
excluded. Investigations on the hydrogen oxidation reaction in Ni-
YSZ anodes are based on the observation of the response during
either DC polarisation, galvanostatic current interruption (GCI) or
electrochemical impedance spectroscopy (EIS). Experimental stud-
ies have first inferred possible RDS from the visible influences on
the polarisation resistance of variations of hydrogen and steam
partial pressure, temperature, overpotential and even electrode
microstructure. Possible RDS candidates include, among others,
dissociative adsorption of hydrogen, formation of hydroxyl, de-
sorption of water, surface diffusion of species or charge transfer
reaction by different spillover mechanisms. Either bulk or surface
pathways can, to some extent, contribute concurrently and
competitively.

Pattern anodes have been preferred for fundamental studies,
since the features of their geometry are easier to control and charac-
terise than that of composite Ni-YSZ anodes. The results highlight a
linear dependence of the polarisation resistance on the TPBL, a
weak dependence on the hydrogen partial pressure and a so-called
catalytic effect of steam.84–86 The range of investigated operating
conditions covers that of intermediate temperature SOFCs. Reported
Tafel slopes range from 1 (Refs. 85 and 87) to 3/2,86 and the number
of arcs in the analysis of EIS measurements from 1 (Ref. 85) to 3,88

leading to discrepancies in the interpretation of the results. The pro-
cess responsible for the main arc is either an adsorption or a diffu-
sion process on Ni (Ref. 85) or charge-transfer.86 Bieberle et al.84

have discarded diffusion and adsorption/desorption of water, but
considered charge-transfer, removal of O2� and adsorption of
hydrogen as possible candidates.Figure 3. Equivalent circuit of the one-dimensional electrochemical model.
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The extension of the active zone in a porous Ni-YSZ anode
improves the performance but complicates the understanding of the
mechanisms. Conclusions drawn from experiments on pattern ano-
des may not hold for technological ones. The extension is expected
to be around 10 lm.89,90 Rate-limiting electrochemical processes
produce one arc in general, two in several cases, the others being
attributed to gas conversion or diffusion in the stagnant gas layer
over the electrode.89,91 Jiang et al.92,93 have proposed relations for
SRU performance simulations from GCI and EIS measurements on
Ni-3YSZ anodes. Holtappels et al.94,95 have tested Ni-8YSZ anodes
over a wide temperature range (998–1223 K), which has highlighted
a transition around 1118 K and an apparent anodic charge-transfer
coefficient of 0.7. They suggest that hydrogen oxidation is con-
trolled by charge-transfer at low temperature, while adsorption to-
gether with chemical reaction between adsorbed species seems to
contribute noticeably at high temperature. The impurities may
explain the strong influence of the anode response on the raw mate-
rial and manufacturing route.20,96 In general, reported apparent reac-
tion order on hydrogen and steam, and activation energy range from
� 0.5 to 1.0, 0.3 to 1.0 and 70 to 170 kJ mol�1, respectively.

Modelling studies have been carried out to assist the interpreta-
tion of experimental data, primarily from pattern anodes. They
highlighted the need for reliable thermodynamic data and complex
dependences between the different assumed elementary steps, one
being able to mimic the effect of another.87,97 Zhu et al.98 have
proposed a simplified elementary kinetic scheme, with a limited
number of steps and a single RDS that yields an expression in But-
ler-Volmer form, with apparent reaction orders and charge-transfer
coefficients. They favoured as RDS charge-transfer by hydrogen
spillover to hydroxyl site on YSZ, which results in compatible
apparent charge transfer coefficients with the data from De Boer et
al.86 Bessler et al.53 have pointed out the effect of equilibrium
potential on the so-called catalytic effect of steam on the electro-
chemical oxidation of hydrogen. Comparisons of trends produced by
different single limiting charge transfer mechanisms against experi-
mental data generally suggest hydrogen spillover is the RDS. Further
investigations by Vogler et al.87 have shown that a combination of
hydrogen spillover from Ni surface to oxygen ions and hydroxyl ions
on YSZ provide the best fit to experimental data. The one-dimen-
sional spatial discretisation has suggested large surface coverage gra-
dients on YSZ, over a large distance of 0.1 lm, compared with the
particle size in technological composite anodes. The RDS was
detected through a sensitivity analysis, which has revealed among all
considered elementary steps four possible co-limiting RDS: (i) hydro-
gen spillover to YSZ, (ii) water association on YSZ, (iii) water disso-
ciation on YSZ and, (iv) surface diffusion of hydroxyl ions adsorbed
on YSZ.

SOFC stack operation under internal steam-methane reforming
exhibits advantages for thermal management and system cost rea-
sons. In such conditions, carbon monoxide can be electrochemically
converted and adsorbed species on Ni can be involved in either
reforming reactions or hydrogen oxidation, which therefore occur
concurrently and competitively. The elementary kinetic approach
formally enables a consistent handling of the situation, at the cost
of difficult model implementation, large yet reliable database, and
ideally the need of a discretisation of the TPB. Yet, possibly domi-
nant effects of impurities would be neglected. To our knowledge,
full coupling has not yet been performed in a SOFC model. Fast
SRU models for dynamic simulation can currently not afford this
level of detail. A common approach that is acknowledged of rea-
sonable accuracy in performance modelling consists in first neglect-
ing the contribution of carbon monoxide oxidation, and second in
completely uncoupling the reforming and hydrogen oxidation reac-
tions. It is adapted here to include in a simplified manner knowl-
edge on (i) the dependence of electrochemical performance on
TPBL and (ii) on the hydrogen oxidation, since the current knowl-
edge does not provide a solid background for the handling of degra-
dation in the view of altered sequences of elementary mechanisms
and RDS.

Modelling of electrochemical processes on the anode side.— The
correct dependence of the electrochemical model on the local condi-
tions in a SRU is paramount for structural analysis based on the tem-
perature profile. The coarsest practical approach to implement a cor-
rect dependence of the electrochemical model on the local
conditions in the SRU consists in estimating apparent reaction
orders ðrct

anÞ and charge-transfer coefficients ðaa
an;a

c
anÞ directly from

experimental data, without any assumption on the mechanisms or
RDS.92,93 The generic expression that relates the current density jtot

and the overpotential gct
an embeds all electrochemical processes at

the anode/electrolyte interface

jtot ¼ nTPBan
� ict

oan
� xrct

an1

H2
� xrct

an2

H2O

� exp aa
an

F

RTs
gct

an

� �
� exp �ac

an

F

RTs
gct

an

� �� �
over C4 [17]

The gas molar fractions xi at the interface are computed from the
dusty-gas model. nTPBan

is a factor anticipating further implementa-
tion of degradation phenomena as described in Part II.70 In the limit-
ing case of a thick electrode, it does not depend linearly on the
TPBL, but varies as the square root of the TPBL, i.e.
nTPBan

¼ ðATPBan
=ATPBano

Þ0:5, as pointed out by Costamagna et al.44

Results of the present study show a good agreement with this case.
The exchange current ict

oan
depends on temperature

ict
oan
¼ Ts � kct

oan
� exp �

Ect
aan

R

1

Ts
� 1

Tref

� �� �
[18]

The reference temperature Tref improves the quality of parameter
estimations by reducing the correlation between the pre-exponential
factor and activation energy.99

Individual measurements or physical consideration are useful to
limit the number of estimated parameters. Evident transitions in the
mechanism are unlikely, as the usual temperature range of interme-
diate-temperature SOFC is lower than 1118 K.94,95 The present
study follows the set of limited elementary steps proposed by Zhu
et al.98

H2ðgÞ þ 2adsðNiÞ� 2HðNiÞ ðHO1Þ [19]

HðNiÞ þ O2�
ðYSZÞ� adsðNiÞ þ OH�ðYSZÞ þ e�ðNiÞ ðHO2Þ [20]

HðNiÞ þ OH�ðYSZÞ� adsðNiÞ þ H2OðYSZÞ þ e�ðNiÞ ðHO3Þ [21]

H2OðYSZÞ�H2OðgÞ þ adsðYSZÞ ðHO4Þ [22]

Ox
OðYSZÞ þ adsðYSZÞ�O2�

ðYSZÞ þ V��OðYSZÞ ðHO5Þ [23]

Two situations involving a single RDS are considered, yielding dif-
ferent apparent reaction orders and charge-transfer coefficients

jtot ¼ nTPBan
ict
oan

xH2

~xH2

� �1=4

x
3=4
H2O

1þ xH2

~xH2

� �1=2
exp

3

2

F

RTs
gct

an

� ��

� exp � 1

2

F

RTs
gct

an

� ��
at C4

[24]

jtot ¼ nTPBan
ict
oan

xH2

~xH2

� �1=4

x
1=4
H2O

1þ xH2

~xH2

� �1=2
exp

1

2

F

RTs
gct

an

� ��

� exp � 3

2

F

RTs
gct

an

� ��
at C4

[25]

~xH2
¼ ~xoan

exp �
~Eaan

R

1

Ts

� �� �
[26]
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~xH2
¼ ða2

ðNiÞxH2
Þ=a2

HðNiÞ
represents the equilibrium of reaction 19

(HO1). Eq. 24 (HO3) and Eq. 25 (HO2) is obtained in case reaction 21
or reaction 20 is rate-limiting, respectively. The derivation of the for-
mer is presented by Zhu et al.98 That of the latter proceeds similarly.

Modelling of diffusion and chemical processes on the anode
side.— The dusty-gas model100 is solved in one-dimension through
the anode support, along with the equation of continuity. It provides
the distribution of species molar fraction xi, molar flux Ni, pressure
pan and chemical reaction rates <i. The water-gas-shift reaction is
assumed at equilibrium until the interface C4, between the anode
and the electrolyte, whereas steam-methane reforming is computed
according to the kinetic approach of Achenbach.45 The system of
equations to solve is

� o

oz
xi �

xi

pan

o

oz
pan � xi

Boan

lgan
De

iM

o

oz
pan

¼
Xn

j¼1;j6¼1

xjNi � xiNj

ctan
De

ij

þ Ni

ctan
De

iM

inR3 [27]

o

oz
pan ¼

Pn
j¼1

Ni

De
iM

1
RT þ

Boan

lgan

Pi¼1
n

xi

De
iM

inR3 [28]

o

oz
Ni ¼ <i inR3 [29]

at C3 : NH2
¼ �NH2O ¼ jtot

2F
Ni ¼ 0; i ¼ N2;CH4;CO;CO2

(
[30]

at C3 :
xian
¼ xi

pan ¼ patm

�
[31]

Boundary conditions Eq. 30 assume that the electrochemical proc-
esses are restricted to the anode/electrolyte interface. A quick
estimate of dimensionless numbers (see e.g. Ref. 44) under typical
conditions during stack operation and the different electrode thick-
nesses (cathode: 60 lm, anode: 540 lm) support the validity of this
simplification. The ratios between (i) the ohmic resistivity and the
resistivity due to electrochemical reaction and (ii) the resistivity due
to electrochemical reaction and mass transfer (Thiele modulus) are
around 6 and 1, respectively, for the typical conditions during stack
operation. Analysis in Part II with an anode composite electrode
model further demonstrates that this simplification captures the
alteration of the TPB by nickel particle coarsening; the degradation
of the ionic conductivity of the 8YSZ phase in the anode does not
dominate. In the Stefan-Maxwell approach for multi-component dif-
fusion both effective Knudsen De

iM and binary pairs diffusion coeffi-
cients De

ij do not depend on the gas composition100

De
iM ¼

nan

s2
an

dp

3

ffiffiffiffiffiffiffiffiffiffi
8RTs

pMi

r
[32]

De
ij ¼

nan

s2
an

1:43 � 10�7T1:75
s

2

1=Mi þ 1=Mj

� ��1

ðm1=3
di
þ m1=3

dj
Þ�2

[33]

The catalytic activity of the SOFC Ni-YSZ anode for methane steam-
reforming is the subject of extensive research. The proposed models
range from detailed elementary heterogenous chemical kinetics52,101

to simpler empirical relations. The kinetic approaches proposed by
Achenbach and Riensche45 or Leinfelder102 are believed to provide a
sufficient level of detail in the conditions considered here, even
though the temperature range of intermediate-temperature SOFC, i.e.
973–1073 K, is not included in the domain of validity of both rela-
tions (see Table I). The relations for the reaction rate <SMR can be
expressed in a generic form

<SMR ¼
kSMR

oan

han
x

rSMR
an1

CH4
x

rSMR
an2

H2O exp �
ESMR

aan

R

1

Ts
� 1

Tref

� �" #
inR3 [34]

Both expressions45,102 do not account for any equilibrium and have
been determined as averaged surface reaction rates.

The equilibrium of the water-gas shift reaction is not strictly
enforced but approximated by using the following reaction rate

<ws ¼ kws
oan

xCO 1� ðxCO2
xH2
Þ=ðxCOxH2OÞ
Keq

ws

� �
inR3 [35]

where kws
oan

is an arbitrarily high constant.

Cathode.— LSCF and composite LSM-YSZ are the two most com-
mon cathode materials used in SOFC stacks. The processes involved
in the ORR and degradation, as well as their distributions in these
materials differ, which must be correctly implemented in an electro-
chemical model for degradation simulations at the SRU scale.

In mixed-ionic and electronic conductors (MIEC) with signifi-
cant ionic conductivity, such as LSCF, the different elementary
steps can be spread to a significant distance from the electrode/elec-
trolyte interface, resulting in an overall increase of the effective
zone.34,103 The incorporation of oxygen ions in the ion-conducting
electrode proceeds through surface reaction. The intrinsic properties
of MIEC materials place much more importance on determining the
ratio between bulk and surface pathways, compared with the
Ni-YSZ case. Experiments performed on thick films104,105 demon-
strated the possible predominance of the bulk pathway for materials
with high ionic conductivity, and the small resistance to charge-
transfer across samaria-doped ceria/LSC interfaces.105 Therefore,
the ORR in technological MIEC cathodes might not be necessarily
limited by electrochemical kinetics, rather than by chemical elemen-
tary steps.

The ORR in LSM is not completely understood, despite exten-
sive research.103 The use of composite LSM-YSZ widens the elec-
trochemically active zone. The ionic conductivity of LSM in SOFC
conditions is limited, but may exhibit different regimes depending
on the overpotential.106 Tracer experiments on a LSM grid depos-
ited on a YSZ substrate107 have demonstrated the presence and
likely interplay of the bulk and surface pathways. Van Heuveln
et al.108 have investigated the ability of different elementary reac-
tion schemes to reproduce their experimental data on porous LSM
electrodes and have proposed that the diffusion of adsorbed O�

species along the LSM surface and charge-transfer co-limit the
ORR. Another suggested RDS is oxygen dissociation and ad-
sorption, e.g. Ref. 109. EIS measurements can exhibit up to five
possible contributions.110 The dominance and appearance of these
contributions in EIS depend among others on manufacturing, test
history and measurement conditions. The two high frequency arcs
are related to transport and transfer of oxygen intermediates or oxide
ions across the LSM-YSZ interface and through the YSZ backbone.
The usually dominant and permanent arc located at intermediate fre-
quencies is assumed to reflect separately or combined dissociative
adsorption, transfer of species to the TPB and surface diffusion.
Two low frequency arcs related to gas diffusion in the stagnant gas
layer above the electrode and possibly to impurity segregates at the
TPB might appear. Reported apparent reaction orders on oxygen are
in the range of 0–1, and activation energies are in the range of 100–
200 kJ mol�1 for candidate RDS (145–183 kJ mol�1 for the usually
dominant arc at intermediate frequencies). An activation

Table I. Domain of validity for the parameters proposed by

Achenbach and Riensche (Ref. 45) and Leinfelder et al. (Ref.

102).

Parameter Achenbach et al. (Ref. 45) Leinfelder et al. (Ref. 102)

T (K) 1073–1273 884–973

SCR (–) 3–8 2

p (Pa) 1.1� 105–2.8� 105 1.1� 105

han (mm) 1400 25

n (–) 0.4 0.3
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phenomenon is usually observed during the initial polarisation in
performance testing of short stacks. Suggested causes are, among
others, the dissolution of undesirable phases from impurities or
manufacturing processes,110 or very localised changes in composi-
tion and morphology of the TPB.111 This behaviour formally poses
the question of a reference state for degradation simulations at the
SRU scale.

Modelling studies on the underlying mechanisms of the ORR are
available in the literature, and can be selected and adapted for SRU
models. Adler et al.34 have developed a continuum, one-dimensional
model of MIEC electrodes, which focuses on the bulk path. This
approach is supported by the large amount of data on bulk diffusion
Dv, surface kinetics Kchem and deviation from stoichiometry.112–119

As pointed out by Adler et al.,120 most of this data holds only close
to equilibrium, and extrapolation to a large deviation is question-
able. Their model enables an estimate of the utilisation length in the
electrode, and displays agreement with measurements on good ionic
conductors, such as LSC and LSCF.34 The model however fails to
represent the behaviour of LSM electrodes. The main reason is the
aforementioned possibility of different pathways, which has been
investigated by Svensson et al.35 and later by Coffey et al.38 Similar
to the case of the anode, these models require a large amount of reli-
able data, which is their major drawback.38 Another limitation of
one-dimensional continuum models arises once the extension of the
active zone in the MIEC is similar to the particle size. The utilisa-
tion length and current distribution at the MIEC/electrolyte interface
depends on the ratio Kchem/Dv,

37 and hence they influence current
constriction problems.

To our knowledge, MIEC models34,35,38 have not yet been
adapted and used for simulation at the SRU scale, despite the exten-
sive use of LSCF in intermediate-temperature SOFC. This approach
is used in the present study to verify its ability to reproduce experi-
mental data from segmented-cell tests and support the subsequent
implementation of degradation phenomena. In the case of LSM-
YSZ cathode, the composite electrode model is meant to improve
the performance of the electrode.9,39,44,121 It provides the local over-
potential, gas composition and effect of TPB and ionic conductivity
of the YSZ network that are needed to implement degradation proc-
esses such as chromium contamination and zirconate formation. The
composite electrode model can retrieve information from specific
studies on the ORR to implement degradation in the view of altered
elementary steps, even though the current understanding of degrada-
tion and amount of data for calibration may not yet support such an
approach. This emphasises the need for efficient calibration proce-
dures to capture at least the correct dependences and enable a
reliable prediction of the local performance and temperature distri-
bution in the SRU.

Cathode composite electrode model.— The composite electrode
model of LSM-YSZ cathode assumes that the ORR is restricted to
the TPB, while electrons and ions are transported separately in the
electronic and ionic phases. The charge balance is solved along with
mass transport to provide the distribution potential ðVioncath

;Velcath
Þ,

current density ðjioncath
; jelcath

Þ in the ionic and electronic phases as
well as oxygen molar fraction xO2

. The charge balance is described
by the following system of equations

o

oz
Vioncath

¼ �qe
ioncath

jioncath
inR5 [36]

o

oz
Velcath

¼ �qe
elcath

jelcath
inR5 [37]

gcath ¼ ðV
eq
ioncath

� Veq
elcath
Þ � ðVioncath

� Velcath
Þ inR5 [38]

o2

oz2
gcath ¼ ATPBcath

ðqe
elcath
þ qe

ioncath
Þitcath

inR5 [39]

at C5 :
jioncath

¼ jtot

jelcath
¼ 0

�
[40]

at C6 :
jioncath

¼ 0

jelcath
¼ jtot

�
[41]

A percolation theory is used to estimate the TPBL and effective con-
ductivities (see Part II for description70).

Eqs. 42–43 are solved for the mass transport, and coupled to the
charge-transfer problem by the faraidic transfer current itcath

pcath

RTs

o2xO2

oz2
¼ 1

4FDe
O2

ATPBcath
itcath

inR5 [42]

at C5 : De
O2

oxO2

oz
¼ 0 [43]

at C6 : xicath
¼ xi [44]

The classical Bosanquet relation is used for the calculation of the
effective diffusion coefficient. The calculation of both Knudsen De

O2

and binary De
O2�N2

diffusion coefficients proceed in a similar manner
as for the anode

1

De
O2

¼ 1

De
O2M

þ 1

De
O2�N2

[45]

The sequence of elementary processes of van Heuveln et al.9,108 for
high temperature considers charge-transfer on adsorbed oxygen
(ORR2) as RDS

O2ðgÞ þ 2adsðLSMÞ� 2OðLSMÞ ðORR1Þ [46]

OðLSMÞ þ e��O�ðLSMÞ ðORR2Þ [47]

O�ðLSMÞ�O�ðLSMÞTPB
ðORR3Þ [48]

O�ðLSMÞTPB
þ e� þ V::

OðYSZÞ�Ox
OðYSZÞ ðORR4Þ [49]

The surface diffusion step (ORR3) possibly co-limiting the ORR at
low overpotential is not considered. The derivation of the apparent
reaction order and charge-transfer coefficient presented by van Heu-
veln et al.108 assumes a low coverage of adsorbed or intermediate
oxygen species, which might hold at high temperature and low oxy-
gen partial pressure, but less at low temperature.98,122 Hence, a mod-
ification is required for intermediate-temperature SOFC. The deriva-
tion of the expression for the faraidic transfer current itcath

yields

itcath
¼ ict

ocath

xO2

~xO2

� �3=8

1þ xO2

~xO2

� �1=2
exp � 1

2

Fgcath

RTs

� �
� exp

3

2

Fgcath

RTs

� �� �

[50]

ict
ocath
¼ Tskocath

exp �Eacath

R

1

Ts
� 1

Tref

� �� �
[51]

~xO2
¼ a2

OðLSMÞ
=ðxO2

a2
ðLSMÞÞ arises from the equilibrium of Eq. 46

(ORR1) and can be conveniently expressed as

~xO2
¼ ~xocath

exp �
~Eacath

R

1

Ts

� �� �
[52]

Cathode MIEC model.— The approach is based on that pro-
posed by Adler et al.34 and Svensson et al.35,71 One single path is
considered, i.e. the surface adsorption of oxygen at the pore walls of
the MIEC, followed by vacancy diffusion through the bulk, and
finally direct exchange of vacancies with the electrolyte

O2ðgÞ þ 2ads �
kads

kdes

2Oads [53]
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Oads þ V::
O �

kr

ko

adsþ 2h� þ Ox
o [54]

V::
OðMIECÞ �

krv

kov

V::
OðGDCÞ [55]

The derivation of the model under the assumptions of the present
study is recalled here, to highlight the adaptations and nature of
required data for the simulation at the SRU scale. The equations for
the transport of vacancies cv in the bulk of the MIEC are derived by
considering the MIEC as a moderately-dilute solution,123 containing
ion vacancies, electrons and holes. The electrochemical potential l�e
is used as the driving force for the bulk diffusion of vacancies. The
vacancy flux is

Nv ¼ �
Dvcv

RT

ol�v
oz

[56]

where l�v , the local electrochemical potential, depends on both the
local electrical state and the local composition. The electrochemical
potential of the electrons can be arbitrarily used to define a quasi-
electrostatic potential U

l�e ¼ RT ln ce þ zeFU [57]

The expression of the gradient of the electrochemical potential of
the vacancies can be rewritten as in Ref. 123, assuming the electron-
hole pair reaction is at equilibrium34

ol�v
oz
¼ o

oz
l�v �

zv

ze
l�e

� �
þ zv

ze

ol�e
oz

[58]

which after inserting Eq. 57 becomes

ol�v
oz
¼ o

oz
RT ln cv �

zv

ze
ln ce

� �� �
þ o

oz
RT ln fv �

zv

ze
ln fe

� �� �

þ zv

ze

ol�e
oz

[59]

hence the expression for the vacancy flux Nv

Nv ¼ �Dvcv
o

oz
ln cv þ Dvcv

zv

ze

o

oz
ln ce � Dvcv

o

oz
ln fv �

zv

ze
ln fe

� �

� zv

ze

ol�e
oz

Dvcv

RT

[60]

Nv ¼ �Dvcv
o

oz
ln cv 1� olnc

zv
ze
e

olncv
þ olnfv;e

olncv

" #
� zv

ze

ol�e
oz

Dvcv

RT
[61]

Nv ¼ �ADv
ocv

oz
� zv

ze

Dvcv

RT

ol�e
oz

[62]

where A is defined as:

A ¼ 1� olnc
zv
ze
e

olncv
þ olnfv;e

olncv
[63]

The factor A is a measurable thermodynamic quantity. Indeed, from
the definitions

l�v ¼ l�v;e þ RT lnðfv;ecvc2
eÞ � 2l�e [64]

and

lchem
O2
¼ lchemo

O2
þ RT lnðpO2

Þ [65]

and the following relation holds (at the pore wall, at equilibrium,
1
4
lchem

O2
¼ l�h � 1

2
l�v):

A ¼ ol�v
o ln cv

¼ � 1

2

o ln xO2

o ln cv
[66]

The problem due to the assumptions on the different elementary
steps for the oxygen adsorption at the pore wall is overcome by
using an apparent exchange coefficient, experimentally determined,
close to equilibrium, for common LSCF. The simplified exchange
reaction at the MIEC/gas interface is considered as an average volu-
metric reaction rate <MIEC due to the 1D description

<MIEC ¼
Kchemcv

A A cv � ceq
v

cv
þ 1

2

xi � xeq
i

xi

� �
[67]

Simple empirical relations proposed by Yang et al.124 are used to
estimate the dependence of the exchange coefficient Kchem on tem-
perature and oxygen partial pressure in the gas found in litera-
ture.112–119 The same applies to the concentration of vacancies at
equilibrium in the perovskite ceq

v and the diffusion coefficient Dchem

(see Table II for values)

Dchem ¼ ADv ¼ Dov
exp �Eav

RT

� �
[68]

Kchem ¼ CK1
exp �EaK

RT

� �
x

CK2
þCK3

T

O2
[69]

ceq
v ¼

d
Vm
¼ 3Cd1

exp �Ead

RT

� �
x

Cd2
þCd3

T

O2
[70]

Insertion of Eqs. 62 and 67 in the vacancy conservation equation, –
oNv/oz – AMIEC<MIEC ¼ 0, yields the one-dimensional steady-state
conservation equation

1� ncath

scath
ADv

o2cv

oz2
þ Di

ocv

oz

oA
oz
þ zv

ze

Dvcv

RT

o2l�e
oz2
þ zv

ze

Dv

RT

ocv

oz

ol�e
oz

� �
� AMIEC<MIEC ¼ 0 [71]

For modelling at the SRU scale, assuming high electronic conductivity
of the MIEC, i.e. rl�e ¼ 0 is an acceptable simplification, and
rA ¼ 0 is reasonable in the considered range of oxygen partial pres-
sure for the typical MIEC materials used in SOFC, Eq. 71 simplifies to

1� ncath

scath
ADv

o2cv

oz2

� �
� AMIEC<MIEC ¼ 0 inR5 [72]

Simplified boundary conditions are

jtot ¼ �2F
1� ncath

scath
Dchem

ocv

oz
at C5 [73]

0 ¼ 1� ncath

scath
Dchem

ocv

oz
at C6 [74]

The diffusion problem described previously (Eqs. 42 and 43) still
holds, except that ATPBcath

itcath
has to be replaced by AMIEC<MIEC.

The exchange of vacancies between the MIEC and the electro-
lyte Eq. 55 formally involves a charge-transfer, but this term is
likely not dominant for an LSCF/GDC interface103 and therefore
neglected in the present study. In the case treated here, i.e direct
exchange of vacancies at the interface, the electrode overpotential
gcath is related to vacancy concentration by35

gcath ¼ �
RTs

2F
ln

cvjMIEC�elect

ceq
v

[75]

Parameter estimation.— gPROMS (Ref. 66) has parameter
estimation and design of experiment capabilities. The estimation of
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the parameters hi is achieved in the form of an optimisation
problem, where the objective function W is based on the normal
probability distribution (its natural logarithm) and accounts for the
experimental data (N exp and N resp, including repetitions N rep).

W ¼ N
2

lnð2pÞ þ 1

2
min

h

XN rep

k

XN resp

i

XN exp

j

lnðs2
ijÞ þ

ðŷij � yijÞ2

s2
ij

" #( )
k

[76]

where y and ŷ are respectively the simulated and measured system
responses. This objective function takes into account the variance in
the measurements sij. Indeed, the residuals are weighted by their
variance, and therefore, favored for their increased reliability. A
constant variance model is used.

gPROMS (Ref. 66) provides three main indicators that should be
used together to evaluate the adequacy of the model: (i) lack-of-fit
test, (ii) F-test and (iii) statistical significance of the estimated pa-
rameters. The computation of joint confidence regions to assess the

reliability of parameter estimates is based on a linear approximation
of the parameter variance-covariance matrix.

Experimental

The calibration of the models is performed on current-voltage
(IV) characteristics measured by means of two different segmented-
cell test rigs, the detailed description of which is provided else-
where.67,68 Only the key features of the experiments are discussed
here.

The two setups are designed for different purposes. The first one,
developed at the German Aerospace Center (DLR) aims at studying
the variation of SOFC characteristics over a generic geometry,67

while the second, developed at LENI-EPFL, aims at identifying and
mitigating issues related to a specific SRU design.68 This implies
different arrangements of the segments (see in Figs. 1a and 1b). The
present study takes advantage of the capability of segmented tests to
gather simultaneously a large amount of data for different currents,
potentials, temperatures and gas compositions. The ease of data

Table II. Values of the fixed parameters and allowable range of the fitted parameters.

Conductivities

8YSZ 20GDC LSM Ni MIC, air MIC, fuel

koion
7.92e8 (Ref. 9) 7.04e4 Ts (Ref. 130) — — — —

Eaion
kJ mol�1

 �

110.0 (Ref. 9) 21.9 (Ref. 130) — — — —

koel
50.0a — 10700 Ts (Ref. 131) 60000 (Ref. 132) 45.8 (Ref. 70) 120.5 (Ref. 70)

Eael
kJ mol�1

 �

— — 12.9 (Ref. 130) — 33.3 (Ref. 70) 45.3 (Ref. 70)

Electrochemical processes

kct
o Ect

a ~xo
~Ea rct

an1
rct

an2
rct

cath

(A cm�2) (kJ mol�1) (kJ mol�1)

Anode (HO2) 0.05–100b 60–190b 2.136 (Ref. 52) 96 (Ref. 52) 1/4c 1/4c —

Anode (HO3) 0.05–100b 60–190b 2.136 (Ref. 52) 96 (Ref. 52) 1/4c 3/4c —

Anode (EMP) 0.05–100b 60–190b 2.136 (Ref. 52) 96 (Ref. 52) 0–0.5b 0–1.0b —

Cathode 0.001–20b 80–290b 3.33e9 (Ref. 125) 186 (Ref. 125) — — 3/8c

Cathode 0.001–20b 80–290b 4.9e8 (Ref. 122) 200 (Ref. 122) — — 3/8c

Chemical reactions in porous media

s2 n dp kSMR
oan

=han ESMR
oan

rSMR
an1

rSMR
an2

(kJ mol�1)

Anode 6–14b 0.31d 6.98e-7d 0.053 (Ref. 45) 82 (Ref. 45) 1 0

Anode 6–14b 0.31d 6.98e-7d 32.255 (Ref. 102) 205 (Ref. 102) 1 1

Cathode 3e 0.42 (Ref. 15) 4.4e-7 (Ref. 15) — — — —

Electrode morphology

/el /ion dgel
dgion

ss lg
h dg

h

Anode 0.4 (Ref. 127) 0.6 (Ref. 127) 1.25e-6 (Ref. 127) 1.15e-6 (Ref. 127) — 9e-7 1e-7

Cathode 0.49 0.51 4.5e-7 (Ref. 15) 3.5e-7 (Ref. 15) 3f 9e-7 1e-7

MIEC surface properties

AMIEC CK 1
CK 2

CK 3
Eak

(cm�1) (kJ mol�1)

LSCF 20000 (Ref. 34) 1.805 (Ref. 117) 2.0611 (Ref. 117) � 0.00142 (Ref. 117) 98.3 (Ref. 117)

MIEC bulk properties

Vm Cd1
Cd2

Cd3
Ead Dov Eav

(kJ mol�1) (kJ mol�1)

LSCF 34.09 39.30 (Ref. 116) � 0.772 (Ref. 116) 5.04e-4 (Ref. 116) 77.1 (Ref. 116) 0.0497 (Ref. 117) 159.6 (Ref. 117)

0.0050–0.1b

Geometry

Elect cl Cath an GDLan GDLcath MIC

H (DLR) 7e-6 7e-6 60e-6 540e-6 0.95e-3 0.95e-3 6e-3g

H (EPFL) 7e-6 7e-6 60e-6 540e-6 1.00e-3 2.00e-3 2e-3
aASR value, (X cm2).
bFitting parameter, range in parameter estimations.
cFrom model assumption.
dMercury porosity measurement performed at DLR.
eAveraged value, no strong influence in the conditions of the calibration.
fValue merged with Dov during the parameter estimations.
gHeight of segment.
hFor current constriction calculation, contact geometry with electrolyte estimated from [Ref. 18].
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processing and suitability for parameter estimation slightly differ in
favour of the DLR setup, owing to the continuous arrangement of
the segments, better uniformity of the fuel flow and increased gas-
tightness of the cathode compartment.

In the present case of an anode-supported cell, only the cathode
is segmented. An anode-supported cell (ASC2) (InDec, Nether-
lands) has been tested in the DLR setup. It consisted of a 540 lm
thick anode and a 7 lm YDC compatibility layer on top of the 7 lm
8YSZ electrolyte. The thickness of the LSCF cathode along with its
current collection layer was 60 lm. An anode compensating layer
was added to reduce the curvature of the cell. A similar anode sup-
port has been tested in the LENI-EPFL setup, but with a LSM-YSZ
composite cathode (HTceramix, Switzerland), screen-printed on the
8YSZ electrolyte.

The DLR setup can accommodate cells of 100 cm2. The active
area for measurements is 73.8 cm2, divided into 16 electrically-iso-
lated segments of 4.6 cm2, equally distributed over the active area
of the SRU (see Fig. 1b). Gases are supplied in either co- or coun-
ter-flow configuration. Mixtures of H2, H2O, CO, CO2, CH4 and N2

can be fed into the anode compartment, within the safe ranges to
prevent carbon deposition, limited by the maximum achievable
amount of steam of 3%. The molar fraction of O2 in the cathode gas
can be varied as well.

The LENI-EPFL setup is based on the SRU design developed
within the FlameSOFC project.7,8,68,72 The shape of the SRU with
an active area of 200 cm2 is depicted in Fig. 1a, along with the
arrangement of 18 segments of 1.7 cm2. Local measurements are
not performed on the remaining active area, reduced to 133 cm2,
due to the implementation of the segmentation. Experiments are car-
ried out with air, while nitrogen-diluted or not, wet or dry hydrogen
is fed on the fuel side.

The typical operating conditions applied during both tests and
used for model calibration here are listed in Table III.

Investigated Cases

The following model variations are tested against the experimen-
tal data:

• Three different approaches for the description of the electrochem-
ical processes on the anode side, one empirical (referred to as
EMP, Eq. 17) and two based on different RDS (Eq. 24, HO3 and
Eq. 25, HO2).

• Two different sets of parameters for the calculation of ~xO2

(Eq. 52) (Refs. 122 and 125).

• Two empirical relations (Eq. 34 and Table I) for internal steam-
methane reforming in SOFC anodes, from Achenbach and Rien-
sche45 and Leinfelder et al.102

The particularities of the two setups imply distinct processing
strategies. The data gathered by the DLR setup is more extensive in
terms of measurement points and conditions. Four units of the one-
dimensional model with the electrochemical model for a MIEC
cathode material are assembled in y-direction to model one single
row of segments (see Fig. 1b). The setting of the inlet gas flow rate
assumes a uniform distribution. To partially overcome this simplifi-
cation, the calculation of the variance includes the responses
recorded on the two central rows. The available specific variations
of temperature, gas flow rates, and anode and cathode gas composi-
tions are spread over a time period of 325 h. Degradation phenom-
ena therefore affect the accuracy of the calibration. The approach
pursued here is not meant to clarify the reasons for the degradation,
but seeks to avoid the overestimation of parameters affected by
operating conditions varied at the end of the measurement
campaign.

Two degradation phenomena among those considered in Part II
(Ref. 70) are applied to correct the data for the observed overall deg-
radation. The decrease of ionic conduction of the electrolyte and of
electronic conduction of the uncoated MIC due to corrosion are the
less sensitive to test history, which enable to avoid the computa-
tional burden that would result from the simulation of the complete
experiment for all parameter estimation runs, i.e. IV characterisation
and aging. Results with and without application of the correction for
degradation are compared.

The data from LENI-EPFL is smaller in amount and affected by
experimental contingencies, such as a marked local degradation at
the inlet of the SRU due to contamination of the cathode from
volatile species transported by the air, and small deficiencies
in the anode flow field.68,72 As a result, only data from segment 2, 3
and 4 are suitable for the present study. The discontinuous experi-
mental discretisation of the central line (segments 1–6) prevents the
straightforward use of the one-dimensional modular model for the
in-plane direction, as the local current density is not resolved in the
main area. Therefore, averaged conditions over the segments are
computed by a 2D model7 and applied as local conditions on the
electrochemical model alone. An ohmic resistance is added in the
inlet area delimited by segment 1 to coarsely model the large initial
degradation in this one and to prevent an underestimation of the
hydrogen molar fraction on the downstream segments.

The choice of the fitting parameters, as listed in Table II, is dic-
tated by considerations on the possible dedicated experiments,
which could improve the calibration procedure. The following pa-
rameters are fixed according to data from literature, despite the scat-
ter in the reported values:

• The electronic and ionic conductivities of all materials
ðkoion

;Eaion
; koel

;Eael
Þ.

• The morphological parameters of the electrode, only those of the
cathode being all explicitly required in the present study, to com-
pute the effective conductivities and TPBL (rel, rion, uel, uion, lg,
dg, n, dn).

• The tortuosity of the porous and solid network in the cathode
(scath).

• One set of parameters for the calculation of ~xH2
(Eq. 26), two sets

for ~xO2
(Eq. 52).

• Two different sets of parameters for the steam-methane reforming
reaction ðkSMR

oan
;ESMR

aan
; rSMR

an1
; rSMR

an2
Þ (Eq. 34 and Table I).

• The dependence on temperature and oxygen partial pressure of
the surface (Eq. 69) and bulk (Eq. 68) properties of the LSCF
cathode material ðEav

;EaK
;CK2

;CK3
Þ (Fig. 4).

• The parameters for the calculation of the deviation from stoichi-
ometry in the LSCF cathode ðCd1

;Cd2
;Cd3

;EadÞ (Eq. 70 and Fig.
4).

• The internal surface area of the LSCF cathode (AMIEC).

Table III. Range of operating conditions included in the parame-

ter estimations.

DLR setup LENI-EPFL setup

Operating time (h) 75–400 15–23

Furnace temperature (K) 973–1073 1057–1062

Air inlet temperature (K) 973–1073a 1043

E (V) 0.575–1.07 0.7–1.05

jumax
ðA cm�2Þ 1.2 0.7

Air flow (nmlpm cm�2) 20–80 9.62b

Fuel flow (nmlpm cm�2) 6.25–25 7.3–11.0

Anode inlet molar fractions — —

H2 0.1–0.97 0.5–0.97

H2O 0–0.03 0.03

N2 0–0.9 0–0.5

CH4 0.02–0.1c 0

Cathode inlet molar fraction — —

O2 0.05–0.5 0.21
aAssumed identical to the furnace temperature.
bAir ratio.
cNot included in parameter estimation.
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The fitting parameters are therefore:

• The parameters for the description of the electrochemical proc-
esses in the anode: kct

oan
and Ect

aan
for HO3 and HO2, rct

an1
; rct

an2
are

added for the empirical relation EMP (Eq. 17).
• The parameters for the description of the electrochemical proc-

esses in the cathode (Eq. 50), kct
ocath

and Ect
acath

.
• The pre-exponential factor for the diffusion of vacancies ðDov

Þ
(Eq. 68).

The ratio of the surface to bulk properties is a key value which
controls the extension of the active zone in an electrode made of a
MIEC material.34,37 Therefore, while Dov

is fitted, CK1
is accord-

ingly varied, constrained by the ratio Kchem/Dchem. Figure 4 depicts
the surface properties and deviation from stoichiometry imple-
mented in the model.

The calibration sequence starts with the data gathered by the
DLR setup. Parameter estimation runs are first performed on meas-
urements with hydrogen as fuel, with the three anode models (EMP,
HO2, HO3).

They do not include all experiments. Those left are used to verify
afterwards the reliability of the calibrated model. Measurements
with internal steam-methane reforming are sparse and the variations
limited by the maximum amount of steam of 3%. Therefore, the pa-
rameters of the empirical relation Eq. 34 are not estimated. The data
is used to discriminate between the parameters provided by Achen-

bach and Riensche45 or Leinfelder et al.102 Owing to the similar an-
ode support used in all experiments, the data from LENI-EPFL are
used to estimate only the parameters of the cathode composite
model. The calibration is performed separately with the three previ-
ously calibrated anode models (EMP, HO2 and HO3).

The differences in behaviour between the three anode models
and two cathode materials are assessed at the SRU level on a one-
dimensional description of the non-segmented version of the SRU
depicted in Fig. 1a. Adiabatic boundary conditions are set, inducing
temperature differences exceeding 100 K, typical of a SRU embed-
ded in a stack.

Results and Discussion

Parameter estimation, case of LSCF cathode.— The variance in
the measurements affects the information conveyed by the experi-
ments. Its assessment is required to evaluate the adequacy of a
model and whether the quality of the data is sufficient to discrimi-
nate between different models. Imprecision in the data from DLR
used for parameter estimation originates both from limitations of the
experimental setup and the degradation, because of the choice of the
measurement sequence.

Figure 5 depicts the IV curves measured on the two central rows
of the DLR setup, for different gas flows and hydrogen inlet molar
fractions, from 2 to 50%, at 1073 K. The onset of limitation shifts
towards lower current densities, along the flow path, due to the
depletion of hydrogen. The conditions yielding the highest current
densities in Fig. 5 are referred to as the nominal operating point: the
furnace temperature is 1073 K, and air (80 nmlpm cm–2) and 50%
diluted wet hydrogen (25 nmlpm cm–2) are fed in the cathode and
anode compartments, respectively. Measurements in these condi-
tions are available at four different operating times. The degradation
causes a maximum decrease of the cell voltage of approximately 55
mV during the time period from 136 to 377 h depicted in Fig. 5. The
corresponding value of the variance is used for the parameter esti-
mation, whether correction for the degradation is applied or not on
the data. A comparison in Fig. 5 of the response of segments located
at identical positions along the flow path shows that the measure-
ment error can be potentially much smaller. An analysis of the error
induced by the sensors and control could be sufficient in the case ofFigure 4. Comparison between experimental (gray dots) (Refs. 116 and

117) and implemented (black triangles) properties of LSCF, as computed by
Eq. 69 (top) and Eq. 70 (bottom).

Figure 5. IV characteristics measured with the DLR setup (LSCF cathode),
for different gas flows and inlet molar fractions of hydrogen, from 2 to 50%,
at 1073 K (see Table III). The indications refer to the inlet conditions in the
SRU. Standard conditions: air 80 nmlpm cm�2, fuel 3% humidified H2: N2

50:50. The curves appear in pairs, corresponding to the 2 central segment
rows.
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an experimental sequence optimised for model calibration, which
would vary the parameter of interest within short time periods. In
the present case, the degradation affects the measurements and the
dataset does not allow to characterise its effect for all conditions.
Because the present understanding of degradation is incomplete and
the dataset does not allow to characterise its effect over the whole
range of investigated parameters, the constant variance model is
used, even though the response at the nominal conditions depicted
in Fig. 5 suggests an heteroscedastic variance model might be
required. The degradation does not drastically affect the pattern of
the measured IV characteristics over the considered time period.
This allows to correct the data for model calibration purpose only
by implementing degradation phenomena inducing an increase of
the ohmic losses, as discussed in the section on Investigated cases,
even though other processes may be involved.

Figure 6 provides a comparison between the experimental data
from various segments and the predictions provided by the HO2
model, calibrated with a correction for the degradation (see also

Fig. 7). The agreement is acceptable over a wide range of local con-
ditions which are representative of those in a SOFC stack. The em-
phasis in the parameter estimation runs is placed on the effect of the
temperature and anode gas composition on the cell response, as in
most cases a high air ratio is required for the thermal management
of a functional stack. Experiments with the lowest inlet oxygen
molar fraction of 0.02 are not fitted satisfactorily (not depicted), de-
spite the validity of Eqs. 68–70 in this range (see Fig. 4). Difficulties
concern mainly the detection of the onset of limitation. An unlikely
high tortuosity of the gas phase in the cathode is required to repro-
duce the data. One reason is the one-dimensional discretisation of
the cathode, which cannot capture local oxygen depletion caused by
the geometry of the GDL system, when coupled to a thin electrode.
The range over which the calibration is acceptable remains however
wide enough to ensure a reliable prediction of the behaviour of
a functional SRU, to show the relevance of a MIEC model at
the SRU scale and to confirm the dependences included in Eqs.
68–70 (see later).116,117

Figure 6. Comparison between experi-
mental (lines) and simulated (squares) IV
characteristics for various conditions.
DLR data. HO2 anode model, calibrated
on data corrected for the degradation. Gas
flow is nmlpm cm�2, s¼ segment number
(Fig. 1b).

Figure 7. Effect of the correction for the
degradation and internal steam-methane
reforming. HO2 anode model. Case of
LSCF cathode (DLR data). The effect of
correction for the degradation is shown
for the standard conditions (boxes, com-
pare t¼ 201 h and t¼ 377 h). The simula-
tion from calibration without correction is
depicted for t¼ 201 h (crosses). The
experiments including internal steam-
methane reforming (SMR insert) are
simulated with the HO2 model and the ki-
netic relation from Achenbach et al.45
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Table IV lists the results of the parameter estimations, for the
three anode models and correction or not for the degradation. The
values of the objective function w are directly comparable, as the
same dataset is used for all calibrations. The lowest objective func-
tion, i.e. the best fit, is obtained with the EMP model, with a correc-
tion of the data for the degradation. The two other models based on
physical assumptions on the anode RDS (HO2 and HO3) yield com-
parable results in terms of overall quality. All runs listed in Table
IV successfully pass the statistical model adequacy tests. The choice
of the fitting parameters, such as constraining the temperature
dependence of the ratio Kchem/Dchem and the use of a reference
temperature (Eqs. 18, 34, and 51) prevent high correlations between
the parameters. The optimal values, along with their confidence
intervals, fall within the ranges reported in the literature: 70–170 kJ
mol–1 for the activation energy on the anode side Ect

aan
, � 0.5 to 1.0

for the apparent reaction orders on hydrogen rct
an1

and 0.3–1.0 for the
apparent reaction orders on steam rct

an2
. The estimated tortuosity

around 3.6 is slightly higher than expected.126 Possible reasons are
the one-dimensional discretisation that does not account for the ge-
ometry of the GDL system and the presence of the contacting and
compensating layers. The fitted value lumps the mass transfer resist-
ance of all functional layers and that of the GDL. The EMP model
yields slightly lower values of the tortuosity, since rct

an1
and rct

an2

modify the apparent onset of diffusion limitation. The optimal val-
ues of 0.29 and 0.62 for ran are close to those set in the HO3 model
(0.25 and 0.75).

The computed 90% confidence intervals are between 2 and 25%
of the estimated value. These do however not contain the optimal
value of all other parameter estimation runs. The tightest intervals,
between 2 and 12%, are obtained with the HO2 model, with correc-
tion of the data, partly due to the reduced number of estimated pa-
rameters. The different models predict comparable contributions of
the cathode, expressed by Dov

in Table IV, and consequently of the
anode.

The implementation of a correction for the degradation reduces
the objective function. The data gathered at the beginning of the
test, around 100–200 h, have been preferentially selected for the pa-
rameter estimation runs, since it corresponds to the time at which

the effect of anode and cathode gas composition have been tested.
Variation of the furnace temperature has been performed only after
400 h of operation on a degraded cell (see Fig. 5). Figure 7 shows
the effect of the correction for the degradation on IV characteristics
for the standard operating conditions, recorded at 201 and 377 h.
Simulation with (squares) and without (crosses) correction for the
degradation show acceptable agreement with the IV characteristic at
201 h, which is included in the data for parameter estimation. That
recorded at 377 h is used here to verify the validity of the correction
for the degradation. The overall trend is well reproduced, but the
subtle changes in the onset of diffusion limitation are not modelled.
If the data is not corrected, the additional degradation ensuing oper-
ation induces an higher estimated activation energy for the hydrogen
oxidation (113–153 kJ mol–1 instead of 110–133 kJ mol–1), since
the temperature dependence of all contributions, except that of the
anode, are fixed.

Operation with methane achieves higher efficiency than with
hydrogen. While internal steam-methane reforming can be benefi-
cial for the thermal management of the stack, structural issues can
arise from its endothermic nature. A calibration under these condi-
tions of higher technological relevance is essential to ensure the reli-
ability of a SRU model. The DLR setup does not comprise an evap-
orator, which limits the achievable testing conditions with methane.
The data is too sparse in amount to estimate reliably the parameters
of Eq. 34. Instead, the parameters listed in Table I are discretely
tested. The data is characterised by low current densities due to the
steam molar fraction limited to 3%. The IV characteristics simulated
with the relation from Achenbach and Riensche45 provided better
agreement with measurements than the relation from Leinfelder et
al.102 The choice of an anode electrochemical model does not drasti-
cally alter the simulated responses, despite the differences in the
apparent reaction orders on hydrogen and steam. The EMP model
achieves a slightly better agreement. Figure 7 includes the compari-
son between measurements and simulations with the relation from
Achenbach and Riensche,45 without any specific adjustment of the
parameters. Unlike experiments carried out with hydrogen as fuel,
the current density increases along the flow path, as methane is pro-
gressively reformed. The model correctly captures this trend. Figure
8 shows the simulated distribution of methane and hydrogen in the
anode, along a row of segments, for the operating points character-
ised by the highest current density in Fig. 7. The molar fraction of

Figure 8. (Color online) Distribution of the hydrogen (ribbons) and methane
molar fractions in the anode, along the flow path, as predicted with the HO2
model, coupled to the relation for steam-methane reforming from Achenbach
et al.45 The operating point is that of highest current density in Figure 7.

Table IV. Results of the parameter estimations with the DLR

data. LSCF cathode. Inside parentheses are the 90% confidence

interval and standard deviation.

Anode model EMP

W/o correction Correction

W � 4930.5 � 4990.7

Ect
aan
ðkJ mol�1Þ 113.3 (8.4, 5.1) 109.5 (10.4, 6.4)

kct
oan
ðA cm�2Þ 13.26 (3.12, 1.90) 21.69 (6.02, 3.66)

rct
an1

0.46 (0.06, 0.04) 0.29 (0.07, 0.05)

rct
an2

0.52 (0.04, 0.02) 0.62 (0.06, 0.04)

s2
an 8.13 (1.46, 0.89) 12.86 (0.78, 0.48)

Dov
ðcm2 s�1Þ 186.3 (54.0, 32.8) 206.2 (54.8, 33.3)

Anode model HO2

W/o correction Correction

W � 4851.6 � 4943.5

Ect
aan
ðkJ mol�1Þ 153.1 (7.1, 4.3) 131.1 (9.3, 5.6)

kct
oan
ðA cm�2Þ 5.95 (0.54, 0.33) 13.46 (1.68, 1.02)

s2
an 12.99 (0.34, 0.20) 13.35 (0.32, 0.20)

Dov
ðcm2 s�1Þ 141.4 (17.7, 10.8) 137.6 (16.5, 10.0)

Anode model HO3

Correction

W � 4935.1

Ect
aan
ðkJ mol�1Þ 133.0 (11.6, 7.1)

kct
oan
ðA cm�2Þ 12.60 (3.45, 2.10)

s2
an 13.66 (0.33, 0.20)

Dov
ðcm2 s�1Þ 163.2 (48.8, 29.6)
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methane decreases along the flow path in the gas channel and
towards the interface. That of hydrogen, depicted by the ribbons,
exhibits a maximum in the anode in the upstream segment and over-
all increases along the flow path, which accounts for the higher
potential at the outlet. The results confirm that acceptable predic-
tions of the behaviour under internal steam reforming can be
achieved with a simplified modelling approach, based on the elec-
trochemical conversion of hydrogen, coupled to an empirical kinetic
relation for the steam-methane reforming. A better calibration of the
models requires an additional measurement campaign, on a setup
equiped with an evaporator. The level of accuracy is believed suffi-
cient for degradation simulation, since the effect of anode gas com-
position on nickel particle coarsening is not yet completely under-
stood and precisely characterised over the whole range found in
SOFC stack.12,127

The quality of a fit cannot completely assess the validity of a
model. Previous calibrations with simpler models, the terms of
which lack a strict physical meaning, such as Wilcke formulation
for diffusion losses on the anode side, or Butler-Volmer equation to
describe the electrochemical processes in the LSCF cathode, pro-
duced satisfactorily agreement with part of the dataset shown in
Fig. 6, except for significant discrepancies that occurred for the
highest hydrogen dilutions. However, they are of limited interest for
the mitigation of degradation in SOFC stacks under practical operat-
ing conditions, since they could not reproduce the cell response
under internal steam-reforming conditions and their nature does not
enable the implementation of degradation phenomena.

Parameter estimation, case of LSM-YSZ cathode.— The LENI-
EPFL experiment is design-oriented. The gas manifold is identical
to that of a functional stack. Issues related to the anode flow affected
the measurements and have been subsequently addressed.68 The
present study overcomes this limitation by using the values of the
anode parameters estimated with the DLR data, because the anode
support is the same in both experiments. Another drawback of the
LENI-EPFL experiment for the present study is the difficulty to
vary the oxygen molar fraction on the cathode side precisely and
over a wide range. This is inherent to the setup, which has an air
manifold dimensioned for a stack and consequently increased rela-
tive gas leaks in SRU testing configuration.

Figure 9 shows the results of the parameter estimation. The
agreement between experimental data and simulation is acceptable.
All curves exhibit the same pattern, as only the measurements on
the central segments, 2–4 (see Fig. 1a), are usable. The differences
between the two experiments carried out after 15 and 23 h of opera-
tion are the dilution and flux of the anode gas. Despite the fixed fur-
nace and gas inlet temperature, the temperature range in the data is
of approximately 20 K, owing to the polarisation and locations of
the segments.

Table V lists the results of the parameter estimations. The lim-
ited amount of data induces large confidence intervals and a high
correlation between the parameters. The HO2 model, along with the
parameters from Matsuzaki et al.125 for the calculation of ~xO2

achieves the lowest objective function W. The optimal values of the
cathode activation energy (140–161 kJ mol�1) fall within the range
of 100–200 kJ mol�1 reported in the literature.

Simulations of the behaviour of a repeating unit.— The results of
the parameter estimations do not allow discriminating between the
different models: the objective function is the lowest for the EMP
model, and acceptable predictions can still be obtained without a
correction of the data for the degradation. Further investigations,
with the help of design of experiment theories, are required to deter-
mine whether the data gathered by the kind of experiments used in
the present study convey enough information for model discrimina-
tion. In the present view of lifetime extension and identification of
structural failures in SOFC stacks, it is crucial to verify if the choice
of a model critically affects the prediction of the field variables driv-
ing the degradation phenomena included in Part II,70 over the range
of local conditions found in a SRU in operation. Acceptable agree-
ment between simulations and experiments and optimal values of
some parameters within the range of physical meaning do not guar-
antee that the effect of the estimated parameters do not compensate
each other and result in inconsistent model behaviour. The model
behaviour must be checked to avoid incoherent relative contribution
to the polarisation losses and unrealistic prediction of the electrode
utilisation length.

Figure 10 compares the simulated response of the SRU shown in
Fig. 1c, embedded in a stack, with a cell based on a LSM-YSZ or
LSCF cathode, operated in co- or counter-flow configuration. The
case of partially pre-reformed methane fed in the SRU (see Table
VI) is considered, as it tests all the features of the model and induces
the largest variety of local conditions. The air ratio is coarsely
adjusted to limit the maximum local solid temperature to 1100 K in
the SRU for both co- and counter-flow cases, at a fuel utilisation of
0.8–0.85. The behaviour is barely affected by the choice of an anode

Figure 9. Comparison between experimental (squares, triangles) and simu-
lated (lines) IV characteristics used for the calibration of the LSM-YSZ
model, EPFL-LENI setup, segments s2,s3,s4 (Fig. 1a).

Table V. Results of the parameter estimation performed on the

experimental data from the LENI-EPFL setup (LSM-YSZ).

Inside parentheses are the 90% confidence interval and standard

deviation.

Model EMP EMP

~xO2
Jiang et al. (Ref. 122) Matsuzaki et al. (Ref. 125)

W � 522.3 � 531.9

Ect
acath
ðkJ mol�1Þ 161.4 (69.8, 42.2) 150.5 (70.1, 42.4)

kct
ocath
ðA cm�2Þ 0.0553 (0.100, 0.061) 0.1377 (0.251, 0.152)

Model HO2 HO2

~xO2
Jiang et al. (Ref. 122) Matsuzaki et al. (Ref. 125)

W � 546.6 � 552.9

Ect
acath
ðkJ mol�1Þ 157.0 (65.7, 39.8] 140.2 (66.0, 39.9)

kct
ocath
ðA cm�2Þ 0.1492 (0.255, 0.154] 0.0530 (0.091, 0.055)

Model HO3 HO3

~xO2
Jiang et al. (Ref. 122) Matsuzaki et al. (Ref. 125)

W � 512.6 � 524.5

Ect
acath
ðkJ mol�1Þ 159.0 (66.2, 40.0) 147.9 (66.5, 40.2)

kct
ocath
ðA cm�2Þ 0.0510 (0.086, 0.053) 0.1329 (0.229, 0.139)
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model. The LSCF cathode has a better performance than LSM-YSZ,
which complies with experimental evidences (e.g. Ref. 30). The
same applies to the comparison between counter- and co-flow con-
figuration, at the cost, however, of a higher air ratio for the former
(Table VI). The endothermic steam-methane reforming amplifies
the gain of the counter- over co-flow, compared with hydrogen as
fuel. Indeed, the distribution of the current density follows a trade-
off in the co-flow configuration, between highest temperature (low
ohmic and electrochemical resistances) and depleted fuel (low local
Nernst potential and high anode diffusion losses), both located at
the air outlet of the active area. The air inlet side of the active area
is lower than the air inlet temperature of 973 K in co-flow (see also
Fig. 12). In counter-flow, highest temperature and hydrogen-rich
fuel are available at the same location, which coincides with
the highest SMR reaction rate. At a fuel utilisation of 0.8, the
temperature difference over Rarea (see Fig. 1a), for the case of a
LSCF cathode, is of 148 K in co-flow, against 115 K in counter-
flow. The noticeable decay of the potential at low current density is
due to the evolution of the maximum temperature which increases
from 950 to 1203 K (co-flow, LSM-YSZ cathode), as the polarisa-
tion proceeds. Direct measurement of the cathode gas-phase tortuos-
ity is achievable,126 but had to be assigned here, since it was not
available here. The cathode gas-phase tortuosity (s2) has not been
included in the estimated parameters, because of its low anticipated
effect. A drastic change from 3 to 5 results in a maximum change in

predicted potential during IV characterisation in the range of 6 mV
and is therefore not depicted. An accurate value of this physical pa-
rameter, as well as the choice of a diffusion model for the cathode
side are not critical in the present conditions. The estimated value of
Dov

includes the effect of porosity and tortuosity on the bulk proper-
ties of LSCF cathode.

Figure 11 provides the details of the contribution of the cathode
and the Nernst potential, including resistance to mass transfer in the
electrode, for the cell with LSCF and LSM-YSZ cathode, respec-
tively. The difference between the anode models is consistent with
the optimal values of Dov

listed in Table IV. The cathode perform-
ance in the calibrated EMP model is the highest. Figure 12 shows
how the zone of highest current density moves towards the fuel inlet
at the highest fuel utilisation in co-flow, which induces different
trends in the evolution of the ASR of the cathode in co- and coun-
ter-flow configurations. In the co-flow case, this shifts results in a
monotonic increase of the local temperature all over the active area.
In contrast, in the counter-flow case, the local temperature decreases
at the end of the IV characterisation, over approximately the first
half of the SRU, from the air inlet. This phenomenon in turn ampli-
fies the relative increase of the local current density at the fuel inlet.

Figure 10. (Color online) IV characteristics of SRUs embedded in a stack,
for different flow configurations and cathode materials. Curve series corre-
spond to the three anode models. Stack conditions see Table VI.

Table VI. Operating conditions for the SRU simulations.

Air inlet temperature (K) 973

Fuel inlet temperature (K) 973

Fuel flow (nmlpm cm�2) 3.6

Air ratio 5–7.5a

Inlet molar fractions

H2 0.263

H2O 0.493

CH4 0.171

CO 0.029

CO2 0.044
aValue coarsely adjusted to yield a similar maximum solid tempera-
ture of 1100 K at FU¼ 0.8, in co-flow, respectively counter-flow.

Figure 11. Contributions of the cathode to the ASR and Nernst potential,
along with mass transfer resistance, during an IV characterisation of a SRU
embedded in a stack. (a) anode-supported cell with LSCF cathode, (b) an-
ode-supported cell with LSM-YSZ cathode.
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The onset of diffusion limitation is higher and shifted towards lower
fuel utilisation in co-flow, compared with counter-flow, owing to
the distribution of the Nernst potential and lower rate of the steam-
methane reforming reaction in the anode in the zone of highest cur-
rent density.

The design of a SRU in the view of its long-term performance
relies on the prediction of the distribution of the field variables driv-
ing the degradation. The modelling approach described in Part II
(Ref. 70) assumes a predominant effect of the overpotential on the
risks of formation of lanthanum (LZO) or strontium zirconates
(SZO) and chromium contamination in a LSM-YSZ cathode, as sug-
gested by recent studies.18,128 Figure 12 shows the distribution over
the active area Rarea of the anode and cathode contributions, and
Nernst potential, computed at the interfaces between the electrolyte
and electrodes, C4 and C5. The fuel utilisation is 0.8 and the corre-
sponding temperature differences over the active area are 152 and
116 K in co- and counter-flow, respectively. The fuel flow direction
is kept constant. Thus, the zone of highest temperature is inverted

between co- and counter flow. The discrepancy between the profiles
predicted by the different anode models is small. The contribution
of the ORR on the cathode side to the overall losses consistently
exceeds that of electrochemical processes on the anode side, over
the whole active area, which complies with the typical pattern
observed in EIS measurements of anode-supported cells.68,128 In
contrast to the distribution of the current density, that of the Nernst
potential and cathode overpotential is less uniform in the co-flow
configuration. The local degradation rate cannot, however, be
deduced from the profile of the overpotential, as the degradation
phenomena have their own temperature dependence. Nickel particle
coarsening, MIC corrosion, release rate of contaminating volatile
chromium species from the MIC and thermodynamic risk of forma-
tion of LZO/SZO in the LSM-YSZ system are promoted by increas-
ing the temperature [Part II (Ref. 70)]. Even though the respective
effects of the current density and overpotential on the degradation
are not yet clarified, this observation shows that designing a SRU to

Figure 12. Top: distribution of the overpotential due to electrochemical
processes on the cathode and anode side, and current density. Bottom: distri-
bution of the Nernst potential, including diffusion, and temperature over
Rarea. Case of LSM-YSZ cathode. The fuel utilisation is of 0.8, correspond-
ing to 0.405 A cm�2. The temperature difference is of 152 and 116 K in co-
(black) and counter flow (gray), respectively.

Figure 13. Profile of the vacancy concentration in LSCF cathode, depending
on flow configuration, location and anode model. (a) Fuel inlet side of the
active area, (b) fuel outlet side of the active area. The first 30 lm from the
cathode/YDC compatibility layer interface are depicted in logarithmic scale.
The cathode/air channel interface is 30 lm farther from the indication. The
fuel utilisation is 0.8, corresponding to 0.405 A cm�2. The temperature dif-
ference is 152 and 116 K in co-flow and counter flow, respectively.
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ensure an even current distribution can lead to misleading conclu-
sions, depending on the dominant degradation phenomena.

The extension of the active zone in a cathode made of MIEC ma-
terial depends on the ratio Kchem/Dv.

37 Figure 13 shows the exten-
sion predicted by the model is in the range of 10 lm, as deduced
from the profile of the vacancy concentration cv within the elec-
trode. This falls within the range of 2–22 lm reported in the litera-
ture34, for other materials. The value of Kchem/Dv is determined
from the data found in the literature (see Table II), due to the choice
of the fitting parameters. Therefore, an anode model does not alter
the computed extension, but significantly affects the calculated con-
centration of vacancies at the interface between the cathode and the
electrolyte. The MIEC model contains three activation energies for
the calculation of the deviation from the stoichiometry, the diffusion
of vacancies in the bulk of the cathode and the reaction at the pore
wall. The effect of Ead

is seen in the value of cv close to the gas
channel. The value of the two others, EaK

and Eav
, are comparable,

which, together with the high air ratio that limits the oxygen molar
fraction gradient over the active area, yields a uniform distribution
of the extension of the active zone. The deviation from stoichiome-
try enables the calculation of local isothermal expansions, which
can lead to structural failure, depending on the type of cell and pres-
ence or not of localised zones of dramatically low oxygen content,
due to a defective sealing concept.129

Conclusion

The underlying mechanisms of the electrochemical reactions in
SOFCs have not yet been identified unambiguously. Impurities
in the raw starting materials could be a reason for the large scatter in
the results reported by different groups. This context highlights the
need for efficient calibration procedures of SRU and stack models.
The approach pursued in this study consists in using two large exist-
ing experimental datasets, gathered on two different segmented
setups, for the estimation of the parameters of a physical electro-
chemical model, the refinement of which is sufficient to support the
further implementation of degradation phenomena (Part II of this
study70).

The agreement between model predictions and measurements is
satisfactory in both the cases of LSM-YSZ and LSCF cathode, over
a wide range of operating conditions. This result shows the rele-
vance of the existing models for electrodes made of a MIEC mate-
rial available from literature34,35 for simulations at the SRU scale.
The optimal values of the parameters, along with their confidence
interval, lie within the ranges reported in literature. This result, as
well as the successful statistical tests, ascertains their physical
meaning. The empirical kinetic relation from Achenbach and Rien-
sche45 achieves reasonable agreement with the experimental data
under internal steam-reforming conditions, without specific adjust-
ment of the parameters. Further investigations could not be per-
formed, since the amount of data is insufficient for parameter esti-
mation, because the test setups are not equipped with an evaporator.
The applied correction for degradation can quantitatively capture
the evolution of the potential. It increases the quality of the fits and
relevance and versatility of the proposed tool, since it prevents the
undesirable adjustment of some estimated parameters to compensate
for degradation.

Fits of acceptable quality are achievable, however, also with
models lacking a solid physical ground used elsewhere. The failure
of the attempt here to discriminate between physical model assump-
tions illustrates the limitations of the information conveyed by
polarisation curves. A drastic improvement in the calibration proce-
dure could be obtained from a better interrelation between the
experiments and modelling. For instance, the effects of degradation
could be avoided by selecting another sequence of experiments,
while the design of the setup can help to reduce uncertainties caused
by the averaging of local conditions. Therefore, additional work
involving design of experiment theory will be able to assess the real
capabilities of the present approach.

The behaviour of the electrochemical model implemented in a
one-dimensional SRU model does not exhibit any significant incon-
sistencies. The variations in the assumptions of the model do not
drastically alter the prediction of the overall performance and local
values of the cathode overpotential, which is suspected to govern
the degradation of LSM-YSZ cathodes.
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List of Symbol

Latin letters

A thermodynamic factor

ASR area specific resistance (X m2)

A area (m2)

a surface coverage of adsorption site or adsorbed species

ATPB specific area at the triple phase boundary (m2 m�3)

AMIEC internal area of a porous electrode (m2)

Bo permeability in porous medium (m2)

C constant

ch heat capacity (J K�1) kg�1

ci molar concentration of species i (mol m�3)

ct total molar concentration (mol m�3)

D diffusion coefficient in solid medium (m2 s�1)

dg particle diameter (m)

dp pore diameter (m)

De
ij effective bulk diffusivity of binary pair in porous medium (m2 s�1)

De
iM effective Knudsen diffusivity of species i in porous medium (m2 s�1)

dHo enthalpy of reaction (J mol�1)

E electric potential (V)

Ea activation energy (J mol�1)

F Faraday’s constant 96485 (C mol�1)

f molar activity coefficient

H enthalpy (J kg�1)

h thickness (m)

hc convection heat transfer coefficient (W m�2 K�1)

io exchange current density (A m�2)

it faraidic transfer current density (A m�2)

j current density (A m�2)

Keq equilibrium constant

ko kinetic constant

Kchem apparent surface exchange coefficient (m s�1)

L length (m)

lg distance between grains (m)

Mi molecular weight of species i (kg mol�1)

N number of measurements

n porosity

Ni molar flux of species i (mol m�2 s�1)

p pressure (Pa)

patm atmospheric pressure 101325 (Pa)

pi partial pressure (Pa)
_Q rate of volumetric thermal energy change (W m�3)

R computation domain

<i rate of production of species i (mol m�3 s�1)

<m
i rate of production of species i (kg m�3 s�1)

R universal gas constant 8.314 (J mol�1 K�1)

r apparent reaction order

s variance

T temperature (K)

t time (s)

Tamb ambient temperature, 298 (K)
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Tref reference temperature, 873 (K)

u gas velocity (m s�1)

V potential in ionic or electronic conducting phases (V)

Vm molar volume (m3 mol�1)

xi mole fraction of species i

y system response

zi charge number of species i

Greek letters

a symmetry coefficient

d deviation from stoichiometry

g overpotential (V)

e emissivity

C domain boundary

k thermal conductivity (W m�1 K�1)

l� electrochemical potential (J mol�1)

lchem chemical potential (J mol�1)

lg viscosity (Pa s)

md diffusion volume (m3)

x mass fraction of species i

U potential [V]

/ volume fraction

W objective function

q density (kg m�3)

qe effective electrical resistivity (X m)

re effective electrical conductivity (S m�1)

1 Stefan-Boltzmann constant 5.670�10�8 (W m�2 K�4)

s tortuosity

h parameter

n correction factor

Indices

a anodic

an anode

avg average

bc boundary conditions

c cathodic

cath cathode

cl compatibility layer

cond conduction

conv convection

elchem electrochemical

e electron

el electronic

elect electrolyte

exp experiment

fnce furnace

g indice for gases, either air or fuel

h hole

htl heat losses

ion ionic

isl insulation

leak leakage

o initial, dense state

rep repetition

resp response

rx reaction

s index for solid parts, individual components or averaged structure

tot total

u useful

v oxygen vacancy

Superscripts

a anodic

CT charge-transfer

ct charge transfer

c cathodic

e effective

eq equilibrium

Acronyms

ASC anode-supported cell

ASR area specific resistance

DGM dusty gas model

EIS electrochemical impedance spectroscopy

GCI galvanostatic current interruption

GDC gadolinia-doped ceria

GDL gas diffusion layer

HO hydrogen oxidation

IV current-voltage

LSCF lanthanum strontium cobaltite ferrite

LSM lanthanum strontium manganite

LZO lanthanum zirconate

MEA membrane electrode assembly

MIC metallic interconnect

MIEC mixed-ionic-electronic conductor

Ni-YSZ nickel-YSZ anode in reduced state

ORR oxygen reduction reaction

RDS rate-determining step

SCR steam-to-carbon ratio

SMR steam-methane reforming reaction

SRU single repeating unit

SZO strontium zirconate

TPBL triple phase boundary length

TPB triple phase boundary

WS water-gas shift reaction

YDC yttria-doped ceria

YSZ yttria-stabilised zirconia

References

1. N. Autissier, F. Palazzi, F. Marechal, J. Van herle, and D. Favrat, J. Fuel Cell Sci.
Technol., 4, 123 (2007).
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