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Summary 
The solid oxide fuel cell (SOFC) is a direct conversion process, which allows the production of electri-
city with high efficiency while maintaining pollutant emissions at low level. This technology is now far 
beyond the theoretical status, but extensive commercialization is not yet attractive. The main challen-
ges to face are cost reduction, lifetime, reliability and volumetric power densities. Typical issues are 
the degradation rate of the performance during steady operation and the risk of failure during con-
trolled or emergency shut-ups/start-ups. Post mortem analysis shows that the mechanical integrity of 
the cells is often not ensured.  

Modelling of the thermo-electro-chemical behaviour of an intact or partially damaged SOFC stack is 
required to predict and reduce the degradation. The influence of small-scale defects and microstruc-
tural changes increases with respect to time and the number of thermal and loading cycles. A multi-
scale approach is suited to understand and characterize the phenomena at the membrane electrode 
assembly (MEA) level and study their impact and propagation at the repeat element (RE) level. Once 
critical conditions are identified, a control strategy is required to ensure the safe operation of an aging 
stack during both steady and transient operation.  

 

1. State of the research 
The above mentioned topics cover overlapping research areas: identification of the electrochemical 
phenomena which starts at the smallest up to the repeat element level, control strategy which domina-
tes the research at the system scale and the few structural analyses which are conducted at the re-
peat element level  [1]- [3]. Precise experiments are mainly carried out on electrochemical tests and 
repeat elements, whereas data from well-instrumented stacks are difficult to find. 

 

From thermo-electro-chemical models of electrodes to system modeling 

The mechanisms and kinetics of SOFC electrodes on YSZ electrolytes have been extensively studied. 
Electrochemical impedance spectroscopy (EIS), combined with observations with advanced micros-
cropy, e.g. SEM, TEM, XPS, are used. 

Experiments on composite cathodes or samples of dedicated geometry, such as point electrodes, are 
carried out to gain knowledge about the oxygen reduction mechanisms  [5]- [7]. The emphasis is on the 
LSM-YSZ system. An equivalent circuit approach is often used: the curves obtained from EIS experi-
ments are reported in the Nyquist diagram and fitted to serve as a basis for the understanding. SEM 
observations allow identifying parasitic phases and assessing the triple phase boundary (TPB) length. 
Researchers propose several models, considering different sequences and rate-limiting steps  [8]- [10]. 
A consensus on the rate-limiting processes has not yet clearly appeared. On the cathode side, expla-
nations involve the following mechanisms, with variation of the concerned species, depending on 
authors: 

• Oxygen adsorption 

• Oxygen dissociation 
• Surface diffusion 
• Bulk diffusion 
• Charge transfer 
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On the anode side a study of different reaction pathways was performed: oxygen spillover from YSZ to 
Ni, hydrogen spillover from Ni to YSZ, interstitial hydrogen transfer via surface adsorption  [11]. Efforts 
are mainly turned towards the case of hydrogen as fuel. 

Refined modeling – so called µ-modeling- is also carried out, mostly focused on the cathode 
 [8] [9] [13] [14]. The field equations are solved to compute the distribution of potential and current in the 
electrode. One-dimensional approaches are common and analytical solutions were proposed in some 
cases. Percolation theory provides the morphological properties of the composite electrode. The pur-
pose is to identify the dominating phenomena with respect to material, composition and grain size and 
the extension of the reaction zone. The second is to optimize the composition  [13]. 

The interface between the electrodes and the electrolyte is not continuous. Therefore, finite element 
analysis (FEA) is used to study the effects of constriction on the current paths  [15]. Even though this 
contribution comes from the electrolyte, not only the dc resistance is influenced and the effect on the 
ac impedance is not negligible, since contributions in the medium- and low- frequency domains are 
reported. 

The above-mentioned studies focus on the phenomena occurring in the electrodes and at the electro-
lyte/electrode interface. The purpose is to model the behavior observed during EIS experiments. The-
refore, isothermal and fixed gas concentrations in the channel are recurrent assumptions. Modeling 
work is therefore performed at the MEA level as well, to reproduce the current-potential characteristics 
(IV) obtained during electrochemical tests  [16]- [20]. 

In the case of anode supported cells, significant efforts were performed on the modeling of the trans-
port of species on the anode side. Several models of various complexities were tested. The Stefan-
Maxwell approach, with an additional term for the Knudsen diffusion –so-called dusty gas model- sho-
wed the best performance, especially in critical conditions encountered in a repeat element, i.e. near 
the fuel outlet, were the fuel is already depleted. On the other hand, the terms for the additional contri-
butions, extensively studied in the previously mentioned work on electrodes are simplified. In the most 
refined cases the empirical dependence on oxygen partial pressure – considered as not justified by 
 [9]- is considered; sometimes neglected. The computed responses are successfully fitted to the expe-
rimental data, but the variation of operating conditions remains narrow. Calibration with simple empiri-
cal expressions was performed  [16]. Such a description was intended for use in fast repeat elements 
models. 

At the repeat-element/stack level, finite-element, finite-volume or finite differences codes are used to 
couple mass, momentum and energy balances  [21] [22]. Some groups used coupled approaches  [23]. 
Most models can handle the internal reforming case, which is of main interest. A simple kinetics ap-
proach for the steam reforming reaction is used, whereas the water-gas shift is assumed at equilibri-
um. The overpotential terms are usually simplified, depending on the desired information. Uniform 
potential distribution is a usual assumption except in some cases  [24]. The degree of refinement goes 
from tri-dimensional to faster one-dimensional models with simplified momentum equations. The 
distributions of the main variables such as temperature, gas concentrations and losses are studied, 
when varying the flow configuration and the inlet and surroundings conditions. It is well established 
that the counter-flow configuration leads to the highest performance at the cost of higher local current 
densities and thermal gradients. The main differences between the models lie in the handling of the 
electrochemistry. The handling of internal heat transfer by radiation is usually neglected. The few stu-
dies on this topic provided contradictory results  [25] [26]. 

 

Identified causes of degradation in the MEA 

The anode support suffers from its weakness towards reduction-oxidation of the nickel, which can 
occur in critical parts. Possible causes are failure or poor performance of sealant, exposure occurren-
ce of the thermodynamic condition at the electrolyte/anode interface during operation at high fuel utili-
zation and failure of the fuel supply system. Such cycles modify the microstructure leading to a larger 
volume than in the initial oxidized state. The stress state in the electrolyte may therefore turn from 
compressive to tensile and might induce cracking of the electrolyte after a number of cycles. Studies 
were carried out to describe both the microstructural changes during cycles and the kinetics of the 
oxidation  [29]. An increase of porosity within the NiO itself was observed, leading to cracks in the e-
lectrolyte  [28]. The different behavior observed for fine or coarse structures was studied  [29]. Control-
led cycles on a SOFC stack were performed with large drops in performance  [30]. 
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Degradation under constant operation is a main concern in SOFC development. Several causes are 
now identified. On the anode side, undesirable formation of electrical insulating phases, such as silica-
te glass is reported at Ni-YSZ/YSZ interface. Nickel coarsening reduces the TPB length, hence the 
performance. Several groups clearly observed this mechanism  [32]. On the cathode side, delaminati-
on induced by buckling or poor adhesion of the electrode on the electrolyte, as well as parasitic pha-
ses at the interface were observed  [33]. The resistance of interconnects increases with time due to 
corrosion. 

Few modeling work on the degradation phenomena has been published. A model considering the 
degradation of the interconnects was developed and the evolution of its effect on the field variables 
were simulated for several operating cases  [34]. A diagnostic method was proposed to identify degra-
dation due to the delamination of the cathode  [35]. FE modeling was used to simulate the modification 
in the EIS spectra of a MEA due to a partial delamination of the cathode.  

 

2. Overview of the research plan 
The work will focus on planar, intermediate temperature SOFC cells. The aim is to gain knowledge on 
the contributions of identified mechanisms causing degradation during steady operation and the da-
mages that SOFC stacks undergo during transient operations and cycles. The developed tools can be 
used as well for technical oriented work, such as assisting design and procedures for the last steps of 
the manufacturing process of a stack. 

The first issue is degradation during steady operation. It requires a precise characterization of the 
behavior of the cells, with time dependent parameters, to model the stack and repeat element with 
accuracy. Suppliers of cells constantly improve their products. In particular, different types of cathodes 
can be sintered on the anode support. Therefore the intrinsic limitations of the cell and its time evoluti-
on have to be determined before any endurance test in stack conditions, where the influence of imper-
fect other components, e.g. sealants, interconnects and possible issues due to a deficient design ap-
pear. In addition, a properly calibrated law is a starting point for a comprehensive simulation of the 
previously mentioned imperfections. 

The experimental data provided by DLR showed that a law of satisfactory accuracy yet reasonable in 
computing time could be derived when combining suitable experiments to parameter estimation tools. 
It was observed that the choice of a proper sequence of operating conditions is of main importance. 
On the other hand the degree of accuracy obtained let foresee the possibility to deduce a time depen-
dent law. Up to now, the following main concerns appear: 

- A large amount of data is needed and thus automatic procedures are required. 
- The model has to be based on physical processes and to avoid as much as possible empirical 

relations. It is a necessary feature to integrate the degradation mechanisms studied in detail 
by many groups. Such a modeling approach can give access to non-measurable values. In 
particular, the condition at the TPB is of main interest but almost impossible to measure by di-
rect means. The intrinsic limitation of the cells will induce reoxidation of nickel at this interface 
first, even in the absence of any fuel feeding error or seal leak. 

- The list of parameters may then become large but some can be derived from dedicated expe-
riments. EIS can provide among others the ohmic contribution to the total resistance, whereas 
microscopy and suited image processing can provide accurate measurements of the porosity 
or quantify the nickel coarsening. It can be argued that precise information provided by EIS 
can be directly used. However, the amount of required experiments due to the necessity to va-
ry the conditions combined to the time dependence is likely to become unfeasible. A mixed 
approach is much more time effective and offers thus the possibility to set it as a standard. 

- The existing electrochemical law is now well suited for operation with hydrogen as fuel, but the 
need to fully extend its capabilities to other fuels is obvious.   

 

Once critical conditions have been identified, modeling at the repeat element level will reveal the re-
distribution of the temperature, gas concentrations and current density inside an ageing or partially 
damaged cell. In particular, transient operation is required to identify whether safe transient operation 
with a new stack might not turn into critical with an aged cell. Experiment test rigs at LENI-EPFL were 
recently upgraded for extended capabilities of control during transient operations or characterization. 
Thus, more refined experiments can be carried out and used for the validation of the model. 
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3. Work performed from the beginning of the SOF-CH 
Improved electrochemical model 

The starting point is the electrochemical model, which was developed at LENI-EPFL, within the frame 
of collaboration with the German Aerospace Center (DLR). The calibration of the parameters was 
performed on experimental data from DLR segmented test rig.  
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Figure 1:  Simulations with v3 and v1 model against experimental data on two different 
cells 

 

This model had several limitations, even though the accuracy of the model was satisfactory. A first 
revision was performed within the SOF-CH project: 

- v3: Reference version. It is calibrated on experimental data (Figure 1).  

- v4: the ionic conductivity of the electrolyte were slightly changed and the temperature 
dependence of the electronic conductivity of the electrolyte was introduced. 

- v5: the computation of the diffusion losses can handle multi-component mixtures. Its 
behaviour is quite close to v3. 

- v6: the equilibrium of the water-gas shift reaction within the anode is considered. The 
onset of limitation appears at higher fuel utilization, for the same set of physical parame-
ters. At this stage, the implementation of reformate fuel is consistent within the consid-
ered assumption. 

The latest evolutions could not be calibrated yet due to the lack of experimental data. However, 
their respective behavior was tested on a 2D thermo-electrochemical model of repeat element. 
Figure 2 depicts simulations of the IV curves with different versions of the model under refor-
mate fuel. The onset of limitation, which occurred at too low fuel utilizations with the v3 model, 
could be shifted to more reasonable fuel utilizations. Such a detailed model allows accessing to 
more information, such as the gas composition at the anode-electrolyte interface. Figure 3 
shows the computed values of the molar fraction within the anode. 

Such information is paramount for a proper implementation at the repeat element scale of the 
knowledge acquired in WP1 and WP2. 
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Figure 2:  IV curves at full load for different versions of the model and flow configurations: 

co-flow with the water-gas shift in both fuel channels and anode (v6) (black), 
counter-flow (v6) (red) and counter-flow with the water-gas shift only in the fuel 
channels (v5) (blue). 8.665 nmlpm/cm2 on fuel side. 
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Figure 3:  Molar fraction in the anode, counter-flow configuration, full load. 8.666 

nmlpm/cm2 

 

Development of a versatile one-dimensional model 

A parameter estimation run with the previously mentioned electrochemical model is currently 
very fast since it is uncoupled from the model which computes the conservation of the species 
and energy. The latter step is performed by MATLAB routines. The level of refinement is 
coarse. Therefore CFD simulations were used to estimate the error. They showed a difference 
of approximately 1% on the computed Nernst potential for the considered set of experimental 
data. 

The time scale of the SOF-CH project allows overcoming this simplification: 

- The validity of this assumption relies on the set of experimental data. Thus, the versatil-
ity and abilities of the model is limited. 

- The model considers a non-infinite electronic resistance of the electrolyte. The conser-
vation of the species is therefore affected by the parameters that control this phenome-
non. 

- Previous attempts showed that distributed models are still compatible with parameter 
estimations. 

Therefore, a new one-dimensional model was developed. The electrochemical model was im-
plemented. Its main features are: 

- The required conservation equations are solved for each layer, i.e. upper and lower 
MICs, PEN, gases and. This is not relevant for the simulation of large stacks, but the 
accuracy of single repeat element simulations such as segmented ones can be affected 
by this assumption. 

- The model is fast and was designed to be modular. It is made of several units, mainly 
reformer, inlet and outlet area, active area and flanges, which can be combined to simu-
late large stack, or segmented experiments. As a test, simulations of stack with up to 50 
repeat elements were carried out. 

- This model has both steady state and dynamic capabilities. The sensitivity of the results 
on the test procedures can thus be investigated. 

- Operation with reformate fuel can be simulated. In particular, the way the equations 
were implemented was chosen to allow a straightforward and consistent handling of 
methane internal reforming. 
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Figure 4 to Figure 6 shows an overview of the features of the one-dimensional model. 

 

 
Figure 4:  Temperature distribution within a 50RE stack fed with CPOx reformate at full 

load. Counter-flow configuration 
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Dynamic IV curve, full load, counter-flow
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Figure 5: Comparison of different boundary conditions. Dynamic simulation. 
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Figure 6:  Temperature distribution over the active area during operation in an insulation 
(top) and a furnace (bottom). Co-flow case. 
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