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Abstract

This thesis focuses on performance, reliability and degradation in solid oxide fuel cells
(SOFC), which currently represent the three key technical challenges for the deployment
of this technology. By its development of dedicated modeling and experimental tools, this
thesis o�ers a new access to, and comprehension of, local electrochemical performance,
degradation and reliability.

The experimental tools developed have, for the �rst time, allowed in-situ measurements
of local performance degradation with time, and this in a real SOFC prototype. Giving
access to local electrochemistry on 18 measurement points in a repeat-element of 200 cm2

active area, the spatial distribution of the electrochemical reaction, as well as its degradation
with time, could be monitored and analyzed. The intrinsically local character of degradation
could clearly be revealed, a point of central importance for future investigations on stack
degradation and for the interpretation of post-experiment analyses. Using impedance spec-
troscopy, it was possible to identify the a�ected electrochemical processes and to study the
spatial distribution of their degradation. The result was put in relation with post-experiment
analyses, allowing to identify pollutants on the air side as major source of degradation.

To understand the highly coupled phenomena leading to performance, degradation and reli-
ability issues, a 3D computational �uid dynamic model (CFD) was developed. Based
on the key idea to include the non-ideal properties of the used components and materials in
the model, it was possible to obtain an excellent match between experimental observations
and modeling outputs. Besides the identi�cation of performance limitations, one result of
crucial importance was in addition obtained by the identi�cation of the principal cause
of failure for the prototypes tested in the laboratory. The model revealed the presence
of detrimental local redox-cycling of the cells upon changes of the operating point, as a result
from an inadequate combination of slightly porous seal materials and certain aspects of the
stack construction. This analysis, validated by experimental observations, led to solutions
permitting an important gain in e�ciency and reliability.

Based on the identi�ed and analyzed performance limitation, degradation and fail-
ure sources obtained from the tools developed in this thesis, two stack prototypes were
successively designed, manufactured and tested in collaboration with the industrial
partner HTceramix-SOFCpower. Starting from a predecessor design limited at 250 Wel and
an electrical e�ciency (LHV) inferior to 40%, the �rst of the designed prototypes attained
a power output of 1.1 kWel (72 cells of 50 cm2), as well as a maximal e�ciency of 53% in
short stack con�guration. The second designed stack, which represents the major achieve-
ment of this thesis, had, at the time of writing, reached a power output of 1.84 kWel and a
maximal e�ciency of 53% in a 20-cell stack con�guration (200 cm2 cells). Both results were
obtained using dilute hydrogen as fuel; in other words, future operation on reformed natural
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gas should lead to an electrical e�ciency exceeding 60% (LHV).

With the successful resolution of the main failure source and a demonstrated gain in e�-
ciency, the chosen design iterations con�rmed the predicting capabilities and the accuracy
of the CFD model for a design towards the mandatory reliability and the high performance
expected from SOFC stacks.

Finally, the degradation issue, which was found to be strongly correlated with pollution
from di�erent sources, was addressed in a prospective study showing the capability of the
CFD model to predict the internal generation, transport and deposition of pollutants
inside of a stack. The good match obtained with experimental observations supports therefore
the development of such types of models, both for model-based diagnostics and for future
design iterations.

Keywords: solid oxide fuel cell, in-situ measurements, local characteristics, performance,
degradation, reliability, oxidation, sealing, di�usion, pollutant, impedance spectroscopy, com-
putational �uid dynamics, CFD, modeling
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Résumé

Cette thèse traite de trois domaines clés dans le développement de piles à combustible à
oxide solide (SOFC): le rendement, la �abilité et les phénomènes de dégradation
interne. Par l'utilisation conjointe de modèles numériques et d'outils expérimentaux spé-
cialement créés et développés dans le cadre de cette thèse, ce travail fournit un accès et
une compréhension novateurs en ce qui concerne le caractère local de la performance élec-
trochimique, des phénomènes de dégradation et des problèmes de �abilité.

Les outils expérimentaux développés ont permis d'e�ectuer, pour la première fois, des
mesures in-situ des phénomènes de dégradation locale au sein d'un véritable pro-
totype. O�rant un accès à l'électrochimie locale de 18 points de mesure disposés sur une
cellule, cette technique de mesure a permis de suivre et d'analyser la répartition spatiale
de la réaction électrochimique et d'en suivre l'évolution avec le temps. Ceci a permis de
révéler la nature intrinsèquement locale des phénomènes de dégradation, un point clé remet-
tant en question l'analyse de données de dégradation obtenues sur des stacks, ainsi que
l'interprétation des analyses post-expérience. A l'aide de la spectroscopie d'impédance, il
a en outre été possible d'identifer le niveau de dégradation pour di�érents processus élec-
trochimiques ainsi que d'en étudier la distribution spatiale. Finalement, des analyses faites
sur les composants ont permis, en relation avec les données spatiales, d'identi�er la principale
source de dégradation sous la forme de polluants.

A�n de comprendre les nombreuses interactions entre les di�érents paramètres ayant un im-
pact sur la performance, la dégradation et la �abilité, unmodèle numérique de dynamique
des �uides (CFD) a été développé. Celui-ci comporte un modèle électrochimique créé spéci-
�quement et validé sur des données expérimentales. Développé avec l'idée-clé d'inclure dans
le modèle les propriétés non-idéales de certains composants, et en particulier une porosité
résiduelle des joints utilisés, le modèle a permis de reproduire avec précision de nombreux
phénomènes observés expérimentalements et jusqu'alors inexpliqués. Hormis l'identi�cation
de certaines causes de limitations en performance, le modèle a permis d'identi�er la princi-
pale cause de défaillance observée sur les prototypes testés au laboratoire. Le modèle
a ainsi permis de révéler l'existence de cycles redox locaux endommageant les cellules lors
de changements de points de fonctionnement, un phénomène résultant d'une inadéquation
entre des joints présentant une porosité résiduelle et certains aspects de la construction de
la pile. Cette analyse, validée par des observations expérimentales, a mené à des solutions
apportant un important gain en rendement et en �abilité.

Sur la base de l'observation et de l'analyse des limitations en performance, de la dégradation
et des sources de défaillances obtenues à l'aide des outils développés dans le cadre de ce tra-
vail, deux prototypes de pile à combustible ont été successivement dessinés, réalisés et
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testés avec succès, en collaboration avec le partenaire industriel HTceramix-SOFCpower.
Partant du design d'origine limité à 250Wel et présentant un rendement (PCI) inférieur à
40%, le premier prototype conçu a atteint une puissance de 1,1kWel (72 cellules de 50 cm2)
et un rendement maximal de 53% (PCI) avec une pile de 6 éléments. Le second design, qui
constitue la principale réalisation de cette thèse, avait atteint, au moment de mettre le point
�nal à cet écrit, une puissance de 1,84 kWel ainsi qu'un rendement maximal de 53%, ceci
avec une pile de 20 éléments (cellules de 200 cm2). Dans les deux cas, ces résultats ont été
obtenus avec de l'hydrogène dilué. En d'autres termes, une opération future sous gaz naturel
réformé permettrait avec ces piles d'atteindre des rendements électriques excédant les 60%
(PCI).

Avec la résolution du principal point faible des prototypes étudiés, et avec les importants
gains en performance obtenus avec les prototypes conçus, les capacités prédictives et la préci-
sion du modèle CFD ont pu ainsi être véri�ées, permettant de tendre vers la �abilité requise
et vers les hauts rendement attendus de la part des piles à combustible SOFC.

Pour terminer, une étude prospective a été menée pour étudier la possibilité demodéliser les
phénomènes de génération, de transport et de déposition de pollutants, polluants
qui représentent l'une des principales causes de dégradation observée dans ce projet. La
capacité du modèle CFD ainsi complété à prédire certaines sources importantes de polluants
a pu être véri�ée sur la base d'observations expérimentales, illustrant ainsi une possible
application de la modélisation pour d'autres types de diagnostiques ainsi que pour d'éventuels
nouveaux designs de stacks.

Mots-clés: pile à combustible à oxyde solide, mesure in-situ, propriétés locales, perfor-
mance, rendement, dégradation, �abilité, oxydation, joint, di�usion, polluant, spectroscopie
d'impédance, mécanique des �uides numérique, CFD, modélisation
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Abbreviations

ASC anode supported cell
ASR area speci�c resistance
CFD computational �uid dynamics
CHP combined heat and power generation
DLR Deutschen Zentrum für Luft- und Raumfahrt
EIS electrochemical impedance spectroscopy
LENI Laboratoire d'Energétique Industrielle
LSC strontium doped lanthanum cobaltite
LSF strontium doped lanthanum ferrite
LSM strontium doped lanthanum manganite
OCV open circuit voltage
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8YSZ 8% molar Yttria Stabilized Zirconia
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R Universal gas constant
kb Boltzmann constant
σ Stefan-Boltzmann constant

Adimensional numbers

GrL Grashof number (characteristic length L) −
Kn Knudsen number −
NuL Nusslet number (characteristic length L) −
Pr Prandtl Number −
RaL Rayleigh number −
ReL Reynolds number (characteristic length L) −
Sc Schmidt number (characteristic length L) −
Sh Sherwood number (characteristic length L) −
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Variables of state
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Dij Binary di�usion coe�cient of specie i in j
Ji Di�usive mass �uxes kgm−2s−1
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DKn,i Knudsen di�usion coe�cient m2s−1

Dpor,Kn<1
i,eff E�ective di�. coe�. without Knudsen correction m2s−1

Dpor,1<Kn<10
eff,i E�ective di�. coe�., with Knudsen-term correction m2s−1

l Mean free path of molecules m

dp Average pore diameter m
ε Porosity −
τ Tortuosity −
σii Collision diameter of di�usive species m

Viscous �ow

D Permeability tensor m2

−→g Gravitationnal acceleration ms−2

−→v Velocity ms−1

vx j component of velocity vector ms−1

1/α Darcy co�cient (FLUENT notation) m−2

µ Viscosity kg s−1m−1
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ν Kinematic viscosity m2 s−1

τ Stress tensor

Heat transfer

ai Planck absorption coe�cient for specie i m−1 atm−1

a Planck mean absorption coe�cient for specie m−1

hrad Radiative heat transfer coe�cient Wm−2K−1

hfreeconv Free convection heat transfer coe�cient Wm−2K−1

h Average heat transfer coe�cient Wm−2K−1

K Anistropic thermal conductivity tensor Wm−1K−1

k Thermal conductivity Wm−1K−1

keff E�ective thermal conductivity in porous media Wm−1K−1

Q̇−k Surface heat �ux Wm−2s−1

−→q Heat �ux Wm−2s−1

T Average temperature K
εi Emissivity of surface i −

Chemical reactions

rSMR Surface reaction rate for the SMR reaction kmol m−2 s−1

rk Volumetric reaction rate for reaction k kmol m−3 s−1

A∗SMR Ratio of catalyst surface to geometric surface for SMR -
rH2 Volumetric reaction rate for hydrogen combustion kmol m−3 s−1

rCO,f Forward volumetric reaction rate for CO combustion kmol m−3 s−1

rCO,b Backward volumetric reaction rate for CO combustion kmol m−3 s−1

Keq Equilibrium constant

Fuel cell operation parameters

I Current A
εt Fuel thermodynamic e�ciency −
εel Electrical e�ciency −
λ Air excess factor −

Electrochemical model

jloss Electrolyte leakage current density Acm−2

jtot Total current density Acm−2

jutile Utile current density Acm−2

R Resistance (area-speci�c) Ωcm2

RIonic Ionic resistance of electrolyte Ωcm2
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RPol Polarization resistance (area-speci�c) Ωcm2

Ran
diff Anode di�usion resistance (area-speci�c) Ωcm2

Ran
ct Anode charge-transfer resistance (area-speci�c) Ωcm2

Rcat
ct Cathode charge-transfer resistance (area-speci�c) Ωcm2

RColl Collection resistance (area-speci�c) Ωcm2

Relectrode
Ω Ohmic resistance (electrode) Ωcm2

RGDL
Ω Ohmic resistance (GDL) Ωcm2

RMIC
Ω Ohmic resistance (MIC) Ωcm2

RLeakage Electrolyte leakage resistance Ωcm2

Ucollection Local collection potential V
Ucell Cell potential V
UNernst Local Nernst potential V
Ek
a Activation energy for reaction k kJ/mol

ηk Overpotential V
σionic Ionic conductivity Scm−1

σk Electronic conductivity Scm−1

Variables of the electrochemical model can be found in Table 6.2, pp. 99.



Chapter 1

Introduction

1.1 Introduction

This thesis focuses on the study and solving of reliability and degradation issues in solid
oxide fuel cells (SOFC), with a combined application of modeling and experimental tools.
A CFD model was developed that enables the simulation of SOFC repeat-units and short
stacks including locally-resolved electrochemistry, with additional modules allowing the sim-
ulation of degradation and failure sources. The degradation models include parasitic di�usion
in seals and interfaces, parasitic combustion, local damage of electrodes by reoxidation or
reduction and associated cycling e�ects, and generation and transport of pollutant species
from di�erent components. By opposition to usual CFD models which often consider ideal
component behavior, this work shows that the introduction of imperfect component prop-
erties -which corresponds to experimental reality- opens up new perspectives in the use of
simulation. A much better match is obtained between simulation and experiments, which
o�ers the possibility to perform model-based diagnostics. More important, the model allows
to design new prototypes while taking into account the possible imperfections of components,
which enables to study di�erent design alternatives in order to overcome potential reliability
or degradation issues.
While degradation of individual components has been studied intensively, the dynamics of
degradation of SOFC stacks and repeat-units and their major underlying mechanisms are
not fully identi�ed and understood, although of crucial importance. The principal cause
for this fact is the di�culty to extract direct information from experiments. To meet this
demand, a diagnostic testing station was developed to perform in-situ measurements of
local electrochemistry in an operating repeat-element. For the �rst time, the evolution of lo-
cal degradation was studied in a SOFC repeat-element. This experiment allowed to identify
major degradation sources and to study their e�ect, some of which were found to be linked
to the design of the prototype, and other to the testing conditions. For this purpose, speci�c
methodologies were developed to identify the degradation of the di�erent electrochemical
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processes from impedance spectroscopy measurements.
Based on the identi�ed and analyzed degradation and failure sources obtained from the herein
developed tools, two stack prototypes were successively designed and tested in collabora-
tion with HTceramix-SOFCpower. With the successful solving of the main failure source
and an important gain in e�ciency, these design iterations proved the predicting capabilities
and the accuracy of the CFD model for a design of SOfCs towards better reliability and
performance.

1.2 Context and motivation

In the context of high energy prices and need to reduce greenhouse gas (GHG) emissions, fuel
cells are considered as a promising technology for clean and e�cient generation of electricity.
This in particular in the case of combined heat and power (CHP) applications where the
released heat can be used for heating purposes, hence avoiding loss of unused energy into
the atmosphere.

Di�erent types of fuel cells have been developed, reaching power ranges from a few watts to
several megawatts. Each type of fuel cell presents advantages and drawbacks in the �exibility
of use, in the type of fuels used, in the tolerance to impurities in fuels and air, in lifetime
and cost.
Among the di�erent types, solid oxide fuel cells are considered of high interest for small-
scale power generation and CHP applications. Based on ceramic and ceramic-metal (cermet)
components and operated at high temperatures (600◦C-1000◦C), they can be operated with
di�erent fuels such as hydrogen, methane, natural gas or bio gas, and reformed liquid fuels,
with higher tolerance to fuel impurities than other fuel cell types. By reducing the cost of
fuel pre-processing, the cost of SOFC-based CHP units can be lowered which could promote
the use of this technology in both private and commercial buildings.
The major challenges for the deployment of this technology remain the achievement of long
lifetimes (over 40'000 hours) at high e�ciencies and the mastering of the risk of failure. The
operation at high temperatures represents tough requirements for the materials which can
su�er from chemical reactions (interaction between materials or materials and gases, gener-
ation of pollutants that degrade the electrochemical performance), from thermal ageing or
thermomechanical issues. Failures of SOFCs occur principally due to the rupture of one or
several cells, either induced by inappropriate mechanical constraints or mechanical weakness
of the components, or by the later described reoxidation of the fuel electrode.
Part of these issues can be solved by appropriate design of the components, material selec-
tion, and operating conditions. As a high degree of interaction exists between components,
between operating conditions and performance, between choice of materials and possible
degradation issues, integrated modeling tools are required to address the complexity of the
studied object, with the �nal objective to design enhanced prototypes. The development of
a model addressing this task is the �rst objective of the present thesis .
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The knowledge about ageing, degradation processes and failure of SOFCs is in continuous
evolution. While certain mechanisms have been clari�ed, others have been identi�ed recently
and are under investigation. Moreover, as soon as the stack and system levels are attained,
prototype-speci�c, producer-speci�c and laboratory-speci�c issues [7] appear, depending on
the applied materials and techniques, on the design of the prototype and on the testing con-
ditions. These di�erences complicate the comparison and interpretation of results provided
by di�erent research groups.
Experimental investigations on degradation processes are usually performed at two di�er-
ent scales. Experiments on fundamental degradation mechanisms are performed on di�erent
components, at a small scale and in controlled conditions to ensure well-determined operating
conditions and to prevent unwanted degradation sources. On the other hand, degradation
is also tested at the scale of a stack or even in a full system. In this con�guration, the
components are exposed to operating conditions varying locally in the fuel cell. In most
cases, degradation is only measured as the global loss of performance with time of one cell
or stack, in particular due to the fact that local information is hard to obtain in an SOFC
operating at high temperatures. At this scale of investigation, the identi�cation of degrada-
tion sources becomes di�cult, requiring a large number of experiments. Moreover, the link
between the small-scale experiments and large-scale ones is not always easily established and
the reasons for the observed discrepancies are not easily identi�ed. In particular, the design
of the prototype can cause speci�c degradation patterns which add to other mechanisms.
To overcome the gap between small scale experiments and stack-level, we propose to study
experimentally the local operating conditions and the resulting local degradation in a real
SOFC prototype. This represents the second objective of this work . As in-situ measure-
ments remain hardly feasible at certain locations in a fuel cell, we propose in such cases to
use the developed modeling tool instead of measurements, by using dedicated submodels, in
combination with experimental observations.
With the combined tool of dedicated models and a diagnostic testing station allowing spe-
cially resolved in-situ measurements, the e�ciency, the performance limitations, the degra-
dation and its sources, and risk of failure of di�erent SOFC prototypes can be assessed and
compared to analyze the e�ect of stack design, choice of materials, operating point or system
integration on performance and degradation. Based on the acquired knowledge,the purpose
is to provide a tool for the design and operation of more reliable and performing SOFC
stacks. This last point represents the �nality of this thesis .
In the frame of the collaboration between EPFL and its spin-o� company HTceramix S.A.
(now HTceramix-SOFCpower), this approach was applied for the development and testing
of stack prototypes, resulting in the assessment an development of three stack prototypes,
and in particular the design of a second- and third-generation stack.

1.3 State of the art

Degradation and in-situ measurements Di�erent types of in-situ measurements in
Solid Oxide Fuel Cell repeat-units are reported in literature. The most accessible measure-
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ment is the mapping of temperature, which can be performed without excessively invasive
techniques [8]. Another type of measurement, considerably more complex, is the analysis
of local fuel composition by sampling of gas and analysis in a gas chromatograph or mass
spectrometer [9]. This type of measurement is principally made to investigate the kinetics
of internal steam reforming of methane and the resulting electrochemistry.

Locally-resolved measurements of the electrochemical reaction are rarely performed in the
case of SOFCs, contrarily to the case of PEMFCs or DMFCs where this technique has been
employed several times owing an easier implementation of the instrumentation at lower op-
erating temperatures [10�15]. For PEMFC and DMFC, this technique was principally used
to investigate the e�ect of the gas distribution channels on performance and on water man-
agement [14, 15]. Other locally-resolved measurements were performed at a smaller scale by
Reum et al. [13] to investigate the current distribution in the catalytic layer itself.
In the case of SOFCs, mappings of current densities were performed by Metzger et al. [9] at
the German Aerospace Center (DLR, Stuttgart, Germany), and by Ravussin et al. [16] in
our laboratory. Both experiments were performed by a segmentation of the active layer and
interconnection into electrically-independant areas. At DLR, measurements are performed
in a dedicated test con�guration, allowing local measurements on 16 equiareal segments dis-
posed on a 100cm2 cell. Local temperature measurements are also performed, as well as
sampling of gas for analysis. In the frame of a collaboration between our laboratory and
P.Metzger at DLR, local measurements were performed on di�erent cells, allowing to estab-
lish an electrochemical model presented hereafter in this thesis.
The experiment of Ravussin et al. [16] di�ered from the experiment at DLR, as it was
performed in a real stack prototype. The segmentation was performed into 8 electrically-
independent segments on a small active area of 50cm2. Mappings of Nernst potential and
current densities were obtained, showing important variations over the active area. The elec-
trochemical performance was analyzed by electrochemical impedance spectroscopy (EIS).
The results were compared with modeling results by D. Larrain [8] for analysis and model
validation. This experiment showed among others the limitations of the investigated proto-
type in terms of �ow distribution.
From literature, it appears that the degradation with time of local electrochemical perfor-
mance has until now not been investigated experimentally. Di�erent modeling studies and
experimental results indicate that degradation is probably not homogeneously distributed
over the active surface of the cell in a repeat-element, but with di�erent conclusions de-
pending on the considered mechanisms. In the general e�ort towards an understanding of
degradation, this prediction is of importance as it possibly changes the way degradation
results obtained experimentally on a stack have to be interpreted. Therefore, it is of large
interest to overcome the existing lack of experimental veri�cation.
By performing locally-resolved measurements of degradation in a repeat-unit, our work con-
tributes therefore to the exploration and understanding of degradation mechanisms at the
scale of a repeat-element, as well as to the development of this speci�c diagnostic and mea-
surement technique.
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Modeling tools To understand and develop SOFC systems, a large number of modeling
tools has been developed across the di�erent length- and time-scales, from micromodeling
of electrodes to dynamics and control of complete systems. The main topics of interest are
fundamental electrochemistry, stack and system performance, and thermomechanics. The
�rst class of models is based on electrochemistry coupled with mass and heat transfer, while
the second is oriented on thermomechanics of cells and assemblies.

In the �rst class of models, di�erent types of tools are proposed:

• electrochemical micro-models considering fundamental electrochemistry in typical SOFC
electrodes [1, 17�32]

• 'channel models' considering the interaction between cell, current collectors and gas
streams [33, 34]

• 'repeat-unit models' considering mass and heat transfer in a repeat-unit, including
local electrochemical reactions [8, 35�37]

• 'stack models' that describe the global behavior of a stack under di�erent operating
points. Such models are implemented in system modeling tools [38].

• 'system models' describing the interaction between the stack and the balance-of-plant
(BOP) components [38, 39]

For these di�erent length and time scales, di�erent modeling tools have been developed. Elec-
trode models are mainly written in equation solvers (Simulink [18],LIMEX [21],gPROMS [40],
etc.), allowing to test di�erent hypotheses concerning the reaction kinetics. In such models,
mass transport is generally considered in the form of di�usion across the electrodes. While
certain models focus on steady-state predictions, one speci�c class of models deals with the
simulation of electrochemical impedance spectra [18, 21, 41, 42]. Measured experimentally,
AC impedance spectra are used to identify electrochemical processes [43, 44] and to analyze
their sensitivity to operating parameters or their evolution with time [45, 46].
From 'channel models' to 'stack models', CFD packages serve as a base for the modeling of
mass and heat transfer, with eventual addition of supplemental chemical reactions. Upon
the di�erent scales, the major di�erences concern the level of detail in terms of geometric de-
scription as well as in the complexity of the electrochemical model. Electrochemical models
are understood here in a broad sense, including internal fuel processing, i.e. steam-reforming
and water-gas-shift reactions. Stack and system models address the dimensioning of stacks
and their integration in systems. The electrochemistry is reduced to a fast and essentially
descriptive zero-dimensional or one-dimensional model for integration in system modeling
and system optimization tools [38, 39]. A detailed review on di�erent modeling approaches
can be found in [47] by Kakaç et al.

Another important modeling e�ort is set on thermomechanics and fracture mechanics, which
is traditionally more oriented towards analysis of the risk of failure of components. A large
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attention is paid to the evaluation of mechanical stresses in cells, with study of the subsequent
possible failure modes. Other authors focus on the calculation of stresses in glass-ceramic
seal materials, with particular attention to the risk of fracture and delamination. Combi-
nation of materials and components are also studied, with speci�c focus on design issues.
For example, a study of design alternatives is presented by Weil and Koeppel [48] (Paci�c
Northwest National Laboratory, USA), which considers the e�ect of seal geometry and choice
of materials on the resulting mechanical stress on the cells. Reaching the level of a complete
repeat-unit, several authors import results from CFD or electrochemical models to analyze
the e�ect of operating conditions on thermal stress and risk of failure. One complete study
concerns directly the 2.5kWel stack prototype developed in this thesis. Developed by A.
Nakajo from our laboratory, the model considers the risk of failure during di�erent operating
phases, including �rst operation, polarization or thermal cycling. The results of this study
can be found in references [40, 49].

Degradation and failure models At the micro-scale, degradation is studied at two dif-
ferent levels. First, physico-chemical models are used to investigate ageing processes of the
electrodes microstructure [50]. One major di�culty in this case is the important di�erences
among materials, microstructure, cell types, operating temperatures, etc. which complicate
the establishment of generic models. Second, the above-mentioned electrochemical models
are used to predict the e�ect of di�erent degradation patterns (loss of contact, modi�cation of
di�usive properties, change in TPB length...) on the expected electrochemical performance.
Therefore, this approach o�ers the possibility of model-based diagnostics [51]. A review of
this technique is given by Huang in [41].
At the repeat-element level, di�erent degradation studies have been proposed. Larrain [8] and
Van herle [52] from our laboratory introduced degradation submodels into a repeat-element
model. The growth of oxide scale was implemented as a function of time and operating
temperature, a�ecting the conductivity of the internal current collection. In addition, the
risk of cell reoxidation due to fuel starvation was investigated. Other examples can be found
with other research groups. Kulikovsky et al. [53] studied the e�ect of current-free spots
(i.e. loss of contact) on the distribution of current densities over the active area, as well as
the degradation of electrochemical performance due to local exceeding of a threshold current
density.
In the majority of cases, the primary goal is to perform benchmark tests and parametric
studies, in order to evaluate the e�ect of di�erent operating points or design parameters
on the expected degradation or risk of failure. Consequently, such models are principally
applied on generic or simpli�ed repeat-unit and stack geometries, but they don't consider
real prototypes in detail. The probable reason for this is that degradation is principally
assumed to be a matter of materials and operating conditions, and less as an issue linked to
the design of the prototype (including geometry, materials and assembly). For a researcher
facing degradation or failure of a real stack prototype, such models therefore may fail to
explain the observed phenomena, which limits their relevance for this type of diagnostics.
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A complementary approach In a context where several CFD models for SOFCs exist,
even commercial ones, one can ask whether there is a real need for new developments in this
�eld. However, the capabilities of such models are not completely exploited so far, and could
well contribute to the understanding of SOFC systems. In particular, the application of CFD
models for diagnostic purposes can be developed. This work contributes to the development
of this type of applications.
To permit this development, we propose a novel approach which consists in modeling not
only complete repeat-units in geometrically detailed manner, but foremost by considering
the non-ideal properties of real materials or components, in order to reproduce experimental
conditions with accuracy.

1.4 Structure of the present work

The present thesis is articulated around the modeling and experimental tools developed for
the design and analysis of stack prototypes. The emphasis is put on the investigation of
di�erent failure and degradation sources. The diagnostics obtained from modeling or exper-
iments on di�erent stacks are detailed, and the subsequent corrective actions are presented.

In a �rst part, the modeling tool is presented, including the establishment of an electro-
chemical model from experiments, and the implementation of degradation submodels. By
modeling, the e�ect of stack design and choice of materials on performance and degradation
is studied, with particular focus on three di�erent topics:

• performance limitations resulting from sub-optimal gas distribution

• e�ect of stack assembly and design options on degradation and risk of failure in the
vicinity of seal gaskets

• topology of degradation resulting from the generation of pollutant species in, and
upstream of, the stack

In a second part, the diagnostic test station developed for local in-situ measurements is
presented, accompanied by the description of dedicated analysis techniques for the identi�-
cation of degradation e�ects. The results of a degradation test performed during 1900 hours
is presented, giving insight in a complex and non-homogeneous degradation sequence of a
real repeat-element. In addition, the locally-resolved characterization of the prototype is
detailed, allowing to assess the quality of the design.

For the characterization, the following aspects are treated:
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• kinetics of reduction of the repeat-unit

• veri�cation of assembly

• electrochemical performance map

• spatial distribution of operating parameters under polarization

In the degradation study, the following topics are treated:

• evolution of local electrochemical performance

• spatial reorganization of the electrochemical reaction with time

• assessment of the state of degradation by impedance spectroscopy

• identi�cation of electrochemical processes and their level of degradation

• analysis of the spatial distribution of degradation for di�erent reaction steps

• identi�cation of possible degradation sources: endogenous and exogenous pollutants

• spatial distribution of pollutants over the active area

• e�ect of pollutants on the electrodes and their performance

1.5 Con�dential issues

Throughout this work, di�erent stack prototypes of HTceramix-SOFCpower are described
and analyzed, showing part of their limitations. For con�dentiality reasons, it is not possible
to describe in all detail their proprietary technology, as well as all the corrective actions and
solutions found to tackle the issues revealed in this study.
Nevertheless, HTceramix-SOFCpower authorized to publish in this study a large number of
elements, allowing an open presentation of the methodology developed in this work and exper-
imental results obtained from their technology. They are gratefully acknowledged for this. In
addition, their core stacking technology based on their proprietary material SOFConnexTM

enabled in a �exible manner the design of second- and third-generation stacks developed from
the herein developed tools, an opportunity for which they are also acknowledged.
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The solid oxide fuel cell

2.1 Operating principle

Solid oxide fuel cells convert in direct manner the reaction enthalpy of a fuel and air in
electrical power by electrochemical reactions. They are based on a gas-tight ceramic ionic
conductor (and electrical insulator) in contact with two electrically conductive electrodes,
constituting a cell. The electrochemical reactions occur at the interface between the porous
electrodes, the electrolyte material and the gas phase, called the triple-phase boundary
(TPB). Di�erent reaction sites and mass transport paths exist depending on the used mate-
rials and the operating conditions.
The operating principle of an SOFC is detailed in Fig. 2.1. Oxygen from air is reduced to
oxygen ions (O2−) at the cathode which delivers the necessary electrons. The oxygen ions are
transported through the electrolyte to the anode where they react with species from the fuel.
On anode side, fuel species (usually hydrogen or carbon monoxide) react with the oxygen
ions at the surface of the electrode, to which the electrons are transferred. The reaction of
fuel and oxygen on anode side results in a low partial pressure of oxygen. The di�erence
in oxygen partial pressure between cathode and anode side creates the electrical potential
which can be exploited.
The overall electrochemical reaction can be written as two half reactions occurring on each
electrode (equation 2.2 and 2.1). In the case of the use of hydrogen as fuel, the half reactions
are:

1

2
O2 + 2e− ↔ O2− (2.1)

H2 +O2− ↔ H2O + 2e− (2.2)

These reactions are in fact a simpli�cation of the real reaction steps which imply di�erent
gaseous and adsorbed species (see Fig. 2.1), as well as di�erent possible reaction pathways
both on anode and cathode side [1, 17, 18, 24, 42].
The electrochemical reactions on anode and cathode side are controlled by the electrical
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Figure 2.1: Elementary reaction steps in SOFC electrodes (taken from Zhu and Kee [1]).

current entering / leaving the electrodes. With the created electrical potential, an electrical
current appears between anode and cathode side as soon as a conducting external circuit
is connected to the fuel cell. To increase the delivered power, cells are connected in series
through metallic interconnectors (MIC), providing a higher total potential for a common
constant current.
Other fuels than hydrogen and carbon monoxide can be converted in SOFCs, whereas not by
direct conversion. Methane from natural or bio-gas, methanol and other liquid fuels can be
used, but require a fuel processing step (reforming). The reforming step can be performed
either externally to the stack or internally. For methane reforming, either steam or carbon
dioxide are mixed with the fuel, followed by a processing over a catalyst at high temperature.
The steam methane reforming (SMR) and dry-reforming reactions are:

CH4 +H2O ↔ CO + 3H2 (2.3)

∆RH
0
298K = +206.2kJ/mol

CH4 + CO2 ↔ 2CO + 2H2 (2.4)

∆RH
0
298K = +247.9kJ/mol

As the nickel used in SOFC anodes is a catalyst for these reactions, their strong endothermic
property can be used for cooling purposes, which is advantageous for system e�ciency. In
addition, as explained hereafter, the maximum reachable electrical e�ciency is higher for
methane (99%) than for hydrogen (78%), showing the interest of this fuel.
In the combined presence of H2,CO,H2O and CO2 and at SOFCs operating temperatures,
the water gas shift reaction (WGS) (Eqn. (2.5)) is close to equilibrium. As hydrogen is
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supposed to be more easily converted electrochemically in the anode, carbon monoxide is
consumed indirectly through this reaction.

CO +H2O ↔ CO2 +H2 (2.5)

2.2 Cells and stacks

Cells are constituted of one fuel and one air electrode sintered on either side of a solid elec-
trolyte. One of the three layers is used for mechanical support, giving its name to the type
of cell (anode-supported, cathode-supported or electrolyte-supported cells). Other support
types were developed in addition to the already mentioned ones, such as metal-supported
[54�57] or foil-supported cells (CeresPower, UK).
In addition to the type of support, SOFCs can be classi�ed by their geometry. Planar and
tubular cells are the mostly employed geometries, besides other types such as segmented-in-
series (SIS) concepts. In the planar case, the cell is associated with a planar interconnect
which enables the current collection from the cathode of one cell to the anode of another,
while allowing the distribution of air and fuel on the reaction surface in a gas di�usion layer
(GDL).

2.2.1 Electrolytes

SOFC electrolytes are made of a solid oxide material that is conductive for oxygen ions and
electronically insulating. The mostly used electrolyte material is Yttria-Stabilized Zirconia
(YSZ), with an yttrium doping in the range from 3% to 12%. The yttrium doping a�ects
both the ionic conductivity and the mechanical strength of the material. The usual compo-
sitions are 8% mol Y2O3 - 92% ZrO2 (referred to as 8YSZ) for its high conductivity, and 3%
mol Y2O3 (3YSZ) for mechanical strength.
To limit losses, the thickness of the electrolyte is minimized. As the ionic conductivity
increases with temperature, thicknesses in the range of 100µm are possible at high tem-
peratures (850◦C-950◦C), allowing the use of electrolyte-supported cells. In the range of
700◦C to 850◦C, the electrolyte thickness is kept in a range of 3 to 20 µm for su�cient
conduction. In this temperature range, anode-supported cells are mostly used. At lower
temperatures, other materials are preferred to YSZ, such as doped ceria.

2.2.2 Electrodes and current collection

Anode The fuel electrode (anode) is usually constituted of a composite of metal and ionic-
conductive oxide particles (cermet). The most common composition is a composite of nickel
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and yttria-stabilized zirconia (Ni-YSZ). The production of the anode cermet is made by
co-sintering of a mixture of micron-sized powder of nickel oxide (NiO) and YSZ, possibly
accompanied by an additional pore-former material. During the �rst exposition to the fuel,
the nickel oxide in the dense layer is reduced, forming interconnected metallic nickel parti-
cles. Due to the volume reduction during this process, an open porosity network is created,
allowing di�usion of gases through the electrode. The interleaved structure of electronic con-
ductive metal and ionic conductive YSZ provides a high reactivity for the transfer of charge
at the triple phase boundary. Nevertheless, due to the �nite ionic conductivity of YSZ, the
electrochemical reaction takes place preferably in the vicinity of the electrolyte. Modeling
results by Zhu and Kee [1] predict a distributed reaction occurring up to a few dozens of
microns away from the electrolyte.
Despite their high performance, anode-supported cells based on nickel present a major draw-
back. Due to the large volume change of nickel to nickel oxide upon reoxidation and due to
the sti� YSZ backbone, a complete reoxidation of the electrode leads to important internal
mechanical stresses . Fracture of the YSZ backbone and propagation to the electrolyte is a
frequent consequence of reoxidation, hence representing a major cause of cell failure.

Cathodes and cathode current collection layers Air electrodes (cathode) are made
of a sintered porous structure possessing electronic as well as ionic conductivity. This mixed
conductivity is either obtained by mixed conducting materials or by a composite of electronic
conductive and ionic conductive materials. The use of metals as electronic conductors is not
possible due to the oxidizing atmosphere, with exception of noble metals that have been
considered in the past as potential cathode materials. Due to their high cost, they have been
replaced by ionic and electronic conductive oxides, and principally by perovskite materials.
The most common cathode materials are a composite of strontium doped lanthanum man-
ganite (La, Sr)MnO3 (LSM) and YSZ, or the mixed ionic/electronic conductor lanthanum
strontium cobaltite ferrite (La, Sr)(Co,Fe)O3 (LSCF). Oxygen is transported in the gas phase
to the reaction sites in the vicinity of the electrolyte. If a composite electrode is used, the
incorporation of the oxygen ions in the ionic conductor takes place preferably at the triple
phase boundary (TPB), at the interface between the ionic and electronic conductor. The
reactivity is then highly dependant of the length of the TPB per unit volume and on its
morphology. Therefore, any physico-chemical process a�ecting the TPB can have an e�ect
on the activity of the electrode and therefore on the losses occurring for this reaction step.
In the case of a mixed electronic/ionic conductor such as LSCF, oxygen can be incorporated
in the cathode material over its whole surface.
To limit mass transport losses, the thickness of cathode layers is minimized (with exception
of cathode-supported cells). Standard thicknesses are in the range of 10 to 50 µm. From
the cathode layer, the electronic current has to be collected to the interconnection. Current
collectors are usually shaped as ribs providing channels for the supplied air and contacts on
the air electrode. The usual spacing between ribs is in the range of a few millimeters to
limit pressure drop in air channels. For 20µm thick cathodes, this spacing would induce
unacceptable ohmic losses to the areas that are away from the contact areas. Therefore, an
additional current collection layer (CCC) with coarser microstructure is placed on top of the
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cathode layer.

2.2.3 Interconnects

In planar designs, cells are separated using interconnecting plates (interconnects). On each
face of them, gas-di�usion layers (GDL) ensure gas distribution and contacting with the
cell. While certain ceramic-type interconnects have been considered, metallic ones are the
preponderant type in actual prototypes. To accommodate the thermal expansion of the cell,
ferritic stainless steel with high chromium content is usually used. The protection against
oxidation is obtained by a chromia layer, or by duplex oxide layers [58].

2.2.4 Sealing

To avoid gas cross-over from the anode to cathode and inversely, sealing materials are used.
Di�erent types of sealing gaskets have been developed, an overview of which is given by
Fergus et al. in [59]. They can be classi�ed as rigid or compressive seals, with in each
category the presence of metal-based solutions or glass/ceramic and mica-based ones. A
more detailed description of seal properties is given in the following paragraphs.

2.3 E�ciency and losses

By directly converting the available reaction enthalpy in electrical power, fuel cells overcome
the intrinsic limitation of thermodynamic cycle engines de�ned by the temperature levels of
the hot and cold sources, allowing to reach high e�ciencies which make the attractiveness
of this technology.

Thermodynamic e�ciency From thermodynamics, it is known that the maximum achiev-
able work from a given reaction is given by the change in standard Gibbs free energy
∆G0 = ∆H0 − T∆S0. For the same reaction, the maximum released heat is given by the
change in standard enthalpy ∆H0. Therefore, it is possible to de�ne a maximum achievable
thermodynamic e�ciency for a given fuel:

εt =
∆G0

∆H0
(2.6)

At a temperature of 1000K, the maximum thermodynamic e�ciency obtained for hydrogen
is εt,H2 = 78% while it is εt,CH4 = 99.6% for methane. Consequently, higher electrical e�-
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ciencies are attainable with methane than with hydrogen.

The maximal work can be expressed as an electrical equivalent for a molar reaction rate Ṅ
(mol/s) and a number of exchanged electrons z (F is the Faraday constant):

∆G0Ṅ = U0I (2.7)

I = ṄzF (2.8)

U0 =
∆G0

zF
(2.9)

U0 is the reversible potential at standard state. For situations di�ering from standard state,
the maximum achievable work for the reaction is given by

∆G = ∆G0 +
∑

react−prod
RTln

Pj
Patm

(2.10)

Expressed as electrical potential, one obtains the expression of the reversible (Nernst) po-
tential. For the case of hydrogen, it is given by:

UN = U0 +
RT

2F
ln
p

1/2
O2
pH2

pH2O

(2.11)

with the partial pressures pj of gases given in atm. This potential corresponds to the maxi-
mum electrical potential achievable locally on a fuel cell where the gas compositions are given
by the partial pressures pj on either face of the cell. Due to the consumption of fuel species
and generation of reaction products, the partial pressures of gases evolve along the �ow path
in the fuel cell, resulting in a variation of Nernst potential. As air is usually supplied in
excess to the required stoichiometry for complete conversion, the oxygen partial pressure
varies in a limited range over the reaction surface. For this reason, the Nernst potential
decreases principally along the fuel stream.

Electrochemical losses The e�ciency of the electrochemical reaction is limited by sev-
eral losses. The kinetics of the elementary reactions on each electrode (dissociation, charge
transfer, incorporation, surface di�usion, etc.) depend on the used materials and operating
conditions, on the thickness, morphology and microstructure of the electrodes, and in partic-
ular on the length of the triple-phase boundaries. While certain reactions are at equilibrium
and therefore don't cause e�ciency losses, other ones represent rate-limiting reaction steps
and are accompanied by losses. In addition, mass transport by di�usion through the elec-
trodes results in losses due to the resulting concentration gradients that lower the partial
pressure of the reactive species at the electrolyte, and consequently lower the Nernst poten-
tial precisely at the reaction zone (see Eq. 2.11).
Finally, electronic current through electrodes and connectors is accompanied by ohmic losses
due to the �nite conductivity of the materials. In the same way, the transfer of oxygen ions
through the electrolyte causes losses of ohmic type.
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Available power and losses Due to the losses, the e�ective electrical power di�ers from
the maximum achievable power from equation 2.10:

Pel = U · I = ∆GṄ − Ploss (2.12)

where Pel is the electrical power and Ploss represents the losses. Consequently, the avail-
able electrical potential U di�ers from the Nernst potential by a sum of potential losses
(overpotentials) ηi:

U(j, T, p1..pk) = UN(T, p1..pk)−
∑
i

ηi(j, T, p1..pk) (2.13)

The overpotentials are functions of the current density j (i.e the current per unit of active
area), the temperature T and gas partial pressures p1..pk. The losses can be expressed as an
area-speci�c resistance (ASR) (see Eqn. (2.15)).

U(j, T, p1..pk) = UN(T, p1..pk)− ASR · j (2.14)

ASR(j, T, p1..pk) =
UN(T, p1..pk)− U

j
(2.15)

Cell potential The available potential U corresponds to the local electrical potential at
which the electrical power is collected. We denote it therefore as collection potential
Ucoll.The di�erence between the collection potential Ucoll and the Nernst potential can be
considered as the driving force for the delivery of current. In a repeat-element, the collection
potential is �xed by the way the current collection is made, while the Nernst potential is a
local property given by local gas compositions. In a planar-type repeat-unit, the collection
potential is almost constant over the active surface, due to the important in-plane conduction
in the interconnects. By abuse of language, this common delivery potential is often called
the cell potential Ucell. In the planar case, collection and cell potentials are therefore very
close and in numerous models considered as equal.
For tubular designs, the collection of current is in most cases performed on one strip along the
tube (Siemens-Westinghouse) or at the end of the tube. In those cases, the local collection
potential di�ers from the cell potential due to the ohmic losses in the current collection.
The local power loss corresponds to the di�erence between local Nernst potential and local
collection potential multiplied by the local current density (Eqn. (2.16)). To compute the
overall losses, ohmic losses in the current collection have to be added.

P ′′loss = (UN − Ucoll) · j (2.16)

Fuel utilization To extract current from the cell, the local collection potential has to be
inferior to the local Nernst potential. As mentioned earlier, the latter decreases along the
fuel stream, as reactive species are converted electrochemically. The conversion rate (de-
noted as fuel utilization) determines therefore the minimum Nernst potential existing on the
reactive surface, and consequently the maximum achievable cell potential. As they depend
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on the di�erence between Nernst and collection potential, the overall losses increase therefore
rapidly at high fuel conversion rates. This problem is analogous to pinch problems observed
for heat transfer in exchangers.
Moreover, at such operating points, the depleted gases induce increasing losses in the electro-
chemical reaction. For these reasons, fuel cells are not operated at 100% of fuel utilization,
which limits the electrical e�ciency. This situation can be considered as system losses if the
heat from the residual fuel is not exploited.

Segmented-in-series concepts, cascaded stacks and recirculation loops To limit
this type of losses, some system options have been studied and implemented. First, fuel
recirculation loops have been proposed, where one part of the converted fuel is reintroduced
at the inlet of the anode and mixed with non-converted fuel. This lowers the di�erence in
Nernst potential over the reacting surface and helps to maximize fuel utilization and e�-
ciency. In other systems, cells are ordered in series on a common substrate, with the fuel
being successively converted from one to the other. This way, the variation in Nernst poten-
tial over one single cell is minimized. Such segmented-in-series arrangements are developed
principally by Rolls-Royce (UK) or Tokyo Gas and Kyocera (JP). Finally, it is possible to
arrange several stacks in a cascade where the gases are progressively converted.

2.4 Degradation and Failure Mechanisms

The degradation of performance with time is principally caused by ageing or pollution of the
electrodes, and by an increase of the ohmic resistance in the current collection. In addition,
thermomechanical issues are supposed to possibly alter the electrical contact between cell
and interconnect. Other degradation sources don't alter the electrochemical performance in
a direct manner, but a�ect other components with possible consequences on the reliability
of the stack.
In the following paragraphs, the main degradation mechanisms are presented in a non ex-
haustive manner to provide an overview and situate the topics addressed in the present
work.

2.4.1 Anode

Coarsening The microstructure of the anode evolves with time due to the operation at
high temperature. Nickel particles are subject to coarsening phenomena by coalescence or
Ostwald ripening, which results in a loss of percolation and a decrease in electronic conduc-
tivity, as well as in a reduction of the number of active sites for the electrochemical reaction.
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This phenomenon can be accelerated in presence of steam due to the high mobility of volatile
nickel hydroxide species [60].

Pollutants Anode materials are sensitive to pollutants species, in particular to H2S which
is often found as impurity in fuels. Haga, Sasaki and co-authors studied di�erent anode pollu-
tants [61], such as sulfur, chlorine, siloxane, phosphorus or boron. The poisoning mechanisms
di�er for the di�erent volatile species. Sulfur is adsorbed on the nickel particles, a�ecting
the electrochemical reaction and altering severely the kinetics of steam methane reforming.
Formation of low-melting Ni3S2 is also possible at low H2 content. It has to be noted
that the complete mechanism of sulfur poisoning remains intensively investigated, due to
its important consequences on fuel processing. Chlorine poisoning results in formation of
NiCl2 particles at the surface of nickel, while siloxane poisoning leads to deposition of silica.
Di�ering from the other pollutants, boron is reported to promote particle coarsening.
While these pollutants are mostly impurities in the fuel, other pollutants can be generated
inside the system. For example, CaSO4 or Na(OH)(g) can be generated from water used
for the steam-reforming reaction (Eqn. (2.3)). Other pollutants, such as boron or silicon can
be released from sealing materials.
Besides exogenous pollutant sources, Mogensen et al. found that impurities in raw materials
strongly a�ect the electrochemical performance, but also might explain the observed dis-
crepancies among results from di�erent cell developers [7, 62, 63]. In particular, Mogensen
claims that traces of silica are always present even in almost pure YSZ, in su�cient amounts
to form ultrathin amorphous layers on its surface by segregation, which strongly determines
the electrochemistry.

Redox-cycling Nevertheless, the most damaging situation for the anode is the partial or
complete reoxidation of the nickel matrix. Accompanied by a strong expansion of the nickel
particles, the reoxidation induces important mechanical stress in the anode layer. In the case
of electrolyte-supported cells, delamination of the electrode is the most probable consequence
of a reoxidation-cycle (redox-cycle). For anode-supported cells, redox-cycles are accompanied
in most cases by cracking of the anode-supporting layer, with possible propagation through
the electrolyte [64, 65]. This e�ect is ampli�ed by the fact that successive redox-cycles result
in an increasing expansion [4]. Such repeated redox cycles are consequently a major source
of cell failure for anode-supported cells. Due to the serial arrangement of cells in a stack,
the failure of one single cell results in the complete failure of the device.

2.4.2 Cathode

Chemical reactions Cathode materials experience di�erent types of degradation. First,
not all cathode materials (such as (La, Sr)CoO3 )) are intrinsically stable, but some tend also
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to react with other materials spontaneously. For example, depending on its stoichiometry,
the commonly used cathode material (La, Sr)MnO3 reacts spontaneously with YSZ, form-
ing a highly resistive phase of lanthanum zirconate La2Zr2O7 (LZO) [66]. Similarly, LSCF
cathodes are very reactive with YSZ, requiring the co-sintering of a less reactive intermedi-
ate layer of ceria between a LSCF cathode and an YSZ electrolyte. A review on materials
interactions for cathode materials is given by Yokokawa in [67].
Besides materials interactions, cathode materials can experience morphological changes due
to sintering, which have been found to be related to a degradation of performance [42].

Current-induced activation and degradation In addition to these spontaneous degra-
dation mechanisms, the performance of cathode materials is durably a�ected by the passage
of current. In the �rst period of polarization, a current-induced activation of the electrodes
performance is reported. The mechanisms leading to this activation remain not completely
clari�ed. In the case of LSM, this activation is attributed to a change of morphology of
the interface with YSZ [66], to dissolution of LZO phases [68], modi�cation of the surface
improving oxygen dissociative adsorption or surface di�usion [42, 69], or to formation of
nanoporous LZO increasing the length of the triple-phase boundary [70]. Current-induced
degradation is also reported by several authors for LSM. Hagen et al. report increasing
degradation rates at increasing current densities [45], with more pronounced e�ect at lower
(750◦C) than higher temperatures (>850◦C). Moreover, this type of degradation is found
to be limited by an increase in oxygen partial pressure, with very low degradation under
pure oxygen [68]. This degradation is accompanied by an alteration of the interface be-
tween LSM and YSZ particles, resulting in a decrease of the TPB and of the contact area
[68]. A comprehensive review on LSM performance and degradation is given by Adler in [42].

Pollutants While spontaneous degradation by material interactions can be limited by an
appropriate choice of materials and current-induced degradation can be limited by appro-
priate operating points, other degradation sources are not primarily related to the electrode
itself. This is notably the case of pollutant species that alter the electrodes performance. The
most studied pollutants are the chromium-containing volatile species CrO3 and CrO2(OH)2,
which originate from chromium-containing metallic parts. While CrO3 is the most abun-
dant specie in dry air, CrO2(OH)2 predominates even at low levels of humidity [71]. Metallic
interconnects have been considered as principal chromium source. To avoid chromium evapo-
ration, protective layers were developed and successfully applied. In addition to the metallic
interconnects, system components and in particular heat exchangers are potential chromium
sources.
Chromium-containing volatile species deposit in the cathode layers following di�erent mech-
anisms. For certain cathode materials such as (La, Sr)CoO3 , a spontaneous reaction occurs,
with formation of SrCrO4. In the case of LSM-YSZ, deposition of chromium occurs by elec-
trochemical reduction of the pollutant in the vicinity of the triple-phase boundary, forming
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solid Cr2O3. Another possible path of deposition is by reaction with Mn segregated in zir-
conia [72]. The deposition of chromia results in a blocking of active sites near to the TPB
and a degradation of electrochemical performance. Finally, as LSCF is a mixed conductor
and consequently presents a large reaction surface, the same amount of chromium poisoning
is supposed to result in a lower degradation than for LSM-YSZ.
Other pollutant species have been identi�ed, such as silica [7][73][74], alkaline species [73], or
the more recently investigated sulfur [75]. From gaseous species or from segregating impuri-
ties in the bulk materials, silica forms amorphous phases on particle surfaces [7]. Exogenous
sources of silica are silicone tubes, residues from compressor lubricants in the supplied air
[7], and seal materials. Silica is known to possess an important poisoning e�ect, as only a
thin amorphous layer on the electrode can alter considerably the electrochemical reaction
[74, 76]. Despite this important poisoning e�ect, it remains di�cult to identify the exact
nature of volatile silicon-containing species. One possible candidate could be Si(OH)4 which
is known to evaporate from SiO2 under humid conditions, even in oxidizing atmospheres
[6, 77�79].
The poisoning e�ect of alkaline species was investigated experimentally among others by
Jiang and co-authors [80]. A LSM cathode was placed downstream of a borosilicate glass
of composition A2O− Al2O3 − B2O3 − SiO2 (A=Na,K). The expected volatile species were
Na2O ,K2O and B2O3 . In particular when exposed to Na2O -containing glass, an important
grain growth was observed in the LSM, as well as a reduction of its electrochemical activity.
The presence or not of alkaline materials on the electrode after testing was not reported.
Sulfur poisoning has received more attention recently for cathode materials. Xiong and co-
authors [75] investigated the e�ect of sulfur poisoning originating from the atmospheric SO2.
They showed an important reactivity with (SmSr)CoO3 (SSC), but less with LSM. As SO2

does not react with the cathode material electrochemically, it doesn't deposit preferably at
the TPB, contrarily to chromium species.
As shown in this brief and partial overview, cathode materials are sensitive to a large num-
ber of pollutants. Still, more knowledge about pollutant species is required, in terms of
thermodynamic data and kinetics. From this overview, two principal pollutant sources can
be identi�ed: metallic parts and sealing materials. While the �rst have been investigated in
reducing and oxidizing atmospheres, both under dry and humid conditions, seal materials
have been principally studied in humid and reducing conditions or in dry and oxidizing at-
mospheres. Consequently, there is a lack of data on humid air conditions, despite the fact
that hydroxide formation often results in increased evaporation rates, such as in the case of
chromium.

2.4.3 Seal materials

Chemical interactions Seal materials are known to react with the metallic interconnects
they are in contact with. The reaction of usual seal compounds (Si, Al, Mg, Ba, Ca, Na,
K, B...) with ferritic interconnect materials can cause an anomalous oxidation of the alloy
[58, 81�83]. This anomalous oxidation is accompanied among others by a release of volatile
chromium-containing species which are pollutants for the cathode materials. In addition, as
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already mentioned, numerous volatile species can be released from sealant materials in the
gas phase, causing possible degradation.

Loss of gas tightness One important issue for seal materials is the loss of gas tightness
with time. The mode of degradation is strongly dependant on the raw material and its form.
Silver rings were investigated as possible sealing materials. It was found that silver becomes
porous with time when exposed to dual atmospheres, due to di�usion and reaction of oxygen
and hydrogen. Concerning other types of metallic seals, corrugated metallic gaskets were
found to undergo plastic deformation and creep, possibly resulting in leaks. In the case
of rigid glass-ceramic seals, losses of gas tightness occur principally during thermal cycling,
where small mismatches in thermal expansion coe�cient between seal and metallic parts can
lead to increased mechanical stresses and delamination.
For mica-based compressive seals, a decrease of gas tightness was observed by Chou et al.
[84] during long-term operation and repeated thermal cycling, possibly caused by losses of
material by reaction and evaporation, and by delamination of glass interfaces from the in-
terconnect material.

Insulating properties In a large number of fuel cell designs, seals have to be electrically
insulating. Degradation of these insulating properties were reported for glass-ceramic seals
due to migration of conducting species in the bulk of the material. In addition, in the cases
where glass-ceramic sealants are supposed to provide mechanical support, local overheating
over the glass transition can lead to catastrophic loss of support and short-circuiting [83].

2.4.4 Metallic interconnects

Oxidation Growth of oxide scales on metallic interconnects has been studied and corre-
lated with an increase of ohmic resistance, as well with a release of pollutant species. The
interaction between chromium evaporation from the interconnects and pollution of the cath-
ode layer has been discussed above, as well as a possible anomalous oxidation in presence of
seal materials.

Creep and loss of contact Exposed to high temperatures as well as to important tem-
perature gradients, interconnects are subjected to thermal stresses and to the resulting creep.
The resulting deformations can lead among others to loss of contact between the GDL and
the cell, with consequent e�ects on the electrochemical reaction due to a reduction of the
active area. Moreover, plastic deformation can lead to increased deformations, especially
during thermal cycling, which can be accompanied to excessive stresses in cells and seals.
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2.4.5 System components

SOFC systems include an important number of additional components. The balance-of-plant
(BOP) components consist mainly of heat exchangers, afterburners and fuel reformers. All
components su�er from speci�c degradation issues, which are not described in detail here.
Nevertheless, some degradation modes can have an impact on the stack, which is the most
sensitive system component. In particular, emissions of pollutants have to be considered,
with additional attention when recirculation loops are used for better energy recovery. In
this case, not only pollutants might be recirculated, but also steam or other species which
in turn induce increased evaporation of pollutants.
The locally-resolved experiment presented in Part 10 demonstrates the importance of this
external source of degradation.

2.5 Investigated topics

Performance The �rst aspect studied in this work is the in�uence of stack design on e�-
ciency and power output. The principal requirement for this task is an accurate description
of the electrochemical reaction over a wide range of operating conditions. In order to reach
high e�ciencies, it is necessary to convert a maximum amount of fuel, which implies impor-
tant variations of fuel compositions over the active area. Several losses increase rapidly with
polarization in depleted areas, accompanied by an additional loss of local Nernst potential.
These local operating conditions are consequently determining the maximum reachable ef-
�ciencies, and therefore, an accurate description of such e�ects is mandatory for accurate
predictions. Consequently, an electrochemical model was developed from experimental re-
sults and implemented in a CFD model.

Degradation This work deals principally with degradation and failure issues linked to
design options. Among the di�erent degradation sources listed in the preceding paragraphs,
several ones are directly or indirectly in�uenced by the design of the fuel cell. Among them,
certain sources and mechanisms are directly linked to mass transport, chemical reactions
and electrochemistry, and can therefore be addressed by CFD modeling.
The principal failure mechanism was investigated by studying the local risk of oxidation of
the anode support in operation. The e�ect of stack construction, choice of materials and
operating conditions was investigated and compared to experimental results. Corrective ac-
tions were subsequently implemented in second-generation stacks.
Another topic of importance for degradation is the generation and transport of pollutants,
which is not often studied for detailed stack designs. This was done both numerically as
well as experimentally, in an experiment where in-situ measurements allowed to attribute
the principal degradation sources to pollutants.
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Chapter 3

Investigated stack technology

The di�erent prototypes on which modeling, design and experimental work were performed
are brie�y presented in the following paragraphs, in order to provide an overview.

3.1 Three di�erent stack prototypes

Three di�erent stack designs were studied in the present work: R-design, S-design and F-
design, in chronological order. The R-design was the reference prototype at the beginning
of the developments presented here. Both S-design and F-design stacks were designed and
analyzed using the tools presented hereafter.
The S-design stack was developed to be integrated in an integrated system sub-component
(HoTboxTM ) consisting of a high-temperature heat exchanger for fuel and air preheating,
a catalytic partial oxidation (CPOX) reformer, and an afterburner. The F-design stack was
developed in the framework of the FP6 European Project FlameSOFC, for integration in a
2.5kWel CHP system based on a thermal partial oxidation (TPOX) reformer. The stacks
are presented in the following paragraphs. Their principal characteristics can be found in
table 3.1.

3.2 HTceramix-SOFCpower stack technology

The stacks developed in collaboration between LENI and HTceramix-SOFCpower are based
on planar, anode supported cells (ASE) pressed between two gas di�usion layers (GDL)
made of HTceramix S.A. 's proprietary material called SOFConnexTM . This material en-
sures electrical contact and �ow distribution over the active area.
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R-design S-design F-design

Active area 50 cm2 50 cm2 200 cm2

Flow arrangement counter-�ow co- and counter-
�ow

co- and counter-
�ow

Fuel distribution type internal internal internal
Air distribution type internal external external
Fuel recovery no internal internal
Air recovery no external external
Cell type ASE ASE ASE
GDL SOFConnexTM SOFConnexTM SOFConnexTM

Nominal power density 0.4 Wcm−2 0.4 Wcm−2 0.4 Wcm−2

Nominal fuel utilization 40% 75% 85%
Max. electrical power in 5-
elements stacks (tested)

135 Wel 164 Wel 384 Wel

Max. electrical power (tested) 250 Wel 1.1 kWel 1.84 kWel

Number of repeat-units 29 72 20
Max. achieved lifetime (1 RE) 5000 hours 5000 hours 2000 hours

Table 3.1: Overview of the stacks developed and tested for HTceramix-SOFCpower

Metallic interconnects Metallic separator plates (metallic interconnects, MICs) made
of plane ferritic stainless steel ensure the separation of the air (cathode) and fuel (anode)
volumes and the electrical connection from one repeat-element to the other. Di�erent alloys
are used as metallic interconnects: Crofer 22 APU (ThyssenKrupp VDM, Werdohl, D),
UGINOX F17TNb and F18TNb (UGINE & ALZ, La Plaine St. Denis, F), IT10 (Plansee,
Reutte, A).

Cell type The anode-supported cells are based on a nickel / yttria-stabilized-zirconia (Ni-
YSZ) cermet. The standard thickness of the anode support varies between 200 and 550µm.
The air electrode consists of one active layer (referred to as 'cathode') and a current-collection
layer (CCC). The standard cathode materials are a composite of strontium-doped lanthanum
manganite (La, Sr)MnO3 (LSM) and YSZ, and (La, Sr)(Co,Fe)O3 (LSCF). Numerous experi-
ments were also performed using strontium-doped lanthanum ferrite ((La, Sr)FeO3 ). Finally,
nickelate cathodes Nd2NiO4 were also studied for operation at low temperatures [85]. The
cathode current collection layers are principally composed of strontium-doped lanthanum
cobaltite (La, Sr)CoO3 (LSC). In some experiments, LSC is replaced by LSM for current
collection.
The di�erent prototypes are not restricted to the use of anode-supported cells, but the latter
are preferred to electrolyte-supported cells for their performance at lower temperatures.
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Operating temperature Depending on the cathode material, the stack operating tem-
perature is varied. Typical temperature ranges are shown in Table 3.2.

Cathode Material Operating temperature
LSM/YSZ 750◦C- 850◦C
LSCF 700◦C- 800◦C
LSF 700◦C- 800◦C
Nickelate 700◦C

Table 3.2: Operating temperatures for di�erent cathode materials

Stack cooling To limit thermal gradients inside of the stack, the maximum temperature
di�erence is kept in a range of max. 100◦C. The generated heat is removed by convection
(internal air �ow), by radiation with the surroundings or by internal steam reforming. To
avoid cold zones at the boundaries of the stack, convection cooling or steam-reforming are
preferred and the radiative heat exchange is limited. Consequently, the air �ow rate is
varied depending on the operating point. Expressed as air excess factor λ (Eqn. (3.1)),
typical values of λ = 2 to 10 are necessary to ensure cooling. These high values however
don't necessary represent the net air �ow entering the system, as the air can be recirculated
internally to ensure appropriate cooling while keeping system heat losses low [38].

λ =
air �ux

air �ux for complete fuel conversion
(3.1)

Mechanical loading To ensure gas tightness in the stack, compressive sealing gaskets are
employed. Consequently, a mechanical load is applied on the stack by an external system in
order to guarantee proper electrical contact and sealing. Typical loads are in the range 4-6
Ncm−2

3.3 Sealing technology

HTceramix S.A. 's standard sealing technology is based on compressive seal materials such
as mica paper, by opposition to rigid bonding technologies mostly based on glass or glass-
ceramic sealant materials. While the latter present in most cases an excellent gas tightness,
they su�er from thermomechanical issues resulting from the rigid bonding between parts.
Cracks and delamination can occur, principally during thermal cycling due to mismatches
in thermal expansion coe�cients (TEC) between components. In addition, the use of glass
sealants requires a heat treatment of the stack at high temperatures before operation, in
order to ensure the bonding of parts.
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Compressive seal materials, on the other hand, are mostly based on materials with residual
porosity to enable compression. Mica papers used for SOFCs presents a structure of pressed
plate-like crystals, usually consisting of muscovite or phlogopite [2, 59]. Di�erent mica-
based materials are available in di�erent forms [59, 86] such as mica powder or paper, or in
composite forms with addition of talc. Such seal gaskets are of particular interest due to the
ease of use in production processes. However, they su�er from some drawbacks:

• a residual leakage resulting from the porosity of the material which, as we show here-
after, can contribute to severe reliability issues.

• the need for a loading system to maintain the gaskets in compression in the stack.

• the inadequacy of the required compressive loads with typical mechanical loads that
can be applied in SOFC stacks

• inadequate sealing at the interfaces due to surface roughness and production tolerances.

To overcome these issues, composites of such sealing materials are proposed to ensure better
gas tightness. As examples, Chou et al. propose the use of mica paper in�ltrated with
glass [87], while Bram et al. [86] propose composites made of compressive seal materials and
embossed metallic pro�les.
Besides these classes of seal materials, other technologies are available such as metallic brazes,
or compressive seals based on deformable metallic shapes. An overview on the available seal
technologies for SOFCs is given by Fergus et al. in [59].
For both glass sealants and compressive seals, the exposure to air and fuel at high tem-
peratures can lead to detrimental chemical reactions with other components. The resulting
implications on the degradation of stacks is studied in Chapter 12.
In the stacks developed in this work, di�erent sealing options were tested. Raw mica paper
was principally used for the R-design stack. For the S-design and F-design stacks, mica
papers of di�erent forms were used.
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3.4 R-design

HTceramix S.A. 's �rst stack prototype (R-design) was developed until 2005 and intensively
tested in the frame of the European project RealSOFC which addressed the study of degra-
dation issues in SOFCs.

Figure 3.1: HTceramix S.A. 's R-design short stack.

The R-design stack is based on square anode-supported cells of 50cm2 active area (Fig. 3.1).
Air and fuel distribution are supplied to each element through internal manifolds requiring
feeding holes in the cells. The resulting �ow arrangement is a counter�ow arrangement (Fig.
3.2). The excess air and fuel are not recovered in the stack, and the latter is consequently
burnt at the stack's periphery.
The fuel and air manifolds are made by a succession of mica seal gaskets pressed between cell
and MIC (see Fig. 3.3). These internal seals are therefore placed in a dual atmosphere. On
the sides of the stack, gaskets of the same composition are placed to prevent leakage to the
surroundings. The stack is placed in an insulation or an oven, and is therefore surrounded
by stagnant air.
In the development period of this stack, the cell edges were not laser-cut for production pur-
poses. They present therefore a more pronounced warpage along the edges (Fig. 3.3), which
cannot be compressed between seal gaskets due to a risk of mechanical failure. Therefore,
in this design, the cell edges are placed outside of the seals and are consequently exposed to
stagnant air. This type of construction was found in the present work to induce redox-cycling
of the cell edges on the sides and in the air manifold, leading to rupture of the cells and
failure of the stack.
The maximum power output of this type of stack was 250W in a 29-element con�guration.
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Figure 3.2: Gas manifolds. (A) Fuel manifold and corresponding simulated �ow�eld. (B)
Air manifold and corresponding simulated �ow�eld. (C) Detail of the stack manifold.
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Figure 3.3: Detail of the seal construction in the R-design stack.
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3.5 S-design

The S-design stack was developed to overcome two major limitations of the R-design. First,
the open post-combustion was removed to limit the resulting degradation e�ects, as well as
to allow easier system integration. Second, the fuel distribution was modi�ed to increase the
performance of the stack. This stack is a combined development involving three di�erent
modeling tools. The stack-dimensioning tool developed by D. Larrain [8] was used to test
and optimize the performance and reliability of di�erent �ow con�gurations, operating points
and design parameters. In addition, system design tools developed by N. Autissier [88] were
used to determine the optimal size of the stack as well as its integration in a system. Finally,
the tools presented in this thesis were used to make the detailed design of the stack, with
particular focus on an adequate fuel distribution and on reliability aspects.
The S-design stack is based on cells of oblong and rounded shape, including holes for fuel

MIC

Seal (cathode side)

Cell

Seal (anode side)

MIC

Figure 3.4: Detail of the assembly of the S-design stack.

supply and retrieval (Fig. 3.4 to Fig. 3.6). The fuel manifold consists of repeat sealing
rings placed between cell and interconnectors, in a similar manner to the R-design stack.
Contrarily to the R-design, air is supplied through external manifolds to the stack (Fig.
3.5). The air manifolds are made by a metallic band tightened on the top and bottom
�anges. The �ow arrangement is either in co- or counter-�ow con�guration. The cross-�ow
arrangement was skipped due to predicted lower performance.
With its 50cm2 active area, the S-design replaces its predecessor, allowing to reach higher
power outputs by increasing the number of repeat-units.
The sealing of the sides of the stack is performed in a similar way to the R-design stack,

but with additional constraints due to the insulated metallic band surrounding the stack.
A detailed view is given in Fig. 3.6. Due to the warpage of the cell edges at the time the
stack was developed, the lateral anode seal was made shorter than the one on cathode side,
allowing the cell to be pressed between both layers. This construction leaves a small gap
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Air 
distribution

Fuel
distribution

Figure 3.5: Air and fuel distribution for a 36-element S-design stack.

between stack and metallic band through which some air bypasses the stack. Similarly, this
construction exposes the cell edges to �owing air, resulting in a similar redox-problem issue
than in the R-design. This fact was found after the �rst design iterations, and corrective
actions were consequently taken, which cannot be presented here.

Air GDL

MIC

Cell

Fuel GDL

Lateral Seals

Cell warpage

Air bypass

Insulation

Metal
sheet

Figure 3.6: Detail of the lateral seal for the S-design stack.

The S-design stack was tested up to a 72-element con�guration, allowing to reach a power
output of 1.1kWel (0.3 Wcm−2), shown in Fig. 3.8. In short stack con�guration, a maximum
power output of 164W was attained in a 5 element con�guration. The best achieved e�ciency
was 53% using hydrogen as fuel, at a fuel utilization of 85%.
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Figure 3.7: Assembly of a 1-kW class S-design stack.
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clusters of 6 cells. (Courtesy of M. Molinelli, HTceramix S.A.)
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3.6 F-design

The F-design stack is the most recent stack design and the principal achievement of this
thesis. It was designed in the frame of the FP6 European Project FlameSOFC . With an
active area of 200cm2, it is developed to provide a nominal power output of 2.5kWel in a
50 element con�guration, with possible extensions to higher power outputs. This stack was
designed using the herein developed CFD model and its extensions. Di�erent con�gurations
and construction options were studied to prevent ab initio failure modes linked to anode
reoxidation. A speci�c e�ort was made to design a seal system based on compressive seal
materials that avoids any redox issues for the cell, hence overcoming the limitations of both
R-design and S-design stacks. These issues are described in detail hereafter.

Figure 3.9: Construction of a F-design repeat-element.

The F-design stack is based on a cell of rectangular shape pressed between seals and GDLs
(Fig. 3.9). Contrarily to the S-design stack, the fuel manifold is not passing through the
cells, in order to optimize the ratio of active area to total area and to prevent rupture of cells
in the vicinity of holes. Air and fuel are �owing either in co- or counter-�ow arrangement.
Fuel is provided internally from the repeat-element's sides. The fuel manifolds are made
similarly to the S-design case by successive layers of metal (MICs) and seal materials. Air
is provided through external manifolds, in a similar way to the S-design .
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Figure 3.10: F-design 5-element stack on the developed diagnostic station.

Speci�cally designed for integration in a CHP system, thermal losses had to be minimized to
enhance system e�ciency. The number of thermal bridges between the hot stack and colder
system areas was consequently minimized. The stack is pressed between multi-functional
�anges, which not only provide mechanical loading, but also allow gas distribution and cur-
rent collection. A picture of a short stack is shown in Fig. 3.10.

The performance and degradation of this stack prototype was studied in detail by in-situ
measurements. Detailed results are presented in Chapters 7.6.2 and 10 of this work.

Despite the fact that the production and assembly of this stack is still ongoing at the moment
of editing this thesis, rapidly improving results were obtained with the tested prototypes. In
a �rst short stack, a power of 380W was attained in a 5-element con�guration (0.38Wcm−2).
In a �rst experiment in a 1kWel con�guration, a power output of 1.1kWel was attained with
a 17-element stack, at a fuel utilization of 78% and an e�ciency of 40%.

Finally, in a 20-element con�guration (shown in Fig. 3.11), this stack was capable to reach
a maximum power output of 1.84kWel with an e�ciency of 43% and a fuel utilization of
70%. At lower power densities, both fuel utilization and e�ciency increased, reaching 50%
of e�ciency at 1.43kWel (80% of fuel utilization), and 53% at 780Wel , attaining a fuel
utilization of 85%. The results are shown in Fig. 3.12 and Fig. 3.13.

These results are far beyond the expectations existing at the beginning of this thesis. With
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Figure 3.11: F-design 1kW prototype assembled in its insulation.
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Figure 3.12: E�ciencies attained by a 20-element F-design prototype at di�erent fuel utiliza-
tions. Operation under dilute fuel (40% hydrogen, 60% nitrogen). Courtesy of N. Autissier,
HTceramix S.A.

this stack design, not only higher e�ciencies are attained with, as shown in the following
chapters, a performance close to an ideal repeat-element (in terms of gas distribution). Even
more important, the resolution of the main source of failure a�ecting the older designs (see
Chapter 8) enables a more reliable operation over the whole range of operating conditions.
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Figure 3.13: Detail of the i-V characterization of the F-design stack reaching maximum
e�ciency and fuel utilization. Operation under dilute fuel (2ml min−1 cm−2 hydrogen,
3ml min−1 cm−2 nitrogen). Courtesy of N. Autissier, HTceramix S.A.

In addition, this stack o�ers the perspective to reach power ranges of a few kilowatts in the
next months, with an integration in the CHP system developed in the frame of the Flame-
SOFC project. Finally, it has to be noted that this stack ful�lls completely the objectives
of the FlameSOFC project, not only in terms of performance, but also in terms of system
integration, with pressure drops within the speci�cations and limited thermal losses.

As the main output from the modeling and experimental work described in the following
chapters, this design validates the developed modeling approach which includes degradation
aspects, as well as the accuracy and applicability of the model for new design applications.

With the realization and successful operation of this stack, the main objective of this thesis
is therefore attained.
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Part I

Modeling tools for the study of SOFC

performance and degradation.
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Chapter 4

Modeling approach

4.1 Introduction

This chapter describes the models developed for investigations on degradation and for the
development of SOFCs. It is based on �rst developments made by N.Autissier [35]. The core
of the modeling tool consists of a CFD model completed by an electrochemical model. Imple-
mented in the FLUENTTM software environment, it consists of a series of additional routines
implemented as user-de�ned functions (UDFs). These subroutines are used to control the
electrochemistry, to set local properties dynamically, to describe degradation phenomena
and to extract local information from the computation. The model is programmed to run
on single processors and on parallel machines, exploiting the capabilities of the linux cluster
Pleiades of the Institute of Mechanical Engineering at the Ecole Polytechnique Fédérale de
Lausanne (EPFL).
It has to be speci�ed that this model is di�erent from the commercial SOFC package proposed
by FLUENT.
Besides the core model, additional plug-ins have been added to describe non-ideal compo-
nent properties and resulting degradation phenomena or risk of failure. Additional models
complete this tool for investigations on interactions between stack and its environment, as
well as for speci�c studies on degradation.
In a �rst part, the electrochemical model is presented, as well as the methodology used for
its development from experimental data. The control of electrochemistry is presented for
di�erent repeat-element and stack con�gurations.
In a second part, two degradation plug-ins are presented. The �rst one concerns the descrip-
tion of parasitic di�usion through seal materials, the resulting parasitic combustion and the
possible consequences for the integrity of the cell. The second plug-in concerns the generation
and transport of pollutant species from di�erent materials in a repeat-element, sub-model
that couples thermodynamic and kinetic considerations for the generation of pollutants, with
mass-transport phenomena.
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Finally, the e�ect of stack design on reliability and performance is studied.

4.2 Nature of the studied �ows

In SOFC systems, �uids are transported through di�erent types of geometries (manifolds,
distributors, gas-di�usion layers, surroundings of the stack), resulting in di�erent �ow prop-
erties.
Gas manifolds. The gas manifolds distribute gases at regular intervals to the repeat-
elements (Fig. 3.3). For the 1 kW S-design stack, the air manifolds have an hydraulic
diameter about 30 mm for an air �ow comprised between1 200 and 300 Nl min−1. Typical
velocities at the stack's inlet are in the order of magnitude of 20-30 m/s, which gives a
Reynolds number of Re = 4400−6500, higher than the typical threshold value of Re = 2400
for transition to turbulent �ows in pipes. The resulting pressure drops have an impact on
the homogeneity of the gas distribution in the stack, and consequently on its performance.
For such design studies, (κ− ε) turbulence models are implemented.
Flow in repeat-elements. In the gas distributors, which are located between the repeat-
element's inlet/outlet and the gas-di�usion layers, pressure drops and �ow distributions are
principally determined by the distance between cell and interconnect (height usually about
1 mm). Typical Reynolds numbers are in the range of 30 to 100. In the gas di�usion layers,
usual Reynolds numbers are in the range of Re = 20 for air. On fuel side, Reynolds numbers
in the range of Re = 1 are common, approaching the situation of creeping �ows. Conse-
quently, �ows can be considered as laminar inside of repeat-elements, allowing to neglect
turbulence.
Flow around stacks and repeat-elements. When �ows around the stack are consid-

Figure 4.1: Simulation of �ow around a S-design stack in a HoTboxTM insulation.

1Normal liters (0◦C and 1 atm).
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ered, buoyancy e�ects and the resulting natural convection occur and are considered in the
models, as they determine part of the heat transfer between stack and surroundings. This is
particularly the case when post-combustion is modeled for the R-design or S-design stacks,
where both buoyancy e�ects and turbulence are modeled as they determine the volume of
the combustion.
Di�usion in porous media. A di�erent type of �ow occurs in the di�erent porous media
present in the fuel cell, in particular in electrodes and in seal materials which present a resid-
ual porosity. In those cases, di�usive mass transport competes with viscous �ow, requiring
speci�c mass-transport models.
High-temperature operating conditions. Due to operation at high temperatures, ra-
diation represents a major part of heat transfer. This is in particular the case when the
interaction between a stack and its insulation is modeled. In addition, when open combus-
tion is modeled, radiative exchange between the hot gases and surrounding surfaces is taken
into account.
Reactive �ows Chemical reactions are modeled using kinetic models. This is the case for
the internal steam reforming reaction (React. 2.3) and for combustion. The shift reaction
(React. 2.5) is treated speci�cally to attain equilibrium.
Pollutant generation and transport Finally, the generation and transport of pollutant
species is modeled in a speci�c way. The low partial pressure of usual pollutant species
allows to neglect their impact on the mass-conservation, energy and momentum equations.
The transport of pollutants is consequently determined by convection in the gas streams,
and by di�usion. FLUENTTM allows to model such additional transport mechanisms by
the de�nition of User-De�ned Scalar (UDS) functions.

4.3 Modeling approach

Due to the di�erent types of �ows described above and to the size of the cases, problems
are treated separately when possible. The full stack case is not modeled in detailed manner,
as it is extremely expensive in terms of computational time. This type of simulation would
however bring information about the �ow distribution and its stability, as well as about the
homogeneity of temperatures over the height of the stack. Both parameters have a strong
in�uence on the overall performance, due to the fact that the repeat-elements are organized
in series, which implies that the less performing element dictates the maximum achievable
performance of the stack. Consequently this type of simulations would be of interest. To
investigate this class of problems, the stack is simpli�ed to a full volume associated to heat
sources that reproduce the heat generation occurring during operation. The resulting gas
and temperature distributions are then evaluated to assess whether the manifolds' geometry,
the construction of the high temperature insulation around the stack and the operating
conditions (gas inlet temperatures) ful�ll their role to homogenize the operating conditions.
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R-design

S-design

F-design

• Mid-stack repeat-element 
• Local electrochemistry
• Diffusion in seals
• Parasitic combustion
• Open post-combustion
• Radiation (simplified)
• Free convection
• Degradation models

• Up to 10 elements
• Local electrochemistry
• Individual potential control
• Simplified RE geometry
• Simplified thermal 
   boundary conditions

• Single repeat-element 
• Local electrochemistry
• Internal reforming
• Shift reaction
• Diffusion in seals 
• Parasitic combustion 
• Simplified thermal 
   boundary conditions
• Degradation models
  - local reoxidation of the anode
  - redox cycling
  - reduction of the cathode
  - generation, transport
     and trapping of pollutants

Mass transport
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Risk of local oxidation

Pollutant generation

Single repeat-elements

Short stacks

Repeat-element with surrounding volume

Figure 4.2: Overview of available models (part I)
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• Stack model (simplified)
  - single volume vith averaged 
     properties
  - distributed heat source
  - imported electrochemistry
• Post-combustion
• Radiative exchange (complete)
• Free convection
• Turbulent flow

• Single repeat-element
• Local electrochemistry
• Separate active areas
• Control mode:
   - constant collection potential
   - or losses in collection lines

• Short stack model
• Local electrochemistry
• Computation of electrical 
   field (collection losses)
• Serial or parallel 
   current collection

Segmented repeat-elements

Tubular short stacks

Gas manifolds 

HotBox™

• Optimisation of flow distribution
• No electrochemistry
• Detailed manifold geometries
• Simplified stack geometry
• Turbulent flows

Figure 4.3: Overview of available models (part II)
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Moreover, detailed studies on fuel and air manifolds are performed separately, to take into
account turbulence and boundary layer e�ects. The e�ect of deviations in air or fuel supply
resulting from pressure variations in the manifolds are investigated separately in a repeat-
element model. Finally, this type of simulation is used to dimension the gas manifolds and
serves as input for design iterations performed using single repeat-element models.
For studies about the electrochemical performance and degradation of a particular stack
design, single repeat-elements are modeled, with adequate boundary conditions to model
the situation of a single repeat-unit located in the middle of a stack, as shown in Fig. 4.4.

periodic / adiabatic boundary 

periodic / adiabatic boundary 

Q̇−
rad

Q̇−
conv

Q̇−
rad

Q̇−
conv

Q̇−
rad

Q̇−
conv

Q̇−
rad

Q̇−
conv

Q̇−
rad

Q̇−
conv

Q̇−
rad

Q̇−
conv

Figure 4.4: Simulation of a repeat-unit located in the middle of a stack.

Investigations on the e�ects of parasitic di�usion in seals is modeled by considering a single
repeat-element and a surrounding volume of air.
Finally, to study thermal interactions between a stack and its surroundings, the complete
stack is not modeled. In such cases, heat generation of the stack in the stack is modeled using
zero-dimensional models that predict the heat generation and the fuel and air conversion at
di�erent points of operation.
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4.4 De�nition of the geometry and meshing

Depending on the studied case, a complete short stack or a single repeat-element is modeled.
When symmetries are available, only half of the geometry is modeled, assuming symmetric
�ows (Fig. 4.5). For cases where the sole internal �ow is considered, the surroundings of
the repeat-element or stack are simpli�ed by setting appropriate boundary conditions. In
di�erent studies presented hereafter, the gas volumes adjacent to the stack are modeled, in
order to study the in�uence of the surroundings on the stack itself.

Figure 4.5: Volumes meshed to simulate a R-design repeat-unit in its environment.

Parallel computing and mesh partition Partition of meshes and distribution on several
processors is a usual step in CFD modeling when considering large problems. In the speci�c
case of SOFCs, exchange of information about local properties on either sides of the cell are
required. Therefore, a mesh partitioning perpendicular to the cell's active area is required to
facilitate exchange of information in parallel cases.The code is written to allow parallelization
of the computation. In most cases however, the number of nodes is kept su�ciently low
(<800'000) to be simulated on a single processor in a�ordable time (�ve to ten hours for one
i-V characterization, depending on program size and number of used submodels).

3D and 2D models Despite the possibility to investigate fuel cells with a simpli�cation
to a two-dimensional problem (see Larrain et al. [8]) - which is highly bene�cial in terms of
computation time - the choice was made to investigate 3D-cases, in order to limit averaging of
properties over the height of a repeat-element, as well as to guarantee the accurate simulation
of �ow distribution which is determined by boundary layer e�ects in the three dimensions
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(see Fig. 3.3). Additional problems were studied in 2D con�gurations, in particular for
studies of di�usive mass transport in damaged cells.

MIC

Cell

MIC

Cathode

GDL

Anode

GDL

Adiabatic wall / Periodic boundary

Adiabatic wall / Periodic boundary

Figure 4.6: Side view of a repeat-element mesh.

Meshing In single repeat-element con�guration, the cell, gas di�usion layers, gas distribu-
tors and seals are meshed as distinct volumes. The metallic interconnectors are also included
as solid volumes in the mesh on both sides of the element, whereas only half of the thickness
is considered in simulations focusing on stack conditions (4.6). In those cases, only the re-
peating geometry is considered, and appropriate thermal boundary conditions are set on the
created surfaces adjacent to the stack (adiabatic or periodic). The volumes of the seals are
either modeled as solids (where only heat transfer is considered), or as porous �uid volumes
to account for residual porosity.
For planar stack designs, meshing is performed by extrusion of a 2D mesh in the direction
normal to the plane of the elements, as shown in Fig. 4.6. An example of mesh for the
S-design repeat-element is given in Fig. 4.7. The number of nodes in the normal direction is
kept to a minimum to limit the total number of cells, whereas great care is taken to guarantee
the accuracy of the computation. Figure 4.6 shows a typical discretization in the vertical
direction. Due to the existence of a laminar, Poiseuille �ow between MICs and cells in the
gas distributors, this number of nodes associated to a second-order spatial discretization was
found to be su�cient for an accurate modeling of pressure drops and heat and mass transfer
in the boundary layer. Moreover, heat transfer in the reaction zone is mostly determined by
conduction through the gas di�usion layers made of SOFConnexTM .

Averaging methods in gas di�usion layers The modeling of the �ow in the gas di�u-
sion layers (GDLs) is performed by averaging the properties of HTceramix-SOFCpower pro-
prietary material SOFConnexTM , which is modeled as a porous medium with adapted
thermal conductivity and permeability to the �ow. Due to con�dentiality reasons, the com-
plete description of the GDLs cannot be given here, despite the fact that a large e�ort was
set on the development of these layers for adequate gas distribution.
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Figure 4.7: Top view of the mesh for a S-design repeat-element, including asymmetric air
outlet
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Chapter 5

The CFD model

5.1 Solver

The model is based on FLUENT's segregated solver. Second-order spatial discretization
is used for all properties. For pressure-interpolation, the PREssure STaggering Option
(PRESTO!) scheme is used, as it is speci�cally recommended for �ows involving porous
media.

5.2 Mass transport

5.2.1 Species transport and di�usion

Due to the presence of several gaseous species and the absence of a predominant one, the
dilute approximation for Fickian di�usion is not valid and a multicomponent di�usion model
is used. The di�usive mass �uxes

−→
J k are computed using the Maxwell-Stefan di�usion model

proposed in the solver.

N∑
j=1
j 6=i

xixj
Dij

(

−→
J j

ρj
−
−→
J i

ρi
) = ∇xi −

∇T
T

N∑
j=1
j 6=i

xixj
Dij

(
DT,j

ρj
− DT,i

ρi
) (5.1)

Present in the right term of the Maxwell-Stefan equation, thermal di�usion (or Soret-e�ect)
driven by temperature gradients can be taken into account or disabled, simplifying the system
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to:

N∑
j=1
j 6=i

xixj
Dij

(

−→
J j

ρj
−
−→
J i

ρi
) = ∇xi (5.2)

The Soret e�ect is taken into account only in the case of post-combustion and disabled in
other cases, due to the low thermal gradients and to its negative e�ect on convergence.
The binary di�usion coe�cients are computed from a modi�ed Chapman-Enskog formula
[89]

Dij = 0.0188
[T 3( 1

Mw,i
+ 1

Mw,j
)]1/2

pabsσ2
ijΩD

(5.3)

where pabs is the absolute pressure, and ΩD is the di�usion collision integral, and σij is an
average of the Lennard-Jones parameters σk.

5.2.2 Mass transport in porous media

5.2.2.1 Di�usion

Di�usion transport in porous media is considered speci�cally for seal materials and for sub-
models studying di�usive mass transport in electrodes. In the repeat-element model, di�usive
mass transport in the electrodes is not modeled using FLUENT's mass conservation and mo-
mentum equations. In this case, di�usive mass transport is included in the electrochemical
model and solved programmatically in the UDF.
E�ective and precise models for di�usive transport in porous media, such as the 'dusty gas
model' (DGM) [90], or the 'mean transport pore model' (MTPM) [91], are not directly imple-
mented in the used versions of FLUENT (6.2.16-6.3.26) and would require a computationally-
expensive implementation in UDFs [92][27]. Therefore, a Fickian multicomponent model is
used instead, where the e�ective di�usion coe�cients are corrected for the properties of the
porous medium.
The correction of the di�usion coe�cient depends on the Knudsen number [93] (eqn. 5.4)
which relates the mean free path l (eqn. 5.5) of the gas molecules to the pore diameter of
the porous medium.

Kn =
l

dp
(5.4)

l =
kbT√
2πσ2

iiP
(5.5)
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The binary di�usion coe�cients Di−j are computed from the Fuller equation1 (Eqn. (5.6))
[93] and the multicomponent di�usion coe�cients computed from eqn. (5.7):

Dij =
1.43 · 10−7 T 1.75

p

√
2

M−1
i +M−1

j

(
V

1/3
d,i + V

1/3
d,j

)2
(5.6)

with T: temperature (K); p: pressure (bar); Mk: molar mass (kg/kmol); Vi and Vj: Fuller
et al. di�usion volumes [94].
The di�usion coe�cient in the mixture Di,m is computed by Wilke's multicomponent Fickian
:

Di,m =
1− xi

N∑
j=1
j 6=i

xi

Dbinary,i−j

(5.7)

For low Knudsen numbers (Kn<1), interactions between gas molecules and pore walls are
negligible and the e�ective di�usion coe�cients are computed in the same way as in the
absence of a porous medium, but with correction for porosity (ε) and tortuosity (τ) (Eqn.
5.8).

Dpor,Kn<1
i,eff =

ε

τ
Di,m (5.8)

For higher Knudsen numbers, the molecules collide mostly with the pore walls, and the
additional Knudsen di�usion term (eqn. 5.9) is combined for each specie to the mixture
di�usion coe�cient (Dmixture,i) by the Bosanquet [90] formula (eqn. 5.10).

DKn,i =
dp
3

√
8RT

πMi10−3
(5.9)

Dpor,1<Kn<10
eff,i =

( ε
τ

) DKn,iDi,m

Di,m +DKn,i

(5.10)

For large Knudsen numbers (Kn > 10), only Knudsen di�usion is considered.

For modeling studies involving di�usion in seals, the Maxwell-Stefan model (Eqn. (5.1)) is
disabled and replaced by the multicomponent Fickian model, where the di�usion coe�cients
are given programmatically to the solver. In all �uid volumes with exception of the porous
media, the mixture di�usion coe�cients from Eq. 5.7are used. In the porous media, either
the Knudsen-corrected di�usion coe�cients (Eq. 5.10) or the non-corrected ones (Eqn. 5.8)
are used, depending on the properties of the material.
To study the e�ect of porosity and tortuosity on the behavior of the fuel cell, their values

1It is used instead of the Chapman-Enskog formulation, for compatibility with the electrochemical model
of A. Nakajo.
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can be adapted programmatically to �t required values such as the open circuit voltages that
are a�ected by di�usion in seals (see Chapter 8).
Finally, even if they are modeled as porous media, the GDLs present di�erent properties from
the porous materials considered here. Nevertheless, the di�usion coe�cients are adapted to
match the properties of the SOFConnexTM , which cannot be described here.
A limitation in this approach concerns the description of di�usion in non-isotropic porous
media, as for example in mica paper consisting of parallel mica foils. With the current solver
options, it is not possible to de�ne anisotropic di�usion coe�cients.

5.2.2.2 Viscous �ow

The momentum equation (Eqn. (5.11)) solved by FLUENT contains a momentum source
term ~F that includes the viscous resistance from the porous medium.

∂

∂t
(ρ~v) +∇ · (ρ~v~v) = −∇p+∇ · τ + ρ~g + ~F (5.11)

τ = µ[(∇v) + (∇v)T )− 2

3
∇ · ~vI] (5.12)

The viscous resistance is given by a Darcy source term :

~F = −µD~v (5.13)

where D is the permeability tensor. If the properties of the porous medium are isotropic,
the permeability tensor is diagonal and its elements (Darcy coe�cients) are equal:

D11 = D22 = D33 =
1

α
(5.14)

For porous media such as mica paper consisting of parallel mica-platelets, the viscous �ow is
assumed to occur principally along the platelets and to be limited in the normal direction.
To model this highly non-isotropic behavior, the Darcy coe�cient of the direction normal to
the mica foils is set orders of magnitude higher than the in-plane ones.
In the case of the gas di�usion layers, the averaging methods lead to a dependance of the
Darcy term to the orientation of the velocity vector. In this case, the permeability tensor is
adapted programmatically to the orientation of the �ow, requiring additional iterations to
converge to a solution:

D11 = D22 = D33 = f(vx, vy, vz) (5.15)

To estimate the Darcy coe�cients, a ring of porous material is pressed between two �anges
and a pressure di�erential is imposed while measuring the resulting �ow of gas, in similar
manner to the method described by Simner and Bram in [2, 86]. In this con�guration, the
instationnary term, the convective and viscous terms can be neglected and the momentum
equation is simpli�ed to the Darcy expression:

∇p = −µ
α
~v (5.16)

By solving this equation for the tested seal geometry, the Darcy coe�cients are estimated.
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5.3 Heat transfer

5.3.1 Heat conduction

5.3.1.1 Anisotropic conduction

The materials used in repeat-elements are assumed to present isotropic heat conduction
properties. However, anisotropic conduction (Eqn. (5.17)) is considered in two di�erent
cases. First, anisotropic conduction is used when an averaging of properties is performed
to reduce several components to a single volume with simpli�ed geometry. For example, if
a stack is modeled as single volume with distributed heat source, in-plane thermal conduc-
tion is dominated by the conduction in the metallic interconnects, while it is reduced in the
normal direction due to the presence of less-conductive gas layers. The resulting averaged
properties can be computed for the principal axes and included in the solver (Eqn. (5.18)).

−→q = K∇T (5.17)

K =

kx 0 0
0 ky 0
0 0 kz

 (5.18)

The second case concerns parametric studies on the e�ect of thermal conductivity on tem-
perature pro�les and performance. A particular application is the study of the e�ect of
interconnect thickness on temperature. Variations of component thicknesses would usually
require a re-meshing of the concerned volumes or, if possible, in a deformation of the mesh.
To simplify the procedure, anisotropic conduction can be applied. A doubling of the MIC
thickness can in this case be modeled by a doubling of the in-plane heat transfer coe�cients
kx, ky, and a division by 2 in the normal direction. For a modi�ed height h∗ = αh, the
resulting anisotropic coe�cients are:

K =

α k 0 0
0 α k 0
0 0 1

α
k

 (5.19)

5.3.1.2 Porous media

In porous media, the e�ective thermal conductivity is modeled as the volume average of the
�uid conductivity and the solid conductivity:

keff = εkfluid + (1− ε)ksolid (5.20)

where ε is the porosity and kfluid,ksolid are the respective thermal conductivities.
An anisotropic thermal conductivity of the solid can be modeled in the same way as pre-



82 Chapter 5 : The CFD model

sented above.

5.3.2 Radiation

Due to the high temperatures, radiation plays a major role in the heat transfer. As radiative
heat exchange is computationally very expensive, di�erent strategies are applied to model
heat transfer within the repeat-elements and for heat exchange between stack and system.

5.3.2.1 Internal radiation

Yakabe et al. [95] performed detailed simulations of radiative heat transfer in a 2x1x100
mm straight gas supply channel. They found that a total temperature increase of 340 K
along the channel was lowered by 40 K when solving the radiative exchange, however at the
price of an important computational e�ort. The e�ect is therefore not negligible, but it is
worth noting that the considered total temperature di�erence is 2 to 3 times higher than
temperature di�erences considered in our case. Aguiar et al. [96] simpli�ed the computation
by considering radiation only between directly facing surface patches in the internal channels.
In our case, radiative exchange between facing internal surfaces is simpli�ed in the same way
in the empty gas supply channels. This is however done only in the case of internal steam
reforming where important temperature di�erences may exist between the di�erent layers.
To assess whether radiative exchange should be considered in the GDLs, the radiative and
conductive heat transfers are compared. Considering two large parallel surfaces at di�erent
temperatures T1 and T2, the net radiative exchange �ux is given by [97]:

Q̇−rad,1 2 =
σ (T 4

1 − T 4
2 )

1
ε1

+ 1
ε2
− 1

(5.21)

A linearization of this expression is performed in the following way [97]:(
T 4

1 − T 4
2

)
=

(
T 2

1 + T 2
2

)
(T1 + T2) (T1 − T2) (5.22)

≈ 4T
3

(T1 − T2) (5.23)

where T is the average temperature of the both surfaces. The radiative exchange is then
simpli�ed to:

Q̇−rad,1 2 = hrad (T1 − T2) (5.24)

with

hrad =
4σT

3

1
ε1

+ 1
ε2
− 1

(5.25)
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To compare the resulting heat exchange with the one obtained through a porous medium
such as the GDL, an equivalent thermal conductivity is estimated:

Q̇−rad,1 2 = hrad ∆T1 2 (5.26)

= hrad∆z
∆T1 2

∆z
(5.27)

≈ k∗rad
∂T

∂z
(5.28)

where ∆z represents the distance between the parallel surfaces. For an average temperature
of 1073 K, a usual material emissivity of ε = 0.9 and a distance of ∆z = 1mm, the obtained
equivalent thermal conductivity is k∗rad = 0.23 Wm−1K−1. This value is well below the ther-
mal conductivity of the porous gas di�usion layers, as well as within the incertitude for the
obtained coe�cients. Consequently, radiative heat exchange is neglected in the concerned
volumes.
Finally, the e�ect of radiation on internal heat transfer inside the porous electrodes them-
selves was investigated by several authors [98, 99]. The outcome of their simulations was
that internal radiative heat transfer had a negligible e�ect on the temperature distribution
and could therefore be neglected.

5.3.2.2 Radiation between stack and other components

Radiation between stack and insulation The complete radiative heat exchange be-
tween the stack, its insulation, and the gas volume comprised between both is only com-
puted in studies focussing on the analysis of temperature distribution in a stacks and the
interactions with system design options. In those cases, the electrochemistry is simpli�ed to
an important extent.

Simpli�ed radiation exchange in post-combustion zones For studies focusing on the
e�ect of parasitic combustion and post-combustion on the repeat-element's performance and
reliability, a simpli�ed radiative model is implemented in the combustion areas.
For gas mixtures, the radiation losses are given by eqn. (5.29)[100] where a is the Planck
mean absorption coe�cient for each specie. In our case, the absorption coe�cient for steam
is used as average absorption coe�cient (Eqn. 5.30).

Q̇− = 4(
∑
i

aipi)σ(T 4 − T 4
s ) (5.29)

Q̇− = 4aσ(T 4 − T 4
s ) (5.30)
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5.3.3 Thermal boundary conditions

In the repeat-element model where the volume around the stack is not considered, simpli�ed
thermal boundary conditions are applied, as shown in Fig. 5.1. Two cases have to be
distinguished: laboratory con�guration (oven) and product con�guration (insulation).
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A) Oven

B) Virtual Insulation

C) Virtual insulation
with shell conduction

Figure 5.1: Thermal boundary conditions for repeat-elements.

Oven In laboratory conditions, stacks are tested in ovens whose temperatures are con-
trolled to de�ne the operating conditions. Distances of at least a few centimeters exist
between the stack boundaries and the walls of the oven, and are assumed to have little in�u-
ence on the surface temperature of the oven. The surfaces of the oven are therefore assumed
to be isothermal and at �xed temperature. For the oven case, the applied thermal boundary
conditions include both radiation and free convection in the heat exchange:

Q̇− = Q̇−rad + Q̇−freeconv. (5.31)

Q̇−rad = εradσ(T 4
surf − T 4

oven) (5.32)

Q̇−freeconv. = hfreeconv.(Tsurf − Toven) (5.33)

where εrad is the emissivity assumed for the surface, Toven is the temperature of the test
environment and σ the Stefan-Boltzmann constant for radiation (in W.m−2.K−4).
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The ratio of free convective heat transfer to radiative heat transfer can be estimated by
calculating the Rayleigh number of the �ow [97]:

RaL = GrLPr =
gβ(Ts − T∞)L3

να
(5.34)

where GrL is the Grashof number, Pr the Prandtl number, L the characteristic length of
the heated surface, ν the kinematic viscosity and the thermal di�usivity α = ρcpk

−1. The
corresponding average Nusselt number for the resulting �ow is calculated using the Churchill-
Chu correlation [97] for vertical surfaces:

NuL =
hL

k
= 0.68 +

0.670Ra
(1/4)
L

[1 + (0.492/Pr)(9/16)](4/9)
(5.35)

For typical temperature di�erences of 50 K around 1073 K, the heat transfer coe�cient h̄
is in the range of 6 to 10. With an emissivity of 0.8, the radiative heat transfer is of 4700
Wm−2, while the convective heat transfer represents about 500 Wm−2, representing 10% of
the total heat transfer.

Insulation As product, the stacks are embedded in a high temperature insulation. Con-
trarily to other stack technologies, radiant cooling is not used in our case, in order to prevent
strong thermal gradients on the repeat-element's sides. In such conditions, the operating
temperature of the stack is de�ned by the gas inlet temperatures, the air excess factor (λ )
and the heat released by the stack. The part of generated heat that is not removed from the
system by the gas streams is transferred to the ambient through the insulation.
The insulation is placed at a short distance from the stack surface, which strongly reduces
the heat transfer by free convection between stack and insulation. At nominal load, typical
heat losses through the stack surfaces are in the range of 1 kWthm−2 for the S-design and
F-design stacks. This represents an average temperature di�erence of 11 K between those
surfaces when only radiative heat transfer is considered (Eqn. (5.33)), which is negligible
when compared to the di�erence between the stack temperature and the ambient.
Two approaches are used to simulate this type of heat transfer. Either the volume of in-
sulation is meshed for more accuracy, but without gap between stack and insulation, or a
thin wall approach with shell conduction is used, as o�ered by the solver. In this case, the
solver computes conductive heat transfer through a wall of given thickness, without requiring
additional meshing. Radiation and free convection are computed on the outer surface of the
insulation,

Q̇− = Q̇−insul,cond. = Q̇−w,rad + Q̇−w,freeconv. (5.36)

Q̇−insul,cond. = kinsul.(Ts − Tw,insul.) (5.37)

Q̇−w,rad = εradσ(T 4
w − T 4

atm) (5.38)

Q̇−w,conv = hfreeconv.(T
4
w − T 4

atm) (5.39)

(5.40)
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where the su�x w denotes the cold side of the insulation. In this simpli�ed approach, it
is possible to include conduction in directions parallel to the original surface. In this case,
only one mesh cell is considered over the whole thickness of the created virtual volume,
which is a strong simpli�cation of real conditions. However, due to the low conductivity
of used insulation materials (kisol ' 0.04Wm−2K−1 for microporous insulation), this lateral
conduction has in most cases a negligible e�ect on the temperature �eld inside the repeat-
element, where in-plane thermal conductivity is orders of magnitude higher.

5.4 Chemical reactions

In laminar �ows, chemical reactions are described by Arrhenius laws in laminar, �nite-rate
formulation. For the cases where non-premixed post-combustion is considered in a turbulent
environment (HoTboxTM , or repeat-element with surrounding volume, see Fig. 4.2), the
Magnussen-Hjaertager eddy-dissipation model [89] is combined to the Arrhenius law. Using
this formulation, the reaction rate is either limited by the kinetics of the reaction, or by the
rate of turbulent mixing.

5.4.1 Steam methane reforming and water-gas-shift reactions

The methane steam-reforming reaction (React. 2.3) occurs at the surface of the nickel
catalyst. The reaction rate (kmol m−2 s−1) is given by Klein et al. [33]:

rSMR = 63.6 T 2 exp

(
−27063

T

)
[CH4][H2O]− 3.7 10−14 T 4 exp

(
−232.78

T

)
[CO][H2]3

(5.41)
where [k] represents the concentrations of the gas specie k in kmol m−3.
Due to the fact that the anode gas-di�usion layers are simpli�ed to homogeneous porous
volumes, a correction factor A∗SMR is applied to this relation to take into account the ratio of
catalyst surface exposed to the gas stream to the actual cell surface in the meshed volume.
For con�dentiality reasons, it is not possible to give the exact value of this factor.
The shift reaction React. 2.5 is assumed to be at equilibrium in the gas phase, a hypothesis
which is usually made in SOFC modeling. In the solver, the forward rf and backward rb
rate coe�cients are chosen in appropriate manner to reach equilibrium:

Keq,shift =
kf
kb

(5.42)

where Keq,shift is the equilibrium constant of the water gas shift reaction.
Recent results by Haberman and Young [101] show that the hypothesis of equilibrium has
to be revised, and the equilibrium formulation replaced by a kinetic model.
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5.4.2 Combustion

The kinetic models for combustion reactions are taken from the reaction database of FLUENTTM.
The reaction rate for the combustion of hydrogen is given by:

H2 +
1

2
O2 −→ H2O (5.43)

rH2 = 9.87 · 108 exp(−3.1 · 105

RT
)[H2][O2]1/2 (5.44)

with the reaction rate given in (kmol m−3 s−1).
For carbon-monoxide, a combustion model involving a forward and backward reaction is
proposed in the reaction database:

CO +
1

2
O2 −→ CO2 (5.45)

rCO,f = 2.239 · 1012 exp(−1.7 · 105

RT
)[CO][O2]1/4[H2O]−1 (5.46)

CO2 +
1

2
O2 −→ CO +

1

2
O2 (5.47)

rCO,b = 5 · 108 exp(−1.7 · 105

RT
)[CO2] (5.48)

The dependance of the �rst reaction on the steam concentration results from the integration
of the water-gas-shift reaction in the combustion model [89].
These simple kinetic combustion models, which do not involve intermediate species, might
present slightly di�erent results with more complete models. However, for both the parasitic
combustion in porous seals as well as for the open post-combustion, non-premixed cases are
studied, where the species transport properties are principally determinant for the location
and extent of the reaction. Therefore, this simpli�ed formulation is assumed to ful�ll the
principal objective, which is to determine the location and rate of combustion.
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Chapter 6

Electrochemical model

6.1 Foreword

One of the principal objectives of this work is the optimization of the design of SOFC stacks,
both in terms of performance and reliability. High performance is attained at high fuel utiliza-
tions (unless recirculation of fuel is used), where local properties strongly vary over the cell's
active area. In lean fuel areas, the electrochemical reaction presents a strongly non-linear
behavior due to the drop of local Nernst potential combined with an increase in di�usion
overpotentials. These limiting areas have an important e�ect on the maximal achievable
e�ciency. Moreover, such areas are expected to present high risks of cell damage by reoxi-
dation of the anode. Consequently, one major requirement for the electrochemical model is
to provide an accurate description of the electrochemical reaction over the widest range of
operating conditions.
The electrochemical model chosen for implementation in the developed CFD simulation tool
is, as for usual CFD models, a compromise between calculation speed and level of detail.
Accurate predictions are however guaranteed by the fact that the model was �tted on ex-
perimental data obtained on a wide range of operating conditions, therefore ful�lling the
above-mentioned requirements. Therefore, even if the extent of individual losses attributed to
di�erent phenomena might di�er somewhat from physical reality, the overall extent of losses
corresponds to the �tted values.
Experimental data for the �tting procedure was obtained from P. Metzger et al. at DLR
(German Aerospace Center, Stuttgart, Germany), who are gratefully acknowledged. The
segmented-cell experiment developed at DLR o�ered an access to conditions corresponding
from zero to 82% fuel utilization, at di�erent air excess factors, di�erent fuel and oxidant
dilutions, di�erent temperatures, and current loads. The experiment is brie�y described here-
after. Details about their measurement technique can be found in reference [9].
The electrochemical model was developed and �tted by A. Nakajo from LENI, who is grate-
fully acknowledged. The version implemented in FLUENT is the most simpli�ed version of

89
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the model. A. Nakajo considerably improved the electrochemical model basing on the same
dataset, resulting in a much more complete and precise description of the electrochemical
reaction. A detailed description can be found in references [102, 103].

6.2 Choice of an electrochemical model

6.2.1 Equivalent circuit

The electrochemical model is based on a classical equivalent circuit approach, shown in Fig.
6.2. The cell is modeled as a solid volume, at the interface of which the resulting mass and
energy sources are imposed (Fig. 6.1).
One speci�city of the model is that it includes a small leakage current jloss in the elec-

mass sources

energy sources

momentum source

j

pH2, pH2O

pCO, pCO2

pN2, T, V

j

mass source

energy source

momentum source

pO2,  T, V j

mass source

energy source

momentum source

CELL

Figure 6.1: Control of the electrochemical reaction

trolyte. Proposed by Larrain [8] in 2005, it results from experimental observations on button
cell experiments on HTceramix's anode-supported cells, where the open-circuit voltages were
systematically lower than the expected theoretical Nernst potentials (1.03-1.07 V instead of
the expected 1.1 V at 800◦C, 97% H2 + 3% H2O ). In the segmented experiment performed
at DLR, the OCV was 1.03 V under similar condition, using an InDEC ASC2 cell with LSCF
cathode.
This lowering of OCV could originate from leakage of the seals in the experiments, from
pinholes in the electrolyte, or from a leakage current through the electrolyte. By parameter
estimation on button-cell experiments, the latter was evaluated by Larrain et al. to rep-
resent an important contribution. The proposed explanation for the leakage current was a
contamination of the electrolyte by nickel oxide or other pollutant species (Mn, Ti, Ni, Fe)
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during sintering, resulting in an increased electronic conductivity.
With the development of a new generation of cells and improvements in measurement meth-
ods, the lowering of OCV was progressively reduced, approaching the theoretical values.
Consequently, the importance of the leakage current on local electrochemistry has been con-
siderably reduced.
The internal resistance R of the equivalent circuit includes the internal loses of the cell,

RLeakage

RColl

R

UNernst UCollection

J utile

J loss

Local Nernst potential
Local collection potential
Ohmic resistance of electrodes and interconnector
Ohmic electronic resistance of the electrolyte
Cell's internal losses
Output current
Leakage current

UNernst

RLeakage

RColl

R
J utile
J loss

UCollection

Figure 6.2: Equivalent circuit

that is, the polarization losses in addition to the ionic resistance of the electrolyte. The
polarization losses considered in the model are the di�usion of gases in the anode support
and the charge transfer reactions on anode and cathode side.

R(jtot, T, pk) = RIonic +RPol (6.1)

RPol(jtot, T, pk) = Ran
diff +Ran

ct +Rcat
ct (6.2)

The collection resistance RColl includes the ohmic resistance occurring for the current col-
lection, which includes the electrodes, the GDLs and MICs in the planar case.

RColl = Relectrode
Ω +RGDL

Ω +RMIC
Ω (6.3)

At open circuit, the useful (available) current jutile is zero and the measured collection po-
tential corresponds to the ratio RLeakage/(RLeakage +R) of the Nernst potential.

The polarization resistance R depends on the local current density, gas compositions and
temperature (Fig. 6.1). As it is the collection potential which is �xed by the control algorithm
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(it is either constant on the cell's surface in the planar case or determined by the losses in
the collection in the tubular case), the following implicit equation 6.4 is solved iteratively :

R(jutile, jloss, T, pk)

(
jutile
jloss

)
=

(
Ucollection
UNernst

)
(6.4)

with

R(jutile, jloss, T, pk) =

(
−RColl RLeakage

R R +RLeakage

)
(6.5)

and
jtot = jutile + jloss (6.6)

6.2.2 Loss terms

The electrochemical model is �tted on data obtained for an anode supported cell (InDEC
ASC2). The cell consists of a 540 µm thick NiO/YSZ anode, a 7 µm thick 8YSZ electrolyte
and a 7 µm thick yttria doped ceria (YDC) protection layer to avoid chemical interactions
with the 28 µm thick LSCF cathode.

Ionic conductivity of the electrolyte The electrolyte layer consists of one dense YSZ
layer, on which a porous YDC layer is sintered. The bulk conductivity of the both materials
is given by:

σionic = σ0 exp

(
−Eionic

a

kT

)
(6.7)

with Eionic,Y SZ
a = 0.79 eV and σY SZ0 = 1.6310 S/cm for YSZ, and Eionic,Y DC

a = 0.7 eV and
σY DC0 = 218.68 S/cm for YDC.
The resistance of the bulk YSZ layer is given by:

RY SZ
ionic =

hY SZ

σY SZionic

(6.8)

and the one of the porous YDC layer is given by:

RY DC
ionic =

1− εY DC

1 + εY DC

2

·
hY DC

σY DCionic

(6.9)

where ε = 0.2 is the estimated porosity of the YDC layer. At the interface between the
porous YDC and the YSZ, a constriction of the ionic current occurs, which results in a
deviation between the e�ective total resistance of the double layer and the one estimated
by simply adding the bulk resistances of the two layers, as shown by Fleig in [104]. Fleig
proposes a correlation for the additional constriction term (Rconstr):

Rconstr =
b

σY SZionic

(
b
d
− 1

d
b

+ 1

)
(6.10)
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where b represents the distance between YDC grains and d is the average particle diameter.
The total ionic resistance is �nally given by:

RIonic = RY SZ
ionic +Rconstr +RY DC

ionic (6.11)

Di�usion on anode side The di�usion overpotential ηdiffan is computed for the anode side
only and neglected on the cathode side. To limit the computational cost, the di�usion mass
transport in the anode support is not solved by a full discretization of the equations along the
di�usion path. Moreover, as mentioned earlier, a multicomponent Fickian di�usion model
is applied instead of a more complete di�usion model (such as the dusty-gas model or the
mean-transport pore model).
This approach limits the accuracy of predictions for conditions that di�er from the exper-
imental dataset used to �t the model. In particular, this model has limited validity when
considering fuel mixtures containing CO, CO2 or CH4 where the WGS and SMR reactions
take place within the anode support. In such cases, it is considered that only hydrogen reacts
at the electrolyte.

The binary di�usion coe�cients are computed from the Fuller equation:

Di−j =
1.43 · 10−7 T 1.75

p

√
2

M−1
i +M−1

j

(
V

1/3
d,i + V

1/3
d,j

)2
(6.12)

The mixture di�usion coe�cients are evaluated by the Wilke equation, using the molar
fraction of gases in the boundary layer:

Di,m =
1− xi

N∑
j=1
j 6=i

xi

Dbinary,i−j

(6.13)

For each gaseous specie i, the Knudsen di�usion term is computed:

DKn,i =
dp
3

√
8R103T

πMi

(6.14)

The resulting e�ective di�usion coe�cient is given by the Bosanquet formula:

Deff,i =
( ε
τ

) DKn,iDi,m

Di,m +DKn,i

(6.15)

The value of the porosity ε was obtained from quicksilver porosimetry measurements per-
formed on a cell sample (ε = 0.36), while the tortuosity τ was estimated by the �tting
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procedure.
The partial pressure of reactive species at the electrolyte is obtained by integrating the dif-
fusion equation over the thickness of the anode lanode, while considering constant di�usion
coe�cients. For the case of hydrogen and steam

J̃i =
j

2F
= Deff,i

∂Ci
∂z

(6.16)

pH2,electroyte = pH2,GDL −
RT

P0

j

2F

lanode
Deff,H2

(6.17)

pH2O,electroyte = pH2O,GDL +
RT

P0

j

2F

lanode
Deff,H2O

(6.18)

(6.19)

with P0 = 101′325Pa. The resulting di�usion overpotential and di�usion resistance are
given by:

ηandiff =
RT

2F
ln

[
pH2,GDL

pH2,electrolyte

pH2O,electrolyte

pH2O,GDL

]
(6.20)

Ran
diff =

ηandiff
j

(6.21)

Charge transfer on anode side On the anode side, the charge-transfer reaction is de-
scribed by a general Butler-Volmer relation, according to the relation from Bessler [20].

j = jan0

[
exp

(
βana

nF

RT
ηanct

)
− exp

(
−βanc

nF

RT
ηanct

)]
(6.22)

The temperature and gas composition dependance of the exchange current density is con-
sidered:

jan0 = kan0 T · xrH2
H2,elec

· xrH2O

H2O,elec
exp

(
−
Ean
a,ct

RT

)
(6.23)

The gas compositions xH2,elec and xH2O,elec at the electrolyte are computed from the di�usion
model.
To calculate the resulting overpotential ηanct , the generalized form of equation 6.22 has to be
solved numerically, which is computationally expensive. Therefore, the usual simpli�cation
of the equation is performed by setting the symmetry coe�cients βana and βanc to 0.5.

ηanct =
RT

F
asinh

(
j

2jan0

)
(6.24)

Values for the above-listed parameters are available in literature. They can vary in more or
less large ranges, which re�ects di�erent morphological properties, compositions and experi-
mental conditions. Therefore, �tting of the parameters is required to reproduce the behavior
of a particular cell. In this case, the reaction orders rH2 and rH2O, the activation energy Ean

a,ct

and kan0 were �tted.
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Charge transfer on cathode side On the cathode side, a model for mixed ionic electronic
conductor (MIEC) is applied. The reaction is modeled to occur only in the vicinity of the
electrolyte.

j = jcat0

[
exp

(
βcata

F

RT
ηcatct

)
− exp

(
−βcatc

F

RT
ηcatct

)]
(6.25)

The temperature and gas composition dependance of the exchange current density is con-
sidered:

jcat0 = kcat0 T · xrO2
O2,GDL

exp

(
−
Ecat
a,ct

RT

)
(6.26)

where the oxygen fraction is evaluated in the boundary layer, hence neglecting di�usive mass
transport in the cathode.
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6.3 Fitting procedure

The measurement setup developed by Metzger at DLR gives access to local electrochemistry
on an anode-supported or electrolyte-supported cell of 74 cm2 active area. For anode-
supported cells, the air electrode and contacting interconnect are segmented into 16 elec-
trically insulated areas, organized as 4 rows of four segments disposed along the �ow (see
Fig. 6.3). The polarization control of the segmented repeat-element is performed through
an external active load to which the 16 segments are connected through a collection bus
bar (see Fig. 6.4). Local temperatures, potentials and currents are measured on each sep-
arate segment while the operating conditions are varied. Due to the �nite conduction of
the collection lines, potential losses occur between the segments and the collection bus bar.
Therefore, the local collection potentials U1, ..U16 vary depending on local current densities
and line resistances. Additional details on the measurement technique can be found in ref-
erences [9, 105].
To extract the electrochemical performance of the cell, successive i-V characterizations

Figure 6.3: Setup used for cell characterizations at DLR. Source: P. Metzger, DLR

were performed, while recording local properties. Local Nernst potentials were estimated
by resolving a mass �ow balance along each line of segments, using the recorded currents
to determine each segment's inlet and outlet gas compositions. The fuel inlet composition
was successively modi�ed from 100% H2 to signi�cant dilutions of 2%H2 -98%N2 , with a
constant addition of 3%H2O . Measurements were performed with air as oxidant, and addi-
tionally with composition reaching from 5% to 100% O2 diluted in nitrogen. Temperatures
were varied between 650◦C and 800◦C. For each operating point, an i-V characterization
was performed until a minimum potential of 0.6 V was attained.
The complete dataset consists of 25'000 distinct measurement points, on which a parameter
estimation was performed using the capabilities of the equation solver gPROMS.
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Figure 6.4: Control of the polarization for the segmented experiment at DLR.

6.4 Result

The quality of the �t is shown in Fig. 6.5, showing a good agreement between experimental
and �tted data over the whole range of tested operating conditions. The estimated parameter
values and con�dence intervals for the electrochemical model are given in table 6.1.
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1073K || O2 4.00 H2 12.14 N2 12.14
1073K || O2 40.00 H2 12.14 N2 12.14

Figure 6.5: Experimental and �tted data.

The con�dence intervals for the obtained values are in the range of 10% of the optimal
estimate for the activation energies, which is a fairly acceptable result. The activation en-
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Parameter Optimal Estimate 90% 95% 99%

Ean
a,ct (kJ/mol) 99 11.4 13.6 18.0

kan0 (Am−2K−1) 1.980·106 0.519·106 0.620·106 0.815·106

rH2 0.236 0.034 0.041 0.054
rH2O 0.280 0.033 0.039 0.052
τan 12.4 0.50 0.60 0.79

Ecat
a,ct (kJ/mol) 172 11.6 13.9 18.3

kcat0 (Am−2K−1) 1.822·109 0.489·109 0.590·109 0.776·109

Table 6.1: Fitted parameters of the electrochemical model.

ergy for the charge transfer reaction on the anode side Ean
a,ct = 99 kJ/mol is in the range

of values found in literature. For instance, Zhu and Kee use a slightly higher value of
Ean
a,ct = 120 kJ/mol in their model [1].

On the cathode side, the activation energy Ecat
a,ct = 172 kJ/mol is slightly higher than the

ones reported by Beckel et al. (1.55eV = 149kJ/mol) [106] or by Dusastre and Kilner
[107](1.40..1.54eV = 135..148kJ/mol).

The �tted reaction orders rH2 = 0.236 and rH2O = 0.280 present values close to 1/4 found
in di�erent studies. Con�dence intervals are about 15% of the optimal value. In litera-
ture, considerable disagreement is found for the values of these parameters. From experi-
mental studies, values comprised between -0.5..0.5 for H2 and 0..1 for H2O are reported
[20, 108, 109]. Theoretical studies about rate-limiting elementary reaction steps come to
di�erent conclusions depending on their hypotheses. Bessler uses a reaction order of 1/4
for H2 and 3/4 for H2O in one of his models [20]. Using a di�erent formulation for the
exchange current density i0, Zhu et al. report a reaction order of 3/4 for H2O [27]. It cannot
be excluded that the di�erence between the �tted and reported values results from an error
on the estimated steam and hydrogen partial pressures at the electrolyte due to limitations
in the used di�usion model.

Finally, the estimated ohmic resistance of the electrolyte Rleakage = 45 Ω cm2 allows to
estimate leakage currents in the order of 20 mA cm−2 at a cell potential of 0.8V.
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6.5 Parameters of the electrochemical model

The complete set of parameters for the electrochemical model is summarized in the following
table:

Parameter Symbol Value Unit

Anode
Charge transfer
Activation Energy Ean

a,ct 99 kJ/mol
Kinetic constant kan0 1.98·106 AK−1m−2

Reaction order H2 rH2 0.236
Reaction order H2O rH2O 0.280
Symmetry coe�cients βana , β

an
c 1

Reference temperature Tref 873 K
Di�usion
Porosity εan 0.309
Tortuosity τan 12.4
Pore Diameter danp 0.349 µm
Anode thickness han 540 µm
Cathode
Charge transfer
Activation Energy Ecat

a,ct 172 kJ/mol
Kinetic constant kcat0 1.822·109 AK−1m−2

Reaction order O2 rO2 3/8
Symmetry coe�cients βcata , βcatc 1
Reference temperature Tref 873 K
Electrolyte
YSZ thickness hY SZ 7 µm
YDC thickness hY DC 7 µm
YDC porosity εY DC 0.2 µm
YDC particle diameter b 2 µm
YDC particle diameter b 0.4 µm
Current collection
Collection resistance RColl 60 mΩ cm2

Leakage Current
Electrolyte's ohmic resistance RLeakage 45.1 Ωcm2

Table 6.2: Parameters of the electrochemical model
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6.6 Control of the electrochemical model

Di�erent control modes for the electrochemical model are implemented in the CFD model,
which are brie�y exposed in the following paragraphs. The corresponding cases are visible
in the �gures 4.2 and 4.3 (pp. 70-71).

Planar repeat-element For planar repeat-elements, it is assumed that potential vari-
ations in the interconnects are negligible. In this case, it is assumed that the collection
potential equals the controlling cell potential (UColl = Ucell). In potentiostatic mode, Ucell
is �xed. In galvanostatic mode, the cell potential is regulated Ucell iteratively through a
PID-like controller to reach the target current. The use of the PID controller enhances
considerably the convergence of the model.

Stack con�guration In stack con�guration, an individual control of the cell potentials is
performed through the PID controller to reach a common target current.

Planar, segmented repeat-element with ideal current collection In segmented ex-
periments with ideal current collection, that is, without line resistances in the current col-
lection lines (see Fig. 6.4), the collection potentials UColl are constant on the individual
segments. In the model, the control of polarization is made in the same manner as for a
single planar repeat-element, with equal potentials on all segments. In galvanostatic mode,
the individual currents are added to control the potential through the PID controller.

Planar, segmented repeat-element with losses in current collection lines To re-
produce the DLR experiment, the line resistances measured by P.Metzger were introduced in
the model. The PID controller regulates the control potential Ucontrol (see Fig. 6.4) and the
individual collection potentials are calculated as a function of the segment's output currents
and line resistances. In such cases, convergence to a solution becomes slow.

Cathode-supported tubular cells In the frame of the development of tubular SOFC
stacks, complements for the CFD model have been made to couple the electrochemical model
with a simulation of the electric �eld in electrodes and current collection. This is done by
using the generic User −Defined− Scalars module of FLUENTTM.
The following generic equation is solved for any scalar variable φk of interest:

∂ρφk
∂t

+
∂

∂xi

(
ρviφk − Γk

∂φk
∂xi

)
= Sφk

(6.27)
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where Γk and Sφk
are respectively a di�usion coe�cient and additional source term. This

equation contains a convective term that can be canceled. In its stationary form, and without
source term it then reduces to the Laplace equation:

∂

∂xi

(
−Γk

∂φk
∂xi

)
= 0 (6.28)

with summation over the indices i. By de�ning φk as the electrical potential φ and Γk as
the electronic conductivity σ, this equation can be used to compute the current �ux

−→
J in

the current collection and in the electrodes with:

−→
J = −σ

−→
∇φ (6.29)

The computed potential di�erence between the considered reaction point of the electrode
and the cell's current collector is then locally introduced in the equivalent circuit.

6.7 Conclusion

In this chapter, the CFD model is presented. It o�ers several di�erent options enabling to
model repeat-elements, short stacks, segmented elements and tubular cells in di�erent con-
�gurations. The core of this CFD model is represented by an electrochemical model �tted
on experimental data over a wide range of operating conditions. This represents a major
requirement for a model aiming to predict performance, and in particular performance lim-
itations in fuel cells.
The fact that the electrochemical model is �tted on experimental data o�ers in addition an
important con�dence on the reliability of the results. Therefore, signi�cant deviations be-
tween experiments and modeling outputs can be used to detect problems in the tested proto-
types. This feature opens up therefore possibilities for model-assisted diagnostics. Moreover,
this electrochemical model allows to design new prototypes with a certain con�dence in the
obtained results. As demonstrated throughout the following chapters, an excellent match
could be obtained between experiments and simulation in newly developed prototypes. Fi-
nally, the use of a segmented experiment to �t the electrochemical model shows at this stage
already the interest of this type of instrumentation for the development of reaction laws, as
it provides large amounts of experimental data over wide ranges of operating parameters,
which is required for �tting procedures.
The model presented in this chapter contains numerous features that will not be illustrated
in the following chapters, as the focus is set on the resolution of reliability and degradation
issues. In particular, simulations of the interactions between the stack and its insulation are
not presented. These studies concluded on the large importance of radiative exchange in
such enclosures, a�ecting to an important extent the thermal distribution in the height of
stacks.
Results involving internal steam methane reforming and/or syngas are also not presented,
whereas results of interest are obtained by simulation. Investigations made on the R-design
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stack operated on steam methane reforming (including partial internal reforming) showed as
expected strong endothermal cooling of the fuel inlet region. Due to the lack of veri�cation
of the modeling outputs with experiments, and also due to the fact that these results are
out of the main focus of this writing, they were not included in this work.
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Foreword

In the following chapters, modeling and experimental topics are presented simultaneously in
the context of the investigations on performance, degradation and failure for SOFCs, with-
out strict separation of purely general methodological aspects and their application. This
is done on purpose, as methodological problems in the simulation and experimental work
arose from speci�c needs in the stack design phase or from the need of speci�c explanations
requiring modeling support. Therefore, each of the following chapter leads to modeling spe-
ci�c conclusions, as well as to conclusions speci�c for the understanding of SOFCs.

One might regret the lack of generalization of the simulation results on standard stack ge-
ometries. However, the experience made in the present work shows that it is often the detail
of a stack design, of an operating point or of speci�c testing conditions that leads to a par-
ticular performance limitation, failure or degradation. Moreover, due to the high level of
interaction between phenomena in SOFCs, intuitive predictions based on generalized results
are not rarely contradicted by detailed modeling or experimental work.

In a �rst part, the link between stack design and performance limitations is analyzed. Start-
ing from the simulation of the �rst generation R-design stack and from the identi�cation of
its limitations, a �rst re-design iteration is described. This chapter demonstrates the central
importance of an homogeneous internal fuel distribution on the maximal performance of the
stack, as well as the role played by at �rst sight insigni�cant geometrical details on the �nal
reliability and performance.

In a second chapter, a modeling-supported diagnostic of the principal failure mode for the R-
design and S-design stacks is performed. The introduction of non-ideal component behavior
in the model, speci�cally for the sealing materials, leads to completely di�erent simulation
results which enables not only a much better match with experimental observations, but
also bring a complete explanation of the observed failures of repeat-elements. Local redox-
cycling of the cell's anode support is identi�ed as main failure source, caused by the stack
construction, the choice of materials, and by the e�ect of polarization which in�uences local
redox properties.

The subsequent application of corrective actions, as well as the design of the less sensitive
F-design stack is made possible by using the consequently completed CFD model. More
important, an experimental validation of the approach is brought by the absence of redox
patterns on cells after operation.
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Chapter 7

Stack design and performance

7.1 Introduction

This chapter presents the investigations on performance-limiting stack design options, and
the subsequent design of improved stack geometries based on modeling work. Investigations
on SOFC stack design and performance have been proposed earlier by numerous authors,
with one class of studies dealing with general �ow con�gurations (co-�ow, counter-�ow, cross-
�ow, etc.) [110][111], and the other analyzing speci�c stack designs [112].
More recently, Larrain [8] focussed on the optimization of stack designs by using evolutionary
optimization algorithms generating successive generations of �ow con�gurations and operat-
ing conditions, tested in a dedicated repeat-element model and evaluated by the optimizer.
The stack developments presented hereafter were made in close collaboration, using his tools
for the dimensioning of the stacks, and the herein developed tools for the detailed design of
internal �ows.
Based on investigations on the �rst-generation R-design stack, it is shown that performance
limitations are strongly linked to the detailed distribution of gases in the repeat-element,
requiring a su�cient level of geometric detail, as well as an electrochemical model able to
predict such limitations. To provide evidence of the e�ect of the stack's geometry on perfor-
mance, a generic repeat-element with ideal �ow distribution is studied and compared to the
designed prototypes.
It is shown that the herein developed S-design and F-design stacks, for which a special care
was given to avoid design-related limitations, are foreseen to achieve higher e�ciencies and
larger operation ranges than the reference design (R-design ). More important, this predic-
tion is validated by experimental results which are presented at the end of this chapter.
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7.2 Performance of a generic repeat-element with ideal

gas distribution

7.2.1 Model and boundary conditions

The performance of a generic repeat-element is studied to provide comparison with the real
stack designs. It consists of a rectangular cell of 50cm2 active area, whose aspect ratio (ratio
of length over width) is similar to the one of the S-design and F-design stacks (1.5). The
aspect ratio was identi�ed by Larrain et al. to have a signi�cant impact on the stack's per-
formance [8, 36] and represented therefore one of the design parameters for the developed
prototypes.
Fuel and air are supplied in co-�ow arrangement over the full width of the element, pro-
viding an ideal distribution of gases over the surface. The co-�ow con�guration is chosen
as it is the one used in the S-design and F-design stacks, basing on the results of Larrain
who determined it as ideal compromise between low thermal gradients and performance in
a bi-objective optimization.
Metallic interconnects of 1 mm thickness are modeled, as well as the thermal conduction
in the gas-di�usion layers, in order to provide similar internal heat transfer properties than
the ones occurring in real stacks. The air and fuel are supplied at a temperature of 973 K.
Adiabatic conditions are considered for the outer surfaces of the MICs to model mid-stack
conditions. In addition, the lateral sides of the repeat-unit possess periodic boundary con-
ditions. Heat transfer to an enclosure is therefore neglected. In addition, these boundary
conditions enable to avoid any boundary limit e�ects in the �ows, that would reduce the
convective mass transfer near the boundaries. Furthermore, these boundary conditions allow
to limit temperature gradients in the direction perpendicular to the �ow direction, which
else would a�ect the rate of the electrochemical reaction and create concentration gradients
in the transverse direction, which is further avoided by the homogenous �ow distribution.
Therefore, the model reduces to a 2D-problem, even if it had to be computed in 3D due to
the intrinsic 3D features of the written model 1.
To assess the e�ects of stack design on performance, the di�erent designs are analyzed for
increasing power outputs, that is, at di�erent fuel �ow rates and fuel utilizations. The fuel
composition is kept constant at 97% H2 + 3%H2O , in order to avoid the intrinsic limitations
from the cell itself under lean fuel mixtures. The air excess factor λ is �xed at a constant
value of 6. This high value is representative of standard operation conditions when using
hydrogen as fuel, in order to limit temperature di�erences in stacks by providing su�cient
cooling. In a real system, this value is modulated depending on the operating point, with
values above λ = 8 to limit temperature di�erences below 100 K at high fuel utilizations.
The air and fuel temperatures are �xed at 700◦C, which is representative of conditions for
LSCF cathodes. For these simulations, the e�ect of the leakage current through the elec-
trolyte is neglected.

1The computation can therefore be performed for a smaller area but same length, the latter fully deter-
mining the spatial distribution of the electrochemical reaction.
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Figure 7.1: Series of i-V characterizations simulated for a generic repeat-element (co-�ow)
at various fuel �ow rates (λ = 6). Black: potential. Blue: E�ciency.

7.2.2 Performance map

Figure 7.1 shows a series of i-V characterizations simulated under increasing fuel �ow rates
from 3 to 8 ml min−1 cm−2 H2 (humidi�ed)2. The maximum average current density varies
between 0.4 and 1 A cm−2. The highest e�ciency is obtained at the lowest fuel �ow rate,
reaching 56% of electrical e�ciency. E�ciencies are always expressed as function of the
Lower Heating Value (LHV). At the usual fuel �ow rates in our laboratory, that is, at a fuel
�ow rate of 6 ml min−1 cm−2 H2 , the maximum e�ciency decreases to ε = 45%. At the
highest fuel �ow rate, the e�ciency drops to 39%.
The same series of simulations, represented as function of the fuel utilization, shows that

the maximal e�ciency is attained for the low �ow rates at the maximal fuel utilization of
90%. Beyond this limit, the convergence of the model becomes more di�cult, due to intrinsic
limitations of the cell which are described hereafter. For the larger fuel �ow rates, the highest
e�ciency is attained between 80% and 90% of fuel utilization. This shows that a SOFC stack
should enable to reach this operating point to attain best e�ciencies. In addition, this �gure
shows the decrease of performance with increasing average current densities, originating from
higher electrochemical and ohmic losses.
A complete map of performance of the generic repeat-element is shown in Fig.7.3, including

2Gas �ow rates are always given for the normal conditions (SI system), that is 0◦C and 1 atm.
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the e�ciency, power density and cell potential at di�erent operating points. The green curve
represents the optimal operating points in terms of e�ciency. The red curve represents the
simulation limit, where a decreasing potential doesn't provide any increase in current density
any more.
At the minimal �ux, the best e�ciency of 56% is attained for a power density of 0.3 W cm−2,
at a potential slightly below 0.8V. At the nominal fuel �ow rate, a power density of 0.48
W cm−2 can be expected, increasing to 0.55 W cm−2 at the highest �ow rate.
These simulations show that, for this fuel composition and these operating conditions, the
type of cell for which an electrochemical model was established is able to provide e�ciencies
over 50% LHV at low fuel �uxes and reduced air inlet temperature, as well as a power
modulation from 0,3 to 0,55 W cm−2 .

7.2.3 Local electrochemistry

The detail of local electrochemistry is shown in Fig. 7.4 for a fuel utilization of 80% achieved
at a nominal fuel �ow rate of 6 ml min−1 cm−2 H2 (λ = 6). On the cell, the temperature
increases from 995K at the inlet to 1130K, resulting in a total di�erence of 135K which
exceeds the targeted 100K di�erence 3. This shows that the air excess factor of 6 is not
su�cient to limit the �xed maximal temperature di�erence at high fuel utilizations. At the
inlet, the cell's temperature is 22K higher than the inlet temperature of the gases, due to
internal heat transfer.

While the gas composition on anode side varies to a large extent along the �ow, the oxygen
partial pressure presents only low variations due to the large air excess factor.
The Nernst potential decreases along the �ow, from 1.1 V at the inlet to 0.86 V at the outlet.
The resulting current density presents a maximum slightly after the half of the length of the
element, with a maximal current density of 0.79 A cm−2. At the inlet and outlet, the cur-
rent density is close to 0.5A cm−2. This spatial distribution originates from a combination
of high overpotential and an area speci�c resistance close to its minimum at this location.
Higher total ASRs are attained at the inlet (0.73 Ω cm2) and outlet (0.31Ω cm2). As the
reactivity of the cathode is strongly thermally activated, the cathode ASR predominates at
the inlet due to the low air temperature. At the outlet, it is the di�usion resistance on anode
side which represents the major contribution to the losses due to a low hydrogen partial
pressure (and high steam partial pressure). Finally, the ionic resistance represents only a
minor part of the losses, with a slight decrease along the �ow due to increasing temperatures.

As shown by the important losses at the inlet on cathode side, an increase in air inlet
temperature would increase the overall e�ciency of the repeat-element by decreasing the

3This temperature di�erence was chosen arbitrarily in design studies to limit excessive outlet temperatures
to limit degradation (for ex. oxidation of materials) and risk of failure (temperature gradients), the minimum
temperature being determined by the cathode's performance.
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cathode overpotential, however at the price of a higher outlet temperature or of an increased
air �ow rate.

7.2.3.1 Nature of the operation limit

It is of interest to study the process leading to the operation limit of the repeat-element
at high fuel utilization, as it is representative of the performance limiting phenomena in
real stack designs. The transition from a high fuel utilization (80%) to the point where a
limitation occurs is depicted in Fig. 7.5. The situation corresponds to the nominal fuel �ow
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rate of 6 ml min−1 cm−2 H2 (λ = 6). For this fuel �ow rate, an operation limit is expected
at a fuel utilization close to 90%, as shown in Fig. 7.3.
From a fuel utilization of 80% to 87%, the point of maximal current density shifts towards
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the inlet, with increasing maximal current densities (from 0.79 to 1.02A cm−2). The cause
of this shift is an increase of the anode di�usion ASR in the outlet region. At the outlet,
the di�usion ASR varies from 0.22 to 0.45 Ω cm2. On the cathode side, the ASR remains
relatively constant.
From 87% to 89% fuel utilization, the di�usion ASR increases again in important manner at
the outlet, reaching 0.65 Ω cm2. In parallel, the current density pro�le changes in important
manner, with a maximal current density reaching 1.16 A cm−2.
At the operation limit, the current density tends to zero at the repeat-element's outlet,
while the electrochemical reaction is ensured by the less depleted areas. Consequently, in
the vicinity of the operation limit of the cell, an important balancing e�ect takes place
between depleted and fuel-rich areas.

7.2.4 Dilute fuel mixtures
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If a dilute fuel mixture is used instead of pure hydrogen (humidi�ed) for the generic repeat-
element, the performance changes in an important manner, as shown in Fig. 7.6. For a
50%H2 -50%N2 mixture (humidi�ed), the maximal achievable e�ciency is 48% for a hydro-
gen �ow rate of 3 ml min−1 cm−2. This operating point is the only one where a fuel utilization
of 90% is achievable. For increasing hydrogen �ow rates, the highest fuel utilization dimin-
ishes, reaching only 63% at 8 ml min−1 cm−2 H2 . At the nominal �ow rate, the maximal
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e�ciency is 35% LHV for a power density of 0.35 W cm−2 . Finally, at the maximal �ux,
e�ciencies below 30% are expected. This result shows that a dilution of fuel on anode side
has a signi�cant impact on the performance, originating from the intrinsic properties of the
cell.

7.3 Performance limitations of a R-design repeat-element

The performance and its limitations of the R-design repeat element were previously analyzed
by Larrain [8] and Autissier [35], the �rst by using a repeat-element model written for
the gPROMS equation solver, and the second using the �rst version of the present CFD
model. The �rst simulation tool is based on a �nite-di�erence discretization of space on
a regular grid, hence permitting only a less accurate description of the repeat-element's
geometry, a disadvantage that is shadowed out by the fast computation of simulations, hence
allowing multi-criteria optimizations of the general �ow distribution. The published studies
concluded that an inadequate fuel distribution of fuel in the repeat-element explained the
performance limitations of this particular stack design. The present study, bene�tting from
a more accurate electrochemical model and more detailed geometrical descriptions, points
out additional limiting aspects. In addition, signi�cant di�erences in the �ow �elds and in
the resulting spatial distribution of electrochemistry are found when comparing the herein
presented results with the ones obtained on simpli�ed geometries (see references [8][35]).

7.3.1 Flow distribution and temperature �elds

The R-design repeat-element is made of square cells of 50 cm2 active area fed by internal
gas manifolds of 10 mm diameter. Details of its construction can be found in section 3.4.
The air GDL is 0.9 mm thick, while it is 0.5 mm on anode side. The thickness of the metallic
interconnect is 1 mm. In the gas di�usion layers, a small channel is present on either side of
the gas supply holes to distribute the gases to the repeat-element's sides (see Fig. 7.7).
For this study, and as it is usually done in CFD models, the seals are modeled as fully gas-
tight solids. In fact, if the seal material presents a residual porosity, additional limitations
of performance and reliability issues are found to occur, as demonstrated in the following
chapters.
The resulting simulated �ow�eld is visible in Fig. 7.7, for a repeat-element operated with
6 ml min−1 cm−2 H2 at λ=6. The maximal velocities on the air side are one order of
magnitude higher than the ones on the anode side. From the gas manifolds, the gases are
distributed sideways through distribution channels. Behind the gas channels, the gas velocity
is considerably reduced, reaching almost stagnant �ow in the corners. Despite this situation,
the cathode was screen-printed over the whole surface of the cell to maximize the active area
(see Fig. 7.7), making poorly fed areas available for the electrochemical reaction.
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Concerning the thermal boundary conditions, the repeat-element is considered in an oven
con�guration operated at 750◦C (see section 5.3.3), while no heat-exchange is allowed with
adjacent repeat-elements to reproduce mid-stack conditions. The gas volume surrounding
the stack is modeled, including a post-combustion zone in the vicinity of the repeat-element's
outlet (Fig. 7.8). Free convection and buoyancy e�ects are considered in the surrounding
volume, as visible in the upward direction of the post-combustion �ame. For an operation
at 60% fuel utilization, strong temperature elevations are predicted at the stack's outlet. In
the post-combustion zone, temperatures over 1200K are attained in the gas phase, which
increase at lower fuel utilizations.
The impact of the post-combustion zone on the internal temperature distribution is shown
in the bottom part of �gure 7.8. Despite an air inlet temperature of 973K, the minimum
temperature on the active area is 1060K, due to an important heat transfer from the post-
combustion zone (right-side of the element). An experimental validation of this situation
is given by D. Larrain in [8]. Finally, it has to be noted that the elevated temperatures
in the post-combustion area increase with an increasing number of repeat-elements due to
proportionally lower heat exchange with the oven. Experiments with large stacks (max. 29
elements) showed important damages of these areas after operation.
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7.3.2 Local properties and performance limitations

7.3.2.1 Performance map

To assess the intrinsic performance limitations of the R-design stack, a characterization is
performed for the same conditions as the generic repeat-element (constant lambda λ = 6,
gas inlet temperatures 973K, increasing fuel �ow rates). The resulting i-V characterization
is shown in Fig. 7.9, presented as function of the fuel utilization, and the corresponding
performance map of the R-design stack can be found in �gure 7.10.
Important di�erences can be observed between the obtained characteristic and the one of
the generic repeat-element (see Fig. 7.2).
Similarly to the generic repeat-element, the maximum reachable fuel utilization decreases
with increasing fuel �ow rates, but the maximal achievable fuel utilizations are lower for fuel
�ow rates above 4 ml min−1 cm−2 H2 . For the largest fuel �ow rate, the maximum fuel
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Figure 7.9: I-V characterization of the R-design stack (λ = 6, 97% H2 + 3% H2O ).

utilization drops to 60%, while the generic repeat-element is limited at 80% FU.
At the lowest hydrogen �ow rate, an e�ciency of 54% is achievable, which is close to the 56%
obtained with the generic repeat-element. At a nominal �ow rate of 6ml min−1 cm−2 H2 ,
the maximal e�ciencies are 41% for the R-design element and 45% for the generic repeat-
element. Finally, more signi�cant di�erences appear at higher �uxes, with respectively 31%
and 39%.
These comparisons of performance based on the e�ciency however su�er from a bias result-
ing from di�erences in the temperature �elds. The higher temperatures in the R-Design
stack, resulting from heat exchange with the oven (whose temperature is 50K higher than
the entering air) and from heat transfer from the post-combustion area, result in lower losses
in particular on the cathode side whose reactivity is strongly activated thermally.
Nevertheless, limitations induced by the design are attested by two facts. First, the max-
imum achievable fuel utilization is lower than in the generic repeat-element. And second,
the line of maximum performance (green line in Fig. 7.10) coincides with the maximum
feasible fuel utilization. This indicates that a potential would exist for higher e�ciencies if
no internal limitations would occur.

7.3.2.2 Local properties and limitations

To investigate the nature of the internal limitations, the local properties and resulting local
electrochemistry are detailed. Figure 7.11 depicts the case obtained at 60% of fuel utilization
for the nominal fuel �ow rate, an operating point that immediately precedes the maximal
feasible fuel utilization (the computation is made by steps of 10% FU). The local gas partial
pressures are represented over the active area, as well as the local electrochemistry: Nernst
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Figure 7.10: Deviations of performance between cells in a 6-element experiment.

potential, local overpotential, ASR, and resulting current and power densities. The corre-
sponding local temperatures can be found in �gure 7.8.

Gas distribution on the anode side On the anode side, the spatial distribution of
gaseous species indicates a non-ideal distribution of fuel over the active area. First, despite a
fuel utilization of 60%, the hydrogen mole fraction reaches a minimum of 5% in the corners
behind the gas distribution channels, resulting from the previously described stagnation of
gases at this location. Secondly, the pro�le of gas concentrations at the repeat-element's
outlet are non-homogeneous. Steam mole fractions comprised between 52% and 88% can be
found along the outlet's surface. In fact, as di�usion losses in the anode increase in important
manner at high steam contents, it would be preferable to maintain -over the entire active
area- the maximum steam partial pressure to values close to the ones dictated by the fuel
utilization.
The poor distribution of fuel on the surface results on the one hand from the low e�ciency of
the lateral gas feeding channels which were under-dimensioned to distribute the fuel homo-
geneously, and on the other hand from the fact that part of the active area is located behind
the distributor where convective mass transport is low. In addition the path length between
fuel inlet and outlet di�ers along the di�erent stream lines. This explains the important
steam partial pressures along the repeat-element's sides in the vicinity of the outlet, as the
path covered by the fuel is longer than for instance the one passing along the symmetry axis
of the element.
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Gas distribution on the cathode side On the cathode side, the lateral air distribution
ensures a su�cient supply with oxygen, but only downstream of the distribution line. In the
corners, oxygen partial pressures of 0.12 atm are found, despite an air excess factor of 6.

More generally, the apparent depletion of reacting species in the regions where low convective
�ow occurs -despite a convective �ow stream located a dozen of millimeters away- indicates
that di�usive mass transport in the gases does not contribute signi�cantly enough to compen-
sate any inhomogeneity of the gas distribution.

Local electrochemistry The resulting distribution of the electrochemical reaction over
the active area can be found on the right hand side of Fig. 7.11. The local Nernst potential
decreases from 1.1 V at the inlet to a minimum of 0.8 V in the corners behind the fuel distri-
bution line, due to the presence at this location of the minimum hydrogen partial pressure.
The resulting local overpotential is of 0.06 V at this location, while maximal values of 0.36
V can be found in the vicinity of the fuel inlet 4.

The computed spatial distribution of ASR and resulting current densities show that a max-
imal reactivity is attained in direct vicinity of the fuel inlet, contrarily to the case of the
generic repeat-element which is operated in a co-�ow arrangement (see Fig. 7.4). The largest
ASR are found in the corners behind the fuel distribution line, with values exceeding 0.75
Ω cm2. More important, a strongly non-homogeneous distribution of current densities can
be found across the �ow in the vicinity of the repeat-element's outlet.
The detailed distribution of losses over the active area can be found in Fig. 7.12. The

contribution of the cathode to the total ASR is strongly correlated with the temperature
pro�les, found in Fig. 7.8. The maximum cathode ASR is 0.16 Ω cm2, found in the vicinity
of the air inlet. On the other hand, the anode di�usion ASR represents the major contri-
bution to the total ASR, with limiting areas found in the corners and along the sides of the
repeat-element, where high steam partial pressures are found.

The spatial distribution of the resulting power dissipation di�ers strongly from the anode to
the cathode side, as shown on the right side of Fig. 7.12. While the losses on cathode side
present a spatial distribution close to the one of the current density, with a highest power
dissipation of 0.11 W cm−2, the dissipated power on anode side concentrates in the vicinity
of the fuel inlet. In the corners, where the anode di�usion ASR is high, the power dissipation
is low due to low current densities. The highest power dissipation can be found on anode
side, attaining 0.17 W cm−2 .

4This observation can be of interest for post-experiment analyses in degradation studies, as large overpo-
tentials are known to possibly accelerate the degradation of performance [45]. Simulation can in this case
help to determine the a�ected areas.
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Detail of the operation limit As shown in the performance map of the R-design stack,
an operation limit is found above 70% of fuel utilization at the nominal fuel �ow rate. The
evolution of local electrochemistry between 60% and 70% fuel utilization is shown in Figure
7.13, giving insight in the limiting process.
From 60% to 70% fuel utilization, the minimal hydrogen mole fraction reduces from 5% to
virtually zero in the corners and along the sides in the vicinity of the outlet, which could
lead to severe degradation issues of the anode due to local reoxidation. The comparison
of total and anode di�usion ASR allows, as expected, to identify the anode contribution
as predominant. While at 60% fuel utilization the di�usion losses present values above
0.35Ω cm2 in the corners only, the situation changes dramatically at 70% FU where high
di�usion ASRs are also found along the sides. Both situations are represented with the same
color scale for comparison, whereas the maximum di�usion ASR at 70% FU largely exceeds
the maximal value of 0.6 Ω cm2 of the color scale.
More important, the model predicts di�usion limiting areas in the corners and along the sides
(overprinted with semi-transparent white color), that is, areas where the electrochemical
reaction has to be disabled due to an hydrogen partial pressures tending to zero at the
electrolyte 5.

5This type of limitation can cause important convergence issues in the model, requiring appropriate
under-relaxation to converge to a solution
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As shown in Fig. 7.10, it is at 70% fuel utilization that the maximum e�ciency can be
reached, for this fuel �ow rate and composition. However, this operating point has to be
avoided due to the important risk of reoxidation of the anode support caused by the local
depletion of reducing species.
Therefore, it has to be concluded that poor distribution of gases lead not only to lower
performances due to increased losses, but also to a restriction of the operating domain due
to a risk of damage for the components.

7.3.3 Summary

Simulations made on the R-design prototype show that the design of the stack plays an im-
portant role in the achievable performance. In particular, the operation domain is limited by
the apparition of local limiting areas in the fuel cell, which not only modify the distribution
of the reaction and the losses over the active area, but also lead to severe degradation and
failure.
The cause of limitations is found in a non-ideal distribution of gases, where on the one hand
stagnation of gases, and on the other one di�erent �ow path lengths lead to fuel depleted ar-
eas. Moreover, the model shows that only convective mass transport can ensure an adequate
distribution of gases, the di�usion �uxes being not important enough to provide a su�cient
distribution of reactive species.
The comparison with a generic repeat-element, despite its limitations in terms of equivalent
temperature distributions, o�ers therefore valuable information about the achievable perfor-
mance when gas distribution issues are avoided.
From a modeling point of view, the results show the interest of an electrochemical model able
to predict di�usion limitations in the anode support, as these determine to a large extent
the operation domain of a speci�c stack design.
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7.4 Development of optimized designs

7.4.1 Introduction

Despite the modeled capability of the R-design prototype to reach e�ciencies over 50% LHV
at low power densities, the stack su�ered from additional limitations such as the absence of
fuel recovery for system integration, and, more important, from severe degradation issues
and failures related to the open post-combustion and, as shown later, to construction issues
inducing severe degradation of the cells. In addition, up to 100 tests on repeat-elements
and short-stacks were performed without achieving the predicted e�ciencies. The best ever
attained electrical e�ciency was 39%.

These limitations led to the development of a new prototype of equivalent active area, started
in 2004. This stack was developed in a joint e�ort, combining the herein presented tools in
addition to the modeling tools developed by Larrain and Autissier. The resulting S-design
stack was developed with a speci�c focus on adequate fuel distribution and system integration
in a HoTboxTM , a high temperature enclosure including the stack and its thermal insulation,
a C-POX reformer, a post-combustor and a high-temperature heat exchanger.
In a second iteration, the F-design stack was designed to reach 2.5 kWel range, based on an
analysis of the limitations of the S-design stack, however less in terms of performance than
in terms of reliability.

7.4.2 The S-design stack

The S-design stack is based on oblong cells of 50 cm2 active area, including two holes for fuel
supply and recovery. Details of its construction can be found in paragraph 3.4 p.55. Air and
fuel are supplied in parallel direction (co-�ow arrangement), resulting as mentioned above
from a compromise between performance and reduced temperature gradients (see Larrain in
[8]). The resulting arrangement of the �ows in the repeat-element is described in Fig. 7.14.

The designed geometry is a compromise between improved gas distributions, as promoted
from modeling work, and design constraints originating from production issues or from geo-
metric constraints resulting from the integration in the HoTboxTM . An in-line arrangement
of the gas manifolds was chosen, with internal manifolds for the fuel requiring holes in the
cells. Air is provided to the stack by external manifolds.

On the fuel side, non-active distribution and collection areas were placed around the fuel
manifolds to ensure proper lateral distribution of the fuel, and this without consumption
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Figure 7.14: Flow distribution in a S-design repeat-element.

of species to avoid limitations caused by di�erent �ow path lengths. A rounded shape was
chosen for the repeat-element, avoiding any 'corner' where stagnation of gases could occur.
Due to geometric constraints, the fuel manifolds could not be placed far enough from each
other to obtain a completely rectangular active area, whose actual shape is depicted by a
red line on �gure 7.14. As a consequence, the active area is shorter on the symmetry axis of
the repeat-element.

Additional compromises were made in terms of gas distribution, raising from the alignment
of fuel manifolds along the symmetry axis and their placement close to the active area. In
particular, a di�culty appeared to provide air by convection downstream of the inlet fuel
manifold, leading locally to lower air supply.
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7.4.2.1 Predicted performance map

The performance map obtained for the same conditions as for the R-design stack is shown in
Fig. 7.15. Contrarily to the R-design stack, the operation limit is comprised between 80%
and 90% of fuel utilization over the complete operation domain, approaching the situation of
the generic repeat-element operated in the same con�guration. More important, the points
of highest e�ciency (green line) are attained at fuel utilizations that are lower than the
operation limit, contrarily to the case of the R-design prototype.

97% H 2 + 3% H 2
O, λ=6

S-design performance map  (solid seals)
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Figure 7.15: Simulated performance map of the S-design stack.

At the lowest fuel �ow rate, a maximum e�ciency of 53% is expected for a maximum fuel
utilization of 89%, which is slightly lower than the 56% of e�ciency attained with the generic
repeat-element (see Fig. 7.3). For fuel �ow rates larger than 3ml min−1 cm−2 H2 (humid-
i�ed), the performance becomes similar to the one of the generic repeat-element. At the
nominal fuel �ow rate, a maximum e�ciency of 44% is reached at 80% of fuel utilization,
slightly lower than the 45% of e�ciency of the generic repeat-element under the same con-
ditions. Finally, at the maximal fuel �ow rate, a maximum e�ciency of 38% is achieved at
a maximum power density of 0.55W cm−2 , similarly to the generic element.
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at 88% fuel utilization (3 ml min−1 cm−2 H2 humidi�ed, λ = 6).
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7.4.2.2 Internal limitations

The local properties leading to the operation limit at the lowest fuel �ow rate are depicted
in �gure 7.16. The considered fuel utilization is 88%, which just precedes the operation limit.

Distribution of gases Contrarily to the R-design case, the gaseous species on the anode
side are distributed homogeneously over the entire width of the active area. Moreover, the
fuel compositions along the entry region of the active area is almost constant, showing that
the non-active inlet distribution area (see Fig. 7.14) ful�lls its requirements.
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Figure 7.17: E�ect of the air �ow rate on the performance of a S-design repeat-element (Test
MS141).

The contrary is true on the cathode side, as indicated by the spatial distribution of oxygen
over the active area. The low convective mass transport of air behind the inlet's fuel manifold
(see Fig. 7.14) leads to a depletion of oxygen at this place, a situation that is worsened by
the high reactivity of this region due to high overpotentials and moderate ASRs. The result
is the presence of local oxygen partial pressures as low as 0.05 atm. As attested by the local
cathode ASR and local current densities, the relative impact on the performance is limited.
However, in a degradation study, Hagen et al. showed that certain cathode types (LSM-YSZ
in this case) experience more pronounced degradation under low oxygen partial pressures
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than under air or oxygen [68]. For this reason, oxygen depleted areas should preferably be
avoided.

More important, the oxygen depleted region expands downstream of the air stagnation point,
which again demonstrates the low contribution of di�usion to the mass transfer in the repeat-
element. Again, this situation points out the negative e�ect of inadequate gas distribution
on performance or possible degradation.

The reality of this air distribution problem was con�rmed experimentally in a single-repeat
element test operated with syngas as fuel. An anode-supported cell was used, on which
a LSM-YSZ cathode was screen-printed. Successive I-V characterizations were performed
under constant conditions, and at increasing air excess factors. The resulting characterization
is shown in Fig. 7.17. For air excess factors comprised between λ = 4 and λ = 6, no di�erence
was observed among the di�erent curves. The contrary was true at a lambda of 3, where a
net decrease in performance was observed above a current density of 0.2A cm−2.

Operation limit At 88% fuel utilization, the contribution of the anode di�usion ASR to
the total ASR is again predominant. The largest ASR are attained sideways on the outlet
surface of the active area. They result from slightly higher partial pressures of steam along
the sides of the repeat-element where the active area is longer. This result shows again that a
homogeneous length of the reaction zone represents the best option to reach high e�ciencies.
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7.4.3 The F-design stack

The development of the F-design stack was started in 2006 in the frame of the FP6 European
Project FlameSOFC, with the goal to develop a 2.5 kWel CHP system based on a SOFC
stack coupled to a T-POX6 reformer. Based on the experience on the S-design prototype,
a new stack concept was developed in the frame of this thesis. The main priorities in the
development of this stack were:

• to improve the gas �ow �eld of the S-design stack by avoiding any stagnation of air
and by imposing an active area of constant length

• to increase the active area by a factor of 4 to limit the number of cells required to
achieve a power output of 2.5 kWel

• and, more important, to solve an important source of failure inherent to the stack
construction for the R-design and S-design prototypes (see next chapter).

The constraints were a nominal electrical power output of 2.5 kWel, an operation under lean
fuel mixtures due to the use of a T-POX reformer, a maximum of 500 W of thermal losses
through the insulation of the stack, maximal pressure drops on air and cathode side limited
to 20 mbar, and �nally the ability to modulate the power output down to 1/3 of the nominal
power. Due to the low thermal losses through the insulation, the entire cooling of the stack
had to be performed by the cathode air stream, which required a maximal air excess factor
of 8 to limit internal temperature di�erences.
Additional constraints were a targeted lifetime of 30'000 hours and limited costs. The �rst
objective remains challenging for any planar SOFC stack, requiring deep knowledge of degra-
dation processes and their link to the stack design, a task which is addressed later in this
work. The targeted lifetimes, the cost targets and the constraints in terms of thermal losses
lead to the design of highly integrated components coupling several functions: current col-
lection, mechanical loading and gas supply to the stack. A view of the stack in its insulation
is shown in Fig. 3.11.

7.4.3.1 Gas distribution

The internal gas distribution in the F-design prototype is shown in Fig. 7.18. The fuel
enters the repeat-element from manifolds disposed along the sides of the stack. Similarly to
the S-design stack, non-active distribution and collection areas are placed at the entry and
outlet of the active area (depicted by a red line). The distribution areas are dimensioned to
limit inhomogeneities in the �ow distribution. A seal of large width is disposed on the sides

6Thermal Partial OXidation reformer.
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of the element, limiting any leakage of fuel when compressive seal materials are used which
present a residual porosity. On the cathode side, the air enters and leaves the stack from the
sides, supplied and collected by external external manifolds.
The rectangular active area presents a surface of 200cm2 , with an aspect ratio of 1.5. The gas
di�usion layers are made of SOFConnexTM , ensuring contact and gas distribution between
the cell and the interconnects.

Anode side

Cathode side

Air
inlet

Air
outlet

Distribution
area

Fuel manifold (inlet)Fuel manifold (outlet)

Active area

Active area

Seal

Seal

Figure 7.18: Gas distribution in a F-design repeat-element.
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7.4.3.2 Performance

The homogeneity of the gas distribution over the active area is attested by the gas com-
position and current density pro�les obtained on the active area, as shown in Fig. 7.19.
For a fuel utilization of 90% attained at a nominal fuel �ow rate of 6 ml min−1 cm−2 H2

0.95

0.03

1.0

0.00

Steam partial pressure

Local current density

F-Design / 90% FU / 6 Nml min  cm  H2 (+3% H O)

Figure 7.19: Gas composition pro�les and current density pro�les in a F-design repeat-
element operated at 90% FU.

(humidi�ed), the resulting pro�le of steam partial pressure is almost homogeneous over the
entire width of the element. With an inlet steam partial pressure of 0.03 atm and a maximal
steam partial pressure of 0.95 atm along the outlet of the active area, the extent of the �ow
deviation is minimal. The resulting current density pro�le follows the same trend, with a
maximal current density of 1.0A cm−2 found on the lateral sides of the active area's inlet.
On the cathode side, the homogeneity of the gas stream is obvious due to the construction
of the element.
These results show that the F-design prototype approaches the situation of the generic
repeat-element with homogeneous gas distribution.
The resulting performance map is shown in Fig. 7.20. Over the complete operation do-
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main, the performance is very close to the one of the generic repeat-element. The operation
limit is comprised between 83% and 90% of fuel utilization, with highest values below 6
ml min−1 cm−2 H2 and a decrease to 83% FU at 8 ml min−1 cm−2 H2 . At the lowest fuel
�ow rate, a maximum electrical e�ciency of 55% is attained, nearly equal to the one of the
generic element (56%). At the highest fuel �ow rate, the respective e�ciencies are 40% and
39%.

97% H 2 + 3% H 2O, λ=6

F-design performance map  (solid seals)
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Figure 7.20: Performance map of the F-design stack operated under pure (humidi�ed) hy-
drogen. (λ = 6, Tin = 973K)

Therefore, it is shown that the F-design approaches the situation of an ideal gas distribution,
where the properties of the cell and the operating conditions become the limiting factor in
terms of performance.

7.5 Limitations introduced by stacking and production

tolerances

As shown in the previous paragraphs, the highest e�ciencies are attained at fuel utilizations
close to the point where the cell becomes limiting due to di�usion losses on anode side.
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In real stacks however, deviations of the distributed fuel occur, resulting on the one hand
from production tolerances determining the pressure losses through an element, and on the
other hand from pressure drops in the fuel manifolds which may induce signi�cant di�erences
across the height of a stack.
These di�erences in supplied fuel lead to e�ective fuel utilizations that di�er from the nominal
one with, as consequence, the apparition of limitations in the less fueled elements. As shown
on the i-V characterizations of the R-design stack however (Fig. 7.9), the limitation is
not necessarily accompanied by an evident drop of cell potential which could be monitored.
This type of situation can therefore represent an important risk of cell damage without direct
evidence of its cause.
This situation has been mentioned by di�erent authors and will therefore not be detailed
here. However, it is worth mentioning that one key of the successful operation of large stacks
was �rst the implementation of large fuel manifolds in the S-design and F-design stacks, and
second the introduction of strict quality control procedures to verify the nominal �ow rates
of the repeat-elements under constant pressure drops [113].

7.6 Experimental validation

As mentioned above, the R-design stack was limited to e�ciencies below 40% in repeat-
element con�gurations, with even lower values attained in stacks due to the presence of
limiting elements [114]. In addition, di�culties appeared when attempting to reach fuel
utlizations above 60%, with frequent failures of cells under such conditions.
The experimental results that best illustrate the capability of the designed stacks to reach
high e�ciencies as well as high power outputs were obtained recently (2008-2009), after sev-
eral years of developments on the production and assembly. Moreover, it was not possible
to obtain a strict correspondence of the model and of the experimental conditions, due to
repeated changes in electrode compositions, cell suppliers, assembly procedures and testing
conditions. Finally, one core issue had to be solved concerning the sealing of the stacks,
which has a signi�cant impact on performance, as shown in the next chapter.

7.6.1 Performance of the S-design prototype

7.6.1.1 High e�ciencies

To investigate the maximal e�ciency of a S-design stack, series of i-V characterizations were
performed on a 6-element stack in SOFCpower's facilities. The cells were anode-supported
cells of 0.5 mm thickness, made of a classical Ni-YSZ cermet. The electrolyte was made of
5 µm thick YSZ. On cathode side, a LSCF cathode with LSCF current collection layer was
screen-printed on top of a YDC barrier layer. This con�guration is close to the one of the
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cell used for the determination of the electrochemical model.
The stack was mounted in a high-temperature oven, pressed between two metallic �anges
ensuring a mechanical load of 0.6 kgcm−2. The stack was reduced at 800◦C and polarized
under a constant fuel mixture of 97% H2 + 3% H2O . The air excess factor was �xed at
λ = 4.2. The stack was characterized for an oven temperature of 750◦C and 800◦C , with
respective air inlet temperatures of 720 and 775 ◦C.

The result of a characterization at 750◦C under increasing fuel �ow rate is shown in �gure
7.21, together with simulation results obtained for the same conditions. The simulation re-
sults are represented in red, with empty markers.
At a fuel �ow rate of 3 ml min−1 cm−2 H2 , the best e�ciency was 51%, obtained at a fuel
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Figure 7.21: Comparison of experimental and simulation results (red lines, empty markers)
for a S-design short stack (6 elements). λ = 4.2, Tgas,in = 973K, Toven = 1023K

utilization of 81%. The corresponding simulated value is an e�ciency of 53% attained at
88% FU. For increasing fuel �ow rates (4 and 5 ml min−1 cm−2 H2 ) the maximal e�ciency
diminishes to 50% and 47% of e�ciency (respectively 49% and 48% in the simulation). The
highest fuel utilization attained experimentally is 84%.
These values are obtained for the complete 6-element stack. Therefore, it represents an av-
erage value over the cells, avoiding biases due to di�erences in e�ective fuel �ow rates among
elements. The di�erences among the cells during the characterization at 4 ml min−1 cm−2 H2

are shown in Fig. 7.22.
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Below a fuel utilization of 60%, the di�erence in potential among the cells is limited to
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Figure 7.22: Construction details of a SOFC stack.

values below 40 mV. At open circuit, the cells present close OCVs, which attest of an ade-
quate gas tightness of the seals. Above 60% of fuel utilization however, one cell presents a
limiting behavior and a rapidly decreasing potential as the fuel utilization increases. At the
maximal fuel utilization of 84%, the di�erence in potential exceeds 100 mV with the other
cells. This type of behavior is typical of a deviation in the e�ective fuel �ow provided to the
elements, whereas no de�nitive conclusion can be made due to the absence of experimental
veri�cation means.

The results obtained on this 6-element stack show that the S-design prototype is capable to
reach the range of high fuel utilizations necessary to achieve high e�ciencies, which in this
case are attained. A remarkable agreement is found between simulation and experiment.
However, some care has to be taken in terms of validation of the performance prediction,
as di�erences exist between the reference cell of the model and the used ones. Nevertheless,
this result shows that the performance limitation occurring in the R-design was overcome in
the new design, hence validating the analysis and the chosen corrections.
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7.6.2 Performance of the F-design prototype

A validation of the performance of the F-design prototype was obtained on a 20-element stack
operated at HTceramix's testing facilities. The stack was operated using anode-supported
cells (Ni-YSZ cermet), with YSZ electrolyte, YDC barrier layer and LSCF cathode and
cathode current collection layers. The stack was characterized with a dilute fuel mixture
consisting of 40% of hydrogen and 60% of nitrogen (dry), in order to simulate a fuel mixture
from a T-POX reformer. The air �ow was varied depending on the operating point to limit
internal temperatures, while keeping an air inlet temperature of 973K.
The stack was successively characterized at 4 and 6 ml min−1 cm−2 H2 . The result is shown
in Fig. 7.23, together with simulation results for the lowest fuel �ow rate.
The average potential of the cells is depicted by a black line, using error bars to indicate

the extent of deviations among the 20 cells of the stack.
At a hydrogen �ow rate of 4 ml min−1 cm−2 H2 , a maximum power output of P=1460
Welwas attained at a fuel utilization of 80%, reaching an e�ciency of 49.7% and a power
density of 0.36 A cm−2. The average cell potential was 0.775 V with a deviation of ±0.030,
indicating a correct homogeneity of the fuel distribution among the elements. At this op-
erating point, the air excess factor was set to a value of λ = 4.6 to ensure cooling. More
important, the stack was autothermal at this operating point, compensating the thermal
losses of the insulation.
Due to the importance of the test for the quali�cation in the FlameSOFC project, it was
not attempted to increase any further the fuel utilization. However, the capability to reach
high fuel utilizations and e�ciencies in a 20-element stack con�guration attests of the perfor-
mance capabilities of the designed stack. It has to be added that the e�ciency of 49.7% was
attained with a dilute fuel mixture, which adds to the interest of the prototype for operations
with reformed C-fuels.
An interesting deviation is observed between the simulation results (obtained for a lambda
of 4.6 corresponding to the highest power output) and the experimental ones, with lower
e�ciencies predicted by the model. The obtained di�erence can result from di�erent error
sources, which cannot be determined with certitude. On the one hand, it is possible that the
internal temperature di�ered, with larger temperatures inside the stack explaining the higher
performance. As the discrepancy between simulated and measured potentials increases with
increasing current, a possible di�erence could originate from di�erent ohmic losses.

At the higher hydrogen �ow rate, a maximal power output of 1840 W was attained (0.46
W cm−2) for a total current of 119 A (0.59 A cm−2). This corresponds to a fuel utilization of
70% and an e�ciency of 42.7%. This operating point was attained with an air excess factor
of 5. The polarization could not be increased any more as the maximal air �ow rate was
attained on the system side, not allowing su�cient cooling any more. The small di�erence
between the cell potentials at this operating point (0.771V±0.020) shows however that larger
fuel utilizations could have been achieved at this fuel �ow rate also. This additional result
demonstrates consequently the power modulation capability of the stack. Finally, the stack
was operated at a low fuel �ow rate of 2 ml min−1 cm−2 H2 (diluted with 60% nitrogen).
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Best operating point:
Stack Potential 15.5   V   
Cell potential 0.775 V ± 0.030
Total current  92.2   A /    0.46  Acm-2 
Power   1430  W  /  0.36  Wcm-2
Max. FU  80%
E�ciency    49.7%

Best operating point:
Stack Potential 15.4   V   
Cell potential 0.771 V ± 0.020
Total current  119   A /     0.59     Acm-2 
Power   1840  W  /  0.46    Wcm-2
Max. FU  70%
E�ciency    42.7%

Figure 7.23: Best performance attained with a F-design stack and comparison with simula-
tion results.

Under these operating conditions, it reached a power output of 780 W and an e�ciency of
53% at 85% of fuel utilization. These results are shown in paragraph 3.6.
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7.7 Conclusion

Throughout this chapter, the e�ect of the stack design on the �nal performance was investi-
gated. The importance of an homogeneous fuel and air distribution on the �nal performance
and reliability was pointed out as determinant factor. Limitations of performance were found
to be principally induced by fuel depleted areas in the fuel cell, leading to di�usion limitations
in the anode support and to redistribution of the electrochemical reaction towards fuel-rich
regions. Therefore, on the modeling side, the performed analyses show the importance of the
accuracy of the electrochemical model, in particular of an accurate modeling of the di�usive
properties on anode side to predict limitations and risk of damage by oxidation.

Nevertheless, even if the predicted power and e�ciency outputs depend on the �tted electro-
chemical model and can therefore be contradicted by experimental results, the comparative
approach presented here allows to maintain the generality of the assessment of the stack's
performance limitations. Further investigations could however complement this analysis, in
particular for the case of partial internal steam reforming, where internal heat transfer or
local catalytic properties of the materials are expected to in�uence the resulting performance.

Based on a comparison with a generic repeat-element providing ideal gas distribution, two
stacks were designed in the frame of this work. In collaboration with HTceramix-SOFCpower,
they were realized and could �nally be tested. In the models and in experiments, both pro-
totypes show an important improvement from the reference design R-design .

The performance maps of the S-design stack, as well as the obtained experimental results
show that, despite strong constraints in the design phase, it was possible to largely improve
the performance, approaching on the anode side the situation of an ideal fuel distribution.
These results were obtained not only in the model, but much more with a real prototype
whose internal gas distribution was designed with the herein developed CFD model. As
expected, a weakness in the air distribution remained in the S-design prototype, leading to
possible performance limitations at low air excess factors. A fact that was con�rmed exper-
imentally.

Experimental results made on stacks and short-stacks enabled to validate the predicted in-
crease in performance of the designed stacks. The S-design stack permitted to successively
attain a 500 W and 1 kW milestone in a 36, resp. 72-element con�guration. Moreover, tests
performed on short stacks enabled to attain e�ciencies of 50% and more at fuel utilizations
exceeding 80%.

The larger F-design stack was tested experimentally up to 1.84 kW in a 20-element con�gu-
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ration, while being operated with a dilute fuel mixture. More important, an e�ciency of 50%
was attained at a fuel utilization of 80% and with an appreciable power output of 1.43kWel.
Finally, a maximal e�ciency of 53% was attained at 780W, attaining a fuel utilization of
85%. These results were attained using dilute hydrogen as fuel. In other words, an operation
on reformed natural gas would allow to reach e�ciencies above 60%.

These experimental results validate therefore the analyses of performance limitations and
the undertaken optimization steps.

However, these satisfying experimental results are the conclusion of long developments, not
only to master the production, assembly and quality of the stacks, but also to understand
the discrepancies between predicted and obtained performance in addition to the numerous
failures observed in experiments. The undertaken investigations on the fundamental aspects
limiting the reliability of the stacks and their implications on stack design are presented in
the following chapter.
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Chapter 8

Stack design, reliability and degradation

8.1 Introduction

As shown in the previous chapter, an adequate performance of SOFC stacks can be ensured
by the choice of dedicate design options. However, besides performance, reliability and dura-
bility are the core issues for the development of SOFCs. This chapter focuses on this second
aspect, investigating concrete reliability issues on the developed stacks. In this case, it is
shown again, that design options and choice of materials play a central role in the reliability
of SOFCs.

Based on a speci�c case, the possibility of model-based diagnostics is illustrated, giving
insight in the coupled phenomena leading to failure. More central, it is shown that one nec-
essary requirement for model-based diagnostics is the avoidance of the (in modeling usual)
idealization of components, geometries or material properties which don't match experimen-
tal reality. Moreover, this approach tries to avoid another trend which consists in including
in the models su�cient additional adjustable parameters in order to reproduce experimental
observations. This last point requires therefore that the reality of the established diagnostics
is tested for consistency against experimental observations.

Based on an attempt to explain low open circuit voltages in R-design prototypes, the hy-
pothesis of non-ideal properties of the used sealing materials was made. In particular, it
was investigated whether di�usion across seals, which is else neglected in seal testing, could
induce su�cient mass �uxes to in�uence the open-circuit voltage.
In fact, the introduction of di�usive mass transport across seals not only allowed to explain
the drop of open-circuit voltage, but surprisingly also described the presence, in the seals, of
moving redox-limits exposing the cell to local redox-cycling upon changes in the operating

143
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point. This additional, model-based diagnostic is in excellent agreement with experimental
observations, o�ering new interpretations of post-experiment analyses, as well as an expla-
nation for typical failures of the tested stacks.
Even more important, it is shown that, both for the R-design and S-design stacks, the com-
bination of design options and chosen materials would inevitably lead to severe damage or
failure of the cells upon repeated load- and thermal-cycling. This represents an unacceptable
situation in terms of reliability and lifetime.

The validity of this diagnostic was �nally completely con�rmed by the successful applica-
tion of corrective actions for the S-design stack, which unfortunately cannot be presented
here. But more important, the F-design prototype, which was developed with the speci�c
focus to avoid local redox-cycling issues and which was therefore designed with the therein
complemented CFD model, proved to ful�ll the objectives by presenting fully reduced cells
after operation. This result demonstrates therefore that the model is not only capable of
reproducing existing situations, but o�ers a predictive capability independently of a speci�c
stack design. Finally, it shows the interest of model-based diagnostics for SOFCs.

8.2 Context

Repeated failures In the development phase of the R-design stack, an important number
of experiments ended prematurely after a few hundreds of hours of operation due to breakage
of one or several cells. A typical case of failure for a R-design short stack is shown in Fig.
8.1. First, important damages of the cells were frequently found near the gas feeding holes,
along the fuel outlet where post-combustion takes places, but also all along the lateral sides
of the cells, with propagation of cracks inside of the repeat-elements.
In addition, chromium-rich residues (see Fig. 8.1, top left) were found not only in the post-
combustion area, but also in the middle of the air outlet (top right) where no obvious origin
for these deposits was identi�ed.

Post-experiment examinations of stack and cells were systematically performed to understand
causes of failure, ending up in numerous, but sometimes contradictory hypotheses (thermal
stresses, component quality, assembly...). No fully conclusive explanation could be given,
in particular due to the di�culty to perform in-situ diagnostics during operation. In fact,
breakage of cells was certainly a conjunction of several factors, such as quality issues in
the component's production, defects in assemblies or inadequate operating conditions, but
also, as shown here, resulting from an inherent weakness of the stack design exposing the
components to inadequate operating conditions.
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Top (experiment)
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Broken cell edges
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Figure 8.1: Typical damage observed on R-design stacks.

Low performances Besides reliability issues, experimental results obtained on stacks pre-
sented relatively low performances, showing important disagreement with the ones obtained
on button cells. The low performance was not uniquely related to an important apparent
ASR determining the loss of potential by current increment, but much more by the inability
to reach high fuel utilizations, and this, well below the maximal feasible fuel utilizations
presented in the previous chapter. In fact, the maximum fuel utilization was dictated by a
monitoring of the potential transients during i-V characterizations. The maximal fuel uti-
lization was de�ned by the moment where one cell started to present a decreasing potential
under constant current, indicating a limitation. Attempts to overcome this limit were often
followed by a failure of the stack.
Besides limited operation ranges, recurrently low open circuit potentials were recorded, with
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values ranging between 940mV in the worst cases to 1020mV, well below the theoretical value
of 1.099V expected at 800◦C for a 97%H2 -3%H2O fuel mixture.

The lack of direct information from experiments lead to di�erent possible interpretations
of the results and hypotheses for their causes. One hypothesis for the low OCVs was the
presence of a leakage current through the electrolyte, as described in the presentation of
the electrochemical model (see paragraph 6.2.1). By �tting the ohmic resistance of the
electrolyte, Larrain et al. were able to reproduce the experimental OCV's in a R-design
repeat-element model [8], opening a �eld of application for modeling-based diagnostics. From
the segmented experiment used to establish the electrochemical model however, the ohmic
resistance of the electrolyte could be quanti�ed later on, resulting in open circuit voltages
that were systematically higher (1.03-1.07V) than the ones observed on the stacks, hence
calling for additional explanations.

The sealing question One of the unknowns in this context was the behavior of the mica-
based compressive seal gaskets used in the repeat-elements. In some tests, obvious leakage
of the seals had been observed, resulting from a mismatch in the assembly. However, in most
cases, no clear leakage was observed in the broken repeat-elements, leading to the conclusion
of an absence of in�uence of the seals on the observed failures.
However, the presence of an internal leak remained a tempting hypothesis to explain to some
extent the low OCVs (by generation of steam due to combustion) as well as part of the loss
of performance.

8.3 Di�usion in compressive seals

As shown in paragraph 3.3, di�erent sealing alternatives have been developed to ensure
gas tightness in SOFCs, an overview of which is given by Fergus in [59]. Among them,
compressive seal gaskets based on mica papers were proposed as a promising alternative to
glass-ceramic sealants. Simner et al. [2] proposed to use muscovite and phlogopite micas.
The sealing behavior of such materials was successively enhanced by Chou et al. [84, 115]
using composite arrangements with mica and glass. Other composite options were studied
by Bram et al. [86] using a combination of mica paper and metal.
The ability of materials to serve as compressive seals for SOFC is often studied by tests
where a di�erential pressure is applied to a gasket and where the leakage �ow is measured
[2, 86]. These tests are mainly run using air or inert gases. They allow to compute the Darcy
coe�cient of the porous medium, hence to compute the pressure-driven transport of gas.
For the mica paper gaskets used in the hereafter detailed investigations on the R-design

stack, Darcy coe�cients in the range of 1/α = 3 · 1012 [1/m2] were determined by the ex-
perimental method described in literature [2, 86]. For pressure di�erences of 10mbar across
the internal seals of the R-design stack (10mm inner diameter, 18mm o.d., 0.8mm height),
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Original image Treated image for porosity estimation

Figure 8.2: Microstructure of un-pressed muscovite mica-paper after heat treatment, repro-
duced from Simner et al. [2]. Corresponding image treatment for the estimation of porosity.

the corresponding air leak rates were comprised between 0.5 to 2Nml min−1. This order of
magnitude is consistent with measurements performed for instance by Le et al. [116] who
measured air leak rates in the range of 1Nml min−1 for pressure di�erences of 100mbar across
gaskets of 40mm outer diameter, 20mm inner diameter and 0.5mm thickness.
Due to the arrangement of �ows and manifolds in the R-design stack, and in the case of
sole pressure-driven mass transport across the seals, only an air to fuel leakage could have
had a signi�cant impact on the measured OCVs by burning part of the fuel internally. On
the other hand, the fuel lost through the seal would only result in a loss of fuel towards
the surrounding of the stacks and to the air manifold, resulting only in a lowering of the
maximum achievable fuel utilization.
From the above-mentioned pressure-driven leakages of air measured through the seal gas-
kets, only up to 0.21Nml min−1 (= 2/(0.21 ∗ 2)) of hydrogen were therefore expected to be
burnt by this type of parasitic leakage. Compared to the 200-400Nml min−1 of hydrogen
injected in the repeat-elements, this contribution to a lowering of the open circuit voltage
was considered as negligible.
Moreover, although promising results were obtained by di�erent researchers with such seal
materials in terms of gas tightness (pressure driven), similar problems were reported by
di�erent authors. Among others, low OCVs were reported by Chou et al. [84], or even
di�culties to reduce the anode supports in dilute fuel mixtures (Bram et al. [86]).

From these observations, it appeared that one additional transport phenomenon, which is
frequently neglected when evaluating seal materials, could explain these observations: di�u-
sive mass transport across the seals . Confronted with the same inconsistencies, Chou
et al. from PNNL1 , independently from us, came to the same conclusion [84].

1Paci�c Northwest National Laboratory
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Due to the di�culty to perform in-situ experimental diagnostics, it was chosen to evaluate
this hypothesis by modeling. As less dedicated literature was found describing speci�c as-
pects of di�usive transport in such materials, standard models for di�usion in porous media
were implemented in the CFD model.

8.4 Model

8.4.1 Geometry and boundary conditions

The R-design repeat-element is modeled including the solid parts (interconnectors and cell)
and the seals, which are considered as porous media. A surrounding air volume is modeled in
which post-combustion occurs, in the same con�guration as the case presented in the previous
chapter (see Fig. 7.8). Similarly to the case of experiments on the R-design prototypes, the
stack is placed in an oven operated at a controlled temperature of 780◦C.
Due to the stack construction of the R-design prototype, shown in Fig. 3.3 pp. 56, seals
and cells are exposed to free-convecting air in the external volume. In the model however,
the bent edges of the cells are not modeled to simplify the meshing and avoid convergence
problems, hence limiting the cell to the footprint of the seals and resulting in a �at stack
side.
As the cathode was screen-printed on the complete surface of the cell for historical reasons,
as shown in Fig. 7.7, the active area is extended under the lateral and internal seals, where
gases have to be transported through the seal material. Even if these areas are expected
to deliver negligible power, they are included in the model to reproduce the experimental
reality with accuracy.

8.4.2 Mass-transport in the seals

To model mass transport in the seals, the relations described in paragraph 5.2.2 pp. 78 are
applied.

8.4.2.1 Darcy coe�cients

The Darcy coe�cients of the mica paper were estimated by experiments performed on seal
rings of φ10mm i.d. - φ18mm o.d. - 0.80mm thick on which a mechanical load of 0.4kg/cm2

was applied. Tests were made at operating temperature (800◦C) with air, nitrogen or hy-
drogen. Depending on the type of mica paper used, values varied between 0.9 and 20·1012
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Figure 8.3: Simulation of R-design stack, including its surrounding volume. Example of
simulated post-combustion and parasitic combustion, and associated generation of steam.

[1/m2], with an average Darcy coe�cient of:

1

α
= 3.17 · 1012[

1

m2
] (8.1)

As shown above, the mass �uxes transported by viscous �ow were estimated to present a
negligible amount with respect to the total injected gases. Therefore, the important dif-
ferences among the measured coe�cients is assumed to have a minor impact on the �nal
result.

8.4.2.2 Di�usive transport

Di�usion in seals is modeled using the multi-component Fickian di�usion model (Eqn. 5.7)
described in paragraph 5.2.2. One example of microstructure of mica paper is shown in Fig.
8.2, taken from Simner et al. [2]. This microstructure corresponds to unpressed mica paper
analyzed after one thermal cycle at 800◦C.
Simner shows that the open pathways between the mica-foils depend on the mechanical load-
ing of the mica samples, as well as on the pre-compression before thermal cycling. In the
case of the R-design stack, the mechanical loading corresponds to 0.04MPa, well below usual
loads for such seal materials. Therefore, it is expected that the order of magnitude of the
seal's porosity is of the same order than the one that can be estimated from the cross-sections
shown by Simner et al. By image processing (see Fig. 8.2, the porosity of Simner's samples
was estimated at ε = 59%±3%. However, this value is only indicative, and the e�ective seal
porosity is estimated from a �t of the measured OCV, as shown hereafter.
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An additional question appears when considering the need for a correction of the e�ective
di�usion coe�cients by a Knudsen di�usion term (Eqn. 5.9). The latter has been established
for cylindrical pores, not planar pathways such as in the case of mica paper [93]. Therefore,
the validity of its formulation for the planar pathways has to be investigated, which is beyond
the scope of this work. As consequence, the usual formulation is applied.
For hydrogen at a temperature of 800◦C, and considering a characteristic pore size of
10µm from the SEM images (see Fig. 8.2), a Knudsen number of Kn=0.04 is estimated
(Eqn. 5.4). This low Knudsen number indicates that the correction of the di�usion term is
a priori negligible, which is further proved below.
Finally, from the SEM images of mica paper, it can easily be seen that the tortuosity of the
material is close to τ = 1.

8.4.3 Combustion and �ame radiation

As parasitic leakage of fuel and post-combustion are considered, the kinetic reaction models
presented in section 5.4.2 are implemented in the whole computation volume.
The resulting radiative heat transfer is only considered in its simpli�ed form (see section
5.3.2.2) to limit computational time. Moreover, it is computed only in the post-combustion
area of the stack, but not in the interior of the stack, where parasitic combustion takes place
principally in the seal materials themselves.

8.4.4 Electrode damage indicators

As observed in experiments, internal leakages in stacks can either lead to an oxidation of
the anode-supported cells, or to a deterioration of the cathode layer. In order to provide a
concrete evaluation of the risk of electrode damage for a repeat-element, we propose here
the de�nition of speci�c indicators.

8.4.4.1 Risk of reoxidation

The post-experiment analyses made on the R-design stacks show oxidized zones on the cells
in most cases. Moreover, the simulations presented in the previous chapter show that this
design presents zones where the circulation of gases is low, inducing stagnation of gases and
possible depletion of reductive species under polarization. In these zones, mass transfer is
mostly ensured by di�usion. If, in addition to these e�ects the porosity of seals is considered,
an additional consumption of hydrogen is expected due to internal parasitic combustion,
leading to possible oxidation of the anode.
To de�ne an indicator for the risk of re-oxidation of the anode, the equilibrium partial
pressure of oxygen found in the gas phase is compared to the equilibrium oxygen partial
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pressure existing over nickel. In the fuel, the local oxygen partial pressure can be computed
from thermodynamic data (Eqn. 8.4).

H2 +
1

2
O2 ↔ H2O (8.2)

Keq,O2 = e(−∆G
RT

) (8.3)

pO2,eq = (
1

Keq,O2

pH2O

pH2

)2 (8.4)

Fitting thermodynamic data obtained from HSC 4 software2, the equilibrium constant can
be estimated as:

Keq,O2(T ) = 1.47358 · 10−3exp

(
2.9675 · 104

T

)
(8.5)

Similarly, the equilibrium partial pressure of oxygen over nickel is determined by:

Ni+
1

2
O2 ↔ NiO (8.6)

Keq,Ni = e(−∆GNi,O
RT

) (8.7)

p∗O2,eq
= (

1

Keq,Ni

)2 (8.8)

The equilibrium constant is obtained in the same manner, yielding :

Keq,Ni(T ) = 3.0225 · 10−5exp

(
2.8361 · 104

T

)
(8.9)

Combining eqn. (8.8) and (8.4), we can de�ne an indicator for the risk of anode re-oxidation
(eqn.8.10).

ζO2 =
pO2,eq

p∗O2,eq

(8.10)

Re-oxidation of the anode support will hence occur if ζO2 ≥ 1. Due to low oxygen partial
pressures in the vicinity of the redox-limits described hereafter, relatively slow oxidation
kinetics [64] can be expected. Therefore, this indicator doesn't indicate immediate damage
of the electrode. However, as this work focuses on the long-term use of the cells, the resulting
risk of local electrode damage and resulting failure is considered as signi�cant.

8.4.4.2 Damage of the cathode layer by exposure to reducing atmospheres

Due to leakage of fuel through the seals, another risk of electrode damage is represented by
a local reduction of the cathode layer by a reducing atmosphere. The stability of standard
(La, Sr)MnO3 cathodes and (La, Sr)CoO3 current collection layers was estimated from data
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Figure 8.4: Stability of perovskites under di�erent pO2 at 1000◦C. Reproduced from Naka-
mura et al. [3]

on undoped LaMnO3 and LaCoO3 established by Nakamura et al. [3] for reducing atmo-
spheres at 1000◦C (see Fig. 8.4).

As shown in Fig. 8.4, a stable region is found for LaMnO3 in oxygen partial pressures above
10−15 atm , while LaCoO3 experiences several successive transformations starting at a pO2

inferior to 10−7 atm. For strontium-doped perovskites, it is expected that the stability limit
occurs at higher oxygen partial pressures, as shown for instance by Yokokawa et al. for

2Outokumpu Research, Finland
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(La, Sr)CoO3 [117].

Due to the lack of available data for the exact stoichiometry of the used components, a
threshold value was determined beyond which it is expected that (La, Sr)MnO3 cathodes are
irremediably damaged, de�ned as a minimum oxygen partial pressure of pO2=10−15 atm3.
A cathode damage indicator is consequently de�ned similarly to the case of nickel reoxidation,
considering the local equilibrium oxygen partial pressures given by Eqn. (8.4):

ζcat,reduct =
pO2,eq

10−15
(8.11)

This criterion is a very simpli�ed representation of the real thermodynamic properties of Sr-
doped perovskites, simpli�cation which could a�ect the accuracy of the simulation. However,
as shown hereafter, the transition from an oxidizing to reducing atmosphere occurs through
a thin parasitic combustion front, on either side of which the partial pressures of oxygen are
either much lower4 or higher than this threshold value. Therefore, the position of this limit
is rather de�ned by the transport properties of gases than by the thermodynamic properties
of the material.

3This value is given for 1000◦C. The same value is used for the presented cases, due to the lack of data
at lower temperatures.

4In fact, for a hydrogen-steam mixture, a hydrogen partial pressure of 0.02 atm is su�cient to achieve
the threshold pO2 for reducing conditions.
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8.5 Validation of the di�usion hypothesis, validation of

the model

The validation procedure has two objectives: �rst, to validate the model, and second, to
validate the hypothesis of di�usive mass transport in the seals. Therefore, the validation
procedures consist in a veri�cation of the consistency of the simulation outputs based on
experimental observations.

8.5.1 E�ect of the seal porosity on the OCV

To study the e�ect of di�usion in seals, a reference experiment (MS95) is reproduced. The
test was performed during 3000 hours on a 5-element R-design stack operated at constant
current (0.46 A cm−2). This experiment is chosen due to the use of anode-supported cells of
the same type than the ones used to �t the electrochemical model, as well as for its long-term
operation.
The reference experiment was made under the following conditions: 8ml min−1 cm−2 H2 +
3%H2O, λ=1.6, 800◦C, 3000 hours operation. The Darcy coe�cient of the seals is set to the
average measured value of 3.17 · 1012m−2, while the porosity of the seals is varied to study
the e�ects of di�usion.
Figure 8.5 depicts the local gas fractions in a R-design repeat-element at open circuit,

obtained for the hereafter �tted seal porosity of 29%. On the anode side, the hydrogen
mole fraction presents important variations over the surface of the cell, despite the absence
of electrochemical consumptions of species apart from the residual leakage current through
the electrolyte. In the interior of the element, the hydrogen mole fraction drops to values
below 0.3 atm along the lateral seals, with even lower values in the corners behind the fuel
distribution line. In parallel, steam partial pressures comprised between 40% and 70% are
found at the same location, resulting from parasitic combustion with oxygen. Moreover,a
dozen of millimeter wide zones with steam partial pressures of about 50% are found along
the fuel �ow on the sides. One notable exception is found in direct vicinity of the fuel inlet,
where hydrogen crosses the entire width of the seal towards the exterior.
Underneath the internal seal gasket on the anode side, the hydrogen partial pressures steadily
decrease until reaching the air manifold. The opposite trend occurs for steam, resulting in
high partial pressures at this location.
On the cathode side, a depletion of oxygen is found in the corners behind the distribution
lines, reaching values inferior to 0.05 atm. A similar depletion is found, as well, along the
lateral seals, despite a larger convective mass transport and a lambda of 1.6. In addition,
an important oxygen-depleted area is found underneath the internal seal (fuel manifold),
where the oxygen partial pressure drops to zero. In fact, hydrogen from the fuel manifold
di�uses through the seal, reaching the cathode GDL volume. Moreover, an oxygen-depleted
area is found downstream of this seal gasket, ranging into the exterior volume of the stack.
This area indicates the presence of parasitic combustion with hydrogen, which is su�cient
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Figure 8.5: Simulated local gas fractions at OCV, and corresponding local Nernst potential.

to lower the oxygen partial pressure to virtually zero.
Finally, both on the �elds of steam and oxygen partial pressures, the post-combustion vol-
ume is easily visible, resulting in an oxygen-depleted area in contact with the lateral seal on
the cathode side, in the vicinity of the air inlet.

With important local di�erences in gas compositions, a pronounced e�ect is visible on the
spatial distribution of Nernst potential. First, at the fuel inlet, the Nernst potential reaches
1.08V instead of the theoretical value of 1.10V, essentially due to the �tted leakage current
through the electrolyte. In areas away from the seals, Nernst potentials in the range of
0.95 to 1.08V are found. Along the seals, the Nernst potential drops to values comprised
between 0.73 and 0.85V. Despite the depletion of hydrogen in these areas, Nernst potentials
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of the same order are attained underneath of the seals, with two notable exceptions. First,
in the corners behind the fuel distribution line, local values drop below 0.5V with, as shown
hereafter, areas where oxidizing conditions exist. Second, the Nernst potential drops to zero
at the location of the seal gasket of the fuel manifold. In this case, it is not the lack of
reacting species on anode side which lowers the Nernst potential, but the lack of oxygen on
the cathode side.

The consequence of this situation is a lowering of the repeat-element's potential at OCV. As
the electrical potential in the MIC can be assumed as constant, areas with Nernst potentials
above the cell potential deliver a positive residual current, while the areas with lower Nernst
potential present a negative current, hence working in electrolysis mode. Due to the opera-
tion at OCV, the integral of local current densities is zero. To enable the simulation of this
situation, reverse currents are consequently allowed in the model.

As shown in this paragraph, the combination of di�usion across the seals and presence of
an air electrode in these areas results in an important di�erence between the expected and
attained OCVs. Therefore it is shown that, theoretically, di�usion in seals might be the
missing explanation for the observed low OCVs.

8.5.2 Fitting the OCV

As shown in the following paragraph, variations of the seal porosity a�ect the obtained
OCVs. Therefore, from one experimental OCV, it is possible to estimate the e�ective dif-
fusive parameters for the used seal materials. In the reference test, the average OCV was
1.001 V with deviations of ± 15 mV, well below the theoretical value of 1.1V.
To enable the comparison of the modeling output with post-experiment analyses performed
on a speci�c repeat-element, the OCV of an intact cell (at disassembly) is considered for the
�tting procedure, with a value of 1.006V ± 1 mV.

As shown in Fig. 8.7, it is possible to vary the simulated OCV in a wide range by adjusting
the porosity parameters, from 1.035V to values below one volt. The result is presented
as function of the e�ective di�usion coe�cient for hydrogen in the seals, independently
of the considered di�usion regime (Knudsen correction or not). Therefore, the e�ective
di�usion coe�cients for each specie are alternatively given by eqn. (5.8) or eqn. (5.10),
where a pore size of 10µm is considered for the Knudsen di�usion term. The pore size of
10µm corresponds to typical spacings between mica foils, as observed in Fig. 8.25.

5In fact, due to the non-cylindrical shape of pores in mica paper, a larger equivalent pore diameter should
probably be used instead.
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Figure 8.6: Simulated OCVs with varying porosity parameters. • With Knudsen correction
� Without Knudsen correction.

As shown in Fig. 8.7, it is possible to �t the experimental OCV of 1.006V with an e�ective
mean di�usion coe�cient of Deff,H2 = 2.3·10−4 m2s−1 for hydrogen. Therefore, the existence
of a solution for the targeted OCV is proven.
If we consider that di�usion in mica paper occurs without important contribution of the
'Knudsen di�usion regime' (eqn.5.8), the �tted seal porosity is 28.8%, considering a tortu-
osity equal to unity.
If we consider instead a di�usion regime requiring correction of the di�usion coe�cients by
a Knudsen di�usion term, we �nd using eqn. (5.10) a set of solutions for the pore diameter
dp and the porosity ε shown in Fig. 8.7. It shows that the estimated resulting porosity
strongly increases for pore diameters below 10 µm. For a diameter of 10 µm, the porosity is
31.3%, and for 20 µm, it is 29.8%. For high pore diameters, it asymptotically tends to the
computed value of 28.8%.

The SEM images of mica paper shown in Fig. 8.2 indicate typical gap sizes over 10 micron
[2], which means that the e�ective porosity is close to the asymptotic value. From this result,
it can therefore be assumed that di�usion in the mica seal gaskets is less in�uenced by inter-
actions between gas molecules and pore walls (Knudsen di�usion regime), hence allowing the
use of simpli�ed multicomponent di�usion models for porous media presenting large pores.
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28.8%

Figure 8.7: Set of porosity parameters for an e�ective di�usion coe�cient Deff = 4.90 · 10−4

m2s−1 for hydrogen.

In fact, the �tted asymptotic porosity of 28.8% is of the similar order as the 59% ± 3%
porosity of mica paper estimated by a statistical processing of SEM images 6. Di�erence
between the �tted and estimated porosities are assumed to originate from di�erences in the
raw materials or from di�erences in the applied mechanical load.7

A �nal indication of the consistency of the �tted solution is given by the ability of the model
to reproduce the changes in the measured OCVs upon variations of the fuel �ow rates, as
reported in Table (8.1). For a fuel �ow rate varied between 250 and 400 Nml min−1 H2 , the
measured OCV changes from 989 to 1006 mV on the considered cell, while the simulated
one is shifted from 984mV to the �tted value of 1006mV.

These simulations show therefore that it is possible to �nd a set of di�usive properties en-
abling to reproduce the low OCV of a repeat-element over a certain range of operating
conditions. As shown by Fig. 8.6, if the di�usive transport in the seals was a negligible
phenomenon, the model would not be able to �t low OCVs in the range of 1.006 V, hence

6That is, in this case, not in the range of a few percent.
7The error on the �tted value of 61% found in our published article [118] results from a mistake in one

equation of the model.
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Fuel (mln/min) OCVSimulation OCVExperiment(mV )
400 1006 1006 ± 1
300 995 992 ± 1
250 989 984 ± 1

Table 8.1: Simulated ocv with variation of the �ux of hydrogen. comparison with reference
experiment.

requiring other explanations. These results support therefore the hypothesis of an important
contribution of di�usive transport in the seal materials. However, a complete validation of
this hypothesis and of the model can only be established by further investigations on the
consequences of di�usion through the seals on the repeat-element.
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8.5.3 Associated e�ects on degradation and performance, and ex-

perimental validation

As shown in the following paragraphs, in addition to explain the low OCVs, the simula-
tions predict parasitic combustion, redox-cycles during polarization and local reduction of
the cathode in excellent agreement with experimental observations, e�ects that were not
expected when making the hypothesis of parasitic di�usion in the seal materials.
In the following �gures, simulation outputs are superimposed on pictures of real cells illus-
trating the observed phenomena.

8.5.3.1 Parasitic combustion

Figure 8.8: Di�usion through the seal next to the fuel inlet hole. Simulated hydrogen fraction
and cell after operation. The red line is the redox limit.

Figure 8.8 depicts a detail of the simulated hydrogen pro�les shown in Fig. 8.5 - in par-
ticular of the fuel inlet region - together with the picture of an operated cell. The position
of the seals on the cell is recalled by black lines. The red line indicates the location of the
separation between reducing and oxidizing atmospheres, resulting from local combustion of
the reactive species. This line is called redox-limit in the following paragraphs.
As attested by its position, part of the parasitic combustion occurs in the repeat-element
itself (in particular in the corners behind the fuel distribution line), but also outside of the
repeat-element. As indicated by the high hydrogen partial pressures found throughout the
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seal in vicinity of the fuel inlet, an important di�usive fuel leakage is predicted to occur at
this location.
Looking at the cell, a typical 'redox pattern' is visible, with the presence of reduced areas
(grey metallic nickel) and oxidized ones (green nickel oxide). The limit between oxidized and
reduced areas matches well the position of the simulated redox-limit, as con�rmed hereafter.
In addition, the fact that fuel di�uses outside of the repeat-element in the vicinity of the
fuel inlet is con�rmed by the reduced state of the cell at this location.
To con�rm the existence of the parasitic combustion front and to evaluate its e�ects on the
temperature �eld, the local temperature elevation resulting from the introduction of hydro-
gen on the anode side was measured experimentally. A set of shielded K-type thermocouples
(Omega Newport) were disposed all along the lateral seal in a dummy-test con�guration,
where the cell was replaced by a metallic sheet of same geometry. Presented in Fig.8.9, the
comparison of the measured and simulated temperature increments presents a reasonable
agreement. The position of the measurement points is shown on the top �gure. Point 1 cor-
responds to the parasitic leakage in the vicinity of the fuel inlet. Points 2 and 3 were placed
on the lateral seals, and point 4 was placed in the post-combustion region. The correspond-
ing transient of the temperature elevation is detailed, attesting of a sharp rise of temperature
at the introduction of the fuel. The �uctuations of temperature in the post-combustion area
(point 4) are due to variations of the fuel �uxes, with a rapid response on the measured
temperature.
Along the lateral seals (point 2 and 3), the measured and simulated temperature increases
are in the range of 20 to 30K. In the post-combustion region (point 4), temperature elevations
over 100K are measured and simulated. In this case, the discrepancy between the measured
(100K) and simulated values (150K) can be ascribed to the sensitivity of the measurement to
its location in the reaction volume. Finally, in the vicinity of the fuel inlet, the temperature
elevation is higher, comprised between 50K (measure) and 90K (simulation). This attests of
the larger leakage of fuel at this location. In fact, this temperature is due to the combined
e�ect of the di�usive �ux through the seal on anode side (see Fig. 8.8), and through the
internal seal on the cathode side (see Fig.8.5 and 8.15).
Figure (8.10) shows the simulated location of this �ame and the resulting local high temper-
ature (above 1150K). The superimposed picture of the short stack 'MS 95' after 3000 hours
operation shows the traces of oxidation products, resulting from the exposure to high tem-
peratures (and probably also to steam) of the interconnectors and of the stack's top-�ange.

Summary The simulation, con�rmed by experimental measurements, predicts a modi�-
cation of the temperature �eld resulting from parasitic combustion at di�erent locations in
the fuel cell. Parasitic combustion occurs either in the seals or, if the �ux is su�ciently
important like near the fuel inlet, outside of the element. The importance of the parasitic
combustion is further revealed by the presence of combustion traces at the center of the air
outlet, whose origin could therefore be explained.
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simulation output.



8.5 Validation of the di�usion hypothesis, validation of the model 163

Experiment                       Simulation

Air outlet

Parasitic combustion
across anode seal gasket

Figure 8.10: Damaged air outlet on short stack 'ms 95' after operation (left). Simulation of
the local overheating due to a parasitic �ame, for one repeat element (right).
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8.5.3.2 Redox-cycling of the anode support under polarization

SIMULATION 
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Figure 8.11: Oxidation of the anode support due to the combined e�ect of seal porosity and
fuel depletion. (40 %FU, 800◦C, 8 ml min−1 cm−2 H2 + 3% H2O).

Figure (8.11) shows a simulation output obtained at a fuel utilization of 40% compared to
a used cell, depicting the spatial distribution of hydrogen over the active area (including
the active areas under the seals) and the predicted oxidized areas. At this fuel utilization,
the minimal hydrogen partial pressure in the corners near the fuel inlet attains zero. This
situation is similar to the simulated hydrogen partial pressures obtained at 70% fuel utiliza-
tion with solid seals, shown in the previous chapter. Therefore, the porosity of the seals is
expected to induce additional performance limitations.
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On the bottom part of Fig. 8.11, the computed electrode damage indicators predict a reox-
idation of the anode in the corners, but also along the sides of the element and, even more
critical, around the air supply hole of the cell.

At the locations where no redox-front is observed along the cell's sides, the hydrogen partial
pressure is high enough to move the combustion front outside of the element. This is par-
ticularly the case near the fuel inlet, as shown earlier.
The comparison with the used cell shows an excellent agreement of the predicted oxidized
(green) and reduced (grey) areas. On the operated cell, oxidized regions are found princi-
pally in the corners near the fuel inlet, but also along the sides at the fuel outlet, and around
the air supply hole. Not only the position of the a�ected areas is correctly predicted by the
model, but also their surface and shape. This indicates the capability of the model to predict
the position of redox-limits with accuracy.
A more critical issue is predicted by the simulation. Depending on the polarization point,

Figure 8.12: Redox-front on the anode predicted by simulation, at OCV (red) and at 50%
FU (blue). Comparison with the reference cell of test 'MS 95' (right).

the internal �eld of reactive species changes, as already shown for the case of solid seals.
If the polarization is increased, the partial pressures of hydrogen decrease generally in the
element, and more speci�cally along the seals. The di�usive �ux of hydrogen consequently
decreases, allowing the combustion front to move towards the interior of the element. Figure
(8.12) shows the oxidation front computed from Eqn.(8.10) under an increasing polarization
from OCV to 30A (0.6 A/cm2), showing important displacement of the redox limit.

The successive IV-curves between OCV and high fuel utilization will lead in the a�ected areas
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to the equivalent of local redox-cycles. Due to the poor ability of anode-supported cells to
withstand repeated redox-cycles, it is expected that repeated load cycles will unavoidably
lead to rupture [64].
Experimental evidence of this prediction is given by the observation of non-broken cells after
operation, shown in Fig. 8.13. The di�erent shadings reveal the successive redox-cycles (Fig.
8.13 A), with resulting micro-cracks parallel to the seal. The evidence of local combustion
is indicated from the sintered Ni-microstructure (�g. 8.13 B).

Figure 8.13: (A)Cracks due to redox cycles under the lateral seals. (B) Sintered ni-
microstructure due to high-temperature combustion of hydrogen under the seal.

A �nal con�rmation of the presence of local redox-cycling is brought by the large number
of experiments where broken cells present fractures starting from oxidized areas, along the
cell's edges or from the air supply hole where a similar redox-cycling feature is predicted. A
typical example of a damaged cell is shown in Fig. 8.14.
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Fuel inlet

Figure 8.14: Example of typical redox-patterns and resulting cell damage.

8.5.3.3 Local reduction of the cathode

Besides damages on anode side, the computed cathode damage indicator (Eqn. (8.11))
indicates the existence of areas where the cathode is exposed to reducing conditions. Figure
8.15 shows the simulated local oxygen fractions obtained at the same fuel utilization of
50%. A strong depletion of oxygen is not only found downstream of the internal seal (fuel
manifold), but also along the lateral seal near the air entry. Similarly to the case of solid
seals, shown in the previous chapter, oxygen-depleted areas are found in the corners behind
the distribution lines, resulting however in the case of porous seals in lower oxygen partial
pressures reaching virtually zero. This situation is caused by the presence along this side of
the fuel outlet, where reducing species and combustion products are present at the stack's
surface, leading to a depletion of oxygen (see Fig. 8.5).
Traces of damage are easily visible on the cathode's surface of the used cell, with again a
good match of the predicted damaged areas.
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Figure 8.15: Reduction of the cathode current collection layer (LSC) due to the combined
e�ect of seal porosity and air depletion. (40 %FU, 800◦C, 8 ml min−1 cm−2 H2 + 3% H2O).
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8.5.3.4 Local gas composition and parasitic di�usion of inert species

A �nal validation of the hypothesis of important di�usive transport in the seals was obtained
in the frame of one diploma thesis 8 by locally-resolved measurements of the gas composition
on the anode side of a R-design repeat-element. A total of 16 capillaries were introduced
in the anode gas di�usion layer and connected to a mass spectrometer (MKS mini-lab,
Spektra(TM) Products) through a manual 16-port valve (Valco). The test setup is shown in
Fig. 8.16, placed in a high temperature oven. The repeat-element was fed with a humidi�ed
mixture of 250Nml/min H2 with addition of 50Nml/min argon as tracer gas.

Air supplyFuel supply

Loading system

Thermal
Insulation

Current 
colllection

Repeat-element

Capillary 
support
tubes

Capillary
connexions

Figure 8.16: Test setup for the measurement of local gas composition.

After calibration of the mass spectrometer (MS), local gas compositions were measured un-
der varying operating conditions. The result obtained for a fuel utilization of 50% is depicted

8Luong, M.T., Résolution spatiale des réactifs gazeux dans une pile à combustible de type SOFC, Master
thesis, 2005
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in Fig. 8.17, showing for hydrogen a measured spatial distribution which matches the simu-
lated one (see Fig. 8.11), even if the latter was obtained for a slightly lower fuel utilization
of 40%.
The location of the gas sampling points is shown by empty circles. This experiment was set
up to investigate local electrochemical reaction rates in a repeat-element, both when using
hydrogen or syngas as fuel, and not to investigate its at this time not clari�ed limitations.
Therefore, the accent had not been set on poorly fed regions, which explains why no gas
sampling port had been placed in the corners or the element, both at inlet and outlet. This
missing information is indicated in the �gure where extrapolation of measurements occurs.

At 50% fuel utilization, the inhomogeneous lateral distribution of fuel reported in the pre-
vious chapter is visible, particularly along the seals where partial pressures of hydrogen are
found around 0.1-0.2atm. At this location, the measured steam partial pressures are in the
range of 0.8-0.9 atm, whereas important uncertainties exist due to �uctuations in the cali-
bration and in the measurements (only for steam).
Behind the fuel distribution line, the measured hydrogen partial pressure drops below 0.15
atm, while the estimated steam partial pressure is 0.3 atm, with a total inferior to unity.
In fact, the complement is found in the presence of nitrogen which was measured in im-
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Figure 8.17: Measured local gas fractions at fuel utilization of 50%.

portant amounts in the anode GDL, despite its absence in the injected fuel mixture. The
amounts of nitrogen measured at OCV are shown in Fig. 8.18, together with simulation
results obtained for the same conditions and for the seal porosity �tted above. The com-
parison is given at OCV, as steam partial pressures are minimal and the consecutive error
induced by the calibration problems for steam are minimized.

This experimental result shows that nitrogen is present in important amounts in the fuel
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Figure 8.18: Simulated and measured local fraction of nitrogen in the anode GDL.

GDL, especially behind the fuel distribution line where it reaches a partial pressure of 0.24
atm. Along the lateral seals, nitrogen partial pressures comprised between 0.16 and 0.2 atm
are found. On the simulation side, nitrogen partial pressures in the range of 0.2 to 0.4 atm
are found along the lateral seals, reaching highest values of 0.7 atm in the corners behind
the fuel distribution line.

Proof of di�usive mass transport across compressive seal materials. The presence
of nitrogen measured experimentally at these locations is an important indicator of di�u-
sive mass transport across the seals. For an operation with dilute hydrogen, pressure drops
across the stack were in the range of 10 to 20mbar, which corresponds to an overpressure of
the anode GDL with respect to the oven due to the open post-combustion. Consequently,
if di�usive mass transport didn't occur in the seals, only transport towards the oven would
occur along the lateral seals, in contradiction with the observed presence of nitrogen at these
locations.

Consequently, this �nal result completely demonstrates the importance of di�usive transport
in compressive seal materials for the resulting behavior of the fuel cell and for a complete
assessment of their applicability.
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8.5.4 Summary of validation

Besides its e�ect on the resulting OCVs, the di�usion in the seal materials induces numerous
possible degradation and failure issues, which are not only predicted by the model but also
observed experimentally. Therefore, the hypothesis of an important contribution of di�usion
to the real seal behavior is assumed to be fully validated.

From a qualitative point of view, the model reproduces the problems observed in experiments
well:

• Low OCV

• Parasitic combustion

• Redox-cycles induced by polarization

• Degradation of the cathode near the internal seal

• Presence of nitrogen on anode side

A quantitative comparison could be obtained with good agreement on the following points:

• For the simulated OCV, the porosity parameters that �t the OCV (ε = 28.8%) are of
the same order as the estimated porosity of mica paper (ε = 59%)

• The �tted porosity is valid for di�erent fuel �ow rates

• The overheating resulting from combustion on the lateral seals is well reproduced

• The measured nitrogen fractions on the anode side are well reproduced by the model

Therefore, the model is considered as validated and applicable for degradation studies, be-
cause it represents and explains in consistent manner degradation and failure phenomena
observed in experiments, presenting at the same time a good agreement with the performed
quantitative analyses.
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8.6 Conclusion

As shown in this chapter, the use of compressive seal materials presenting a residual poros-
ity, as well as the way the R-design stack is constructed, is identi�ed by modeling and by
experimental work as one major source of failure. The reason for this is the existence of local
redox-limits in the vicinity of seals, which leads to repeated redox-cycling of the cells under
varying operating conditions. In addition, similar damage of the cathode layer is found to
occur by exposure to reducing conditions. This type of damage leads however uniquely to
losses of performance, and less to reliability issues.

To obtain this explanation, the hypothesis of di�usive mass transport in seals was made. By
including it in the model, several degradation patterns observed in experiments were repro-
duced with accuracy, giving an insight in the coupling of design aspects, choice of materials
and operating conditions leading �nally to a strong risk of failure. Moreover, by introducing
these non-ideal properties of the used materials, a reconciliation of the experimental obser-
vations and of the modeling work could be obtained, in particular also on performance.

Finally, these developments allowed to clarify the reason for the low OCVs observed in ex-
periments, therefore allowing to conclude the investigations on this topic.

In the next chapter, the consequences of this result on the operation range of the R-design
stack is presented, and possible solutions are presented to solve this issue.
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Chapter 9

Operation guidelines and design of

reliable stacks

9.1 Introduction

In this chapter, the consequences of the reliability issues identi�ed in the previous chapter
are analyzed. First, it is shown that with the seal material used originally, it is not possible
to �nd any operation range which might prevent failure. Second, it is investigated whether
improved seal materials would solve the problem. It is shown that, even with better seal
properties, the R-design stack remains heavily a�ected by the redox-cycling issue.
More important, modeling made on the S-design stack shows that this design is also sensitive
to this problem.
Finally, it is demonstrated that design solutions are possible to prevent this issue, showing
excellent results obtained with the consequently designed F-design stack.

9.2 Critical operation phases

In the validation procedure, the CFD model has shown its ability to predict numerous
degradation e�ects related to the use of porous seals in a speci�c stacking con�guration.
It can now be used for design, for the investigation of di�erent sealing materials, and for
the de�nition of operation guidelines. To de�ne operation guidelines, the critical operation
phases for the stack are described.

175
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Figure 9.1: Predicted damage of the electrodes at di�erent operating points (right). Picture
of typical cell damage after operation (left). OCV, 60% FU.

9.2.1 Load cycling

As described in the previous paragraphs, load cycling results in local redox-cycling of the
anode in de�ned areas, in addition to a degradation of the cathode by reduction. Additional
aspects are treated in the following paragraphs.

OCV Figure 9.1 depicts the predicted degraded areas both on the anode and cathode sides
for di�erent operating points. At OCV, for a nominal fuel �ow rate of 6 ml min−1 cm−2 H2

and a lambda of λ = 4, the corners near the fuel inlet are already oxidized. In addition, the
hole for air feed presents a ring of oxidation under the seal. On the cathode side, an impor-
tant area is reduced along the post-combustion side, as well as the totality of the cathode
located under the fuel manifold's seal gasket. In addition, a band of cathode is exposed to
reducing species downstream of it, as attested by visible traces on the depicted cell.
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High fuel-utilization At a (for the R-design ) high fuel utilization of 60% (see previous
chapter), important areas of the anode are oxidized in the corners. More important, this
oxidized area does not only a�ect the part of the cell pressed between the seals, but also the
internal volume of the gas-di�usion layers. The risk of internal leakage is therefore increased
in the presence of propagating micro-cracks in the anode support. Similarly, the totality of
the cell's edges is oxidized, with exception of the fuel outlet. Around the air supply hole, the
oxidized ring expands towards the interior of the repeat-element. Finally, a singular oxidized
spot is found in the center of the outlet region, not far from the oxidized region of the air
supply hole.
On the cathode side, the reducing region decreases with increasing fuel utilization, due
to a diminution of the hydrogen partial pressure in the post-combustion �ame, allowing
the reduction front to move outwards. The situation around the fuel manifold remains
unchanged, as it is principally dictated by the composition of entering fuel.

Figure 9.2: Reference test ms95: stepwise degradation of performance with load-cycling
during long-term testing (800◦C, 0.4 NL/min H2 + 3% H2O).

Load cycling Lowering of OCV with time and degrading performances are systematically
observed on long-term tests. One part of the degradation can be explained by the degra-
dation of materials, which however is expected to occur in continuous manner. Instead, a
step-wise degradation was observed in several experiments each time when performing i-V
characterizations (corresponding to successive load-cycling), as shown in �g. 9.2.
This �gure shows the behavior of the reference short stack MS95 during its long-term test at
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constant current (40% FU, 23A). During the i-V characterizations, the current was increased,
exceeding the stationary polarization current. As result, a drop of OCV and potential was
observed on all cells after each load cycle.
The corresponding simulated performance and oxidation of the anode support are shown in

Figure 9.3: Test MS95: measured (−) and predicted electrochemical performance (•), pre-
dicted oxidized area in the reacting zone (×) and under the seals (4)

Fig. 9.3. The IV-curve is starting at the �tted OCV of 1.006V. At a fuel utilization of 60%,
an in�exion is observed and the potential starts to drop, indicating the presence of internal
limitations. The percentage of the cell area located under the seals that is re-oxidized (4) is
increasing up to 40.3%, with one part (5%) already oxidized at OCV, as shown above. For
the active cell area (×), the re-oxidation process starts at 30.4% FU and reaches 1.69% at
67.9% FU.
These predicted redox-cycles can here explain the observed drop of potential if the redox-
cycle is accompanied by an irreversible degradation of the cells. This topic is addressed
hereafter.
As the redox-cycling is present in the full range of fuel utilization, it is di�cult to establish
operation guidelines that could prevent or reduce degradation. For the R-design stack, an
operation above 30.4% FU should have been avoided in order to prevent the reacting zone
from being re-oxidized, this operation limit, indeed, being unrealistic in terms of e�ciency.
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9.2.1.1 Maps of performance and operation risk

To investigate the risk associated with a speci�c operating point, maps of operating risk
were established, similarly to the ones describing the performance of the stack. These maps
summarize the risk to oxidize the anode support, with separation of the inactive anode areas
from the active one, and the risk to degrade the cathode by reduction. The resulting map
for the �tted case (28% seal porosity) is shown in Fig. 9.4.
First, when compared to the case of solid seals (see paragraph 7.3.2.1), the performance of
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Figure 9.4: Performance map of the R-design prototype with associated risk of electrode
damage (ε = 28%).

the R-design prototype is completely modi�ed by the introduction of the seal porosity, even
for an operation under humidi�ed hydrogen. First, the best e�ciency is attained at fuel uti-
lizations lower than 50%, corresponding to the simulation limit chosen for the computation
of such maps. Beyond this limit, di�usion-limiting areas are found in the repeat-element. To
discriminate between di�usion-limited areas (where hydrogen starvation at the electrolyte
occurs due to the electrochemical reaction) and oxidized areas (due to the presence of oxidiz-
ing gases), the electrochemical reaction is disabled in any region of the cell where oxidizing
conditions are found for the anode support. The simulated maximum e�ciencies are 31%,
attained at low fuel �ow rates (3-4 ml min−1 cm−2). In fact, a maximal e�ciency of 39% was
obtained with R-design stacks, which is higher than than the predicted value, but much less
than the 54% in the case of solid seals.



180 Chapter 9 : Operation guidelines and design of reliable stacks

For the case of the experiment MS95, an e�ciency of 25% was attained for the best cell at a
fuel utilization of 40%. The fuel �ow rate was 8 ml min−1 cm−2 H2 (humidi�ed). The cor-
responding simulated e�ciency at this operating point is 24%, as shown in the performance
map. This indicates that the performance of the repeat-element can be estimated correctly
even when parasitic di�usion is taken into account.
The resulting operation risk is indicated by colored areas. The yellow area indicates the
points where the anode support is being re-oxidized, but only for the surfaces apart from
the principal active area (that is, for the R-design stack, the active areas under the seals).
A threshold value of 5% of the surface is set as minimum, explaining the absence of the
indicator at OCV.
The blue area corresponds to operating points where the cathode is partly reduced. Finally,
the red area corresponds to the case of an oxidation of the main active area (the active area
for the other stack designs).
For the three colors, transparency is used to indicate cumulative damage of di�erent type.
In this case however, the important overlapping of critical operating conditions complicates
the interpretation of the map.
For instance, the damage of the cathode by reduction occurs over the complete operation
range, similarly to the oxidation of the non-active anode zones. On the other hand, the
oxidation of the principal active area occurs at a threshold fuel utilization which varies de-
pending on the fuel �ow rates. At the lowest fuel �ow rate, the threshold value is found at a
fuel utilization of 30%, while it occurs at about 20% for the highest �ow rate corresponding
to the test MS95. This di�erence results from slight di�erences in the �ow �elds.
From this map, it is evident that there is no operating point where reasonable fuel utiliza-
tions can be attained without damaging the cell, and this for the whole range of fuel �ow
rates. Therefore, the combination of this stack concept and the use of mica paper as seals
leads to a strong limitation of the reliability of the stack, together with a limitation of its
performance. As shown hereafter, the situation changes when using seal materials presenting
lower porosities.

9.2.1.2 Operation risk with improved seal materials

As shown in the previous paragraph, both the performance and reliability of the R-design
stack are strongly a�ected by the use of mica paper as seal materials. Therefore, the use
of improved seal materials was considered as a possible solution, while maintaining the use
of compressive seal materials for production issues. By using the model, the expected mod-
i�cation of the map of performance and risk was assessed. The resulting maps are shown
in Fig. 9.5, where di�erent seal porosities (5% and 10%) are considered, both for pure and
50%-dilute hydrogen.
First, a considerable improvement in the maximum achievable fuel utilization is obtained
in all cases, with di�usion limitations occurring in the range of 70% FU at low fuel �ow
rates for pure hydrogen (humidi�ed). Due to the lower porosity, this value is shifted to 75%
FU for a seal porosity of 5%. At high fuel �ow rates, the maximum achievable fuel utiliza-
tion is found around 60% for both porosities. Similarly, the consequence on the maximum
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Figure 9.5: Performance map of a R-design stack with associated risk of damage of the
electrodes.
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achievable e�ciencies is important. At the lowest porosity, maximal e�ciency of 45.5% is
achievable, whereas it is slightly lower (43%) for a porosity of 10%. At the highest fuel �ow
rates, which correspond to the reference test MS95, the maximal e�ciency remains below
30% in any case.
When operating the repeat-element with dilute fuel mixtures, the maximum achievable fuel
utilizations and e�ciencies are further reduced, achieving with the best seal highest fuel
utilizations of 60% and 37% of e�ciency at the lowest �ux .

The improvement of the porosity of the seal not only a�ects the performances, but also the
associated operation risk. The most important e�ect is found for the risk of a reoxidation
of the principal active area, indicated by a dark-orange color. For the seal with highest
porosity, an oxidation of the main active area appears at fuel utilizations larger than 50 to
60% when operated with pure hydrogen, with a notable exception at low fuel �ow rates. The
explanation for this is the di�erence in the generated steam amounts, which, for large fuel
�ow rates, accumulate in more important amounts in stagnating areas.
For dilute mixtures, the operation limit occurs before or simultaneously with the oxidation
of the main active area for fuel �ow rates larger than 5 ml min−1 cm−2 H2 , explaining the
absence of red area above this threshold �ow rate. At low fuel �ow rates, a risk of damage
occurs starting at fuel utilizations comprised between 40% and 50% FU.
The other risk of damage, which only occurs with the higher seal porosity, is the reduction
of part of the cathode. This risk is only present for pure hydrogen (humidi�ed). In fact, the
dilution with nitrogen reduces the di�usive leakage through the fuel manifold towards the
cathode GDL.
To conclude, and as attested by the established maps, an improvement of the seal's porosity
principally improves the protection of the stack against the reoxidation of the anode in the
active area, as well as against the reduction of the cathode. However, in all cases, parts of
the anode outside of the active area are being oxidized upon increases in the applied current.
This result shows therefore that an improvement in the properties of the seal is not su�cient
to solve the redox-cycling problem for R-design stacks.
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9.2.2 Thermal cycling

Another highly critical operating point is represented by the operation with lean fuel mixtures
(10% H2 - 90% N2 ) during thermal cycling, as shown in Fig. 9.6. In this case, the predicted
redox limit on anode side is located far inside the repeat-element. As the cell shown on
the left hand side of the picture was not cooled down with this dilution, this pattern is not
visible. It is however visible in Fig. 8.12 or in Fig. 9.7, indicated by a dark-green / dark-grey
area.
The attribution of dark-green / dark-grey areas to a (partial) oxidation during thermal

Thermal cycle, 4 ml/min cm2 (10% H2, 90% N2), λ=4, 600°C

Anode side Cathode side

Figure 9.6: Damage of the electrodes during thermal cycling under dilute fuel.

cycling was possible thanks to an analysis of NiO samples oxidized at de�ned temperatures.
The color of NiO samples oxidized at di�erent re-oxidation temperatures is shown in �gure
9.7 1. The samples were obtained by the reduction of NiO powder at 800◦C, followed by a
re-oxidation at a controlled temperature.
The samples oxidized at low temperature present the already mentioned dark colors, resulting
from the presence of black nickel oxide Ni2O3 formed preferentially at low temperatures.
This analysis technique based on the color of the obtained oxides can in this case contribute
to the interpretation of post-experiment analyses.
An extreme example of reoxidation during cool-down is shown in Fig. 9.8, showing a cell after
disassembly and the corresponding simulation. This cell was operated in the frame of the
SOFC600 European Project. After a reduction at 800◦C, the repeat-element was operated at
600◦C. Before cooling down, the fuel composition was set to a strongly dilute mixture of 2%
H2 - 98% N2 . On this cell, the presence of nickel re-oxidized at low temperature is visible,
resulting in an almost black color of the oxides. An excellent match of the oxidized areas is

1Samples prepared by A. Faes, who is gratefully acknowledged.
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Color reference samples
Ni powder samples oxidized at a temperature of

500°C 600°C 700°C 800°C 900°C

Figure 9.7: Color of re-oxidized nickel as function of the oxidation temperature. Correspond-
ing identi�cation of the local re-oxidation temperature on a cell sample after operation.

Figure 9.8: Low-temperature re-oxidation of a R-design repeat-element by lean fuel mixture
during cool-down. Corresponding simulation of the redox-limit (red: oxidized, blue: reduced)

found between simulation and experiment for this case again. This demonstrates �nally that
R-design prototypes cannot be implemented in systems where such lean fuel mixtures are
mandatory during cool-down and startup, as it represents an unacceptable risk of damage
for the cells.
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9.3 Cumulative e�ect of successive critical operating points

As shown throughout this chapter, local redox-cycling issues are inherently linked to the de-
sign of the seal system of the R-design prototype, together with the utilization of compressive
seal materials showing residual porosity. As consequence, a series of possible corrective ac-
tions on the design side were considered. Besides a complete redesign or the stack, one
possibility was to limit the areas exposed to redox-cycling. However, as attested by the loss
of performance upon load-cycling observed for the MS95 experiment (see Fig. 9.2), a risk of
propagation of the damaged areas was assumed to possibly exist, resulting from successive
critical operating points. To verify this hypothesis, the redox-cycling ability of the cells was
studied in more detail, in collaboration with A. Faes (CIME, EPFL).
To investigate the e�ects of local redox-cycling on cells, samples were reduced and oxidized
several times and at various temperatures. A. Faes observed that, even if the anode-support
of the samples remained macroscopically intact, micro-cracks were systematically observed
through the electrolyte, as shown in Fig. 9.11. Moreover, it was found that the width of
such cracks increases with the number of redox-cycles [4], in addition to an increase in the
porosity of the anode support. Based on these results, Faes was able to establish a relation

Figure 9.9: Fractured electrolyte surface after one redox-cycle at 800◦C. Courtesy of A. Faes,
CIME LENI, EPFL
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between the number of local redox-cycles and the resulting anode strain, evaluated either
by measuring the width of cracks in the electrolyte or the resulting porosity variations. The
result is shown in Fig. 9.10. In addition, Faes proposes a �t of the data by a relation of the

Figure 9.10: Top: Cross-section of an anode support at the edge of a cell where redox-cycling
occurred (R-design stack). Reproduced from Faes et al. [4]

type:

εanode = εmax

[
1− exp(− N

N0

)

]
(9.1)

where εmax represents the maximal strain, N the number of redox-cycles at 800◦Cand N0 is
a characteristic number of redox cycles. Depending on the evaluation method, the maximal
strain εmax was estimated between 4.5% and 7.9%, while the characteristic number N0 was
evaluated between 3.0 and 2.5 [4].

In parallel, post-experiment analyses were performed on cell edges that had been damaged
during stack operation. Figure 9.11 shows a cross-section of a damaged anode-support sit-
uated under a lateral seal of a R-design stack, where redox-cycling occurred. Large cracks
are present throughout the anode support. The presence of micro-cracks in the electrolyte
is con�rmed, propagating through the cathode layers.
Moreover, a porous microstructure is visible in a layered arrangement, resulting from par-
asitic combustion in the anode support itself, as shown below. Faes et al. estimated the
local porosity at the points marked in Fig. 9.11 by image processing. Based on the above-
mentioned relation, he was able to evaluate the number of local redox cycles experienced by
the cell, details of which can be found in reference [4].
This �gure attests of the important damage of the cells exposed to redox-cycling.
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Seal area Cathode 
GDL

Anode
GDL

Figure 9.11: Top: Cross-section of an anode support at the edge of a cell where redox-cycling
occurred (R-design stack). Reproduced from Faes et al. [4]

9.3.1 Modeling of the e�ect of a fractured electrolyte

In order to understand the e�ect of micro-cracks in the electrolyte on the local electrochemical
behavior, a model was developed that allows to study the di�usion of oxidant and fuel
through the electrodes and the electrolyte resulting in parasitic combustion. The model was
established in 2-dimensions, but respecting the ratio of crack area over total area of the
electrolyte observed experimentally.
As the anode support is exposed to varying fuel compositions, which is particularly true
near the seals and under varying fuel utilizations, the e�ect of fuel composition was studied.
An example is given for a hydrogen-steam mixture on fuel side (Fig. 9.12), with cracks of 2
microns width in the electrolyte. The model shows the zone where the anode support should
be exposed to oxidizing atmosphere at various hydrogen partial pressures (Fig. 9.12, top).
Below 20% H2 , the anode support is oxidized under the electrolyte, which should disable the
electrochemical reaction. Combustion of hydrogen and oxygen occurs in the anode support,
which corresponds to the porous layers observed in Figure 9.11. Above 20% H2, the model
predicts that the combustion front reaches the electrolyte, passing on the cathode side and
starting to reduce the cathode layers. At 80% H2, the cathode layer is completely exposed
to a reducing atmosphere, with additional degradation due to parasitic combustion.
Even if the values may vary depending on the properties of the porous electrodes and on the
density of cracks, the model allows to illustrate the process occurring in such areas. From
the model, it can be concluded that, once the electrolyte is cracked and for most of the fuel
compositions, either the anode is being re-oxidized under the electrolyte, or the cathode is
exposed to a reducing atmosphere. In both cases, the electrochemical reaction will be highly
a�ected.
As it is not possible to solve this micro-model over the whole cell area in a repeat-unit
model, a simpli�ed model is established. As it is known from experiments that cracking of
the electrolyte occurs at the �rst redox-cycle, the electrochemical reaction is therefore simply
disabled after the �rst local redox-cycle. In addition, a leakage �ux is applied in form of
leakage current, which is proportional to the above-mentioned function that links the anode
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Figure 9.12: Simulation of parasitic di�usion and combustion across a cell with cracked
electrolyte, as function of the fuel composition. Anode is oxidized under the electrolyte at
low hydrogen content. Cathode layer is reduced at large hydrogen partial pressures.

strain, and hence the crack width, to the number of local redox-cycles registered by the
model:

jloss,crack = jmax · pH2 ·
[
1− exp(− N

N0

)

]
(9.2)

where jmax [Am−2atm−1] is a constant corresponding to an equivalent leakage �ux for pure
hydrogen and an in�nite number of cycles, pH2 [atm] is the local hydrogen partial pressure,
and N and N0 are respectively the number of redox cycles and the corresponding character-



9.3 Cumulative e�ect of successive critical operating points 189

istic number for the electrode.
In this relation, a dependance of the hydrogen partial pressure is introduced, as it determines
the rate of combustion in the anode support. This relation is of course a very simpli�ed ap-
proach of the reality. However, it has to be pointed out that it is a qualitative behavior
which is searched for in this case, a quantitative one being impossible to attain due to strong
di�erences among damages of electrodes.

9.3.2 Propagation of damaged areas

With an increasing anode porosity and crack density with each local redox cycle, a cumulative
e�ect appears, which has an incidence both on cathode and anode side. As an example, a
series of 4 successive load cycles is modeled, �rst up to 40% fuel utilization, and then three
times to 60% fuel utilization. In Figure 9.13, the a�ected areas are indicated by color
changes depending on the number of local re-oxidations (anode) or reductions (cathode).
Interestingly, it shows that the degraded areas increase with the number of cycles, with the
presence of certain zones which particularly cumulate the damaging cycles.
In addition, not only the damage on the anode side is increased, but also the one on cathode
side, where the resulting leaks across the cell result in a permanent reduction of the cathode.
This increase in damaged areas can explain the successive drops in performance reported in
Figure 9.2, as well as the presence of highly damaged cells at these locations after operation.
In addition, it can partly explain the observed losses in performance accompanying thermal
cycles with this design, due to the large oxidizing areas on anode side under diluted fuel
mixtures.

9.3.3 Consequences for the stack design

With this assessment on the cumulative damage resulting from inappropriate operating
points, it is clearly shown that the R-design prototype is not only exposed to damaging
conditions for its components, but much more that the resulting damage will inevitably
propagate upon changes in the operating points.
This gives a �nal evidence for the need of a complete redesign of the stacks to prevent this
major source of failures.
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Figure 9.13: Example of cumulative degradation e�ect obtained during a series of load cycles.
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9.4 Generalization of the result to the S-design stack

Con�dential (blurred)

Figure 9.14: Typical re-oxidation patterns observed on S-design cells after operation. Top:
re-oxidation during operation. Bottom: during thermal cycling with use of highly diluted
fuel.

As mentioned in the previous paragraphs, the S-design stack su�ers from issues similar to
the R-design prototype, as its sealing arrangement is analogous (compare Fig. 3.4 and Fig.
3.3). In particular, the seals on anode side are again placed in a dual atmosphere, resulting
in moving redox-limits upon load changes.
Fig. 9.14 attests of this situation, both for a partial reoxidation of the cell during operation
(top) and an important risk of reoxidation during thermal-cycling (bottom).
On top, a cell is depicted which was operated at a maximum fuel utilization of 70%, under
a 50% dilute hydrogen-nitrogen mixture. The simulated redox-limit for a fuel utilization of
70% is indicated by a yellow line. An excellent match is obtained between simulation and
experiment, showing that the redox-pattern observed on the cells corresponds to the worst
operating conditions in terms of redox issues, that is in this case, a high fuel utilization. As
the stack was cooled down without additional dilution of the gases, no associated re-oxidation
pattern is visible (dark grey/green areas).
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Figure 9.15: Performance map of S-design stack with associated risk of damage of the
electrodes.
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The contrary is true for another experiment, shown on the bottom of Fig. 9.14. This
repeat-element comes from a 36-element stack operated in a HoTboxTM , where a strongly
diluted fuel (5% H2 , 95% N2 ) was injected during cool-down. The CFD model was used
to determine the cause of the observed re-oxidation pattern, using the gas �ow rates and
dilutions used during this critical operation phase. Again, a good match is obtained between
simulation and experiment, giving an explanation for the observed degradation.

As a synthesis of the risk of damage, a complete map of performance and risk of the S-design
stack is shown in Fig. 9.15 for di�erent seal materials presenting porosities between 5% and
10%.
First, a noticeable e�ect of the seal porosity on the maximal achievable performance is found,
both for pure and dilute fuels. Using a 10% porous seal, a maximal e�ciency of 41% can be
attained with pure hydrogen, at fuel �ow rates comprised between 4 and 6 ml min−1 cm−2 H2

. In this case, the maximum fuel utilization is attained between 70% and 80% of fuel uti-
lization. These values are well below the ones attained with solid seals.

For the lower porosity, the maximal e�ciency attains 46%, while the maximal fuel utiliza-
tions are shifted above 80%. This case is therefore closer to the ideal situation of fully gas
tight seals.
A similar impact on performance is found for dilute fuels, where the maximal e�ciencies are
respectively 44% and 46%, presenting in addition more similar maps of performance and risk.

Concerning the risk of electrode damage, the maps indicate that in all cases an oxidation of
the non-active anode areas is present, with at least 5% of the surface oxidized above 30% of
fuel utilization for all cases. A more critical issue is predicted to occur at low fuel �ow rates
and high fuel utilizations, with a partial reoxidation of the anode in the active area. The
corresponding situation is depicted in Fig. 9.16 for a fuel utilization of 75% at a fuel �ow
rate of 4 ml min−1 cm−2 H2 . Along the lateral seal, the hydrogen mole fraction is lowered
and the steam partial pressure increased due to the parasitic combustion in the seals. More-
over, the nitrogen mole fraction increases up to 30% along the �ow in vicinity of the seals,
resulting in a higher dilution of the fuel at this location. The situation is even worse in the
outlet collection area, where the hydrogen mole fraction reduces to zero, as attested by the
presence of oxygen in the anode GDL. Even if this region is not electrochemically active, the
resulting oxidation of the cell represents an unacceptable risk. The same occurs at the end
of the active area where an oxidation of the cell is predicted locally by the presence of oxygen.

To explain the more important risk observed at low fuel �uxes, the parasitic combustion of
hydrogen is determined by its di�usion in the seal, and therefore by its partial pressure along
the seal's surface. The consequence is a larger amount of hydrogen burnt in the seals for the
pure hydrogen case, contrarily to the case of dilute fuel. This gives an explanation for the
larger impact of the seal's porosity on the pure fuel case, both in terms of performance and
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Figure 9.16: Local gas fractions in a S-design repeat-element at a fuel utilization of 75%
(Seal porosity 10%, 4 ml min−1 cm−2 H2 ).

reliability.
Moreover, the amount of burnt fuel does not change signi�cantly with the �ow rate (similar
gas compositions at equivalent fuel utilizations), resulting in a proportionally higher ratio of
burnt fuel for low fuel �ow rates. This explains why the reoxidation of the active area occurs
at low fuel �ow rates only.

Finally, a deterioration of the cathode is predicted for pure hydrogen (humidi�ed), and this
only for the largest seal porosity. This results from the depletion of oxygen downstream of
the inlet's fuel manifold, which was already observed for the case of solid seals. With the
additional e�ect of leakage through the fuel manifold, the local oxygen partial pressure along
the seal is further lowered (see Fig. 9.17) and accompanied by the generation of steam on the
cathode side. This situation is therefore not satisfying due to the possible damage caused
to the cathode, but also due to the internal generation of steam which may for instance
promote the generation of pollutant species such as CrO2(OH)2 .

These results show therefore that, despite an improved fuel �ow �eld and high performances
with ideal seals, the achievable performance and reliability of the S-design stack is strongly
a�ected by the quality of the implemented seal materials. This situation required there-
fore corrections of the stack design, which were successfully implemented by HTceramix-
SOFCpower.
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Figure 9.17: Performance map of S-design stack with associated risk of damage of the
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This analysis concludes the investigations on performance limitations and reliability issues
caused by the inappropriate combination of porous seal materials and speci�c design options.
In the following section, it is shown that a complete redesign of the stack enables to avoid
these limitations.
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9.5 Design of reliable stacks

As shown throughout this chapter, the implementation in the R-design stack of compressive
seals presenting a residual porosity is a principal cause of failure. As presented in the risk
and performance maps, lower porosities of the chosen seal material might help to reduce
the losses of performance as well as the inherent risk of electrode damages, however with-
out solving the problem. And �nally, a trend to a propagation of the damaged areas was
demonstrated, leading to unavoidable damages on the long term.
To solve these issues, a complete redesign of the stacking concept was started in the frame
of the development of the F-design stack. As one of the production constraints remained
the use of compressive seal materials, the conclusions and the tools developed in this chap-
ter were intensively used to iteratively optimize a new concept from the beginning. These
optimization steps were performed without intermediate experimental investigations, based
only on the expected predictive capabilities of the model.
In parallel, an e�ort was set on the production side to use less compressible, but also less
porous seal materials. A solution was found for the implementation of a compressive, mica-
based material2 presenting a residual porosity estimated between 3% to 10%.
By implementing the properties of this new (con�dential) material in the model, a solution
was found to prevent the cell from being re-oxidized during load or thermal cycling. More-
over, to avoid the possible reduction of the cathode such as in the case of the S-design stack,
a speci�c arrangement of seals, manifolds and �ows was elaborated to prevent starvation of
air and leakage of reducing species.

9.5.1 Maps of performance and reliability

The validity of the developed concept is illustrated by the maps of performance and risk
shown in Fig. 9.18.
First, when the maps are compared for the di�erent seal porosities, only minor di�erences
in terms of performance are observed, contrarily to the R-design and S-design stacks. This
results from a speci�c arrangement of seals and gas streams limiting the extent of di�usive
leakage through the seals, as well as from the decrease of the ratio between seal length and
active area. Moreover, the predicted performances are extremely close to the ones predicted
for the case of solid seals, enabling to attain e�ciencies of 53% at low fuel �ow rate. This
shows that the residual porosity of the seal materials presents a much lower impact on the
expected performance, which enables the use of this type of seals in high-performance SOFCs.
This last point was obtained among others by the implementation of adequate seal widths
where di�usive leakage could have induced unacceptably high losses.

2For con�dentiality reasons, it is not possible to reveal its exact properties.
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Figure 9.18: Performance map of F-design stack with associated risk of damage of the
electrodes.
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Figure 9.19: F-design repeat-element test assembled between the designed multi-function
stack end-plates, on the diagnostic test station.

Concerning the risk of damage for the electrodes, only a limited oxidation of the anode sup-
port is predicted at low fuel �ow rates and at fuel utilizations over 80%, a�ecting only on the
non-active parts of the anode. As this risk might be su�cient to induce cracks propagating
into the element, the necessary corrective actions were undertaken.

The comparison of the obtained maps with the ones of the R-design and S-design gives a
clear picture of the attained improvements, �rst in terms of performance, but much more in
terms of reliability. This validates therefore a modeling-based design approach including the
necessary reliability indicators.

9.5.2 Experimental validation

The solution found to solve these issues remains con�dential, as it represents an important
advantage in terms of stack construction. Despite the few aspects developed in the following
paragraphs, it represents a major part, in terms of time and developments, of the work done
during this thesis. Not only a generic repeat-element concept was established from modeling
work, but a detailed design of all parts was done, including the stack and its sub-components,
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Figure 9.20: Fully reduced cell after operation in a F-design stack.

the gas manifolds, the current collection, the mechanical loading system, as well as part of the
testing setup and of the high-temperature insulation. Moreover, an important time was spent
on the choice of materials (in particular the heat-resistant alloys) in order to ensure ther-
momechanical stability on one side, and limited generation of pollutant species (chromium
for instance) on the other side. An important e�ort was also set on the prototyping methods
enabling to produce in small series the required components, as well as on the de�nition of
the quality control procedures needed to ensure a correct distribution of fuel in the stack.
Finally, and most important, a diagnostic testing station, including its instrumentation, was
developed to perform in-situ measurements in the created stack.

With this done, the designed prototype remained not only a virtual design study, but was
realized and tested experimentally, as shown in Fig. 9.19. The experimental results shown
in the previous chapter attest of the capability of the design to reach high e�ciencies, ap-
proaching the situation of an ideal repeat-unit. But even more satisfying, the experimental
results show that the correction of the redox-cycling issue was indeed successful, as expected
from the modeling work.

Figure 9.20 shows the intact anode side of a cell after operation in a F-design stack. This
repeat-element was operated with 50%-diluted hydrogen at a fuel �ow rate of 6 ml min−1 cm−2 H2
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, achieving as predicted in the performance map (see Fig. 9.18) a maximum fuel utilization
of 67% without any damage to the cell.

This result was obtained several times. More important, the 20-element stack presented
in the previous chapter was operated at a steady fuel utilization of 80% without apparent
damage, attaining a peak fuel utilization of 85% at a low fuel �ow rate. This stack had how-
ever not been disassembled at the time of writing, hence not allowing a de�nitive veri�cation.

These results show that, contrarily to the previous designs, the therein developed stack can be
operated reliably at high e�ciencies. This results validates therefore completely the starting
hypothesis of di�usive leakage in seal materials, the modeling-based diagnostics made on
previous prototypes, as well as the universality of the developed model which is not only
capable to reproduce existing situations by adequate �ts, but much more to correctly predict
the behavior of new concepts.



9.6 Conclusion 201

9.6 Conclusion

Throughout this chapter, the interest of model-based diagnostics has been demonstrated
on a concrete example a�ecting the reliability of SOFC stacks. These developments have
allowed to identify the di�usion in the applied sealing materials as a key issue for the relia-
bility and performance of the prototypes, as well as the detrimental design options leading
to unavoidable damage of the components.

This situation a�ects not only the �rst-generation R-design stack, but also the S-design stack
which was built in similar manner. Despite its proved enhanced performance in the case of
ideal seal properties, the S-design stack is expected to attain more limited performance in
the case of non-ideal seal properties, showing that not only a more ideal �ow distribution
is mandatory to achieve the expected high e�ciencies. Much more, it is by a dedicated
integration in the design phase of the limitations of the key components that an adequate
performance can be attained, as demonstrated in the case of the F-design case.

The therein completed CFD model is not only capable to establish diagnostics on observed
phenomena, but its ability to correctly predict the behavior of di�erent designs and ma-
terials enables the development of concrete and applicable solutions. With this support,
corrective actions were undertaken for the S-design prototype, allowing �nally to achieve
high performances and more reliable operation, as attested by the high e�ciencies attained
experimentally (see previous chapter).

Much more, the integrated design of the F-design prototype has allowed not only to improve
the �ow distribution, approaching the performance of an ideal repeat-unit, but to solve at
the same time the most critical reliability issue. This predicted result was �nally con�rmed
by the high e�ciencies attained by the prototype in a 20-element con�guration, as well as
by the absence of redox-issues in the stacks.

With the resolution of local redox-cycling issue, a major source of failure was identi�ed and
solved to a large extent. However, other sources of failure exist. Besides issues in assembly
and component quality, thermomechanical constraints can play a signi�cant role in poten-
tial failures of the stacks. This is demonstrated by modeling work made by A. Nakajo on
the F-design prototype, which can be found in references [103][102]. His work shows that
additional perspectives for model-based diagnostics and for new developments exist.

After having addressed the question of performance limitations and one aspect of the relia-
bility issues, the next step addresses the investigation of degradation mechanisms a�ecting
the long-term performance of SOFCs. This is the subject of the following chapters.
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Part III

Locally-resolved study of degradation in

a SOFC prototype
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Chapter 10

In-situ measurements of local

performance and degradation in a SOFC

10.1 Introduction

Besides performance and reliability, the core issue for SOFCs remains the long term degrada-
tion of performance. After having addressed the two �rst aspects by modeling , prototyping
and experimentation, the degradation issue is investigated by advanced experimental meth-
ods. Unlike for usual degradation studies, the focus is, here, not set on the degradation of
individual components or complete stacks, but rather on the coupling of phenomena inside
a stack which lead to degradation.
In a paper published in 2007, Yokokawa et al. underline the di�erence between the degra-
dation observed on individual cells and on stacks, pointing out the possible interactions at
the stack and system level which impact on the degradation behavior [119].
To contribute to this question, the challenge was set to measure degradation in-situ in a real
SOFC stack, with the underlying idea to extract from local information a more complete un-
derstanding of the processes occurring in the fuel cell. This was done by setting up the tools
necessary to measure and analyze the local degradation inside a F-design repeat-element.

This experiment could successfully be performed, giving insight in the internal degradation
sequence, showing indeed very di�erent degradation behavior than the one expected from
individual cells.

It appears that this experiment is the �rst of this type to have been performed in a Solid Oxide
Fuel Cell.

205
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10.2 Approach

As shown in Chapter 2, degradation of materials and components involves numerous physico-
chemical processes. Moreover, it is often the combined action of several elementary processes
which leads to particular types of degradation. Degradation processes are often investigated
at the scale of separate components (electrodes, electrolyte, cell, metallic interconnects, seal
materials) or else in repeat-element and stack con�guration. The �rst approach allows to
separate contributions from various sources, and the second represents a coupling of the
various internal degradation sources at the stack level, in addition to possible ones coming
from system components. The disadvantage of the �rst approach is the study of isolated
processes only, without the coupling at stack level that may induce additional degradation
sources. The drawback of the second approach is that the extent of degradation can only be
measured as an average response over a repeat-element or stack, providing only few details
about the degradation processes.
In addition, the di�culty to understand and predict the overall degradation of a SOFC
repeat-element is aggravated by the fact that the local gas composition, the local tempera-
ture and local current density vary along the �ow path, all parameters having an in�uence
on degradation. It is therefore expected that these local operating conditions imply di�erent
local degradation mechanisms and degradation rates.
Furthermore, some degradation sources such as pollutant species are transported by convec-
tion and di�usion, and therefore locally depend on upstream conditions and components.
This implies that the stack design, the choice of materials and the system components can
have a signi�cant in�uence on degradation.
To enable a detailed study on repeat-element degradation, locally-resolved measurements
represent a major advantage, as the information of interest becomes available in direct man-
ner. Unlike for PEMFC and DMFC, locally-resolved measurements are rarely performed in
SOFCs, due to the di�cult access at high temperatures. Experiments performed at DLR [9]
(German Aerospace Center, Stuttgart, D) and in our laboratory [16] showed the interest of
this method to study local electrochemistry and to establish electrochemical models. Degra-
dation was however not studied in those con�gurations.

To study the performance and degradation of the F-design stack, a dedicated diagnostic test
station, which allows to monitor an instrumented repeat-element, was realized. Allowing
up to 20 local measurements on small segments in addition to a main segment, the station
o�ers a high spatial resolution, as well as �exibility for the placement of measurement points.
Active control of each individual segment enables an operation at constant cell potential on
all segments.

The experiment presented and analyzed here, allowed to follow local degradation over 1900
hours. Cumulating an experimental dataset of 36'000 hours (19 segments x 1900 hours),
it o�ers a huge amount of electrochemical data, that is being analyzed and linked to post-
experiment analyses.
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10.3 Experimental

The diagnostic test station (shown in Fig. 10.1) consists of a setup similar to the ones used
for repeat-element and stack testing on which a specially instrumented repeat-element is
mounted. This test station can receive di�erent stack and repeat-element concepts for ded-
icated experiments. It is equipped with computer-controlled mass-�ow controllers (Red-Y,
Vögtlin Instruments, CH) allowing to vary the composition of fuel mixtures, not only with
hydrogen and nitrogen, but also with carbon-monoxide or methane. The fuel is humidi�ed
before injection into the repeat-element or stack.
On the cathode side, air from a compressed air line is used. After the experiment presented

Instrumentation

- 2 multi-channels active loads

- 1 main active load (150A)

- power supply          (120A)

-1 acquisition system

-50 potentials

-40 thermocouples

-1 impedance spectroscopy 

device

- gas regulators:

air, H2, H2O, CO, CO2,

CH4, N2, air for POX

-1 micro-GC

Figure 10.1: The diagnostic test station developed for in-situ measurements.

hereafter, a possibility was added to dilute the air with nitrogen, in order to study the e�ects
of the oxygen partial pressure on the electrochemical response of the cathodes.
On the air side, a shielded electrical air heater is used to preheat the air to the desired
temperature (Watlow, US).
The stack is connected to an active load and power supply able to work with currents up
to 120 A. In addition, multi-channel active loads are used for the local measurements, as
described hereafter.
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Due to its large active area (200 cm2), the F-design stack design is well suited for local
investigations. A dedicated test setup was designed, with major contributions from A.
Nakajo (PHD student) and P. Oberholzer, diploma student, who are gratefully acknowledged
for their work.
The investigated prototype is placed on a speci�c test setup (see Fig. 10.1) and inserted
in a high-temperature oven (Rhode, DE). A close view of the test setup is shown in Fig.
10.2, with the instrumented repeat-element assembled between multi-functional end-plates.
On the lateral sides of the element, a series of current collection bars are visible, as well as
thermocouple wires and potential probes, which are used for the local measurements.

Figure 10.2: Close-view of the test setup with assembled segmented repeat-element.

The control of the diagnostic station and of the data acquisition are ensured through a data
acquisition unit (Hewlett Packard, US) controlled by routines written in the LabView pro-
gramming environment . Besides the values recorded in the instrumented repeat-element,
the system parameters are monitored, such as pressure drops in the stack or the inlet and
outlet temperatures of the gases.

Based on the herein obtained results, an extension of the diagnostic test station is planned
for the future, with in particular the implementation of gas-sampling ports to measure local
gas compositions, as well as the implementation of a steam reformer to investigate the
performance of a stack under reformed C-fuels. A view of these complementary tools is
shown in Fig. 10.3.
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Figure 10.3: Extension of the test station for local gas analyses.

10.3.1 Principle

The local characterization is performed by separating the active area of the cell in electri-
cally independent areas called segments (see Fig. 10.4 and 10.5), in a similar manner as
presented by Ravussin et al. [16] and Metzger et al [9]. The polarization of each single
segment is controlled externally for electrochemical characterization. The local Nernst po-
tential is measured by disabling the polarization at the required location. In addition, the
electrochemical reaction and its degradation are studied in more detail by using an elec-
trochemical impedance spectroscopy (EIS) device (Zahner-Elektrik, Germany, IM6), which
can be connected to individual segments. Finally, each segment is equipped with a K-type
thermocouple to monitor the local temperature.

10.3.2 Segmentation

A total number of 18 segments of 1.7 cm2 active area each were distributed on the surface, in
addition to a large main segment of 133 cm2. The segments were organized as one 6-segment
row along the �ow, and three 5-segment columns perpendicular to the �ow path (see Fig.
10.4). The inlet and outlet segment columns are used to verify the gas composition, fuel
distribution and mass balance. The segment row parallel to the �ow (horizontal) is used to
get a pro�le of temperature, current density or Nernst potential along the �ow path.

To simplify the lecture of the following paragraphs, the distribution of the segments on the
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active area is recalled on the bookmark in postcard format found on this page. Additionally,
important results are summarized on the back of this card to clarify the links established
throughout the analysis of the results.

Control :

Polarized segments:   n°   1-10    & MAIN

Non-polarized          :   n°   11-18

A)

B)

ed segments:   n°   1-10    & MAIN

rized          :   n°   11-18

Fuel 

in

Fuel 

out

Air in

Local Segments 1-18

1.7 cm
Main Segment (grey)

133 cm

Seal area

Air out

Anode

........

MAIN

ACTIVE-LOAD

SEGMENTED

ANODE-SUPPORTED CELL

MULTI-CHANNEL

ACTIVE-LOAD

UMAIN      U₁       U₂   Uj....

Uj= {
UMAIN

or

Local OCV

Local SegmentsMain segment    

Figure 10.4: Distribution of the segments on the active area and connection to the active
loads.

For the present experiment, an anode-supported cell provided by HTceramix-SOFCpower
was used, on which a segmented (La, Sr)MnO3 / Yttrium-stabilized-zirconia (LSM/YSZ)
composite cathode and segmented (La, Sr)CoO3 (LSC) current-collection layer were screen-
printed. Metallic interconnects (MICs) were used, made of F18TNb alloy. The segmentation
was performed by laser cutting and milling the cathode-side MIC, through which the current
collection lines of the segments, the potential probes and thermocouples, are extracted on
the sides of the repeat-element (Fig. 10.5). The segments are joined to the main MIC with
insulating ceramic paste. Finally the segmented GDL layers made of SOFConnexTM are
put in contact. Sealing is performed in the same manner as for a standard repeat-element.
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Apart from the thicker cathode MIC, the segmented repeat-element has the same geometry
as standard repeat-elements and could therefore be mounted at the end-side of a larger stack.
In the present test, it was mounted as single repeat-element on the �anges used for standard
tests.

Gas di�usion layer
(MAIN)

Gas di�usion layer
(MAIN)

Gas di�usion layer
(segment)

Thermocouple
Potential probe

Current  collection

Seals

jk Uk

Tk

Uref

UMAIN

Segmented cathode

SEGMENT

CATHODE MIC

CELL

ANODE MIC

jMAIN

jMAIN +  ∑ jk
k=1

18

Back side

Front side

Figure 10.5: Segmentation of the cathode MIC and instrumentation.

10.3.3 Control and Instrumentation

The main segment is connected to a 150A computer-controlled active-load (main active
load). The 18 small segments are connected to two di�erent multi-channel active loads built
in house. The most recent multi-channel active load was designed in the frame of this thesis
to provide speci�c functions for this experiment.

The particularity of these active loads is that they allow to set the cell potential of all seg-
ments to a common value (the one of the main segment), i.e. to create an equipotential
in the cathode MIC similarly to the situation in a repeat-element. This active polarization
control of each segment allows to avoid the limitations encountered by Ravussin and Met-
zger [9, 16] in similar experiments, where the cell potentials of all segments di�ered due
to voltage losses in the current collection lines. This was found to a�ect the resulting local
current densities (see section 6.3) and could therefore modify the local degradation behavior.
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Figure 10.6: Operation principle of the developed multi-channel active-load and connection
to the segmented element.

In this experiment, each segment is equipped with a current collection bar and a potential
probe for individual polarization control (Fig. 10.5). The working principle of the developed
multi-channel active-load is depicted in Fig. 10.6. The current of each segment is measured
by loss-free closed-loop Hall sensors (LEM LTS15). Individual current control is made in
potentiostatic mode through a MOSFET transistor, by comparing each segment's potential
to the one of the main segment. To compensate voltage losses in the wiring, a common
power supply connected to the anode of the repeat-element increases the segment's poten-
tials with respect to ground. With this instrumentation, the potential biases between small
segments and main segment were lower than 4mV, with residual perturbations of less than
2mV amplitude.
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Moreover, to enable operation at a constant potential over the full range of operating condi-
tions, a current 'oversupply' function is implemented that allows to increase the potential of
an individual segment if required by applying a reverse current. This feature is implemented
to study the local behavior at OCV or in the case of limitations, which however were not
found in the tested F-design prototype.

On the herein developed active load, the polarization of each segment can be stopped in-
dividually to measure the local open circuit voltage (OCV) as a measurement of the local
Nernst potential and hence indirectly of the local gas composition. This is used to verify the
integrity of the seals, to investigate the quality of the fuel distribution over the active area,
and to measure the local cell overpotentials.
In addition, this active load (second version) which controls the segments n◦1 to 10, was
especially designed to �lter signal perturbations, in order to avoid any instable interaction
between the segments and with the main and second multi-channel active loads. The �rst
version multi-channel active load, controlling segments 11-18, not equipped with this �lter-
ing, became unstable in the �rst seconds of operation and was then disabled. For this reason,
the segments 11 to 18 remained unpolarized during the whole test, giving the possibility to
study the e�ect of polarization on local degradation, by comparison with segments 1-10.
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10.4 Characterization

With the access to local properties and electrochemistry on 18 points on the active area, the
measurement setup gives a unique possibility to validate the design of the fuel cell, as well as
to control its correct assembly. The veri�cation and validation procedure was performed by
�rst studying the reduction procedure, followed by a characterization of the repeat-element
which is accompanied by a comparison with modeling results.

10.4.1 Reduction procedure

The repeat-element was heated up to 800�C and reduced. Local measurements allowed to
follow the reduction sequence, showing that more than 2 hours were necessary to completely
stabilize the potentials.
During the reduction procedure, the multi-channel active loads were disabled to allow vari-
ations of potential between the di�erent areas of the fuel cell. First, the system was �ushed
with pure nitrogen, followed by the introduction of hydrogen whose partial pressure was
progressively increased. As depicted on Fig. 10.7, the local potentials were already non-zero
under pure nitrogen, as usually observed in repeat-element and stack tests. From previous
experiments, it was known that this potential gives a good indication of the gas tightness
of the seals, as it is directly related to the oxygen partial pressure on the anode side. With
about 0.1V attained homogeneously on all segments, and this independently of the vicinity
of the segments to the seals, the good gas tightness of the seals could be veri�ed. In addition,
this potential was higher than the ones recorded in previous experiments, hence con�rming
this conclusion.
At the introduction of hydrogen, a sharp rise of potential occurred, followed by a plateau
around 0.76V and �nally a slow increase to the �nal OCV found around 1.1V. During the
whole reduction procedure, the two segments located in the vicinity of the fuel inlets (n◦ 11
and 14) preceded the ones located downstream of them, the former showing higher poten-
tials.
The spatial distribution of the local Nernst potentials, measured by the 18 segments during
the reduction sequence, can be found in Fig. 10.8. On these maps, the potential of the main
segment is not represented, but only the one of the individual measurement points.
During this �rst rise of potential, up to the plateau of 0.76V, the other segments, as well
as the main segments, presented close potentials. The plateau of potential is related to the
reduction of nickel oxide to nickel. The local Nernst potential is dictated by the oxygen
partial pressure on either side of the electrolyte, and therefore by the resulting local partial
pressure of oxygen on anode side. The latter depends on the equilibrium between nickel and
nickel oxide during the reduction sequence. From equations (8.9) and (8.8), an oxygen partial
pressure of pO2,eq = 1.205 · 10−14 is found for a temperature of 1073K. The corresponding
local Nernst potential is:

UN =
RT
4F

ln

(
pOcath

2

pOan
2

)
=
RT
4F

ln

(
0.21

1.205 · 10−14

)
= 0.705 V (10.1)



10.4 Characterization 215

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0

0.2

0.4

0.6

0.8

1

time / h

U
 / 

V

MAIN
Fuel inlet
(n° 11 & 14)

Wave-like progression along the flow

Pure Nitrogen

Start of reduction

Figure 10.7: Evolution of the local potentials during the reduction procedure.

The potential of the observed plateau (0.76V) is slightly higher than the computed one,
which can result from an internal drop of temperature, caused by the endothermal reduction
reaction, or from the large excess of fuel impeding the reaction from reaching equilibrium.

After the period at stable potential, a second potential increase starts, initiated by the two
segments located near the fuel inlet. From this point on, the potentials of the other segments
detach from the one of the main segment, �rst accompanied by a drop of potential below
the one of the main segment, and then overtaking it. This transient follows a wave-like
progression, a�ecting �rst the inlet region and then progressing towards the outlet. This
behavior is particularly evident on the maps represented in Fig. 10.8.
After 1.4 hours of reduction, the fuel �ow rate and dilutions were set to the nominal operating
point for the whole duration of the test, with a 3% humidi�ed mixture of 6 ml min−1 cm−2 H2

- 6 ml min−1 cm−2 N2 (air excess factor was 7). After two hours of reduction, the local
OCVs obtained �nally were between 1079mV at inlet and 1069mV at the outlet, with a main
segment at 1075 mV. OCVs near the seals were as high as elsewhere, indicating proper sealing
of the repeat-element and hence con�rming the gas-tightness observed under pure nitrogen.
With the analysis of this procedure, not only the gas tightness of the seals was veri�ed, and
therefore the quality of the assembly, but one of the design objectives for this prototype
could be validated, which was to limit di�usive leakage through the seals. As shown in
the previous chapters for both the R-design and S-design stacks, an e�ect of an important
di�usion would else have been visible on the local Nernst potentials.
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Figure 10.8: Spatial evolution of potentials during the reduction sequence.



10.4 Characterization 217

10.4.2 Local electrochemical performance

In order to validate both the design and the modeling prediction, the local electrochemical
performance was investigated by performing i-V characterizations and measuring the local
current density on each segment, while keeping the cell potential constant on all segments.
Figure 10.9 shows the typical iV-characteristic of the segments along the �ow path, obtained
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Figure 10.9: Local current densities and potentials recorded during an i-V characterization
on the segments 1-6 disposed along the �ow.

after 63 hours of operation under constant fuel and air �uxes. The best performance is
obtained on segment 2. Segment 6, situated at the fuel outlet, shows a typical drop in
current density below 0.75 V cell potential, resulting from the local drop in Nernst potential
due to increasing fuel utilization, and due to additional di�usion losses in the anode. The
local output power density varies from 0.2 to 0.45 W/cm2. As shown further below by
impedance spectroscopy, the unexpectedly low performance of segment 1 can be explained
by a large polarization resistance, while its ohmic losses remain similar to those of the other
segments, hence excluding a contacting problem.
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10.4.2.1 Current density pro�les
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Figure 10.10: Current density pro�les recorded at di�erent fuel utilizations along (n. 1-6)
and across the �ow (n. 3, 7-10). Comparison with modeling outputs.

To investigate the local electrochemical behavior in the repeat-element, the current density
pro�les recorded during the test are compared with modeling results at di�erent fuel utiliza-
tions. It has to be pointed out at this point that the cathode used in the test (LSM/YSZ)
and the one described by the model (LSCF) di�er. Therefore, it is more the qualitative
behavior which is investigated, even if a good quantitative agreement is found. To model
the repeat-element, the thermal boundary conditions are set to an oven con�guration, where
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the MIC's top and bottom surface can exchange heat with the oven through the stack's
end-plates. In addition, it has to be emphasized that the electrochemical model was �tted
on data obtained on a cell after a short time of operation, i.e. before important degradation
occurred.
For these reasons, some discrepancies are observed between model and experiment. As illus-
tration, the current density pro�les recorded after 63 hours are shown in Fig. 10.10, along
with modeling results for the same fuel utilization. An important discrepancy is essentially
observed on segment 1 which presents an unexpectedly low performance. Experimentally,
the low current density on segment 1 induces a compensation on the other segments to
maintain the same total current, explaining the slightly higher experimental values on the
remaining segments.
One possible explanation for the poor performance of segment 1 could have been a much
colder temperature at the air inlet, resulting in high cathode overpotentials. However, the
temperature pro�les shown hereafter reject this hypothesis. A bad contact on segment 1
could also be excluded from impedance spectroscopy results, indicating another cause for
low performance.
Looking at the transverse direction (Fig. 10.10, bottom) on the second column of segments
(3 and 7-10), it can be seen that the current density is up to 16% higher on the sides of
the repeat-element than at the center, indicating a slight mismatch in fuel distribution. The
observed current density is higher than the simulation output, as already observed in Fig.
10.10 (top) for the same location along the �ow path.
Despite the mismatch on segment 1, an overall good agreement is found between model and
experiment, showing that the highest current densities in this con�guration are expected
in the vicinity of the air inlet. This di�ers therefore from the stack con�guration where
the highest current densities are located further downstream due to increasing temperatures
along the �ow, as attested by the current-density pro�les shown in paragraph 7.2.3 for the
general repeat-element.

10.4.3 Temperature pro�les

For the same operating conditions as the presented current density pro�les, the temperature
pro�les were recorded and compared to simulation outputs (Fig. 10.11). Discrepancies are
observed, resulting from simpli�cations in the modeled geometry (simpli�ed end-plates and
segmented MIC geometry). In addition, the signal for temperature was lost on segment 6,
explaining the lack of data. With an oven temperature of 1073K and an air inlet temperature
between 1058 and 1063 K (left), the highest observed temperature is 1085K on segment 4.
The small temperature di�erence between inlet and outlet is explained by the large lambda
of 7 and by a large heat transfer between the endplates and the oven. This represents a
major di�erence with a stack con�guration.
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Figure 10.11: Temperature pro�les recorded along the �ow at di�erent fuel utilizations.
Comparison with modeling results.

10.4.4 Discussion

The locally-resolved characterization of the repeat-element reveals information which is
hardly accessible in other experimental con�gurations. In particular, local limitations can be
identi�ed. An example is given in the i-V-characterization (Fig. 10.9), where an important
limitation is observed below 0.75V on segment 6 located at the outlet. This limitation could
lead to damages of the cell if the polarization was further increased. In this case, the average
response of the element (main segment) presents only a minor in�exion.
The same observation is made for segment 1 located at the inlet. The simulation results,
else in correct accordance with the experimental data, present an important discrepancy
at this location, indicating an important degradation of this area. In this case again, this
phenomenon cannot be detected from other measurements, because the global response of
the repeat-element remains similar to other experiments performed on other stack designs
with this type of cells. These observations illustrate the large di�erences in local properties
in an operating SOFC.
Moreover, the characterizations presented in the previous paragraphs give detailed insight
in the quality of the design and of its assembly. From the behavior during the reduction
procedure and from the attained local Nernst potentials, it is veri�ed that the designed seal
enables to reach an homogeneous fuel composition over the active area, without important
internal generation of steam from parasitic combustion. This also attests of the correct as-
sembly of the element.
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In addition, the current density pro�les recorded across the fuel �ow direction indicate a fuel
distribution which is not completely homogeneous, di�ering from the modeling predictions.
The causes for this inhomogeneity were investigated later on by modeling, applying the ex-
act geometry of the prototyped element. An error could be identi�ed in the prototyping
and in the model, requiring a correction of the design to improve performance. In this case
again, this situation could hardly have been detected without in-situ measurements, hence
giving very valuable information for the development phase of the prototype. In fact, the
maximum feasible fuel utilization in this experiment was 67%, while with the correction of
the anode �ow distribution, fuel utilizations of 85% were later attained in a 20-element stack
con�guration, as shown in paragraph 3.6.

10.5 Real-time measurement of local degradation

10.5.1 Testing procedure

To avoid a pronounced overlapping e�ect of di�erent operating points in the polarization
history, and in particular to strengthen the link between local electrochemistry and post-
experiment analyses on the segments, the operating conditions were kept constant over 1900
hours of operation. A failure in nitrogen supply caused an operation under pure (humidi�ed)
hydrogen for 130 hours (t = 220h to 350h). The average current density was kept at 0.4
Acm−2 before interruption of the nitrogen supply, and at 0.375 Acm−2 afterwards.

Figure 10.12: Overview of the 1900 hours of diagnostic test (segments 1-10 and main segment
were polarized, 10-18 remained at OCV). Distribution of segments is recalled with indication
of the �ow direction.
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10.5.2 Local evolution of potentials, current densities, overpoten-

tials and ASRs

Figure 10.13: Evolution of local current densities. Top: segments disposed along the �ow
(1-6). Bottom: segments 2 and 7 to 10 across the �ow in 3rd position

The evolution of potentials on the polarized segments (1 to 10 and MAIN) and non-polarized
segments (11-18) is shown in Fig. 10.12. Apart from segment 12 at the inlet and 16 at the
outlet, the potentials of the non-polarized segments remained stable. The erratic behavior
of these segments, 12 and 16, originates probably from a parasitic contact with the main
segment. The common operating potential of the polarized segments is visible on this �gure.

Figure 10.13 shows the evolution of local current densities on the polarized segments 1 to 10.
A very important reorganization of the electrochemical reaction is visible on segments 1 to 6
spaced along the �ow direction. Segment 1 presents a poor performance from the beginning
of the test, which was not expected from simulation results. Segment 2 presented a severe
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drop of performance between t=200h to t=400h, as well as segments 3 and 7 to 10 (central
segment column). These segments, placed at the same location along the �ow, present a very
similar behavior during the whole test. The decay of performance observed on the segments
situated in the �rst half of the element was partly compensated by an increase in current
density on the other ones (4 to 6) located downstream.

10.5.3 Evolution of local overpotentials and ASRs

The corresponding evolution in local area-speci�c resistances (ASR) gives a more explicit
information on the degradation process (Fig. 10.14). To compute the ASRs, the Nernst
potential was measured by disabling the polarization at regular intervals.

Figure 10.14: Evolution of local ASR (top) and local overpotentials (bottom).

The segment 1 at inlet presents a high ASR from the beginning of the test. Segments 2, 3
and 7 to 10 show an important increase in ASR between t=200 to 500h, followed by a long
decrease with time. This decrease indicates a possible partial reversibility of at least one
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degradation process, a fact that was not expected from previous results.

The extent of the rise in ASR decreases along the �ow direction, and the segments 4 to 6
located in the second half of the element present remarkably stable ASRs over the whole
duration of the test. Consequently, it can be concluded that the degradation of per-
formance of the whole repeat-element was mainly caused by the degradation of
its inlet region, while the outlet region experienced low degradation over the 1900
hours of operation.

The sharp rise in ASR coincides with the period operating under pure, humidi�ed hydro-
gen, which could lead to the hasty conclusion that the change of fuel induced an important
degradation.
To look at the detail of this transition, a correction of the step of ASR resulting from the
change of gases was done, by adding, respectively subtracting the amplitude of the ASR
step found at t=220h and 350h to the following data. The result is shown in Fig. 10.15.
On the obtained curves, the slope of the ASR curves changes before this period on some
segments, and in particular on segments 3 and 7 to 1. In addition no marked change of slope
at the moment of the interruption and at the moment of re-start of nitrogen supply is found.
Therefore, it is concluded that both events (fuel charge and ASR evolution) are not directly
related, which is con�rmed afterwards by impedance spectroscopy.

With the presence of increasing ASRs in the vicinity of the gas inlets, one hypothesis could
be the presence of pollutants in the gas streams, impacting �rst on the inlet area. However,
to verify this kind of hypothesis, additional information is required. First, the a�ected
electrodes and electrochemical processes have to be identi�ed, and second, the obtained
results have to be put in relation with post-experiment analyses. This is the object of the
next paragraphs.
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Figure 10.15: Detail of the evolution of ASRs. A) Original data on segments 1 to 6 on the
horizontal row. B) The same data with a correction of ASR steps found at the change of
fuel composition. C) The same step correction for the segments 3 and 7 to 10 located on the
second segment column.
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10.6 Analysis of the state of degradation by impedance

spectroscopy

10.6.1 Methodology

After 1600 hours of operation, electrochemical impedance spectroscopy (EIS) measurements
were performed on each segment to identify the extent of degradation for di�erent electro-
chemical processes. The EIS measurements were performed under constant conditions for
all segments. To achieve this, the polarization of all segments (including main) was stopped,
in order to keep the fuel composition constant. EIS was performed with a bias current of
0.23A cm−2 in order to include mass transport e�ects. First, separation of ohmic and polar-
ization losses was performed. Next, the response of the segments over the frequency domain
was analyzed to identify electrochemical processes and their level of degradation. For all
contributions, the spatial distribution over the active area was studied.

Due to the absence of EIS measurements at the beginning of the test, only the relative degra-
dation between segments could be studied at t=1600 hours. Based on the hypothesis that
the cell performance was homogeneous originally and on the fact that some segments showed
very low degradation over time, the relative degradation with respect to a low-degraded ref-
erence segment (i.e. n�5) can be considered as a reliable indicator.

To enable these analyses, a set of Matlab routines was written to enable batch processing
of spectra, in particular for the application of the di�erential techniques described below.
Additional routines were developed to perform �ts of the recorded spectra using the equiva-
lent circuits which are common for these types of analyses, or to perform a correction of the
parasitic inductance found in the recorded data.

10.6.2 Ohmic and polarization resistance

Figure 10.16 shows the separated contributions of ohmic and polarization resistance, as well
as the total ASR. The ohmic resistance map shows increased values on the polarized segments
(1 to 10), and lower values on the non-polarized ones. This indicates an e�ect of polarization
on the ohmic resistance, an observation reported in literature [68] and explained by a partial
polarization-induced detachment of LSM and YSZ particles in the cathode. The polarization
resistance decreases strongly from inlet to outlet (0.8 Ω cm2 to 0.5 Ω cm2), indicating an
important degradation of the concerned reaction steps. At the inlet, segment 1 (polarized)
shows lower values than the non-polarized segments, indicating possible current-induced
activation. Finally, the total resistance follows the same major trend as the polarization
resistance.
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10.7 Identi�cation of electrochemical processes and their

degradation

10.7.1 Method

The analysis of polarization losses is performed by using the di�erential method proposed by
Jensen et al. in reference [120]. The use of di�erential methods presents several advantages
and a particular ease of use for the large amount of recorded data. First, this method is
particularly interesting in the present case, as it is the di�erence among the di�erent parts
of the fuel cell which is investigated to isolate the di�erent types of degradation. Second, the
use of absolute, not di�erential, �tting techniques in an equivalent circuit approach requires
an excellent knowledge of the characteristic impedance of a speci�c cell type, in particular
an accurate identi�cation of the characteristic frequencies by dedicated change of operation
parameters (fuel and oxidant partial pressures, current density, temperature). Else, excellent
�ts can be obtained, but with less physical meaning. As this data was not available for this
type of the cell, this approach was abandoned. Finally, the di�erential technique applied in
this case was found to bring the information of interest in a simpler and more direct manner.

In the approach proposed by Jensen et al., the following transformation is �rst applied
for each spectrum :

δZ ′(ω) = −Re
(
∂Z(ω)

∂ (lnω)

)
(10.2)

Similarly to the study of the imaginary part of impedance spectra, this function reveals elec-
trochemical processes by the presence of peaks at distinct frequencies. The major advantage
of this function when compared to the imaginary part is that it is insensitive to parasitic
inductance, as it is based on the real part of the impedance spectrum.

Di�erentiation is performed for each segment j either with a reference segment kref and
under the same conditions, or for the same segment under di�erent operating conditions
(ψ2 vs ψ1). The �rst di�erentiation is used to reveal the electrochemical processes which are
more or less a�ected by degradation. The second di�erentiation is used to reveal for instance
the electrochemical processes which respond to a change in fuel composition, i.e. to identify
anode-related processes.
The di�erence function ∆δZ ′ is de�ned as:

∆δZ ′j−kref
(ω) = δZ ′j(ω)− δZ ′kref

(ω) (10.3)

∆δZ ′ψ2,j−ψ1,j
(ω) = δZ ′ψ2,j

(ω)− δZ ′ψ1,j
(ω) (10.4)

In order to identify all electrochemical processes, summary functions were de�ned which
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sum the di�erences functions ∆δZ obtained for the 18 segments under de�ned conditions:

ζ =
18∑
k=1

(∆δZ ′)2 (10.5)
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Figure 10.17: Nyquist plot of the EIS spectra recorded on all segments under constant
conditions. (OCV, 50% H2-50%N2, 800�C)

10.7.2 Inspection

Nyquist plots One resulting series of spectra is given in Fig. 10.17, recorded under the
nominal conditions of the test (dilute fuel) and under a constant bias current of 0.23A cm−2.
In this �gure, the x- and y-axes are not represented using the same scale, as else it is not
possible to distinguish between the di�erent measurements. The recorded spectra show
important di�erences between polarized (1-10) and non-polarized (11-18) segments both
for ohmic and polarization losses. On the polarized segments, the higher ohmic resistances
mentioned earlier are clearly visible. In the low-frequency region, the spectra present distinct
features, which are studied in more detail by analyzing the corresponding δZ′ functions.
Finally, a likely artifact is visible on segment 16. This segment is therefore excluded from
ulterior analyses.
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δZ′ transformation The corresponding transformation of the spectra in the δZ′ function
is shown in Fig. 10.18. Important di�erences between the segments are visible over the
frequency domain. As the spectra are recorded under constant parameters, the observed
di�erences account for the alteration of the electrochemical response of the cell depending
on the location of the measurement. Therefore, these di�erences represent di�erent levels of
response for di�erent electrochemical processes.
In this dataset, a principal di�erence among the spectra is visible around 20 Hz, indicating
a process heavily a�ected by degradation.

10
−1

10
0

10
1

10
2

10
3

10
4

0

0.05

0.1

 

Frequency / Hz

δ
Z

’  
/ 

 Ω
cm

2

 1
 2
 3
 4
 5
 6
 7
 8
 9
10

11
12
13
14
15
16
17
18

Polarized    Free

Impedance spectra

Figure 10.18: Corresponding δZ′ function computed from Eqn. (10.2). All segments at OCV,
with exception of the tested one (0.21 A cm−2). (50% H2-50%N2, 800�C)

10.7.3 Degraded processes

The identi�cation of the degraded processes is further improved by di�erential methods,
and in this case by subtracting the δZ′ function of the least-degraded reference segment n�5
from the δZ′ functions of all other segments (see Fig. 10.19, top right): ∆δZ ′j−kref

(ω) =

δZ ′j(ω)− δZ ′kref
(ω) with kref = 5. This is done for all segments under the same conditions,

that is, the same fuel composition and bias current.
In this case, the di�erentiation cancels the contributions that are constant (i.e. not altered)
among the segments, hence only revealing the di�erences in more explicit manner.
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The mostly a�ected process is visible at 20Hz, followed by a second at 450Hz and one or
several contributions above 10kHz. As shown hereafter, the contribution found at 450Hz
is the only one to be sensitive to variations of fuel composition (Fig. 10.20), indicating a
degradation of this anode-related process (in this case the charge transfer reaction on the
anode side, as shown below).
This result of the di�erential method gives here a much more detailed information about the
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Figure 10.19: Identi�cation of degraded electrochemical processes. Di�erence between indi-
vidual δZ′ functions and the one of the least-degraded reference segment n�5: ∆δZ ′j−kref

(ω) =

δZ ′j(ω) − δZ ′kref
(ω). Recording parameters are the same for all segments (fuel composition

and bias current).

already reported important inhomogeneity of the degradation over the reactive surface. In
particular, it shows that the di�erent electrochemical processes are not a�ected to the same
extent, and also not at the same location in the fuel cell. This information can therefore be
exploited to relate the degradation of a speci�c electrochemical process to the local operating
conditions or to any other known parameter. To enable this analysis, the next steps consists
therefore in the identi�cation of the nature of the electrochemical processes, and �rst of the
concerned electrode.
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10.7.4 Identi�cation of anode-related processes

The anode-related processes are identi�ed by observing the variations in the spectra upon
a change in the fuel composition, from dilute (50%-50% H2 − N2 , humidi�ed) to pure (hu-
midi�ed) hydrogen. In this case again, the di�erential method is applied, by computing for
each segment j the di�erence between its own responses upon a change of fuel composition:
∆δZ ′pure−diluteH2,j

(ω) = δZ ′pureH2,j
(ω)− δZ ′diluteH2,j

(ω).

The di�erence functions obtained for each segment are shown in Fig. 10.20, revealing three
electrochemical processes with characteristic frequencies at 2Hz, 35hz and 450Hz.
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Figure 10.20: Sensitivity of the recorded spectra to changes of the fuel composition. Di�er-
ence functions ∆δZ ′pure−diluteH2,j

= δZ ′pureH2,j
− δZ ′diluteH2,j

obtained for each segment upon
a variation of the fuel composition (dilute vs. pure, humidi�ed hydrogen).

Identi�ed by their relative orders of frequency and based on literature data [121][46], it is
expected that these processes correspond respectively to gas conversion impedance, di�usion
and charge transfer on the anode side.

While, for the low-frequency conversion impedance a similar variation is observed on all seg-
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First, the sensitivity to the fuel composition is computed for each segment, followed by a
subtraction of the sensitivity of the reference segment 5.

ments for a change of fuel composition, the contrary is true for the high-frequency process
corresponding to the charge-transfer reaction. For most of the polarized segments (red), a
positive variation is observed, while a negative one is a�ecting principally the non-polarized
segments. Besides this general trend, notable exceptions exist with polarized segments (7,
9, 10) presenting a negative variation. This observation seems of particular signi�cance, as
it a�ects the charge transfer reaction on the anode side. To explain this observation, a par-
ticular attention was paid in the SEM-EDX analyses on possible alterations of the interfaces
between nickel and YSZ particles, where the concerned reaction takes place. Unfortunately,
no obvious explanation could be found.

Besides the simple di�erentiation described above, double di�erentiations can also be per-
formed in order to study the di�erence among segments of the sensitivity to a speci�c change
of parameter. For instance, the local sensitivity to the fuel composition (shown above in Fig.
10.20), can be compared to the one of the reference segment n�5 by di�erentiation:

∆∆δZ ′pure−diluteH2

j−5 = (δZ ′pureH2,j
− δZ ′diluteH2,j

)− (δZ ′pureH2,5
− δZ ′diluteH2,5

) (10.6)

The result is shown in Fig. 10.21.
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While the two low-frequency processes are shadowed-out by the procedure, the details of the
high-frequency contribution are emphasized. This shows that for both low-frequency pro-
cesses, the sensitivity to a change of fuel composition has hardly been modi�ed with time,
and this for all segments.
For the conversion impedance, this result is expected as this term is linked to the fuel �ow
occurring at the cell's surface [22], and less to the intrinsic properties of the cell. For the
di�usion term however, it indicates that no major change of the di�usive properties occurred.

For the high-frequency contribution, it is shown that the polarized segments 2-6 and 8 present
a very low di�erence with respect to the reference segment 5. The only polarized segment
(segment 1) on the fuel inlet line (�rst vertical row) presents an intermediate response. Fi-
nally, all non-polarized segments, with exception of segment 17, present a clear di�erence
from the reference segment 5, together with the already mentioned polarized segments 7, 9
and 10.

10.7.5 Identi�cation of cathode-related processes

Summary of observed processes Due to the absence of the possibility to dilute with
nitrogen on the cathode side at the time of the experiment, it was not possible to identify
the cathode-related processes in the same way as done for the anode side. It is the di�er-
ences between the degraded and the anode-related processes which are used to identify the
contributions from the cathode.

Figure 10.22 summarizes the processes identi�ed previously by using the summary function
de�ned in Eqn. (10.5). The black lines ((+) and (x)) indicate the degraded processes
identi�ed by di�erentiation in Fig. 10.19, which are visible both in spectra obtained under
dilute and pure hydrogen (humidi�ed).
In addition, the anode-related processes found in Fig. 10.20 are summarized by the green
line (o).

From this summary, it is visible that the two degraded processes found at 20 Hz and above 10
kHz are not related to the anode-side, hence their attribution to cathode-related processes.
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Figure 10.22: Summary functions (left) and original data (right). Green: Identi�cation of
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humidi�ed) on each segment (o). Black: Identi�cation of degraded processes, by di�erenti-
ation with segment 5 as reference ((+) and (x)).

Cathode-related processes Two principal cathode processes are expected [46] in air and
under low bias current: a low-frequency process sensitive to TPB length, pO2 and current
density [44][122], and a less sensitive high frequency process corresponding to charge transfer
at the interface between LSM and YSZ [46][44]. The exact mechanism underlying the low
frequency process is under debate, but a certain agreement is found for oxygen dissociative
adsorption, reduction and transfer to the TPB [46][44][42]. Therefore, the low-frequency
process found at 20 Hz could correspond to this reaction step. However, the characteristic
frequencies reported in literature are higher, in the range of 100 Hz to 1 kHz [46]. Therefore,
the properties of this process have to be analyzed in more detail to con�rm this possible
attribution.

For the 20 Hz process, an important sensitivity on current was found in the EIS measure-
ments as shown in Fig. 10.23. A similar sensitivity is also visible for the conversion (2 Hz)
and anode charge transfer terms (450 Hz).

Additional tests performed, in our laboratory, on a button cell with similar cathode revealed
a low-frequency cathode process between 10 and 26 Hz when exposed to current and pO2

variations (see Fig. 10.24). This frequency coincides with the 20 Hz-process in the seg-
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mented case. Moreover, the button-cell test revealed a pO2
−1/2 dependency of the concerned

impedance (see inset), which can be expected for the above-mentioned low-frequency reaction
step [44]. Therefore, the mostly degraded process present at 20 Hz was ascribed
to the low-frequency cathode reaction step oxygen dissociative adsorption and
charge transfer to the TPB [46].

Finally, both the segmented and the button-cell experiment reveal an electro-
chemical process around 10 kHz, which is attributable to the cathode, i.e. to the
charge transfer between LSM and YSZ (low pO2-dependency, as shown in the
inset).
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10.7.6 Summary of the identi�ed processes

To summarize the results of the process identi�cation procedure, the identi�ed processes and
their characteristic frequencies are shown in Table 10.1.

f / Hz Anode Cathode
2 Conversion
20 Dissociative adsorption of O2

and transfer to the TPB
35 Di�usion
450 Charge transfer

10'000 Charge transfer at the LSM/YSZ
interface

Table 10.1: Summary of the identi�ed electrochemical processes

With the identi�cation of �ve elementary processes in the obtained dataset, which is sim-
ilar to the results of other authors [46], a detailed information about degradation is obtained.



238 Chapter 10 : In-situ measurements of local performance and degradation in a SOFC

As �rst step towards an identi�cation of the sources of degradation, the spatial information
contained in the dataset for each electrochemical process is analyzed. This is the object of
the next paragraph.

10.8 Spatial distribution of degradation

The results obtained by di�erentiation with a reference segment (see Fig. 10.19), which
reveal the degraded processes, were projected on the active area to study the spatial distri-
bution of degradation, as shown in Fig. 10.25. For both principally altered electrochemical
processes, the inlet region is the mostly a�ected one. Moreover, it is clearly visible that the
principal contribution to the degradation is an alteration of the electrochemical reaction on
the cathode side.

On the inlet line, both processes present a lower polarization resistance solely on the only
polarized segment (n�1). This observation might be compatible with a current-induced acti-
vation process, as shown hereafter. Looking at the segments that were not polarized during
the test (n�11-18) located at the inlet and the outlet, a clear di�erence is observed which
only depends on their position in the repeat-element. The polarization resistance is higher
for both electrochemical processes at the inlet despite the lack of polarization in both cases.
This indicates a degradation mechanism which does not depend principally on polarization.

This result shows that, using the di�erential methods presented above, it is possible to iden-
tify the electrochemical processes a�ected by degradation, but also to study their spatial
distribution over the active area. Foremost, it demonstrates the intrinsically local character
of degradation processes.

In the next chapter, a link is established between the features observed in the impedance
spectra and the local post-experiment analysis.
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10.9 Conclusion

By using the developed diagnostic station, it was possible to reveal for the �rst time the
local character and the highly non-homogeneous extent of degradation occurring in a real
SOFC stack prototype. Using impedance spectroscopy in combination with speci�cally de-
veloped analysis tools, it was possible to identify the di�erent electrochemical processes and
their local level of degradation. The electrochemical reaction steps corresponding to oxygen
dissociation and transfer to the TPB on the cathode side and the charge transfer
reaction on the anode side were identi�ed as the most degraded processes in this experi-
ment.
For both processes, the spatial distribution of degradation could be established, revealing its
non-homogeneous distribution over the active area. In the resulting degradation maps, it is
visible that this degradation followed a consistent trend, with the main degradation located
at the gas inlets. Limited degradation was recorded in the outlet region, where ASRs did
not present strong variations throughout the test. This demonstrates the potential for the
investigated prototype of an important reduction of its degradation .
Finally, it is shown that the global degradation of the repeat-element does not re�ect the im-
portant variations of current densities or ASRs occurring internally, as balancing e�ects take
place between more and less degrading regions. This illustrates the limited interpretation
of degradation studies based on stacks or complete repeat-elements, where the measured in-
tegral indicators do not capture the internal processes accompanying the loss of performance.

Throughout this chapter, the interest of in-situ measurements of electrochemical perfor-
mance and degradation has been demonstrated. In addition to the important results on
degradation, a validation of the designed prototype and of the developed models could be
obtained. Moreover, it was possible to control the correct assembly of the element, but also
to detect a fuel distribution problem, an information that would hardly have been accessible
in any other testing conditions. Thanks to this information, the fuel distribution could be
corrected, enabling to reach a maximal fuel utilization of 85% and an e�ciency of 53% in a
20-element stack con�guration.

Beyond the already obtained results, the diagnostic station will, in the future, be completed
to overcome some limitations of the present experiment. The analysis of impedance spectra
will, in particular, be further enhanced by setting up a more complete characterization pro-
cedure, as well as by introducing complementary equipments to allow additional variations
of parameters (for instance for modi�cations of the steam partial pressure).

Finally, the locally-resolved information about the degradation of the identi�ed electrochem-
ical processes gives a unique opportunity to selectively de�ne the zones to be observed in
the post-experiment analysis, with the underlying goal to identify possible sources of degra-
dation. This is the object of the next chapter.



Chapter 11

Post-experiment analyses and

identi�cation of degradation sources

11.1 Introduction

In this chapter, post-experiment analyses, which were made with the purpose to identify
sources of degradation in the segmented repeat-element, are presented. These analyses were
obtained using scanning (SEM) and transmission (TEM) electron microscopy at the Inter-
disciplinary Center For Electron Microscopy (CIME-EPFL), operated by members of the
research group working on SOFCs at EPFL.
Following persons are gratefully acknowledged for their highly valuable contribution to this
project:
A.J. Schuler, PHD student, who performed numerous SEM-EDX observations on the seg-
ments selected from the analysis of impedance spectra.
A. Faes, PHD student, who spent time for sample preparation, in particular of TEM lamel-
lae using the focussed ion beam (FIB) (Zeiss NVision 40), in addition to observation and
analysis of anode samples.
C. Calderone, diploma student, who made TEM observations wit the TEM on the prepared
lamellae in the frame of her diploma thesis.
Dr. S. Diethelm, Dr. A. Hessler and Dr. MER J. Van herle for their help in the interpreta-
tion of results.
To identify sources of degradation, post-experiment analyses were �rst performed by SEM-
EDX (FEI XL30, with Oxford Instruments EDX detector). In a �rst step, the surface of
the (La, Sr)CoO3 current-collection layer of the cell was analyzed, in order to detect possible
traces of pollutants. In a second step, the penetration of the identi�ed pollutants into the
LSM-YSZ cathode layer was investigated. And �nally, the spatial distribution of the pollu-
tants over the active area was studied and put in relation with the recorded degradation.
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11.2 Identi�ed pollutants

After disassembly of the repeat-element, the segments of interest were cut-out from the cell
and analyzed by SEM-EDX. Due to the large degradation of the cathode in the vicinity of
the air inlet, a likely contamination by pollutant species was expected.
The interface between the (La, Sr)CoO3 cathode layer and the air stream was therefore
analyzed �rst, looking for their presence. In fact, three species, known as pollutants for
cathodes, were identi�ed and quanti�ed on the whole active area : chromium, sulfur and
silicon (see Fig. 11.1).
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Figure 11.1: Spatial distribution of pollutants over the cathode current collection layer.
Ratio of the amount of pollutant (molar %) to the amount of LSC.
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Chromium Chromium was only found at the air inlet, with rapidly decreasing
amounts along the �ow. It forms a densi�ed phase at the interface with the gas stream,
as shown in Fig. 11.2. EDX analyses revealed a composition of 68% O, 17% Sr, 13% Cr
and 2% S, indicating a sulfur-containing strontium chromate compound: Sr(Cr0.85S0.15)O4 .
XRD measurements showed that this compound, despite a stoichiometry close to SrCrO4 ,
presents a di�erent crystalline structure due to the enrichment with sulfur.
As shown in Fig. 11.2, an almost dense phase is found in the direct vicinity of the air

Figure 11.2: Chromium-containing phase (Sr(Cr, S)O4 ) formed at the surface of the LSC
layer. Evolution along the �ow, starting from the air inlet.

inlet. Few millimeters away, the surface coverage starts to decrease, with apparition of the
una�ected LSC layer. The amounts of strontium chromate continue to decrease further away,
with only a few remaining spots on the surface. Finally, this phase completely disappears
around the end of the �rst row of segments, and is not found at any other location in the
element. As chromium is a known pollutant for cathodes, a link is therefore made between
the poor performance of segment 1 and the presence on it of massive chromium amounts.
As chromium was not detected away from the �rst column of segments, it can be concluded
that the main source of chromium in this experiment is located upstream of the active area,
hence probably originating from system components (tubing, heaters).
Moreover, the rapid decrease of the chromium amounts on the surface indicates a trapping
e�ect for this type of pollutant, which progressively reduces the convected and trapped
amounts along the �ow.

Silicon Silicon was identi�ed as a second pollutant on top of the LSC surface. However,
the exact quanti�cation of the obtained amounts by SEM-EDX remains di�cult, due to
the presence of an overlap of the Kα line of silicon (1.7398 keV) and the Lα line of stron-
tium (1.8066 keV) in the EDX spectra. The quanti�cation of strontium was consequently
performed using its Kα line found at 14.1429 keV, but the con�dence in the deconvoluted
amounts of silicon remains limited.
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Silicon was found in the �rst half of the repeat-unit, with larger amounts along the inlet and
in particular at its sides possibly due to the presence of sealing materials. Possible sources of
silicon poisoning are consequently the seal materials, in addition to exogenous sources such
as traces of silicon grease in the compressed air supply.

Figure 11.3: Strontium doped lanthanum cobaltite (LSC) current collector layer surface,
before (left) and after (right) 1900 h exposure to sulfur-containing air�ow, where strontium
sulfate SrSO4 is formed.

Sulfur Finally, sulfur was detected at the air inlet, and also on di�erent spots over the
active area, forming strontium sulfate SrSO4 upon reaction with LSC. The resulting impact
on the microstructure of the LSC surface is shown in Fig. 11.3.
While the sulfur pollution of anode materials is a known issue, the pollution of cathode
materials by sulfur has received more attention recently. Yokokawa et al. identi�ed sulfur
as impurity after long-term operation of SOFC stacks in [119], and pointed out the e�ect of
contamination on the durability of SOFC stacks [123].
Recently, Xiong et al. reported a model study of accelerated sulfur poisoning, by expos-
ing strontium doped samarium cobaltite (SSC) and strontium doped lanthanum manganite
(LSM) cathode materials to SO2-concentrated air. While an important impact on the electro-
chemical performance of the SSC cathode was found, the one on the LSM cathode remained
limited and was partly reversible.
In our case, a source of sulfur was found as impurity in the ceramic paste used to insulate
the segments electrically. The presence at the inlet however indicates also a possible source
in system components, such as the commercial polymer tubes used for air supply that were
found to contain sulfur (Swagelok, Buna-N tube).
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11.3 Penetration of the pollutants in the cathode layer

While the presence of the pollutants on top of the LSC layer attests of the presence of
pollutants in the gas streams, only their presence in the active cathode layer (LSM-YSZ)
could explain an e�ect on the local electrochemistry. Therefore, the penetration of pollutants
into the LSM-YSZ active layer was investigated by performing EDX analyses on cell cross-
sections.

LSC

LSM-YSZ

Electrolyte

Segment 11

LSC

LSM-YSZ

Electrolyte

Segment 1

Figure 11.4: SEM cross-sections of the cathode layers on segments 11 (left) and 1 (right), with
overprinted EDX mapping of Cr (red). Segment 1 was polarized during the test, segment 11
not. Top layer: LSC. Active layer: LSM-YSZ
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Chromium poisoning Resulting cross-section analyses on chromium poisoning are shown
in Fig. 11.4. Segment 11, located at the inlet and not polarized during the 1900 hours of
operation, presents a Cr-containing layer at the top of the LSC current collection. A few
Cr-containing spots are visible in the LSC, but no relevant presence can be found in the
LSM-YSZ. In the segment 1, which was polarized, chromium is also found on the top of
the LSC layer, but in particular also at the electrolyte. A less dense layer is found at the
top of the LSC because the sample was taken a few millimeters more downstream than the
one of segment 11. This result shows a probable polarization-driven deposition of chromium
at the cathode/electrolyte, which can explain the poor performance of segment 1 from the
beginning of the test.

To obtain more information about the nature of the chromium pollution of the LSM cathode,
observations were performed with a transmission electron microscope (Philips/FEI CM300)
at CIME-EPFL, as part of the diploma thesis of C. Calderone. TEM lamellae were ex-
tracted from the polluted segment 1 in close vicinity of the electrolyte, as shown in Fig.
11.5. Chromium-containing particles were identi�ed (Fig. 11.5), whose composition was
analyzed by EDX. The resulting composition was (at%) : 15.2% Cr, 2.3% S, 17.7% Sr,
58.8% O, corresponding again to a strontium chromate compound enriched with sulfur (i.e.
Sr(Cr0.87S0.13)O4 ).

The presence of strontium chromate in a LSM-YSZ cathode is however surprising, because
the formation of this compound is not expected from a thermodynamic point of view, as
shown by Yokokawa et al. in [124]. Whether the simultaneous presence of chromium- and
sulfur-containing species could lead to the formation of this compound remains unknown.
Nevertheless, as this compound was extracted from the segment by a focused ion beam, and
as the Cr-containing particle is not located near the polished surface of the sample, a contam-
ination during the sample preparation can be excluded, which therefore excludes any artifact.

Finally, it has to be mentioned that the apparent absence of large chromium particles in
segment 11 does not allow to exclude its presence. In fact, in a recent conference abstract
[125], Horita et al. establish a link between the degradation of a LSM cathode and the quan-
ti�ed amounts of chromium evaluated by the SIMS technique. A signi�cant e�ect on the
performance of the cathode was observed upon pollution in their case. The corresponding
concentrations of chromium quanti�ed by SIMS were evaluated in the range of 1000ppm
(0.1%), which is considered as below detection limit for TEM-EDX. Therefore, it is possi-
ble that, despite the apparent absence of chromium in the LSM-YSZ layer of segment 11,
chromium was indeed present and a�ected the electrochemical performance. This could here
possibly explain why segment 11 presents an important low-frequency contribution (20Hz),
similarly to segment 1, as well as justify the di�erence in recorded spectra between the
non-polarized segments at inlet and outlet.
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Figure 11.5: TEM observation of the chromium and silicon pollution of the LSM cathode on
segment 1.
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Silicon and sulfur poisoning As indicated in Fig. 11.6 for segment 1, silicon was de-
tected in the LSC current collection layer by SEM-EDX, and also in smaller amounts in the
LSM-YSZ cathode where it possibly altered the electrochemical reaction. TEM results how-
ever presented contradictory results. Using TEM-EDX, silicon was detected on several spots
in the absence of strontium, as shown in Fig. 11.5, hence tending to con�rm its presence.
However, EELS measurements, which are not subjected to the deconvolution problem, did
not con�rm this observation. As the investigations area of a TEM lamella is very small, it
is also very possible that the extracted specimen was void of Si contamination.

Finally, sulfur was observed in the LSC layer with which it reacted, but lay below the de-
tection limit for SEM-EDX in the LSM-YSZ layer. In this case, the larger amount found in
LSC can probably be explained by the intrinsic instability and reactivity of this material,
and in particular by the activity of SrO [117][73].

As shown in the previous paragraphs, the detection and quanti�cation of pollutants in the
cathode layer is not straightforward when using EDX as detection method. Therefore, the
use of other techniques such as SIMS has to be considered for future more precise and
complete analyses. This technique, widely used by the group of Yokokawa et al., has shown
its ability to detect and quantify pollutants at very low concentrations [123].

 

LSM
YSZ

Cr

CrCrCr

Figure 11.6: Detail of the mappings of pollutants on segment 1 (inlet). Chromium (red)
and silicon (yellow). Inset: detail of a chromium-containing particle in the vicinity of the
electrolyte. Top layer: LSC. Active layer: LSM-YSZ
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11.4 Spatial distribution of pollutants and corresponding

electrochemical performance

The electrochemical reaction is expected to take place principally in the LSM-YSZ layer,
even if the distributed reaction [1] could reach the polluted LSC layer. Therefore, chromium
and silicon, which were found in the LSM-YSZ and are known pollutants, most probably
a�ected the electrochemical reaction. Recent results of Xiong and co-authors showed that
a LSM/LSGMC composite cathode polluted by SOx during a short period showed a slight
increase in ASR [75], but didn't presented a visibly modi�ed microstructure or important
additional phases. In addition, the e�ect on the performance of the electrode appears to
have been partly reversible. Therefore, a limited e�ect of sulfur on the ASR is expected.

In fact, the comparison of the mappings of silicon and chromium poisoning in LSC (Fig.
11.1) and the level of degradation for the oxygen dissociation step on cathode side (Fig.
10.25) shows a very good match between the a�ected areas (segment 16 is disregarded due
to artifacts in EIS). In addition, the e�ect of sulfur on degradation is visibly less pronounced,
as the amounts found on some segments are not correlated with important local ASRs.

Therefore, it is estimated that the pollution of the cathode by Cr and Si is the probable major
cause of its degradation. This conclusion is consistent with the fact that the low-frequency
cathode process is mostly a�ected by degradation in this case, and that this process is re-
ported to be a�ected by electrode pollution, shown for instance by Bentzen et al. in [126].

Nevertheless, as illustrated in the present case, a quanti�cation of the present pollutant on
the full electrode thickness and on all segments would be necessary to completely con�rm
this conclusion, hence requiring the use of additional analysis tools such as SIMS or GDOES.

11.5 Polarization, activation e�ects and microstructure

To conclude this post-experiment analysis, a �nal result, that further illustrates the interest
of locally-resolved measurements, is presented.
As shown in the previous chapter, the segments located along the inlet of the active area
presented di�erent electrochemical responses, depending on the polarization applied during
the 1900 hours of operation. To analyze this situation in more detail, the di�erence among
the recorded impedance spectra was analyzed by di�erentiation, between the non-polarized
segments (11 to 14) and the polarized one (1). The result is shown in Fig. 11.7.
First, it is found that the four non-polarized segments present a very similar di�erence with
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Figure 11.7: Di�erence in the impedance spectra between the non-polarized inlet segments
11,12,13,14 and the polarized one n�1.

respect to the only polarized segment, and this over the complete frequency domain. This
attests of the consistency of the observation. In addition, no di�erence among the segments
is observed on the low frequency process (2Hz), attributed to the gas conversion impedance.
This can be expected due to the nature of this contribution.
Further, a current-induced activation is visible for the charge-transfer reaction on the an-
ode side and for the oxygen dissociation step on the cathode side, attested by the higher
impedance on the non-polarized segments. By opposition, the high-frequency contribution
corresponding to the transfer of charge between LSM and YSZ presents a higher value for
the only polarized segment, hence indicating a current-induced degradation.

In a review published in 2008 [66], Jiang describes di�erent processes observed during the
activation of LSM-YSZ cathodes. Besides morphological changes in the porous LSM, modi-
�cations of the interface between LSM and YSZ, which could impact on the high-frequency
term, are reported. In addition, an e�ect of polarization is observed on SrO segregated
at the surface of the LSM, whose polarization-induced removal is assumed to promote the
electrochemical reaction. Finally, the formation of oxygen vacancies in LSM is reported to
accompany current-induced activation.
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Figure 11.8: Comparison by TEM of the microstructure of segments 1 (polarized) and 11
(non-polarized) after 1600 hours of operation.
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Based on the observed current-induced di�erences in the recorded impedance spectra, it was
considered of interest to investigate whether such features could be observed on the con-
cerned segments. This was done by observations with a transmission electron microscope.
Two lamellae were extracted by focused ion beam (FIB) from the cathode of segments 1 and
11.

The resulting microstructures are shown in Fig. 11.8. The scale of the images is adapted to
represent the microstructure at the same scale.

For the polarized segment (1), the interfaces between LSM and YSZ grains are clearly visible,
presenting at several places an apparent detachment or partial gap between the particles.
Moreover, these interfaces present 'rough' surfaces, with di�erent topologies from the ones
observed on the non-polarized segment. Whether this roughness could have contributed
to an activation of the electrode by increasing the TPBS length remains unknown. Un-
fortunately, no additional information could be obtained about the phases found at these
interfaces, where formation of La2Zr2O7 could have been expected [68].
By opposition, on the non-polarized segment 11, the interfaces between particles of di�erent
nature are not clearly identi�able, presenting well-sintered interfaces. In addition, no addi-
tional 'roughness' of the interfaces is visible.

This result seems therefore to be in agreement with part of the phenomena associated with
a current-induced degradation (process at 10 KHz). It could explain the higher impedance
for the high-frequency process, attributed to the transfer of charge at the LSM-YSZ inter-
face. In addition, this observation could also explain the di�erences in the ohmic resistances
observed between the polarized and non-polarized segments, where the polarized ones pre-
sented higher ohmic resistances at the end of the test (see paragraph 10.6.2). However, more
work is required to perform a complete analysis of the samples, in order to extract additional
information.

Nevertheless, this result shows that the local EIS measurements associated with di�erential
techniques enable to address such features, so as to identify areas of interest for the post-
experiment analysis. Finally, this result shows that the presence of non-polarized segments
in the fuel cell can add to the comprehension of the observed phenomena.
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11.6 Conclusion

The results presented in this chapter illustrate the gain in understanding of degradation by
coupling locally-resolved measurements to locally-resolved post-experiment analyses. Fre-
quently, post-experiment analyses allow to identify, in observed samples, speci�c features
that could have an impact on degradation, but without possessing the information whether
a real impact on performance has occurred. The coupling of local measurements and obser-
vations establishes here this missing link.

The presence of at least three major pollutant species was identi�ed on the cathode side
of the tested repeat-element, i.e. on the electrode that was identi�ed as principal source of
degradation during the test.
By analyzing the spatial distribution of the pollutants over the active area, a non-homogeneous
pollution of the electrodes was revealed, which, furthermore, coincides with the zones a�ected
by degradation in the fuel cell.
Therefore, it was concluded that pollutants on the cathode side are most probably the prin-
cipal source of degradation.

From a stack-developers point of view, this experiment brings a large amount of valuable
information. The presence of chromium uniquely at the cathode inlet testi�es for the proper
protection of the interconnects against chromium evaporation. Consequently, priorities have
to be set on the reduction of chromium sources in the upstream BOP components.
Silicon poisoning is estimated to be generated internally from seal materials as well as exter-
nally, requiring more investigations for dedicated adaptations of the design or of the testing
conditions.
Finally, the sulfur poisoning identi�ed in this particular test can be avoided by replacing the
ceramic paste used for segmentation as well as the sulfur-containing air-supply tubes.

To conclude, the low degradation experienced by the second, less polluted half of the repeat-
element, gives a perspective for possible gains in lifetime that could be achieved by a reduc-
tion of this principal source of degradation.
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Chapter 12

Modeling of pollutant generation,

transport and deposition

12.1 Introduction

In this last chapter, a prospective work is presented on the simulation of pollutant generation,
transport and deposition in SOFC repeat-elements. Pollutants have been identi�ed as major
degradation sources by several authors, both on air and fuel side of the fuel cell.
As shown by the local measurements and local post-experiment analyses presented in the
previous chapters, pollutants seem to have played a major role in the degradation of the
tested prototype. Moreover, it was found that their distribution on the active area followed
a consistent trend, with decreasing amounts along the �ow, in addition to more polluted
zones in the vicinity of the seal materials. This indicates the presence of trapping materials,
such as the LSC used in the contact layer, as well as possible pollutant sources in the seal
materials (silicon) or at the surface of the interconnects (chromium). Therefore, the pollution
of the active area results not only from external sources, but also from stack-internal sources
whose identi�cation would help to improve the lifetime of the fuel cell. In addition, one
underlying idea of this prospective work is to assess whether design options or di�erent
operating conditions could limit the emission and deposition of pollutants.
To address this question, CFD models are of particular interest, as they allow to simulate
transport mechanisms in the gas phase, which is one of the principal vectors of pollutants
in fuel cells. Consequently, the CFD model developed in this thesis was complemented by a
pollutant emission, transport and trapping simulation module, which is presented hereafter.
Using this model, it is shown that speci�c design options, but also testing conditions play a
major role not only in the trapped amounts, but also in the location of the pollution.
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12.2 Approach

The pollution by di�erent volatile species of usual materials used in fuel cells is most often
investigated in a thermodynamic approach, where equilibrium compositions are established
as a function of operating conditions, gas compositions or pollutant concentrations. These
thermodynamic considerations allow to identify the numerous reaction products resulting
from a pollution, as for instance described by Yokokawa et al. for the case of chromium
poisoning [124], or by Xiong [75] for sulfur poisoning.
Other authors focus on the pollutant release mechanisms, as well as on the quanti�cation of
the released amounts. For instance, Stanislowski et al. [127][128][5] describe an experimen-
tal method used to quantify the release of chromium from di�erent alloys under di�erent
conditions. Besides the di�erent rates of chromium released from di�erent alloys, their work
shows that the released amounts depend not only on the kinetics of formation of the pollu-
tant species, but much more on the mass transport phenomena which represent a limiting
factor [5], as shown in Fig. 12.1.
The same conclusion is made by Opila et al. from NASA Glenn Research Center, who

Figure 12.1: Chromium vaporization rates as a function of the �ow rate for the chromia-
forming alloy Ducrolloy at 800◦C in air with a humidity of 1.88%. Reproduced from Stanis-
lowski et al. [5].

describes the mass transport phenomena in the gas boundary layers as frequent principal
rate limiting step [129]: "In many combustion environments, volatility is limited by transport
of the volatile species away from the oxide surface through a gas boundary layer. To calculate
the volatility for the boundary layer limited process, the equilibrium partial pressure of the
volatile species must be known, or thermodynamic data must be available to calculate this
pressure."
This property was in particular used in her group in reverse manner to estimate equilibrium
partial pressures of gases on the surface of studied samples. By measuring the resulting par-
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tial pressure in the gas streams and knowing the mass transfer properties in the boundary
layer, the equilibrium partial pressures on the surface can be estimated [130].

As thermodynamic data about pollutant species of interest is found in literature, this ap-
proach is applied in our CFD model. The key parameters determining the evaporation rate
in a boundary layer are recalled in Fig. 12.2. At the surface of the considered sample, the
partial pressure of the considered pollutant specie peq,s is assumed to be at equilibrium. This
partial pressure depends on the local gas composition and temperature, with for instance,
a strong dependance on the steam partial pressure for the evaporation of chromium. This
partial pressure is estimated on thermodynamic equilibrium relations.
Away from the boundary layer, a pollutant concentration p∞ is found in the gas stream.

Velocity
Boundary layer

TrappingEvaporation

peq,s

p∞ p∞

peq,s

p        >eq,s p∞ p        <eq,s p∞

Free stream
 velocity V

Figure 12.2: Principle of mass transfer in the boundary layer.

The di�erence between these two partial pressures determines the vaporization from the
surface, which also depends on a mass transfer factor hm determined by the nature of the
�ow.
In usual textbooks [97], mass transport is expressed in terms of di�erence of concentrations:

N ′′poll = hm(Cpoll,s − Cpoll,∞) (12.1)

where Cpoll,s and Cpoll,∞ are respectively the concentrations at the surface and out of the
boundary layer. This relation is transformed for partial pressures as:

N ′′poll = hm(Re, Sc)
Patm
p0RT

[peq,s(T, pj)− p∞] (12.2)

with p0 = 1 atm. The mass transfer factor hm depends on the adimensional Sherwood
number Sh and on the di�usion coe�cient DAB for the considered specie in the present gas
mixture:

Sh(Re, Sc) =
hm
DAB

(12.3)

The Sherwood number depends on the local Reynolds number ReL and Schmidt number Sc,
through a relation which depends on the geometry of the �ow.

ReL =
ρUL

µ
(12.4)



258 Chapter 12 : Modeling of pollutant generation, transport and deposition

Sc =
ν

DAB

(12.5)

where L is a characteristic length of the �ow. In literature, relations for heat transfer are
more frequently found. However, due to the analogy between mass and heat transfer, a
transformation can be obtained for mass transfer. The heat transfer coe�cient ht is de�ned
by the Nusselt number Nu, which depends on the Reynolds and Prandtl (Pr) numbers:

Nu(ReL, P r) = a ·RemLPrn (12.6)

=
ht L

kf
(12.7)

with:
Pr =

ν

α
(12.8)

α =
k

ρcp
(12.9)

ν =
µ

ρ
(12.10)

The transformation from heat to mass transfer is �nally given by:

Nu

Prn
=

Sh

Scn
(12.11)

where n is the exponent found in Eqn. (12.6).

Two implementation methods These standard relations are of particular interest to
model the vaporization of pollutants from surfaces of known geometries, that is, for instance
in tubes or heat exchangers. This type of relations can therefore be implemented in system
modeling tools to simulate generation and transport of pollutants at the system level.
For internal �ow in a repeat-element, this approach can be used, provided that the mass
transfer coe�cients can be estimated. In the computation, the equilibrium partial pressure on
the surface is computed from thermodynamic data, while the partial pressure outside of the
boundary layer is de�ned as the average partial pressure over the surface. The vaporization
�uxes can then be computed from the mass transfer coe�cients.
However, if a su�cient discretization of the boundary layers is possible, mass transfer can
be modeled by simply imposing the equilibrium pressure on the concerned surface, while
the convective and di�usive mass transfers are computed numerically. The released �ux can
then be computed as:

N ′′poll = −DAB
∂Cpoll
∂z

(12.12)

where z represents the normal direction to the surface.
To model the mass transport in the gas phase, the User-De�ned Scalar functionalities of
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FLUENT are used. The following generic equation is solved for any scalar variable φk of
interest, which here represents the concentration of any pollutant :

∂ρφk
∂t

+
∂

∂xi

(
ρviφk − Γk

∂φk
∂xi

)
= Sφk

(12.13)

where Γk and Sφk
are respectively a di�usion coe�cient and additional source term. In this

case, the source term is canceled, while the di�usion coe�cient of the pollutant specie is
used for Γk.

Deposition The relations presented above are also applicable for the deposition of pol-
lutant species on speci�c surfaces. In this case, the equilibrium partial pressure over the
trapping surface has to be known in order to compute the resulting deposition �ux.
It has to be noted that this formulation is applicable both for chemical or physical deposition
processes.

12.3 Thermodynamic properties of pollutants

In the following paragraphs, the case of chromium- and silica-poisoning are investigated, as
they correspond to the principal pollutants found in the segmented experiment.

12.3.1 Chromium poisoning

Vaporization As reported in literature [71][131][132], chromium poisoning occurs in SOFC
atmospheres and at usual temperatures principally by the release of CrO3 or CrO2(OH)2 from
the surface of chromia-forming alloys. The second pollutant specie is found to be largely
predominant even at low steam partial pressures [132].
The required thermodynamic data for both pollutant species was extracted by compiling
data from Hilpert [71], Ebbinghaus [131], Gindorf [132], Stanislowski [5] and Opila [130].
As shown by Stanislowski in reference [5], considerable disagreement is found among the
estimated equilibrium constants for CrO2(OH)2 , as shown in Fig. 12.3.
For the evaporation of CrO3 , the data of Ebbinghaus is used [131], as it is also close to

data from Gindorf et al. [132]. The vaporization reaction is written as:

1/2Cr2O3(s) +
3

4
O2(g)↔ CrO3(g) (12.14)

The equilibrium partial pressure is �tted on the data extracted from the graphs of Ebbing-
haus, with:

logKCrO3 = −12235.38 T−1 + 3.01 (12.15)
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Figure 12.3: Equilibrium constants for volatile chromium species. Data by Stanislowsky,
Oplia and Gindorf, extracted from Stanislowski et al. [5].

The equilibrium partial pressure on any chromia-forming surface is consequently computed
as:

pCrO3 = KCrO3 · p
3/4
O2

(12.16)

For this specie, no su�cient data was found to estimate the di�usion coe�cient, which was
set to the same value as for CrO2(OH)2 , as the molecule presents a similar radius [133].

For CrO2(OH)2 , data from Stanislowski [5]is chosen arbitrarily. His data is in relative good
agreement with the one presented by Opila et al [130].
The vaporization reaction involves both oxygen and steam :

1/2Cr2O3(s) +H2O(g) +
3

4
O2(g)↔ CrO2(OH)2(g) (12.17)
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The equilibrium constant, �tted on the data of Stanislowski, is given by:

logKCrO2(OH)2 = −2978.43 T−1 − 1.96 (12.18)

And the resulting equilibrium partial pressure is estimated by:

pCrO2(OH)2 = KCrO2(OH)2 · pH2O · p
3/4
O2

(12.19)

To compute the evaporation rates and the mass transport, the di�usion coe�cient for
CrO2(OH)2 in air is set to DCrO2(OH)2 = 2.25 · 10−5 m2s−1, taken from Nabielek et al.
[134].

Known limitations In this exploratory work, several simpli�cations are made. For in-
stance, only the case of a pure chromia surface is modeled. As shown by Stanislowski
however, the released rates depend on the composition of the oxide scale of considered alloy.
Therefore, it is a worst-case situation which is considered in the studied cases.

Deposition To model the rates at which chromium is deposited on the LSC layer, the
equilibrium partial pressure of CrO3 or CrO2(OH)2 in contact with LSC has to be known.
Unfortunately, in these preliminary developments, we do not dispose of a su�ciently complete
thermodynamic database to compute it reliably. In the segmented experiment however, the
important presence of SrCrO4 on the LSC surface at the air inlet indicates a strong reactivity
with strontium. As the amounts of SrCrO4 decrease rapidly along the �ow and �nally reach
non-detectable amounts after a dozen of millimeters from the air inlet, it can be assumed
that this equilibrium partial pressure is orders of magnitude lower than the partial pressure
of pollutants in the gas streams. Based on this assumption, the deposition �ux given by
equation 12.2 is simpli�ed to:

N ′′poll = hm(Re, Sc)
Patm
RT

[peq,s(T, pj)− p∞] = hm(Re, Sc)
Patm
RT

[0− p∞] (12.20)

In the cases where the simulation of mass transfer in the boundary layer is possible, it is the
equilibrium partial pressure which is set to zero.

This formulation neglects the progressive formation of reaction products which will modify
the equilibrium partial pressures with time; an unsteady formulation will be implemented in
the future. The results presented below are therefore only valid for initial conditions, or for
short time scales.

12.3.2 Silicon poisoning

As mentioned by Yokokawa in [73], Si(OH)4 could represent one of the vectors for silica
poisoning in fuel cells. As shown by Opila in [130], this specie represents the major cause of
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Figure 12.4: Equilibrium constant for volatile Si(OH)4 , extracted from data by Jacobson et
al. [6].

degradation for silica-forming materials, at high temperatures and in the presence of water
vapor. It is generated by the following mechanism:

SiO2(s) + 2H2O ↔ Si(OH)4(g) (12.21)

The extraction of data from Jacobson [6]and Opila allows to �t the temperature dependency
of the equilibrium constant as (see Fig. 12.4):

logKSi(OH)4 = −2857.84 T−1 − 3.53 (12.22)

Finally, the equilibrium partial pressure of Si(OH)4 is obtained by:

pSi(OH)4 = KSi(OH)4 · p2
H2O

(12.23)

In the considered repeat-elements, the formation of Si(OH)4 is assumed to take place at the
surface and inside of the seal materials, where silica is found. To model its formation, a
di�erent approach is taken. As the generation occurs in a porous volume, it is the partial
pressure of Si(OH)4 which is directly set to its equilibrium value, depending on the steam
partial pressure in the seal, which is determined by the steam partial pressures of the gases
or by parasitic combustion fronts in the seal gaskets.

Deposition on the LSC surface To model the deposition of silicon on the cathode col-
lection layer, the same assumption is made as for chromium deposition. In fact, Yokokawa et
al. mention the possible reaction of Si(OH)4 with SrO [73], whose reactivity with chromium-
containing species has been demonstrated.
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12.4 Generation of chromium-containing pollutants in a

F-design prototype

To test the capabilities of the completed CFD model, a simulation of pollutant evaporation,
transport and deposition is performed in a F-design repeat-element. A view of the cathode-
side assembly of the element is shown in Fig. 12.5. The generation of chromium-containing
pollutants occurs either on the complete surface of the interconnector, or if speci�ed, only
outside of the air channel where the presence of an e�ective protective coating is assumed. In
this case, chromium vaporization takes place only at the interface between the interconnect
and the seal materials, which are modeled as porous media. In addition, cases are considered
where the incoming air is saturated with chromium, which depends on the relative humidity
of the injected air.

Cell

Cathode seal

Metallic interconnect

Chromium vaporization

Si(OH)4 vaporization

Chromium and Silicon trapping

Air �ow

Figure 12.5: Assembly of the F-design stack (cathode side) and considered locations of
pollutant generation and deposition.
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For the generation of Si(OH)4 , the internal source is considered in the seal materials, where
the equilibrium partial pressure is �xed, as mentioned above. In addition, some cases are
considered where an external Si(OH)4 source saturates the air.
For both pollutants, deposition occurs on the cathode's current collection layer. In addition, a
physical re-deposition of chromium on the interconnector is possible, as described hereinafter.

12.4.1 Local generation of Cr-containing volatile species

In the following paragraphs, a �xed operating point is considered, with a fuel utilization of
60% obtained under a dilute fuel mixture (50%H2 -50%N2 ) and a lambda of λ = 6.
Figure 12.6 represents the resulting composition of the gases at the surface of the intercon-
nector, with air and fuel inlets located on the right of the �gure. Oxygen is found in the air
stream and in part of the areas covered by the seal gaskets. On the sides of the element,
where the fuel manifolds are located, it is principally steam and hydrogen which are found in
the seals. Similarly to the case of the previous designs, a front of parasitic combustion exists
in the seals, exposing the MIC on either part of it to oxidizing, resp. reducing conditions.
Steam is thus present to large extents at these locations, which promotes the formation of
pollutants, as shown below.

From these partial pressures and from the local temperatures, the equilibrium partial pres-
sures of CrO3 and CrO2(OH)2 are computed on the surface. As shown in Fig. 12.7, the
places where the highest partial pressures are found di�er to a large extent. CrO3 attains
highest equilibrium partial pressures in the second half of the element, where temperatures
are higher, and this only in the air compartment due to lower oxygen partial pressures under
the seals. The contrary is true for CrO2(OH)2 , which attains maximal partial pressures
at the interface between the MIC and the seals, in the vicinity of the parasitic combustion
fronts. This indicates that in this case again, parasitic di�usion in seals has a negative im-
pact on durability.

To simulate the released �uxes of chromium, the partial pressure is �xed on the MIC's sur-
face, and the resulting mass transport is modeled numerically. The resulting �uxes are hence
computed from equation 12.12. In this �rst case, no interconnect protection is considered,
to show the potential for pollutant release in the repeat-element. Moreover, no external
chromium source is considered, to investigate only stack-internal sources.

The result is shown in Fig. 12.8. CrO2(OH)2 presents by far the highest release �ux, with
up to 5.6 · 10−9 kg m−2 s−1, while the maximal �ux of CrO3 is limited to 9 · 10−11 kg m−2 s−1.
These �uxes are always given as mass of chromium par unit area and time.
The high vaporization rates for CrO2(OH)2 are linked to the important steam partial pres-
sures found at the surface of the MIC under the seals. Results from Stanislowski show
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maximal vaporization rates of 7 · 10−10 kg m−2 s−1for water vapor mole fractions of 1.88%
(corresponding to a 66% relative humidity under ambient conditions).
These results show therefore that the presence of steam in the seals results in an impor-
tant source of volatile chromium in the repeat-element. Moreover, the polarization of the
repeat-element, which induces larger steam partial pressure in the outlet fuel manifold, plays
indirectly a role in the released amounts.

Another result of interest for the release of CrO2(OH)2 is the presence of positive and nega-
tive mass �uxes on its surface, accounting for places where chromium is released, and other
where it is deposited. The re-deposition of chromium on the interconnect results locally from
a non-equilibrium situation, where the equilibrium partial pressure on the MIC's surface is
lower than the partial pressure in the gas phase. This situation occurs for instance where
strong gradients of oxygen or steam partial pressure exist.
This situation principally a�ects CrO2(OH)2 , with maximum deposition rates of 2.5 · 10−9

kg m−2 s−1, while CrO3 is less a�ected.
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Figure 12.6: Local gas composition at the MIC surface on the cathode side of a F-design
stack. Gas inlets are on the right. (60%FU, λ = 6, 50%-50% H2 − N2 fuel mixture)
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Figure 12.7: Corresponding equilibrium partial pressure of CrO3 (g) and CrO2(OH)2 (g) at
the surface of the interconnect.
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Figure 12.8: Local net mass vaporization rates of chromium from the interconnect, from the
di�erent pollutant species(CrO3 (g) and CrO2(OH)2 (g)). No protective layer. Unsaturated,
dry air (700◦C).
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Figure 12.9: Corresponding evaporation and deposition �uxes of CrO2(OH)2 (g) at the
surface of the interconnect. Comparison with pro�les of chromium deposited on the surface
of a seal in direct contact with the interconnect.
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12.4.2 Validation

To validate these predictions, the interface between interconnect and seal was analyzed, us-
ing a disassembled seal from an experiment performed under similar operating conditions.
In this case, the net mass �ux of CrO2(OH)2 is separated into two distinct contributions:
the positive �ux corresponding to vaporization, and the negative one corresponding to de-
position.
In Fig. 12.9, the simulation results are superimposed on the picture of the disassembled seal.
On the seal, dark traces are observed along its internal sides. Observed by SEM-EDX, these
traces are found to contain large amounts of chromium (see inset). Additional information
is detailed below. Moreover the seal material presents a brownish color in the areas exposed
to oxidising conditions, and a light grey coloring in reducing ones.
As shown on this �gure, the simulation results are in excellent agreement with the traces of
chromium deposition observed on the seal material.
In addition, it is interesting to note that the vaporization takes places on the air-side of these
areas, while deposition takes places on the fuel side of it.

To investigate this process in more detail, a pro�le of the simulated results and of post-
experiment observations is given for the red line indicated on this �gure.

The result is shown in Fig. 12.10. First, the position of the air GDL and of the seal material
(grey) is recalled. The simulated pro�les of gas partial pressures are shown. As the pro�les
are taken in the vicinity of the fuel outlet manifold, high steam partial pressures are attained
on the right (x=15mm), where the fuel manifold begins. At this location, a hydrogen partial
pressure of 0.17 atm is found, decreasing linearly towards the place where it is burned. On
the air side, a non-zero partial pressure of water vapor is found in the gas stream, due to the
accumulation along the stream of steam from the parasitic combustion.
The corresponding equilibrium partial pressure of CrO2(OH)2 is recalled, attaining a maxi-
mum of 6 · 10−7 atm. The corresponding net vaporization �ux is shown by the green curve
(x), with, as already mentioned, both positive (vaporization) and negative (deposition) �uxes
along this pro�le.

The corresponding surface of the seal material was analyzed by SEM-EDX, which corre-
sponds to the interface between MIC and seal. The seal material contains about 11% of
Mg (atomic percent) and 17% of silicon as principal elements (after oxygen). As shown on
the obtained pro�les, an important amount of chromium is found on the seal, with concen-
trations above 13% on almost half of the width of the seal. The location of this chromium
deposition on the seal matches well with the areas predicted to present high CrO2(OH)2

partial pressures.
In addition, a signi�cant concentration of iron is also found in this area, with a peak value
attained at a distance of 6mm from the air GDL.
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As shown on the SEM images, the form of the deposited chromium di�ers depending on the
location where it is observed. On the air-side of this region, a Cr2MgO4 spinel was identifed,
presenting a characteristic spinel microstructure. This region extends from the air GDL to
a distance of 4mm. Further in the direction of the fuel manifold, the form of the deposited
chromium is very di�erent. In this region, a microstructure consisting of Cr2O3 platelets is
found at the surface of the seal material. In this case, no reaction of chromium with other
species occurs.

The exact mechanism leading to these di�erent compositions is not fully identi�ed. In the
�rst case, a reaction with Mg from the seal material occurs. In the second case, no chemical
reaction occurs with the seal materials, indicating a possible out-of-equilibrium deposition
of CrO2(OH)2 in form of Cr2O3 , due to the low oxygen partial pressure in the reducing
atmosphere :

CrO2(OH)2(g) ↔ 1/2Cr2O3(s) +H2O(g) +
3

4
O2(g) (12.24)

0.5O2(g) +H2(g) ↔ H2O(g) (12.25)

Summary As shown in this paragraph, the model is able to predict the location of
chromium vaporization with accuracy. In fact, it is more the di�usive properties of gases in
the seal materials which determine the position of the chromium vaporization, as it dictates
the pro�les of steam partial pressures. Nevertheless, the model is able to give an information
of interest for post-experiment analyses, which in this case reveal an important release of
chromium from the alloy's oxide layer. Moreover, the presence of iron at this place indicates
a possible catastrophic oxidation of the interconnect, a fact that has to be further investi-
gated.
These results show therefore the interest of this type of simulations as a support for post-
experiment analyses, and possibly later for design purposes.
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Figure 12.10: Detail of the relase/deposition pro�le of CrO2(OH)2 (g) at the interface of a
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vations with identi�cation of the formed phases.
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12.5 Chromium poisoning of a F-design prototype

The simulated trapping rates on the LSC cathode layer are presented in Fig. 12.11. A
logarithmic scale is used for a better visualization.

First, the situation of an unprotected interconnect is represented, allowing a release of
chromium on its whole surface. Ambient air is considered, in which a steam partial pressure
of 0.02 atm is imposed (66% relative humidity). Due to the length of piping in usual systems
or the presence of heat exchangers, it is considered that the air is saturated with CrO3 and
CrO2(OH)2 before entering the stack. This situation is the same for all considered cases.
As shown on the �rst map of chromium deposition, a maximum trapping rate of 10−8.11

kg m−2 s−1 is attained at the entry of the active area. The trapping rate decreases rapidly
along the �ow, with one order of magnitude lower attained after 35mm. A minimum trap-
ping rate is attained approximately at half of the length of the repeat-element, before the
trapping rates start to increase again. This is due to the internal generation of Cr from the
MIC. In this case, the lowest trapping rate is 10−9.2 and the highest 10−8.11 kg m−2 s−1. Along
the sides of the active area, larger trapping rates are observed, resulting from CrO2(OH)2

released in the seals.

In a second case, the same conditions are applied to a repeat-element possessing a protection
of the MIC against chromium evaporation, but only towards the air GDL (not under the
seals). The same maximum trapping rate of 10−8.11 kg m−2 s−1 is attained at the inlet,
presenting similarly a remaining trapping rate of 10−9.11 kg m−2 s−1 at about 30mm from
the inlet. Unlike the preceding case, and as expected, the trapping rates continue to decrease
along the �ow, reaching a minimal trapping rate of 10−9.7 kg m−2 s−1.
Finally, a nearly constant trapping rate of about 10−9.11 kg m−2 s−1 is observed along the
sides of the active area.

If the same repeat-element is considered, but using compressed air such as in the case of
the segmented experiment, the apparent distribution of pollutants is modi�ed. This results
from the lower steam partial pressure, somewhat arbitrarily �xed to a value of 0.002 atm
(i.e. 1/10 of the standard air humidity), which induces lower evaporation from the system
components. At the inlet, a maximum trapping rate of 10−8.66 kg m−2 s−1 is attained in
the corners, while it is 10−9.11 kg m−2 s−1 in the middle of the inlet surface. In this case, a
trapping rate of 10−9.66 kg m−2 s−1 , that is, one order of magnitude lower than the maximum
trapping rate, is attained less than 10mm from the inlet.
In this case, the relative importance of the lateral sides of the active area increases. More in-
teresting, the maximum trapping rate along the lateral sides approaches 10−8.66 kg m−2 s−1 ,
the maximum rate found at the inlet.
In this con�guration, the lowest trapping rate on the active area is 10−10.6 kg m−2 s−1, which
is one order of magnitude less than in the case of ambient air.
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For all cases, the simulated deposition pro�les present a decreasing trend from the air inlet,
with more or less pronounced e�ects of the lateral CrO2(OH)2 generation. As shown on
the maps, these lateral contributions are limited to a short distance from the seal. In the
segmented repeat-element test, the amounts of chromium were quanti�ed in the center of
the segments, therefore neglecting the eventual presence of chromium in close vicinity of the
seals. Nevertheless, the simulated pro�les corresponding to a protected interconnect, which
is the case in the segmented test, present similar pro�les to those revealed by quanti�cation
in EDX. One di�erence exists however between the simulation and the experiment. In the
simulation, the trapped amounts decrease along the �ow but never reach zero values due to
the intrinsic nature of the deposition law, while experimentally no chromium is detected a
few dozens of millimeters away from the air inlet, which is partly due to the detection limit
of the detector.

These results show that the amounts of pollutants convected by the incoming air are de-
termining for the pollution of the repeat-element. The relatively limited di�erence between
the protected and not-protected cases for ambient air illustrate this situation well. In this
case, the evaporation of chromium from the system components presents the major source
of pollution. More important in terms of testing conditions, this result shows that the e�ect
of any protective coating becomes visible only if the air quality at the stack's inlet can be
controlled. For complete systems, where ambient air is used, this result illustrates therefore
the need for a development of highly e�ective coatings for system components.
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Figure 12.11: Local mass deposition rates of chromium on the cathode, from CrO3 (g) and
CrO2(OH)2 (g). Air inlet is on the right hand side. Top: no protection against Cr evaporation
in the GDL, ambient air. Middle: with protection, ambient air. Bottom: situation of the
segmented experiment. Compressed air with residual humidity, MIC protection.
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12.6 Silicon poisoning of a F-design prototype

As described above, the generation of Si(OH)4 from the seal material is simulated by impos-
ing the equilibrium partial pressure in its volume. As its partial equilibrium partial pressure
depends uniquely on the steam partial pressure, it is generated essentially in the vicinity of
the fuel manifolds, as shown in Fig. 12.6.
The resulting deposition �uxes are depicted in Fig. 12.12, presented as function of the chosen
operating conditions.
First, the case of a system con�guration is illustrated, where ambient air is used (Fig. 12.12
A). It is considered that no source of volatile Si(OH)4 is found before the stack. Despite
this absence of source before the stack, it is in this con�guration that the highest deposition
rates are expected, the other cases B and C being investigated for compressed air. One
notable exception exists however, with higher deposition rates attained under pure hydrogen
and compressed air, as described below. Therefore, air humidity plays a major role in the
internal Si(OH)4 generation. This is due to the presence of seal material in contact with
the entering air. In this con�guration, the highest deposition rates are found along the inlet
line, and especially in the corners. This pro�le is similar to the observations made in the
segmented experiment.

When using compressed air, as illustrated in Fig. 12.12 B, C and D, it is along the sides of the
element that the highest deposition rates are predicted. This observation is valid with and
without Si(OH)4 source before the stack (B,C). As the use of compressed air corresponds to
the con�guration of the segmented repeat-element, a clear di�erence exists between the pro-
�les obtained by EDX and the simulated ones. Therefore, the presence of another external
source of silicon can be estimated as probable, with volatile species that di�er from Si(OH)4 .

Finally, an interesting observation is made when changing the fuel composition, from dilute
to pure hydrogen (humidi�ed) (D). In this case, the highest deposition rates of all investi-
gated cases are attained along the sides of the active area, in the vicinity of the fuel inlet
manifold. This increased trapping of silicon results from the highest steam partial pressures
in the seal -resulting from parasitic combustion- due to the absence of dilution by nitrogen.
This shows that variations of parameters on the fuel side can have an impact on the pollution
on the cathode side.

These results show that, depending on the operating conditions, the spatial distribution of
the pollution is modi�ed. Other parameters such as the air �ow rate or the temperature are
consequently also expected to in�uence the rates of pollutant deposition, and therefore to
impact on the �nal degradation of the prototypes.
In addition, these preliminary results show that simulation of pollutant generation, transport
and deposition could help in the identi�cation of pollutant sources by a study of the spatial
distribution of deposition.
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Figure 12.12: Local mass deposition rates of silicon on the cathode, from Si(OH)4 (g) under
di�erent operating conditions.
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12.7 Spatial distribution of pollutants and stack design

As shown in the examples presented above, the internal generation of pollutants, their trans-
port and deposition is strongly linked to the construction of the element, and in particular to
the design of the seals. As shown throughout this thesis, the design of the stack impacts on
the �nal performance and reliability. Due to di�erent internal sources of pollutants among
the di�erent stacks, due to their placement in the gas streams, it can therefore be expected
that an impact on the degradation by pollution occurs.

In the example shown in Fig. 12.13 for the S-design stack, the sum of the partial pressures of
CrO3 and CrO2(OH)2 in the air stream is represented. It is clearly visible that an important
generation of chromium takes place at the interface between seal and interconnect, similarly
to the F-design case. However, the impact on the cathode is di�erent, due to the fact that
this seal is placed at the center of the active area, hence polluting the active area located
downstream of it.

Fuel in Fuel out

Air in Air outActive area
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4.0 e-7

3.0 e-7
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1.0 e-7
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pH2O / atm
S-Design / Steam partial pressure

S-Design / sum of pCrO3 and pCrO2(OH)2

Figure 12.13: Generation of chromium-containing volatile species in a S-design repeat-
element. Top: local partial pressures of steam on the cathode side. Bottom: total partial
pressure of Cr-containing volatile species in the gas streams.
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12.8 Chromium poisoning as function of the design and

of the operating conditions

To conclude this chapter, a benchmark of the three investigated stack designs is given as
function of the operating conditions. To compare the designs, the sole internal generation of
chromium-containing volatile species is considered, where no protective coating is applied.
The surface-averaged total deposition rate is given as function of the fuel �ow rate, where
the lambda is �xed at a value of 6 (standard operating conditions). Pure hydrogen is used
in this case, as it possibly increases the vaporization rates by increasing the steam partial
pressure in the seals. The result of the benchmark is shown in Fig. 12.14.

First, the average deposition rates change considerably depending on the fuel �ux, which in
fact dictates the air �ow rate through the constant lambda. These variations in the air �ow
rates impact on the pollutant partial pressures by dilution, hence modifying the transport
of volatile species from the MIC to the cell. For all designs, the highest pollution rates are
attained at the lowest fuel �ow rate. Therefore, to lower pollution, higher air �ow rates
would be preferred, or even higher fuel �ow rates if the lambda is �xed. This represents
an inverse trend from other considerations on degradation, where low current densities and
power densities are preferred to limit degradation. Moreover, it has to be noted that it is
the deposition rate of CrO2(OH)2 which is mostly a�ected by the variations of gas �ows.

Second, the impact of the design on the total trapped amounts is easily visible. The R-design
stack presents almost double deposition rates than the S-design stack. Even more impor-
tant, for CrO2(OH)2 the F-design stack presents an average deposition rate which is one
order of magnitude lower than in the case of the S-design stack. This important di�erence
is principally explained by the absence of a seal exposed to steam in front of the �ow, but
also by the lower ratio of seal length to the total active area in the case of the F-design stack.

Finally, variations of fuel utilization have an impact on the total pollution, a�ecting only
the specie CrO2(OH)2 . This fact is linked to the displacement of the parasitic combustion
fronts in the seals, which impact on the amounts of pollutants released in the �ow.

This �nal result demonstrates, therefore, a possible link between stack pollution and stack
design. To investigate the direct impact on degradation, however, a link has to be found
between the deposited amounts of pollutants and the variation of area speci�c resistance, an
information which is not available yet.
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Figure 12.14: Surface-averaged total trapping rates for the three investigated stack designs,
as function of the operating point. Non-protected interconnects.
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12.9 Conclusion

In this chapter, it has been shown that it is possible to model the generation, transport and
deposition of pollutants in SOFC repeat-element. Based on the example of the F-design
stack, it is shown that the spatial distribution of pollutant trapping depends �rst on the
location of its source, on the presence of protection of the components, but also principally
on the operating conditions.
In particular, the humidity of the injected air represents a major factor on the deposited
amounts for the considered pollutants, and this independently of the presence or not of
stack-external pollutant sources.

Moreover, it was shown that the spatial distribution of pollutants di�ers from one stack de-
sign to the other, resulting in di�erent total trapping rates. Besides its advantages in terms
of performance and reliability, the F-design stack developed in this thesis shows, also in this
case, a clear advantage with respect to its predecessors.
In addition, the trapped amounts were found to depend on the gas �ow rates, or even indi-
rectly on the fuel utilization. For all cases, the use of compressive seals with residual porosity
induces additional chromium vaporization, an additional e�ect that should be taken into ac-
count in the design phases of a stack.

Finally, the simulation results could be partly validated for the F-design case by a correct
prediction of the location where chromium generation is expected to occur. The simu-
lated trapping pro�les for chromium were analogous to the ones measured by EDX in the
segmented repeat-element, where corresponding boundary conditions were applied. This il-
lustrates the potential for model-based support in post-experiment analyses.

Despite the numerous simpli�cations in the evaporation and trapping model, resulting in
particular from a lack of thermodynamic data, these developments show the potential for
modeling-assisted diagnostics on pollution for solid oxide fuel cells.
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Chapter 13

Conclusion

13.1 Overview

This thesis focuses on the study and resolution of reliability and degradation issues in solid
oxide fuel cells, with a combined application of modeling and experimental tools. Besides
cost, performance, reliability and lifetime are considered as the key issues for the deployment
of the SOFC technology.
Starting from experimental work showing the limitations of the �rst-generation SOFC stack
(R-design ) prototype, this thesis aimed to develop the necessary modeling and experimental
tools to provide an in-depth understanding of electrochemical performance, reliability and
degradation in SOFCs. The goal was to, in particular, investigate the link between these
three key issues, as well as the impact of the stack design, choice of components or operating
conditions on them.
To achieve this goal, the main e�ort was concentrated on developing a modeling and ex-
perimental framework giving access to local properties in real or modeled repeat-elements,
including local electrochemical performance, risk of failure and degradation. In addition,
the second goal of this work was to propose concrete solutions for the design of stacks pre-
senting the mandatory reliability and high performance expected from the SOFC technology.

On the experimental hand, a diagnostic test station was developed to give in-situ access
to local electrochemistry in SOFC repeat-elements (Chapter 10). This test station allowed
to measure the local degradation occurring in a real prototype, for the �rst time in SOFC
research. This experiment revealed the intrinsically local character of degradation, which
was expected from button-cell experiments but never veri�ed experimentally.
A methodology was developed to analyze data obtained by impedance spectroscopy, in or-
der to identify the di�erent electrochemical processes and to study the spatial distribution
of their degradation. This spatial information represents an advantage of core importance
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for the interpretation of the results and for post-experiment analyses (Chapter 10 and 11).
Finally, it is shown in Chapter 12 that the coupling of locally-resolved post-experimental
analyses with locally-resolved degradation measurements enables the identi�cation of the
possible main sources of degradation, in this case in the form of pollutants.
The development of this novel tool represents the major contribution of this thesis for the
research on degradation in SOFCs. Using this tool, future experiments should allow a faster
and more precise evaluation of the e�ects of di�erent degradation sources. In addition, the
realized test station o�ers a platform for rapid and e�cient prototype development, as well
as for more fundamental experiments on segmented cells or multi-cathode experiments. Fi-
nally, this test platform o�ers a unique possibility to investigate the e�ect of stack design
on degradation. At present, procedures for accelerated testing are discussed in the SOFC
community, where it is suggested to modify operating conditions or to increase current and
power densities to accelerate degradation. This experiment could represent an alternative,
as it o�ers the necessary amounts of data without modifying the operating conditions.

The second developed tool is a CFD model capable of predicting performance limitations,
degradation and failure issues, developed in a strong link with experimental observations.
To predict perfomance limitations, (investigated in Chapter 7) the model is based on an
electrochemical model, �tted on experimental data, which is able to reproduce the response
of cells in situations close to limitations. In Chapter 8, it is shown that, by including the
non-ideal properties of seal materials, a detailed geometry of complete repeat-elements, and
indicators for the damage of electrodes, the model is able to detect and explain the major
source of failure of the investigated stacks, as well as to de�ne solutions for new stack pro-
totypes. Finally, a complementary model allows to simulate the generation, transport and
deposition of pollutants in a real repeat-element, whose outputs can be used to identify pol-
lutant sources in conjunction with local post-experiment analyses and local measurements
of degradation (see Chapter 12).

The CFD model contributes in an important manner to the knowledge of the phenomena
occurring in the tested and developed stacks, their limitations and the risk associated with
di�erent operating points. Much more, it enabled the designing of prototypes while taking
into account the possible weaknesses of components, hence tending to higher performance
and reliability.

A validation of the combined modeling and experimental framework, developed during this
thesis, is �nally given by the design, the realization and validation of two prototypes (Chap-
ter 3, 7 and 8) . The F-design stack, which was developed on the base of the conclusions
made on performance limitations and on the identi�ed mechanisms leading to failure, �nally
achieves the targeted reliability and performance which are far beyond the initial expecta-
tions of this work. Designed as a future industrial product, this stack represents the second
major achievement of this thesis, o�ering a validation of the herein developed approach and
of the model, in particular.
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In the months to come, this stack will be implemented in the CHP system developed by
the partners working on the FlameSOFC project. This evolution from an inital lab-style
prototype to the basis of a real market product represents an important leap achieved during
this thesis.

13.2 Solving Performance limitations

Initial work made on the R-design showed recurrent limitations in terms of performance and
reliability, with e�ciencies inferior to 40% and frequent failures of cells leading to premature
endings of experiments. In order to understand the limitations of the design, a modeling
approach was used. A CFD model, presented in Chapter 5, was developed. It includes an
electrochemical model, �tted on experimental data, and allows to predict the performance of
anode-supported cells in a wide range of operating conditions. The comparison with a virtual
repeat-element presenting an ideal fuel distribution showed that the principal limitations of
the R-design stack were caused by its inappropriate internal gas distribution (Chapter 7).

The identi�cation of this problem enabled the design of a new stack (S-design ) presenting
sensibly improved performances in accordance with modeling predictions. In short stack
con�guration, this design attained recently a maximum e�ciency of 53% LHV, operated on
hydrogen. This design moreover enabled to reach an important 1-kW milestone in a 72-cell
con�guration.

13.3 Adressing Reliability issues

At the same time, developments were made on the CFD model to �nd an explanation for
the recurrently low OCVs obtained with the R-design prototype, as well as the low perfor-
mance that did not match modeling predictions, despite the electrochemical model �tted on
experimental data.
Based on the inclusion of the real (and non-idealized) seal material properties and the hy-
pothesis that di�usion in seals is important, the CFD model was now capable of reproducing
the behavior of the R-design stack as observed in experiments. Thus, not only the low OCVs
but also the low e�ciencies could be explained. Furthermore, the model revealed potential
severe degradation issues for the cells, occuring by local redox-cycling. Again, these predic-
tions were found to be in excellent agreement with the experimental observations, and led to
explaining the major source of failure for this type of stack. In addition, it was shown that
repeated load- or thermal cycles would propagate the damaged areas until the total failure
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of the cell.

On the base of these conclusions, the newly designed S-design stack was evaluated: it suf-
fered from the same reliability issues as its predecessors, especially during thermal cycling.
The identi�cation of this problem, led to new technical solutions.

A new design iteration was made with intensive use of the CFD model and of its degrada-
tion sub-models. The resulting F-design stack, which represents the major outcome of this
thesis, achieved a maximum power output of 1.84kWel and a maximal e�ciency of 53% in
a 20-cell con�guration (200cm2 cells). This result was obtained using dilute hydrogen as
fuel; in other words, future operation on reformed natural gas should lead to an e�ciency
above 60%. Moreover, modeling and experiments show that this design not only approaches
internal fuel distributions of an ideal repeat-element, but also veri�es the absence of local
redox-cycling of the cells, hence leading to largely improved reliability (Chapter 8).

All these developments show that the use of compressive seal materials, presenting a residual
porosity, can lead to severe degradation issues or even failure, unless adaptations of the stack
design are made. As shown by the F-design stack, solutions can be found to enable the use
of such materials.

13.4 Revealing the local character of degradation

Having at least partly solved the performance and failure issues, the problem of degradation
was addressed experimentally in the last part of this work (Chapters 10 and 11).

A diagnostic test station was designed and realized to perform in-situ measurements of local
electrochemistry in a repeat-element and thus making the use of an instrumented intercon-
nect in a real stack possible. A good match was found between simulation and experiment,
validating both the design and the model at once. The in-situ measurements performed
revealed phenomena that would have been hard to detect in any other experimental con�g-
uration, hence illustrating the interest of locally resolved information.

The intrinsically local character of degradation was revealed by the evolution of local current
densities with time, as well as by impedance spectroscopy measurements. Di�erent degra-
dation dynamics were observed on the surface of the repeat-element, depending on their
position in the element and on the local operating conditions. This shows that the degrada-
tion of a repeat-element in a real stack strongly di�ers from the one observed in button-cell
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experiments: balancing e�ects take place between more and less degrading regions, modi-
fying the distribution of the electrochemical reaction over the active area in a large extent.
This result is thus of great consequence for the interpretation given to the degradation results
obtained from experiments on stacks or repeat-elements.

The �nal state of degradation was investigated by impedance spectroscopy to identify the
electrochemical processes and the level of their degradation. The analyses of the impedance
spectra show a non-uniformly degraded cell, thus revealing the interest of multiple mea-
surement points, which allow an insight in the spatial distribution of degradation for the
identi�ed degraded processes. The applied methodology allows to identify the most a�ected
electrodes and electrochemical processes, and thereby to establish corresponding degradation
maps for the �rst time.

The interest of a high spatial resolution was further demonstrated by the performed spatially-
resolved post-experiment analyses. Chromium, silicon and sulfur were identi�ed as principal
pollutants. Their spatial distribution over the cathode surface is put in relation with data
on degradation. The study of the pollutant penetration into the cathode layer, enabled
chromium and silicon to be identi�ed as probable principal causes of cathode degradation.
The spatial distribution of pollutants in the end also helped identify possible contamination
sources as either external or internal components.

As revealed above, this type of experiment enables to create the often missing link between
usual post-experiment analyses and the e�ective degradation of the fuel cell. Nevertheless,
it is also shown that additional experimental methods will be required to precisely quantify
the amounts of pollutants, as well as an access to complete thermodynamic databases for
the interpretation of the results.

Prospective work on pollutants From the conclusions above, a model for pollutant
generation, transport and deposition has been included in the CFD model, as presented in
Chapter 12. This model successfully predicts the location of internal generation of chromium-
containing volatile species, as well as places where deposition of chromium should occur.
From the results predicted by this model, it is expected that the major sources of chromium
and silicon are located up stream of the stack in the segmented experiment. In addition, the
model shows that the extent of pollution can be expected to depend on the stack design, as
well as on the operating conditions.

The basis for additional developments is therefore set.
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13.5 Future work

Based on the herein developed experimental and modeling framework, number of possibilities
are o�ered for future investigations. New experiments with the diagnostic station will serve
as basis for an improved knowledge on degradation by:

• using di�erent cathode materials to investigate their sensitivity to pollutants

• monitoring the quality of entering air by advanced gas sampling methods

• using inert test setups to study only the intrinsic degradation of the repeat-element

• improving and automatizing the impedance measurements to investigate larger opera-
tion domains

• using reformed C-fuels to investigate their impact on the anode degradation

• using other pollutant quanti�cation techniques such as SIMS/GDOES for more com-
plete results

• use experiment design techniques to perform adequate parameter estimations

Concerning the modelisation work, further development in relation with the transport of
pollutants would be of major interest. This, however, requires access to thermodynamic
and kinetic databases, not yet available. As shown above, the choice of materials, stack
design and testing conditions have signi�cant impact on the amounts of trapped pollutants,
which could be investigated using this tool. The access to locally resolved measurements
of degradation associated to locally-resolved post-experiment analyses would o�er a unique
opportunity to validate these modelisation results.
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