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Document Abstract

The document provides a literature review on approaches to the SOFC degradation modelling and
lifetime prediction. A survey of the modelling efforts is supported by the self-contained summary of
dominating degradation mechanisms both at the cell level and the stack level as well as the
chemistry/physics behind. The state of the art methods and algorithms employed for assessing the
state of health are reviewed. This task provides the background for the SOFC lifetime modelling to
be carried out in WP5.

The information contained in this report is subject to change without notice and should not be construed as a commitment by any members
of the INSIGHT Consortium. The INSIGHT Consortium assumes no responsibility for the use or inability to use any procedure or protocol
which might be described in this report. The information is provided without any warranty of any kind and the INSIGHT Consortium
expressly disclaims all implied warranties, including but not limited to the implied warranties of merchantability and fitness for a particular
use.
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The most significant barriers to broader commercialization and market deployment of solid oxide fuel cells
(SOFCs) are yet insufficient durability, reliability and cost. Reliability and durability, in particular, are
significantly impacted by the degradation phenomena that emerge during the SOFC operation. Namely, the
operation under high temperatures poses a number of challenges, cf. [1]:

1. Scaling up the cells to larger stacks generally decreases the reliability of the real system performance.
Mechanical issues seem to be prevailing and the root causes are different. For example, chemical
reactions across the cell generate large thermal gradients that implicate stress in materials. Similar
implications may occur due to thermal cycling during operation as well as due to fabrication errors.

2. Within the porous electrode as well as cell components many concurrent physical processes occur in
parallel. They pose difficulties in SOFC modelling because the governing equations that describe the
involved variables form a system of coupled, nonlinear differential and algebraic equations with many
parameters not independently measurable.

3. Elevated temperatures contribute to the growth of oxide layers between the interconnect plate and the
electrodes, especially the cathode. A consequence of this phenomenon is also an increase in the cell’s
internal resistance, due to the increased Ohmic resistance along the conductive path. Another case is
chromium oxide growth on the surface of the interconnect plate.

Understanding the mechanisms that bring to the deterioration is of paramount importance for the design,
operation and management of the SOFC systems. Most of the work so far has focused on detailed modelling
of the multiphysics processes in each point of the structure with the aim to understand the conditions that
implicate the onset and rate of degradation as well as the relationship with the reliability and life span of the
SOFC. There is also a rapidly growing interest in the methods for the online state of health assessment based
on available operational data. Valuable information can be extracted by additionally perturbing the SOFC
system. From the obtained responses the characteristic features that can be correlated with particular
degradation modes are evaluated. Thanks to the versatile characterisation techniques there is a rich body of
experimental runs supported by post mortem analyses, which sometimes provide unambiguous information
on the nature of the degradation processes that were present during the experiments.

However, identification of the degradation mechanisms is an inverse problem, which is known to be difficult.
A range of questions are encountered in practice:

e can the degradation phenomena be clearly related to a visible and unambiguous fingerprint in terms
of features?

e how to associate changes in metrics with evolving degradation processes?

e how to cope with multiple degradation mechanisms evolving at the same time. Often the onset of
one degradation mode implicates the emergence of other degradation modes.

The aim of this report is to deliver a summary of the state of the art in modelling the SOFC degradation and
lifetime prediction. A self-contained description of the dominating degradation mechanisms both at the cell
level and the stack level and the chemistry/physics behind them is provided. Given the fact that a lot of good
and relevant results have been published in the domain of PEM fuel cells and batteries, some of them will be
mentioned as well.

The organisation of the document is as follows. In Section 2 some basic notions and nomenclature are
outlined. In Section 3 the diversity of SOFC modelling methods (related to durability and reliability) in the
context of the PHM (see section 2) functionality is outlined. Hence modelling done in various contexts with
different purpose in mind is put in a common framework. Section 4 provides a comprehensive review of the
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most important degradation mechanisms and the most notable related modelling results. Section 5 reviews
results in SOFC state of health assessment and end of life prognosis. These topics have been receiving growing
attention in the recent years in many disciplines (e.g. batteries and PEM fuel cells). The report ends up with
some concluding remarks.
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2. Basic notions

In this section, we will first review the main terminology and notions used in the diagnostic framework. Most
of the terminology is suggested by the Technical Committee T.C.6.4 Fault Detection, Supervision and Safety
of Technical Processes, a branch of the International Federation of Automatic Control.

States and signals

Fault: An unpermitted deviation of at least one characteristic property or parameter of the system from
the acceptable/usual/standard condition.

Failure: A permanent interruption of a system's ability to perform a required function under specified
operating conditions.

Malfunction: An intermittent irregularity in the fulfilment of a system's desired function

Error: A deviation between a measured or computed value (of an output variable) and the true, specified
or theoretically correct value.

Disturbance: An uncontrolled (usually not known or directly measurable) unknown (and) input acting on a
system.

Degradation: An instance of disturbance, which eventually causes the damaging implications for the
system.

Perturbation: An input acting on a system, which results in a temporary departure from the current state.

Feature/Metrict: A fault indicator, generally obtained by some transformation of available sensed process
variables. In the context of analytical model-based fault detection and isolation, a feature usually
represents a deviation between measurements and model-equation based computations referred to as
residual.

Symptom: A change of an observable quantity from normal behaviour.

Prognostics. An algorithm that tracks and predicts the growth of a fault mode with time. Prognostic
algorithms may be data-driven, model-based or a hybrid.

Remaining Useful Life (RUL): the amount of time left for which a system under consideration is usable
before some corrective action is required. It can be specified in relative or absolute time units, e.g., load
cycles, flight hours, minutes, etc.

! Both terms are used later on in the document, yet with the same meaning.
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Failure Threshold: A limit on damage level beyond which a system is not usable. Failure threshold does not
necessarily indicate a complete failure of the system but a conservative estimate beyond which risk of
complete failure exceeds tolerance limits.

Functions

Fault detection: Determination of the faults present in a system and the time of detection.

Fault isolation: Determination of the kind, location and time of detection of a fault. Follows fault detection.

Fault identification: Determination of the size and time-variant behaviour of a fault. Follows fault isolation.

Fault diagnosis: Determination of the kind, size, location and time of detection of a fault. Follows fault
detection. Includes fault isolation and identification.

Monitoring: A continuous real-time task of determining the conditions of a physical system, by recording
information, recognising and indicating anomalies in the behaviour.

Supervision: Monitoring a physical system and taking appropriate actions to maintain the operation in the
case of faults.

Prognostics and health management (PHM): The process of monitoring the health of a system and
predicting its remaining useful life by assessing the extent of deviation or degradation from its expected
state of health in its expected usage conditions.

Models

Diagnostic model: A set of static or dynamic relations which link specific input variables - the symptoms -
to specific output variables - the faults.

Analytic redundancy: Use of two or more (but not necessarily identical) ways to determine a variable,
where one way uses a mathematical process model in analytic form.

System properties

Reliability: Ability of a system to perform a required function under stated conditions, within a given scope,
during a given period of time.

Safety: Ability of a system not to cause danger to persons or equipment or the environment.

Durability: Ability to resist permanent change in performance over time, i.e. degradation or
irreversible degradation. This phenomenon is related to ageing.

Availability: Probability that a system or equipment will operate satisfactorily and effectively at any point
in time.
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A note on mathematical models
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A mathematical model is an abstraction of reality designed for a particular purpose. A model is boldly
conditioned by its intended application. In the process of building the resulting model M depends on [2]:

e the purpose of the model @
e the true physical system Sand
e the set of experiments E performed on the system §.

Achieving the purpose is a key objective in model building. The quality of a model is judged by the following
attributes [3]:

Purposiveness: tells whether a model satisfies its purpose;
Falseness: a model is said to be falsified if it is contradicted by data;
Plausibility: a plausible model conforms to a priori knowledge about the process;

Precision: the level of resolution of the model output at which a model is reproducible and determined with
many digits;

Accuracy: accurate model results in the close reproduction of the physical quantities.

3. A context view on the modelling approaches

The main factor that affects the model selection related to the SOFC degradation and lifetime is its intended
purpose. With respect to the purpose in a particular phase of the SOFC system life cycle, two classes of
modelling approaches can be distinguished.

In the design phase of the system, the main aim of the mathematical models is to describe the physical
processes in a way that assure high precision, plausibility and accuracy with respect to the experimental
evidence. Such models can help raise understanding of the internal mechanisms in the cell, help improve the
design geometry and evaluate the influence of the operating parameters on durability, reliability and optimal
operation. From the experiments performed in the design phase, the important knowledge required for
online health assessment is acquired.

Knowledge and models obtained in the design phase are conveyed in various implicit and explicit forms to
the operational phase. They will be reviewed from the perspective of their purposiveness in the context of
PHM functionality. The main reason to emphasize PHM is due to the fact that online health monitoring will
be mandatory for maximizing operational availability and safety and hence the overall economy of the
operation and maintenance. At the time being, the PHM of SOFC systems needs to undergo a substantial
progress in the near future. However, a good reference can be obtained from the advances in the related
areas, like PEM fuel cells and batteries research.

In Figure 1 an integrated PHM architecture (see [4] for the most general cases) is presented and supportive
data sources are indicated. The system design part requires substantial off-line experimental data and models
built thereupon. These models are normally very detailed, of high resolution, based on first principles. They
are aimed to analyse important issues related to the conditions leading to degradation, the evolution of
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Data Acquisition. Collects data from available sensors on the SOFC system and other instruments. Here are
also included data like EIS and THD.

Data Processing. It performs feature extraction. This procedure may require a model or algorithm, which,
generally speaking, maps the records into a vector of features 0.

Detection. Basically, it performs analysis in the feature space by comparing the actual feature patterns with
reference ones. Reference patterns can be structured in terms of models or be available in the data format.

Diagnosis. The onset, type and origin of fault/degradation is assessed. A model that relates degradation
mechanisms and the features play a crucial role.

Prognosis. The anticipated evolution of the system condition is evaluated and the remaining useful life is
estimated. Information from reliability models or other priors on hidden degradation processes can be used.

Decision Support. Accommodation actions are plotted and advice on the maintenance steps to be taken.

4. Degradation mechanisms in SOFCs and related models

The objective of this section is to provide an overview of

e the most fundamental degradation mechanisms, which have the greatest impact on the
deterioration of the cell/stack performance;

e chemical and physical processes responsible for the degradation mechanisms;

e metrics that have been suggested in the literature to detect and distinguish (isolate) the evolving
degradation mechanism in online operation and

e models aimed to describe the evolution of degradation mechanisms over time.

Detailed understanding of the degradation mechanisms in most of the cases represents the main purpose
of the modelling reported below. Some of the models were used to refine the design, for example,
geometrical parameters, validate the selection of materials and verify reliability by estimating the life
span.Thermomechanical stress

Mechanism

The high temperatures — an SOFC is subjected to — cause a challenge for the technology and the used
materials. Especially, at start-up and shut-down, thermal transients may arise in the stack and
endanger the structural integrity of cell components and sealing material. The occurring thermal
stresses can induce cracks in the cell, the sealing and the interfaces. From this further problems are
evolving and can lead to additional failure modes (see following sections). Hence, in order to warrant
safe operation, numerous studies focus on the thermomechanical response of materials. Simulations
are used to determine thermomechanical critical locations in the stack configuration.
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Figure 1: The PHM framework indicating that models of different purpose are needed depending
on the support required in a particular PHM stage.

Causes

In practice, an SOFC-system may be frequently started and stopped when no power output is needed,
so the system is subjected to temperature cycles. Rapid temperature changes introduce thermal
shocks between surfaces and even in the bulk material and thus thermal expansion coefficient (TEC)
mismatches between ceramic (cell, seal) and metallic material cause mechanical failure. In literature,
one experimental study by Hanasaki et al. [5] is systematically investigating start-up and shut-down
modes and proposes procedures to avoid rapid performance degradation of the stack by thermal
cycling. But the majority of studies theoretically investigate thermal gradient distribution by means
of computable fluid dynamics (CFD) and finite element method/analysis (FEM/FEA).

Modeling/metrics

The numerous thermomechanical CFD and FEM studies simulate thermal stresses either of single
cells [6, 7] or of different stack configurations [8, 9, 10, 11, 12, 13, 14, 15, 16]. Advanced multi-physics
models combine fluid dynamics and structural dynamic analysis to investigate the stress behaviour
of cell and stack [17, 18]. Furthermore, an analytical model based on the classical beam bending
theory has been published [19]. A detail literature overview of available thermomechanical models
can be found in Ref. [9]

Detection
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Some of the listed modelling methods additionally provide a probability of failure analysis [20, 21,
19]. In terms of detection, these analysis methods are useful to evaluate specific system
configuration and their reliability. Thus, simulations allow the detection of weak points and
prevention of failure modes before they occur, due to a proper cell design.

Other approaches towards failure detection make use of acoustic emission tools [22, 23]. It is a widely
used non-destructive testing method for fracture analysis. In Ref [22] the damage progress was
visualized via an adapted self-visualization map and furthermore, via a co-occurring cluster mining
method, different damage patterns were separated.
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4.2. Nickel oxidation

Description/Mechanism

Among major degradation phenomena of Ni-YSZ electrodes, the so-called redox-instability is the
focus of many research efforts [24, 25, 26, 27, 28, 29, 30, 26, 31]. As it can lead to severe
malfunctioning of a stack due to (i) fast electrochemical performance degradation, (ii) stress
development and consequently (iii) mechanical failure, its occurrence is highly undesirable.

The underlying redox-processes cause an expansion of the cermet’s microstructure and depending
on the severity of the processes/cycle can either lead to small ionic network damages, cracks in the
electrolyte or momentarily improved Ni/YSZ morphology followed by fast degradation [25]. In any
case, re-oxidation is initiated by an overall or local increase of oxygen partial pressure. The
thermodynamic limit is controlled by temperature and specific oxygen partial pressure. At high
temperature and low partial pressures, O, gas diffusion is seen as the limiting factor while at low
temperatures and high partial pressures, solid-state diffusion dominates the oxidation process. For a
detailed mechanical overview, the reader may be referred to Ref. [24].

Causes

The oxidation process is heavily affected by cell geometry i.e. electrolyte supported cell (ESC) or
anode supported cell (ASC), the cells’ microstructure and composition, testing duration and testing
conditions. Different faults may induce re-oxidation: (i) air leaks due to sealant failure or (ii) excessive
fuel utilization conditions, causing high pH,O/pH: partial pressures at the fuel electrode outlet (iii)
emergency power shutdowns with insufficient fuel/inert gas supply or (iv) periodic air treatment of
the fuel electrode as mitigation strategies for carbon deposition.

Modelling/Metrics

Besides fuel interruption, gradients in temperature and fuel composition can locally cause strong fuel
depletion. Therefore CFD models evaluating temperature and fuel distributions shall be seen as
preliminary modelling approaches to detect re-oxidation.

Modelling approaches specifically targeting the re-oxidation risk and the degree of oxidation of
Ni/YSZ anodes [32, 33] are based on the thermodynamic equilibrium for Ni/NiO transition. In Ref.
[32] the re-oxidation risk indicator is given by:

: — A€ anode
rlSkredox = Po2 — Po2 (1)
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The development of temperature and fuel gradients is sensitive towards fuel flow rate and flow
geometry (i.e. cross-, counter, co-flow). This kind of sensitivity analysis for flow rate and two
geometries were performed in [32]. Furthermore, Neidhardt [33] simulated the degree of Ni-
Oxidation (DOO) in case of air-leakage and its dependency on spatial voltage and pH,/pH,0 partial
pressure distribution for the planar case. The resulting stress state in a stack after fault occurrence

was moreover investigated by Laurencin et al [34]. The limiting strain for different cell geometries
(ASC, ESC and ISC) was modelled by Sarantaridis et al. [35]
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Detection

Primarily, electrochemical impedance measurements (EIS) are used as an in-situ tool for re-oxidation
detection. As outlined in the former section, the severe re-oxidation process involves volume changes
and so breaking the porous brittle ceramic cermet structure. In EIS this degradation process can be
detected as a simultaneous increase of serial and polarization resistance with no corresponding
change in peak frequency [36]. Similar EIS responses, however, are obtained if a delamination process
occurs, as reported by Gazzarri et al [37]. Furthermore, a recent EIS study by Diethelm et al. [38] on
redox-cycled cells showed similar fuel electrode responses, yet nearly no change in serial resistance
[38]. In any case, such characteristic change gives a reason for a counteracting method.

In the work by Mosbaek [39], an advanced EIS setup was developed which allowed measuring EIS of
each cell separately. Using this methodology allows monitoring gas distribution changes of the stack
by analyzing gas conversion changes of each cell individually. Hence, this method allows to early
detect possible fuel shortage, even in a stack to prevent re-oxidation. Additionally, the
implementation of a total harmonic distortion tool was tested to detect fuel starvation.

4.3. Anode/Cathode delamination

Description/Mechanism

Degradation in SOFCs can occur due to detachment of the individual layers. Delamination is a
phenomenon which is happening directly at the electrode-electrolyte interface and has a detrimental
impact on mechanical strength and performance of SOFCs. De facto, when this failure mode occurs,
the perpendicular directed open-gap between the layers blocks the charge conductive pathway and
annihilates electrochemical reaction sides above and below the delamination points. Generally, this
failure-mode is more pronounced at the oxygen-electrode-electrolyte interface. As Ni-YSZ anode and
YSZ-electrolyte are customarily co-fired before applying the cathode material (to avoid chemical
reactions), better bonding between the anode-electrolyte interfaces can be achieved.

Causes

Since SOFCs have to operate at elevated temperatures, the main cause for delamination can be
ascribed to the differences in TECs of the adjacent layers. Repeated thermal cycling from room to
operation temperature [5], the build-up of thermal stresses during manufacturing of the materials
[40] and/or second phase formation during operation [41] can result in eventual detachment.
Additionally, like investigated in Ref. [42] delamination can also be observed in SOFCs under local
imbalanced operating conditions. Locally, the abnormally high pressure of O, can lead to detachment
of the oxygen electrode and electrolyte. However, this mechanism is much more likely to arise in
solid oxide electrolysers cells [43].
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As outlined in section 4.3. on re-oxidation detection, a distinctive change in EIS allows identifying an
occurring delamination process. In the work of Gazzari et al [37] an EIS of a delaminated SOFC and
an intact cell are simulated and compared. By modelling delamination via an array of elements with
the dielectric properties of air, they could identify diverse degradation mechanisms in a non-
destructive way. In Ref. Gazzari and Kesler [44] extended the model.

4.4. Nickel coarsening

Description/Mechanism

The sintering process in the most commonly used fuel-electrode, namely Ni-YSZ is a well-known and
highly studied degradation phenomenon [45, 46, 47, 48, 49, 50, 51]. The degradation phenomena
associated with the microstructural changes of the electrodes during operation include Ni coarsening
[52, 53, 54, 55, 56], Ni-Ni connectivity loss [57] as well as morphology changes [58].

Coarsening can be attributed to (i) solid diffusion processes and/or (ii) Ni surface and vapour
transport. Mechanisms are well summarized in Refs. [59, 60].

Causes

The mobility of Ni-atoms can be influenced by operating parameters, i.e. mainly temperature [61,
62, 63], humidity of the fuel gas [64, 65, 66] and reduction and process parameters, thereby changing
the initial microstructure [67, 29, 68, 57]. These effects result in lowering of the overall electrode
performance by active surface area changes. Similarly, these effects were also reported for Ni-based
catalysts by Sehested et al. [69]

Modelling/Metrics

The degradation of Ni-YSZ electrodes due to coarsening were modelled with different approaches,
among them are simplified Oswald-ripening [55], the ‘two-particle model’ [70, 71, 72], the ‘charge-
capacitor model’ [53, 54], a cellular automaton approach [73] and phase-field models [74, 75, 76,
77].

The two-particle model was firstly introduced by Vassen et al. [70] and then adapted in a modified
way by Nakajo et al. [71] While for higher water contents the model seems to sufficiently simulate
the sintering process, this seems to be not the case for Ni-YSZ exposed to lower pH,0/pH, values
[72].

Work by Tanasini et al [54] and Faes et al. [53] used the so-called semi-empirical charge capacitor
model to connect microstructural morphology changes with cell degradation over time.

In contrast to the above-mentioned models, phase field models do not rely on empirical fitting
parameters to simulate structural changes over time. Still, 3D Ni-YSZ images are used as starting point
for the simulation. These structural evolution models generally assume YSZ to be immobile or to
show very limited mobility. Recent work by Kennouche [78] suggests the need to modify this, in order
to get more realistic structural evolution models.

Detection
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reported. Only EIS measurement and analysis of the Ni-charge transfer reaction resistance may be
used. [64]
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4.5. Interconnect oxidation

Description/Mechanism

In planar SOFC stacks, cheaper ferrite stainless steel interconnects are commonly used. This type of
steel typically has a chromium content of 20-30 wt.% [79]. During SOFC operation, a chromium oxide
scale forms on the steel, degrading the electrical conductivity of the interconnect-electrode
interface. For practical applications, protective coatings are required especially for the oxygen side,
to enhance the oxidation resistance and the electrical conductivity of the formed oxide scale and to
reduce the chromium evaporation rate. It is important to ensure that the conductivity loss due to
the oxide scale growth will remain within acceptable limits over the expected lifetime of an SOFC.

Causes

Recent progress on alloy and coating development for ferritic stainless steel interconnects has been
reviewed by Shaigan et al. [80]. Extensive research work on the oxide scale growth has focused on
the oxidation kinetics and on the ohmic resistance increase over time. Palcut et al. [79] investigated
long-term oxidation behaviour of eight ferritic steels (uncoated) with 20-29 wt.% chromium at 850
°C in flowing, wet hydrogen, air and pure oxygen. The oxidation rate was found to increase with
increasing oxygen partial pressure and decreasing chromium concentration. Crofer 22 APU and
Crofer 22 H were reported to exhibit the lowest oxidation kinetics. Later Molin et al. from the same
group conducted oxidation tests on uncoated and coated Crofer 22 APU in dry oxygen at three
temperatures (800, 850, and 900 °C). By applying a dual layer coating, the oxidation rate constant at
850 °C was reduced by more than one order of magnitude. Park and Natesan [81] studied the
oxidation kinetics of Cr at different temperatures and in different atmospheres. According to their
data, a 20 um thick layer of chromium oxide is expected to grow after 40,000 h at 850 °C in cathode-
like atmospheres. Chen et al. [82] studied the effectiveness of Mn—Co—0 spinel protective coating on
430SS. An area specific resistance (ASR) increase of approximately 0.5 Q cm? was predicted after
50,000 h oxidation at 850 °C in air.

Modelling/Metrics

Due to its complex nature, previous efforts on quantitative modelling of the oxidation process were
scarce and were limited to model alloy system. Hallstrom et al. [83] used the CALPHAD method and
the DICTRA software to model chromium growth on pure Cr and compared with thermobalance
results and TEM experiments at 625 and 700 °C in O,. The modelling results were able to reproduce
the experimental oxide thickness with good accuracy, allowing for an extension to multicomponent
systems. Auinger et al. [84] investigated oxidation of two industrial steels with different chromium
content (9 and 12 wt.%) oxidized for up to 120 h at 750 °C in the air by both experiments and
numerical modelling. Here they have used a so-called “Applied Simulations of Thermodynamic
Reactions and Interphase Diffusion - ASTRID” approach, which links the thermodynamic library
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ChemAPP (GTT-Technologies, Germany) to the numerical program COMSOL (COMSOL Inc., USA).
Satisfying agreements with experimental findings for the total oxidation depth and local oxide
composition have been obtained. This model, however, cannot be applied to simulate the growth of
an outer scale during oxidation which is common for SOFC interconnects. Gazzarri and Kesler [85]
reported a two-dimensional impedance model of a working SOFC to study the effect of various
degradation phenomena on the impedance spectrum for the purpose of non-invasive diagnosis.
Interconnect oxidation was one of the degradation modes included. In their model, a 20 um thick
Cr,03 layer was inserted between the interconnect and the cathode to simulate these phenomena.
This thickness corresponds to the extrapolation of the oxidation kinetics data presented in [81] to
40,000 h, as the target lifetime of a stationary SOFC. The growth of the 20 um thick Cr,0s layer results
in an increase of 0.4 Q cm? in series resistance. The modelled IS also showed a slight increase in
polarization resistance. They concluded that interconnect oxidation affects SOFC performance
mainly by increasing the series resistance.

Detection

EIS and ASR measurements can be used to monitor the resistance increase due to IC oxidation.

4.6. Carbon deposition

Description/Mechanism

The flexibility of SOFCs to operate on different fossil fuels is a major advantage. However, the direct
use of hydrocarbon fuels leads to additional degradation of the cells. For Ni-based fuel electrodes, a
phenomenon known as coking can occur. This effect is also well-known from studies on metal-based
catalysts, inevitable causing their deactivation [86, 87].

The principal reactions leading to the coking effect are as follows:

2CO (g) — C(s) + CO; (g) (2)
CoHy »nC(s)+m/2 H, (3)
CO(g) + H; » C(s) + H20 (g) (4)

The equilibrium of each reaction (2-4) depends on temperature and entropy. While Boudouard
reaction (2) and reverse syngas formation (4) are favoured at a lower temperature, hydrocarbon
cracking (3) seems to be the favoured reaction above 700°C [88].

Furthermore, the type of formed carbon may change with temperature: while alpha-C forms at a
temperature of 200-500°C degrees, a polymeric form beta-C can be observed at 250-500°C. The
growth of whiskers and graphitic carbon takes place at for SOFC more relevant temperatures, at 300-
1000°C and 500-550°C, respectively [89].

Depending on the reaction pathways and the form of deposited carbon, different deactivation
scenarios may occur: (i) strong chemisorption of carbon as monolayer (ii) complete encapsulation of
metal particles (iii) blockage of macro- and micro-gas diffusion channels (iv) growth of C-whiskers
and (v) dissolution of the carbon into the metal, inducing volume expansion.

Causes
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Several experimental studies in simulated synthesis gas [90, 91, 92, 93, 94] or methane [95, 96, 97,
98, 99, 100, 101, 102, 103, 104] performed thermodynamic analysis in order to identify the regions

where carbon formation is favourable. However, as it was shown by Sasaki et al. [105] solid carbon
can be formed even in the region where it was not predicted by equilibrium calculations.
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A recent study by Kuhn and Kessler [106, 107] investigated thresholds for different operating
parameters i.e. FU, S/C ratio, current density and temperature. Their thermodynamic threshold
calculations were based on the assumption that carbon is deposited as solid graphite. They
concluded that above 700°C thermodynamic data can be used to predict thresholds, while thresholds
below 600°C strongly disagree. Similarly, He et al. [99] and Lee et al. [108] came to the conclusion
that thermodynamic, physical and kinetic properties of graphite cannot solely explain the details for
anode degradation. Different forms of deposited carbon are reported ranging from nanotubes and
fibres to dissolved carbon [99] and furthermore whisker-type structures [104]. Yet, the major aspects
determining coking are certainly (i) temperature [93] and (ii) polarization [109, 110, 111]. A recent
literature overview can be found under [59].

Modelling/Metrics

In order to simulate carbon deposition, different computational studies were performed. Yurkiv et.
al [112] presented an elementary kinetic model — combining (electro-)chemical, kinetic and
degradation processes — in order to describe carbon deposition.

A detailed numerical study of thermodynamic equilibria for different carbon formation pathways was
carried out by Schluckner [113]. Additionally, heterogeneous reaction kinetics were used to simulate
elementary carbon adsorption. It was shown that carbon formation was most likely due to pure
methane while CO-containing fuels seem to lead to the least carbon formation.

Moreover, a computational analysis on the effect of operating parameters i.e. H, molar ratio,
temperature, pressure and operation voltage was performed by Ma et al [114]. The calculations
revealed that low operating voltage can be helpful to inhibit carbon formation.

Detection

In-situ methods for carbon-detection are restricted. However, recently, a methodology based on an
EIS method was proposed by Subotic et al. [115] to detect coking at a sufficiently early stage. The
method would allow counteracting before the problem occurs.

Other in-situ detection strategies are combining EIS and additional detection techniques such as a

novel microbalance sensor [97] or evolving gas analysis (EGA) sensor [116]. Although these studies
allow in-situ detection, they can only detect deposition after it occurred.

4.7. Anode poisoning

Description/Mechanism

As commercially available hydrocarbon-based fuels incorporate additives and impurities, this leads
to an additional degradation phenomenon of Ni-YSZ electrode due to poisoning effects.

Important constituents of natural (fossil and biogas) fuels are sulphur-containing species and are

therefore of major concern. Sulphur has a detrimental effect on a metal catalyst, in particular, Ni
because it strongly chemisorbs on the surface and thus hinders the catalytic activity. The adsorption
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reactants to each other. The different mechanisms have been recently summarized in the literature
[86, 59].
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Available experimental studies mainly focus on H,/H,0 based systems containing H>S [117, 118, 119,
120, 121], however, newer studies are dedicated to investigating the effect in more admissible
hydrocarbon-containing fuel mixtures [122, 123, 124, 125, 126, 127, 128, 129]. In any of the
investigated cases, a fast performance decay can be observed, which in some cases is followed by an
additional long-term degradation process [120, 121, 130].

The initial voltage drop is associated with the blockage of TPBs by adsorbed sulphur. A general
agreement regarding the severity of the performance loss with respect to temperature [118, 120,
130] and concentration of sulphur species [117, 118, 119, 120, 121] exists. Lowering temperature
and increasing sulphur concentration tend to enhance the phenomena as a result of higher sulphur
coverage. Yet, the effect of current density is still controversial [120, 131, 130, 132, 133, 134, 135].

In hydrocarbon-based fuels the poisoning effect of sulphur is generally larger. Already at OCV
conditions, an effect of sulphur can be observed [123, 122, 136, 137, 138, 139]. H,S tends to severely
alter the kinetics of the water-gas shift reaction. This impact seems to be even stronger than the
impact on the electrochemical oxidation of hydrogen.

Long-term poisoning effects are less studied. Proposed explanations include (i) the formation of NiSs
at high H,S concentration [140], (ii) enhancement of Ni agglomeration due to dissolving sulphur in
the Ni bulk structure [130, 134] (iii) fastening of Ni-diffusion away from the anode/electrolyte
interface and so causing loss of percolation [132].

Modelling/Metrics

Articles for modelling sulphur-poisoning to predict the effect are quite limited. The few studies
available make use of semi-empirical models [141], continuum damage modelling [142] and
elementary kinetic models [143, 144, 145, 146].

Cayan et al. present a 1D model to predict degradation rates due to the adsorption of different
impurities including H.S. Diffusion and adsorption processes are considered while (electro-) chemical
reactions rely on experimentally obtained parameters.

The degradation model presented by Ryan at al. [142] introduces a damaging factor to predict effects
for various degradation phenomena. The factor used for sulphur poisoning is obtained by fitting
experimental data from Ref. [130].

The 1D-elementary kinetic models presented by Riegraf et al. and Janandhardan et al. are based on
different approaches to capture fundamental physical and (electro-)chemical processes in the
composite electrode problem. The geometrical structure of a button cell is considered in both cases.
A multistep reaction mechanism for sulphur formation and coverage [147] is used to simulate the
poisoning effect. The models seem to be able to explain the apparently contradicting experimental
trends regarding current density. Additionally, the models seem to clarify the experimental
differences between two common anode structures i.e. Ni/CGO and Ni/YSZ. The lower degree of
poisoning of Ni/CGO might be an effect of lower anode polarization resistance.
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Detection

Similar to degradation caused by Ni coarsening, no specific detection tool for sulphur poisoning or
other impurities has been reported.

4.8. Fuel starvation

The fuel starvation condition may cause local oxidant environment (i.e. very low concentrations of
H, and CO), leading to the oxidation of Ni metal to NiO. The Ni oxidation (i.e. reoxidation cycles)
causes irreversible mechanical degradation of the electrolyte and electrode interface by the
dimensional expansion of the anode support [148]. Larrain et al. [149] and Van Herle et al. [150]
investigated the risk of cell reoxidation due to fuel starvation by introducing degradation submodels
into a repeat-element model. In [151] Gaynor et al. conducted a numerical investigation on the
prevention of the fuel starvation occurrence. It was demonstrated that the fuel starvation can occur
with rapid load increase. At this aim, the authors developed and compared different methods to
prevent fuel depletion within the fuel cell. Laurencin et al. [152] investigated the effects of anode re-
oxidation in an SOFC caused by a direct oxidation in air (i.e., fuel shutdown) and an ionic current (i.e.,
fuel starvation), throughout a damage model. In [153] Angeloni et al. developed an SOFC model
based on partial differential equations. The authors simulated the evolution of the most important
physical variables leading to local gas starvation at both high fuel and oxidant utilization. Moreover,
they affirmed that a reduction of local gas starvation could be achieved by increasing electrode
porosity. In [154] Brus et al. analysed the effect of the reoxidation cycle on anode microstructure
caused by fuel starvation. The microstructure changes were quantified throughout a 3D
reconstruction of electrochemical, ion beam and scanning electron microscopy measurements for
parameters such as the tortuosity factor, triple phase boundary density, volume fraction,
connectivity and average grain size. The authors concluded that the fuel starvation might cause
significant changes in microstructure morphology. In [155] da Silva and Heck demonstrated that
under fuel starvation conditions nickel sulphide activity is greatly increased, indicating a strong
interaction between Ni and sulphur, which can lead to severe deactivation of Ni. Esposito et al. [156]
applied the Continuous Wavelet Transform (CWT) methodology to the SOFC voltage signal to detect
the presence of anode re-oxidation caused by high fuel utilization (i.e. local fuel starvation).

4.9. Chromium poisoning

Description/Mechanism

One of the major degradation mechanisms in SOFCs is poisoning of the cathode by chromium species
when chromium-containing alloys are used as the interconnect material [157]. At SOFC operating
conditions, volatile Cr-containing species, such as CrOs; and CrO,(OH),, are generated over the
chromia scale on the interconnect surface [158]. These gas species are transported via the gas phase
or via surface diffusion to the active cathode layer, causing rapid performance deterioration in SOFCs
due to the poisoning of cathodes towards the oxygen reduction reaction [159], [160], [161], [162],
[163], [164].
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Causes

Extensive efforts have been devoted to investigating chromium poisoning of SOFC cathodes and the
mechanisms behind them. A detailed literature review on this topic was made by Jiang and Chen
[165]. Representative reactions to the evaporation of Cr to form gaseous species can be formulated
as follows:

Cr20s (s) +1.502 (g) — 2Cr0Os (g)
Cr,03 (S) +1.50, (g) + 2H,0 (g) e 2Cr02(OH)z (g)

The partial pressure of Cr-containing gas species depends strongly on temperature, P(0O3), P(H:0),
and composition of oxide scale. In general, the vaporization of Cr species in the SOFC anode
environment could be neglected [158]. The Cr vaporization from Cr,0; has been experimentally
investigated by a number of groups and a set of Gibbs energy functions have been provided which
can be used to predict the vapour pressure of Cr-containing gas species at any given condition [ [166],
[167], [168], [169]].

In the literature different mechanisms have been proposed on chromium poisoning of SOFC
cathodes. From a thermodynamic stability point of view, Yokokawa et al. [ [170]] proposed that for
LSM, Cr,03 deposition or formation of CrMn,04 at the TPB is the direct cause of chromium poisoning.
Badwal et al. [160] and Taniguchi et al. [ [171]] proposed an electrochemical reduction mechanism,
where they suggested that the deposition of Cr is mainly due to the electrochemical reduction of Cr-
containing gaseous species and it is in competition with the ORR. A correlation between the
polarization losses and the increase and accumulation of chromium at the LSM/YSZ interface was
clearly shown In Taniguchi et al.’s studies. Konysheva et al. [159] however suggested that chromium
poisoning could have two causes: 1) deposition of chromium oxide blocking oxygen diffusion and
transportation to active TPBs, and 2) reaction of Cr-containing gaseous species with cathode
materials forming poorly conductive phases, such as SrCrQ,. Jiang et al. [ [163], [162]] conducted a
series of studies on chromium poisoning and proposed that the deposition of Cr is a non-
electrochemical process and is kinetically limited by nucleation reactions between Cr-containing
gaseous species and the nucleation agents. The reactions can be written as follows [ [165]]:

CrO3 (g) + N (S) - Cr'N'O(nuclei) (S) + 02 (g)
Cr-N-O(nuclei) (s) + CrO3 (g) — Cr,03 (s)
Cr-N-O(nuclei) (S) + N + CrOs (g) — N-Cr-Ox (s)

where N represents the nucleation agent and is identified to be Mn?* and SrO for the LSM and LSCF

cathodes, respectively. According to the mechanism proposed by Jiang et al. [ [165]], cathodes which
are free of such nucleation agents would be more tolerant towards Cr deposition.

Modeling/Metrics

Cr poisoning is influenced by a number of factors including the cathode material and its composition,
temperature and P(0,), cathode polarization, Cr source etc. Kulikovsky [2011Kul] developed a model
for Cr poisoning of mixed conducting SOFC cathodes in a planar SOFC. The model includes an ionic
current conservation equation, Ohm’s law, and a rate equation for the concentration of deposited
Cr203.
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Cr poisoning can be easily detected in situ via EIS measurements (indicated by polarization resistance
increase) or ex-situ via post-test characterization of SOFC cathodes.

5. Modelling for on-line condition assessment

Models required for condition assessment are largely available in the form of qualitative rules based
on metrics derived from experimental evidence. Metrics are extracted from polarisation curves, EIS
curves, THD characteristics, by parameter estimation of the stack model. All these metrics are strictly
linked to the operational functioning points of the system and can be considered as lumped parameters
representative of the SoH. It is worth remarking that characteristic quantities are fundamental to
evaluate the state of the degradation processes causing loss of cell performances.

5.1. Evaluation of the polarisation curve

The durability of SOFCs is significantly affected by several degradation mechanisms, which reduce
cell performance during the time and can lead to failures in the stack. Methods to directly observe
degradation phenomena and measure their behaviour over time are difficult to implement. Usually,
indirect SoH indicators, related to the decay of the voltage over time and coupled with temperature
and current density are adopted [172]. Indeed the effect of operating parameters, such as
temperature, voltage and current density has been studied in the literature.

In [173] Offer and Brandon studied the effect of experimental temperature and current density upon
carbon deposition degradation mechanism, showing that, under not extreme current density values,
carbon deposition doesn’t affect seriously the electrochemical performances of the anode. In [174]
Nakajo et al. investigated the distribution and the evolution of the degradation under practical
operating conditions by means of VI characterisations performed at fixed operating times,
underlining that these underestimate the severity of the degradation due to temperature effects. In
[175] de Haart et al. studied the degradation behaviour over 3000 h functioning of several stacks
operated at different current densities and the effect of chromium poisoning. In particular, they
affirmed that degradation evolution is highly affected by the fuel utilization. In [176] Zaccaria et al.
developed a simplified real-time model of degradation relating the voltage degradation rate per 1000
h of operation to current density, fuel utilization and temperature, by means of the increment in the
ohmic resistance. In [177] Yan et al. investigated the degradation of the SOFC for more than 750 h
under a fixed current density in order to evaluate the behaviour of the cells and detrimental
mechanisms of sealing, contact resistance and oxidation of metal interconnect which might lead the
cell to performance losses. Post-test examination ascribed 1/3 of degradation to the ASR increasing
of the LCN ( LaCoosNio.403-s5) contact material, 1/3 to the stainless steel interconnect oxidation and
1/3 to the leakage of the stack.

5.2. EIS modelling

Electrochemical Impedance Spectroscopy (EIS) is a useful technique for the analysis of fuel cells,
which provides a wealth of information about the system analysed. It is a non-destructive tool
extremely useful to give an insight of the SoH of the cell and to evaluate how a degradation process
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could affect the overall performance losses [178]. Thus, it is fundamental to link degradation
processes to the EIS spectra, in order to individuate the SoH metrics for diagnostic tools. An overview
can be found in [179], where Huang et al. investigated over 150 journal papers with respect to AC
impedance modelling in SOFC aiming at SOFC diagnosis. Correlated to the EIS is the modelling
approach of the Equivalent Circuit Model (ECM), in order to interpret the data for the
characterization of the system. These models are based on experimental data to estimate the
parameters that describe adequately, according to a non-linear fitting, the behaviour of the system,
in order to test it in different conditions and under degradation mechanisms. Elements used for the
impedance modelling are clearly described in [180], where Khan and Rizvi proposed ECMs for
different kinds of SOFC cathode materials. In [181] Hofmann and Panopoulos developed a
mathematical model for planar SOFC to simulate steady-state performance characteristics and in
particular to simulate EIS spectrum. The model was applied in a detailed parametric analysis of the
losses in order to deconvolute the impedance spectrum, by relating each main transport process to
an impedance arc. Parametric analysis of EIS by varying characteristic parameters such as porosity
and tortuosity (strictly correlated to some degradation mechanisms) were performed. Similarly, in
[182], Zhu et al. developed a modelling study aiming at explaining the influences of detailed surface
chemistry within SOFC composite anode structures on EIS. By exploiting a 6-elements ECM based on
a physical model, they proposed qualitative trends of frequency shifts measured on the complex
impedance of SOFCs operating on hydrogen, carbon monoxide and syngas mixtures. In [183] Fadaei
and Mohammadi performed a parametric study on the effects of overvoltage, inlet fuel
concentration, temperature, anode thickness, inflow velocity and porosity on the impedance
spectrum using physical models. Similarly, in [184] Lang et al. investigated on the electrochemical
testing of the SOFC short stacks with sintered anode-supported cells and identified the nature of
losses by fitting the impedance spectra to an equivalent circuit based on 5 elements, and testing the
impedance spectra at different operating gases and current densities. Finally, in [185] Montinaro et
al. tested an SOFC with LSCF cathode at different operating conditions (e.g. gas partial pressure, H,S
poisoning, temperature) through EIS, in order to identify the main mechanisms contributing to the
polarization resistance, especially at the anode side. In particular, they presented the evolution of VI
curves and Nyquist plots under different conditions of S/C ratio, H,S poisoning, voltage and raw
materials.
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EIS technique is a key tool to monitor the behaviour of the polarization losses during the time, in
order to try to individuate the causes of degradation happening in the system. For this purpose,
Comminges et al. in [186] monitored the impedance spectra of 5-cell SOFC stack in order to analyse
the evolution of ohmic and polarisation resistances during 10000 h. In Figure 2 the evolution of the
Nyquist plots of two cells in time is reported. They found that stack degradation was mainly
attributed to the increased ohmic resistance by means of possible interconnect corrosion, reduced
effective contact areas between cells and interconnects and partial re-oxidation of the anode.
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Figure 2: Selected EIS spectra of two cells recorded at 0.5 A cm-2 at 750 -C under simulated reformate gas after 310,
3166, 6018, 8255 and 9093 h of operation [186].

In [187] Shy et al. investigated how flow distributors could improve significantly the degree of flow
uniformity of a planar SOFC and then its performances by reducing ohmic and polarization
resistances. Electrochemical impedance measurements through a 5-elements equivalent circuit
model were used to describe the evolution of ohmic and polarization resistances both in a cell with
guide vanes and in a classic one. In this latter case, an anode-reoxidation phenomenon was detected.
In [188] a finite element model was applied by Gazzari and Kesler to investigate the degradation
mechanisms of an SOFC, in particular, the electrode delamination, which causes significant changes
in the impedance spectrum. In this study, an impedance model was developed to simulate
degradation mechanisms of anode and cathode delamination, sulphur poisoning, chromium
deposition and their effects on the spectra in terms of arcs dimensions and peak frequencies. In [189]
Papurello et al. investigated the performance of anode-supported SOFCs under different trace
compounds. In particular, they deconvoluted the impedance spectra of the SOFC through EIS in order
to identify the main losses under H,S, HCl and other compounds poisoning. They found that H,S
poisoning minimally affects the ohmic contribution, while the polarization losses increase due to the
TPB decrease. Similarly, in [190] Papurello et al. showed how H,S poisoning doesn’t affect the ohmic
resistance, but it leads to an increase of the high-frequency arc of the EIS spectra due to a
deactivation of Ni by the sulphur. The low-frequency arc is also affected, due to a slower gas
conversion phenomenon, as shown in Figure 3.

In [191] Tanasini et al. studied the effect of particle coarsening in SOFC electrodes. In particular, they
performed EIS at fixed operation times for 4 identical cell tests. In this way, they found that “the
activation period” of nickel coarsening led to a reduction of the low-frequency arc, while ohmic
resistance remained constant. At the same time, the high frequencies intercept shifted towards
smaller values and the polarization resistance increased even if water saturation could have falsified
the analysis. In [192] Kubota et al. investigated the effects of redox treatments on performances of
Ni-based anode SOFC due to varying temperatures. They found that the changes in anode
microstructure led to an increase of polarization resistance due to TPB length reduction, in particular,
the ohmic resistance increased slightly together with cycles with an increase of the high-frequency
impedance arc, as shown in Figure 4.
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Figure 3: (a’ and a”’) SOLIDpower cell increasing and decreasing H,S concentration impact on cell performance and (b’
and b”’) the corresponding EIS diagrams [190]

Due to the high complexity of the systems, the individual impedance-related processes cannot be
easily separated by the semi-empirical equivalent circuit models evaluated by the Complex Non-
Linear Least Squares (CNLS) Algorithm, due to overlapping, and because different arrangements of
the circuit elements can yield the same impedance curves [193]. For these reasons, the Distribution
of Relaxation Time approach has proved to be a complementary tool to identify and target the
processes with the highest polarization losses in order to improve cell performance. In this approach,
the system is modelled through a quasi-infinite series of resistive-capacitive elements without
specific consideration about the occurring phenomena, thus eliminating the need for an a priori
circuit model choice [194]. Individual processes are separated by means of their typical time
constants and allow separating different polarization losses in order to develop a physical model for
the ECM analysis. In [195] Kromp showed that unlike the imaginary part of the complex impedance
curve, where the individual polarization processes overlap, four peaks can be distinguished clearly in
the DRT, otherwise unrecognizable (see Figure 5).

Furthermore, by exploiting this approach it is possible to identify the characteristic frequencies of
the individual polarization processes and a qualitative information about their contribution to the
overall polarization resistance. In [196] Leonide et al. analysed anode-supported SOFC experimental
data through a DRT approach. This latter allows identifying five different processes contributing to
the total polarization loss that an EIS might not do. By means of a CNLS fitting, an equivalent circuit
model was developed, by modelling all polarization loss processes identified. By doing so, the
diffusivity of oxygen in the bulk, gas-phase diffusion in the cathode, gas diffusion in the anode
substrate, charge transfer reaction and ionic transport at the anode side were identified and
modelled. In [197] WeiB et al. studied the application of the Distribution of Relaxation Times
approach in the analysis of the impedance spectra of high-temperature fuel cells, in order to separate
polarization losses by means of their typical time constants without any a priori knowledge about the
physics of the system. This methodology, coupled with the EIS allows individuating the most
appropriate ECM describing the real system. More detailed information about the DRT method can
be found in [198], [199], [200].
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Figure 4: Impedance spectra of Ni-YSZ anode under the open circuit condition before and after thermal-redox cycles. Ramp rate
of heat-treatment: a) 7.5°C min-%; b) 2.5°C min-!; Temperature 1000°C; Anode gas: 20% H,O - 80% H,; Cathode gas 100% O, [192]
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Figure 5: Imaginary part of the impedance spectrum along with the corresponding Distribution of Relaxation Times (in red) [195]

A rather comprehensive overview of the EIS based features tailored for the SOFC diagnosis is given in [201].
The authors indicate the qualitative changes occurring in the parameters of the EIS curve in a similar way as
in the papers above. In spite of a wide range of documented cases, to the best of the author's knowledge, no
paper addresses the SOFC monitoring based on in situ reasoning applied to the calculated EIS and DRT
features.

5.3. Metrics based on analytical models and model-free approaches
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Using analytical models in fault detection has been around for several decades and a solid body of theory has
been developed and applied in many diverse applications. A good overview can be found in [202]. The most
common approaches to features (metrics) extraction [203] build on (i) parameter estimation, (ii) parity
relations and (iii) observers. The idea of the first group of approaches is to build a physical model of the
system and associate faults with one or more parameters of the model. Hence model parameters serve as
metrics. Parity relations are consistency relationships among the available process variables and are used to
build metrics referred to as residuals. If the system is in the nominal condition. i.e. without fault, the parity
relations return values near zero. A fault in the component causes certain parity relations to become different
from zero. A fault is detected when at least one residual exceeds a given threshold. Fault isolation can be
performed from the set of non-zero residuals. In the ideal case, each fault is associated with a specific
combination of zero and non-zero residuals. In the third case, the process model is in the form of the state
space model while a fault is modelled as an unknown input and/or parameter in the state model. Depending
on the issues addressed there are different ways how to generate residuals [203].
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The number of feature extraction approaches for SOFCS, based on the mathematical models is rather limited.
One of the few contributions to the residual based diagnosis is available in [204]. The residuals are calculated
by means of a lumped model of the stack and BoP components. Evaluation of the residuals is based on a
fault-symptom matrix FSM presented in [205]. The approach builds on the physical model of the SOFC
system. FSM was first developed by using fault-trees analysis and then improved via faults simulation. It
should be stressed that a key issue in model-based diagnosis is diagnostic resolution i.e. the ability to
distinguish unambiguously among different faults. This property significantly depends on selection and
placements of the sensors. A profound study on optimal selection of sensors in SOFC in order to achieve the
best resolution is performed in [206].

The use of a first principles model to generate residuals is described in [207]. The model is validated both in
steady state as well as dynamic states. It is used to simulate faults and generate residuals and hence provide
training examples for a fault classification algorithm.

A completely black-box approach based on a neural network model of the nominal SOFC behaviour has been
demonstrated in [208], [209]. The authors also suggest a selection procedure for the determination of the
most descriptive variables in the model [204].

Shortcomings of the analytical model-based approaches

Obtaining accurate analytical models of SOFCs behaviour from standard instrumentation is laborious and
takes good quality data for validation. By relying only on the operational data, without additionally targeted
system excitation, condition assessment can be complicated if only model-based. The main problem is that
without excitation in the high-frequency part of the spectrum it is not possible to get good information on
electrochemical processes. Models obtained from the operational records are able to describe only dominant
dynamics related to the temperature and flow processes.

Model-free approaches

Few attempts to apply signal processing to analyse frequency content of the voltage have been reported. In
[210] the wavelet transform (WT) is used to decompose the SOFCs voltage signals and to find out the effective
feature variables that are discriminative for distinguishing the normal and abnormal operating conditions of
the system. Another approach to the problem is in [172]. The authors propose a regression model to describe
the three components of the long-term degradation process in a SOFC stack, i.e. smooth voltage decay over
time on each cell, variability of voltage decay across the cells and random fluctuations due to noise. Both
approaches are applicable provided stationary operational conditions apply.
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A glimpse into the PEM domain

Unlike SOFCs, substantially more work in model-based features extraction has been performed on PEM fuel
cells. Experience obtained from there can be valuable in SOFC research. For example, some of the methods
like [211], [212], [213] have used parity relations. Use of other approaches like neural networks, fuzzy models
and support vector machines have been reported in the literature. A comprehensive review of almost 50
papers on analytical feature extraction models in PEM can be found in [214]. A review of non-model based
techniques like signal processing, statistical and Al methods is available in [215].

6. Diagnostics

The theory of fault detection and diagnosis is very well developed and a range of tools have already been
used in many fields of applications [203]. Fault diagnosis is preceded by detection. In the detection step, one
has to reveal eventual departure of the current system condition from the nominal condition. Change can be
assessed by using statistical decision making, see [216] for an excellent overview. An application of the
statistical evaluation of residuals in the area of SOFCs is demonstrated in [204].

The first step after detection is isolation where one has to localize the origin of the fault. If possible, this is
followed by fault identification, which is understood as an estimation of the size of fault. To isolate the fault
or degradation mechanism some sort of discrimination in the feature space is required. There is a rich arsenal
of tools for fault isolation widely used in other communities. One can refer to [203] for a comprehensive
overview.

There are two major classes of approaches to fault isolation. One is based on inference methods and the
other on classification methods.

Classification methods come into play when a sufficient number of experimental case studies is available.
There is a range of algorithms at disposal which aims to discriminate between clusters of points in the feature
space that belong to the same degradation mechanism. Again, very little has been done in the SOFC domain.
An approach employing support vector machine has been proposed in the context of SOFCs in [217].
Experiments show that incipient faults can be distinguished quite reliably. More specifically, the minimum
size of the fault corresponds to a 5% deviation of the associated variable from its nominal value.

A classification approach to SOFC diagnosis based on fuzzy clustering is proposed in [218].

The main drawback of the classification approach is that their successful operation requires a considerable
set of case examples. Also, the experiments must contain examples from all the degradation modes of
interest, which takes a substantial experimental effort and cost. It seems there are more papers reporting
the successful application of classification approaches in the domain of PEMFCs, see [219], [220], [221] and
[222] for a nice overview.

Inference methods incorporate prior or heuristic knowledge about the features and faults. This relationship
can be expressed in terms of Boolean IF-THEN-ELSE rules or their fuzzy version. In the SOFC context, there
are only very few works addressing isolation. This can be done by using Boolean reasoning [204]. The fault-
symptom matrix corresponds to a set of logical rules, where it is usually assumed that only one fault is acting
in the system at the time. In case FSM is fully isolated also multiple faults can be unambiguously revealed.
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However, knowing the root cause of the malfunction is a valuable information, yet insufficient for managing
maintenance. What is important to know is that even if diagnosis helps identifying failure causes, it can only
be performed after the fault occurs. Consequently, the diagnosis does not offer the possibility to anticipate

when the system will break down, and hence the end of the operation, occur. In the PHM concept, this task
is assigned to prognostics.
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7. Prognostics

Prognostics predicts the future health evolution and estimates the remaining useful life of the system. Hence
it can improve system reliability while reducing maintenance costs and downtimes. This has been a topic of
interest over different disciplines, from mechanical systems [223] to electrochemical ones [222].

The prognostics take two phases: a learning phase and the prediction phase. During the learning phase, the
prognostic model is learned from the system behaviour up to time t, (see Figure 6). During the prediction
phase, the prognostics gives RUL predictions of the system and determines when the critical threshold is

reached. The time length between the predicted time of failure (we define it as tsiiure) and the starting point
of prognostics t, is the RUL.

Degradation level

Measurements
L )
Confidence
interval
Learning /
phase
"""""""""""" ":-\-:“------ Failure threshold
RUL End of life
Prediction Critical threshold
beginning: tp reached: ttaiture

Figure 6: The prognostics process

So far, almost no attention has been devoted to the development of algorithms for on-line prediction of RUL
in SOFC systems. There are only 4 papers that address the topic.

In [208] the authors adopt a neural network model in which time is used as an explicit independent variable,
hence allowing to describe the decay of voltage as a function of time and operational parameters. To train
the model, the data from run-to-failure tests are required. The approach is shown to predict the evolution of
the stack voltage decay under implicit assumption that the degradation mechanisms present during the
validation phase are similar to those in the learning stage.
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The authors in [224] study the RUL prediction under two degradation mode types i.e. anode poisoning, and
cathode humidification. They apply a qualitative model for the state of health and probabilistic transition
between the discrete instances of the state of health. The whole study is performed in the simulation
environment. From a series of simulated life-long tests they learn the parameters of the transition model by
the data-driven method (Least Squares — Support Vector Machine). In the validation stage, the model shows
rather a high prediction accuracy with ~20% absolute error. In this work cell voltage is utilised as the state of

health indicator. Again stationary operating conditions are assumed. Simiarapproach-canbefound-in
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Unfortunately, the output voltage is directly affected by operating conditions imposed on the system.
Therefore, it is difficult to distinguish whether the voltage drop is caused by degradation of the fuel cells, a
change in load condition, or if it is a response of the system due to the controller. The recent paper [225]
seems to be the first attempt to RUL prediction of SOFC stacks that allows for rather general non-stationary
operating conditions, thus rendering the need for constant operation unnecessary. The idea is to estimate
the parameter ASR online, by employing a nonlinear lumped process model. The temporal evolution of the
ASR is then described by another model whose parameters are identified on-line based on past records.
Hereupon the RUL predictions are evaluated by means of Monte Carlo simulation. An excerpt of the
algorithm performance is shown in Fig. 7.
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Figure 7: The evolution of RUL prediction during operation of an SOFC stack. The dashed line is true RUL. The graph indicates that
e.g. at the time instance t=400 the prediction is highly uncertain since the spread of the anticipated end of life is in the interval
1000-4000h. At t=1500h the spread narrows to ~ [0-500] with most expected RUL~150h, which fits the true time remained till the
end.

A glimpse on the PEM domain

However, more work has been done in the area of PEM fuel cells. For example, in [226], the review
summarizes the challenges related to the PEM fuel cell prognostics and RUL predictions. They identify the
importance of suitable health indicators for RUL prediction and address the definition of the end-of-life point
of the cells. Works related to RUL prognosis in a PEM are aimed at modelling the temporal evolution of stack
voltage, a voltage related power output, or efficiency loss due to degradation. The most common approach
is to consider voltage as state of health (SoH) indicator and perform RUL upon evident drift in stack/cell
voltage. Such a characterization of SoH is often justified because the voltage is directly associated with power
output, and hence the efficiency of power conversion. On the other hand, the authors of [227] employ
electro-chemical surface area as an indicator for SoH.

For describing the temporal evolution in SoH, the authors usually employ various empirical models to predict
voltage drop in the future and to estimate RUL. The employed models range from simple ones with linear,
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polynomial, and exponential structures [228], to complex structures common in machine learning society
[229], [230], [231], [232].
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An approach that exploits the equivalent circuit model parameters of the fuel cell prognostics is given [233].
An idea using simple linear, or polynomial, models describing impedance, is presented in [234] and then the
identified models are utilized to evaluate SoH and RUL prediction [235].

A more thorough review of the EIS based techniques for diagnostics and prognostics of PEM is available in
[236] and [237] where over 100 papers addressing the topic are listed.

8. Conclusions

The literature review addresses modelling of the degradation mechanisms and models aimed to support the
state of health monitoring in solid oxide fuel cells. A comprehensive description of main degradation
phenomena, their root-causes and related models is provided, which is valuable for further monitoring
design.

The main findings and achievements can be summarised as follows:

a. The modelling approaches related to the degradation phenomena are diversified with respect to the
purpose assigned in the PHM context. PHM is suggested as a common framework for treating the system
design (off-line part) and on-line operation (on-line part). The design part includes knowledge acquired
through the experiments and on the laboratory systems and the related modelling. Those models are
mainly purposed for the simulation of the degradation processes, evaluation of the reliability,
optimisation of the operational parameters and optimisation of the system parameters.

b. The majority of the models dedicated to the degradation are usually high-resolution first principles
models that help gain a better understanding of the underlying phenomena and hence directly contribute
to the improved design of the fuel cell.

c. Relatively little is done in modelling for the context of in situ PHM. Although a lot of work has been
conducted to gain an understanding of the correlation between failure mechanisms and features ex situ,
there is still practically no algorithm reported, which solves the diagnostic problem in situ.

d. Very little work has been done in the area of diagnostics and prognostics of SOFCs, in particular.
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