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Abstract 

    

The thermo-mechanical analytical model proposed for different solid oxide fuel cell (SOFC) 

designs addresses the deformation behavior and mechanical stability of SOFCs at various thermal 

stresses, specifically the creep resistance and the long-term endurance beyond the elastic limit. 

The model considers the deformation of multi-layer SOFC in the temperature range of 600–800°C 

and presents the combination of the correlated parameters for SOFC performance evaluation, 

stability and long-term endurance under realistic operating conditions and temperature 

gradients. The numerical analysis of the thermo-mechanical properties of the SOFC materials is 

presented in terms of mechanical behavior at failure conditions and the influence of rheological 

and structural properties on SOFC long-term endurance. The SOFC thermal behavior, creep 

parameters of the SOFC materials and long-term stability are analyzed in terms of stresses, 

deformations and displacements. 

 

Keywords: modelling, materials, performances, operating temperature, design of 

compatibility, thermal strain stresses 

 

 

I. Introduction      
  

Conventional energy sources such as gasoline (diesel), coal and hydro source are the main 

sources for power generation. However, these conventional energy sources are being depleted, and 

are also unfriendly to the environment. Alternative energy sources such as renewable energy (RE) 

systems are becoming more popular in power generation applications. RE sources include solar 

energy, wind energy, photovoltaic (PV) cell energy, fuel cell etc. which are very effective in reducing 

the green house gas emissions. In the near future, large portions of increase in electrical energy 

demand will be met through widespread installation of distributed generation (DG). Many 

advantages are considered for application of DG, i.e., increased service reliability, reduction of the 

need for grid reinforcement, generation expansion and power factor correction. Furthermore, it is 

possible to improve voltage regulation and local power quality more precisely using DGs in 

comparison to conventional centralized generators. DG sources comprise of direct energy 

conversion sources producing DC voltages or currents such as fuel cells and photovoltaic sources, 

high-frequency sources such as micro turbines, and variable frequency sources such as wind energy. 

Power generation from solar energy sources and wind energy sources is unpredictable, because 

solar power depends on the availability of sun light and wind energy system depends on the wind. 

Since fuel cells have no geographical limitations, they are preferred for small scale power 

generation. Power generation in fuel cells depends on the hydrogen input which is available in 

abundance. Further, fuel cells are known for their low to zero emissions, high efficiency (35-60%) 

and high reliability because of the absence of moving parts. Fuel cells are static energy conversion 
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devices that partially convert the chemical energy of fuels directly into electrical energy and 

produces water as its byproduct.  

The successful utilization of materials requires that they satisfy a set of properties. These 

properties can be classified into thermal, optical, mechanical, physical, chemical, and nuclear, and 

they are intimately connected to the structure of materials. The structure, in its turn, is the result of 

synthesis and processing. A schematic framework that explains the complex relationships in the 

field of the mechanical behavior of materials, shown in Fig. 1, is Thomas’s iterative tetrahedron, 

which contains four principal elements: mechanical properties, characterization, theory, and 

processing.  Interrelationships among structure, properties, and processing methods, the most 

important theoretical approaches, and the most-used characterization techniques in materials 

science today. 

 
 

Fig. 1: Tetrahedron, which contains four principle elements 

  

 

This entry will endeavor to answer the question whether SOFC technology is now ready for 

the market or perhaps put in another way: Is the market ready for SOFC technology and which 

challenges still need to be addressed? 

The entry will describe how SOFC technology can contribute to solving the energy challenges 

in the future. The current status of the SOFC technology and industry will be briefly discussed and 

the possible markets described. Three main challenges on the road to competiveness – life- time, 

reliability, and cost – are addressed. Technoeconomic studies of the different market segments are 

used to define the threshold for market entry. The entry ends by looking ahead and concluding that 

the SOFC technology is ready for the market with respect to the projected cost and lifetimes, but 

that reliability under real-life conditions still remains to be demonstrated. The learning investments 

needed, however, do not appear to be prohibitive considering the benefits which this game - 

changing technology has to offer. 
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There are six main types of fuel cell: alkaline fuel cell (AFC), phosphoric acid fuel cell (PAFC), 

molten carbonate fuel cell (MCFC), polymer electrolyte membrane fuel cell (PEMFC) and direct 

methanol fuel cell (DMFC), solid oxide fuel cell (SOFC).  

Among different types and scale power generation systems, fuel cells have received more 

attention, because they can provide also both heat and power. 

Advantages of SOFC Fuel Cells are: 

- Higher electrical efficiency. The SOFC technology will be able to provide an electrical 

efficiency of up to 60%. This efficiency is very high compared to worldwide power plants operating 

at average electric efficiencies of 30–35% and to existing decentralized, smaller power generation 

equipment (engines and generators) operating at as low as 5–10% for engines and 15–25% for 

generators. Application of SOFC units with higher electrical efficiency will result in substantial 

savings in fuel and money, and for operation on fossil fuels also in a proportional reduction in CO2 

emissions. 

- High efficiency for all capacities. The SOFC technology is scalable and can cover the complete 

range from 1 kW to 1 MW, or even higher, with almost no loss of efficiency. The technology offers 

a very competitive output per weight or volume compared to power plants. Because of this, the 

SOFC technology addresses a wide range of applications and finds use both in urban and remote 

areas and both for stationary and mobile purposes. 

- Fuel flexibility. The SOFC technology is (together with MCFC) the only technology among 

the different fuel cell technologies which is able to effectively generate power directly based on the 

fossil fuels in use today, and at the same time, the technology has a clear path to renewables and 

CO2-neutral energy systems. This is due to the higher operating temperatures and the superior 

ability of the SOFC to convert hydrocarbon in the fuel cell stack.  

- Lower maintenance cost. The SOFC system provides a highly effective and direct 

electrochemical conversion of fuel to power. The only rotating parts in the system are a fuel pump 

and a small air blower. Accordingly, maintenance costs are expected to be substantially lower, and 

operating periods between overhauls are substantially longer than conventional technologies (see 

Fig. 2). 

 
Fig. 2:  SOFC compared with other power production technologies (illustrative figures) 
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II.    New approach to risk forecasting  
 

The increasing penetration of renewable energy sources (RES) and distributed generation (DG) 

technologies introduces significant uncertainties related to reliability, lifetime, and structural 

endurance of energy systems. Traditional risk forecasting methods, which primarily rely on 

statistical performance data of conventional power plants, are insufficient for technologies such as 

Solid Oxide Fuel Cells (SOFCs), photovoltaic systems, or wind turbines. These systems operate 

under highly dynamic loading conditions, where thermal, mechanical, and rheological properties 

of materials play a decisive role. 

The proposed new approach to risk forecasting integrates thermomechanical modeling, 

rheomechanical behavior analysis, and structural endurance assessment. Unlike conventional 

reliability analysis, this methodology explicitly accounts for: 

- Coupled stress–strain–temperature interactions in multilayer SOFC structures; 

- Creep and plastic deformation effects under prolonged operation at elevated temperatures; 

- Anisotropy and nonlinearity of material properties**, including imperfections and 

manufacturing deviations; 

- Dynamic operational risks arising from fluctuating loads in renewable energy integration. 

By applying the developed energy theory of deformation and incorporating experimental 

creep-core parameters, the model enables quantitative estimation of critical operational thresholds, 

such as the onset of plastic deformation, buckling time, and long-term endurance limits. This 

predictive framework allows for risk-informed design of SOFC systems, providing more accurate 

forecasts of reliability and lifetime under real operating conditions. 

Such a forecasting methodology forms the foundation for technoeconomic risk evaluation, 

ensuring that decisions on large-scale deployment of SOFCs and other advanced energy 

technologies consider both their mechanical stability and economic feasibility. Ultimately, this new 

approach supports the safe and efficient integration of next-generation power generation systems 

into modern energy infrastructures. 

III. Engage experts 
 

Structural strength of materials – a set of mechanical properties that ensure reliable and long-

term operation of the material under operating conditions depend on a number of factors (see Fig.3) 

 
 

Fig. 3: Factors define reliable and long-term operation of the material 
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Fig. 4:  Schematic of the basic operation principles of a SOFC (I. Bonis 2012) 

 

 

Depending on the location of the loading path to the yield surface, as well as on the radius of 

the yield surface and the location of its center, different deformation behaviors can occur. This 

behavior depends on various parameters, the clarification of which will make it possible to 

determine the degree of correlation between the elastic and plastic parts of the total deformation 

(see Fig. 5 and 6). 

 
Fig. 5: Elastic deformation behavior: 

f1 - yield surface under repeated loading; f2  - is the limit state yield surface corresponding to destruction;  

ОАВ - trajectory of the path of active loading; Point "O" - a geometric place with zero stresses 

 

            at t = t1                                                            at t = t2 

                        
Fig. 6: Creep deformations (t1 < t2) 

 

 

Therefore, a brief review of recent studies confirms the fact that the simplifications adopted in 

the preparation of mechanical and theoretical models for the rheomechanical properties of materials 

and their changes, loading modes and deformation state significantly affect attempts to determine 

and evaluate SOFC performance and quality indicators, taking into account operational conditions. 

Therefore, in our opinion, in order to fill this void, it was necessary to develop a theory and an 

appropriate research methodology that would allow modeling deformation behavior and creating 

strength conditions for real structures, taking into account real operating conditions. 
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Such a theory, called energy theory, was developed, which was based on a hypothesis that 

characterizes both physically and mathematically the deformation processes under repeated 

loading and has the following content. 

The work of the total elastic deformation in the stress space for the case of any static loading in 

opposite directions is a constant value. Mathematically, this means that: If the point with 

coordinates "σij" in the stress space is on the yield surface, then the point with coordinates - 

√
𝜎1𝑇
2 +𝜎2𝑇

2

𝐽1+2(1+𝑉)𝐽2
− 1 ∙ 𝜎𝑖𝑗  is also on the yield surface. Graphic representation of the mathematical value 

of the proposed theory (see Fig. 7): 

 
Fig. 7: Graphical representation of the mathematical significance of the proposed energy theory 

 

 

From this, the yield surface equation is obtained in the for  
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The implementation of these phenomena makes it possible, on the basis of appropriate strength 

conditions, to evaluate and calculate the bearing capacity of structural elements of the SOFC type, 

taking into account the structural and rheomechanical properties and changes in their material 

support under operating conditions, loading modes, deformation anisotropy, geometric 

nonlinearity (finiteness of deformations during buckling) and etc. for the following deformation 

states: 

- elastic state with stable and changing physical and mechanical properties of materials; 

- elastic-plastic state, taking into account changes in the physical and mechanical properties of 

materials and deformation anisotropy; 
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- elastic-viscous-plastic state, when changes in the mechanical properties of materials 

contribute to the occurrence of creep deformation. 

A method has been developed for studying the stress-strain state of structural elements, taking 

into account geometric nonlinearity in the absence (presence) of initial imperfections 

(manufacturing errors). Here, the subjects of study are the time of onset of plastic deformation, the 

critical time of onset of buckling, the critical load of buckling, etc. In this case, the rheological 

properties of materials are characterized by the corresponding model of the creep core and its 

parameters (to determine them, it is necessary to conduct appropriate experimental studies). 

The thermomechanical analytical model is assumed for studying the deformation behavior of 

SOFC at various operational temperatures, in particular, provide the resistance of creep and long-

term endurance outside the elastic limit. 

The model takes into account the deformation of the multilayer SOFC in the temperature range 

of 600-800°C and is a decision on long-term endurance in the process of real operating conditions. 

The numerical analysis of thermo physical properties of SOFC materials and their changes, 

depending on the mechanical behavior their destruction are estimated taking into account the 

rheological and structural properties of materials for the long-term endurance of SOFC. 

 

 
Fig. 8: Critical temperature (Tcr) changes vs. surface irregularity for different SOFT design: 

C0, C1, C2 – Initial surface irregularities; Tier - critical temperature for rigid planar design;  3.6Tcr – critical temperature 

for disc shaped design; 4Tcr – critical temperature for hinged planar design;  4.6Tcr – critical temperature for cylindrical 

design; 1 – SOFC cylindrical design with zero initial surface irregularity C=0; 2 – SOFC cylindrical design with initial 

surface irregularity C₁; 3 – SOFC cylindrical design with initial surface irregularity C₂; 4 – SOFC rigid planar design 

at initial surface irregularity C=0; 5 – SOFC rigid planar design at initial surface irregularity C₁; 6 – SOFC rigid 

planar design at initial surface irregularity C2; 7 – SOEC hinged planar design at initial surface irregularity C=0; 8 – 

SOC hinged planar design at initial surface irregularity C₁; 9 – SOFC hinged planar design at initial surface 

irregularity C2; 13 – SOFC disc shaped design with zero initial surface irregularity C=0; 14 – SOFC disc shaped design 

with initial surface irregularity C₁; 15 – SOFC disc shaped design with initial surface irregularity C₂; 10, 11, 12, 16 – 

accordingly, surface irregularity characterizing the decrease of Tcr with approaching irregularity 
 

The results of modeling thermomechanical deformation behavior of SOFC allowed to develop 

an algorithm for a decision on synthesis of the materials properties and their characteristics outside 

the elasticity limit, which is significant for long - term operation of SOFC at elevated temperatures. 
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 In the end, a technique has been developed for the synthesis of desired materials taking into 

account the operating temperature, topology surfaces, form, metric characteristics and thermo-

physical properties. 

The influence of the surfaces state on the deformation behavior of the device the constructive 

performance   are considered for the irregularities range from C0 to C2 (C0 < С2). These results of 

poses have to make decisions according to the constructive characteristics and material support of 

the developed anode substrates - 1 - direction (see Fig. 8). 

The application of the form, metric characteristics and material execution of dense elements are 

considered for various operational temperatures and are presented in the logarithmic coordinates 

(see Fig. 9). 

 

 
Fig. 9:  Application of shape, metric characteristics and material design of dense elements  

for different operating temperatures represented in logarithmic coordinates: 

1,2,3 – cylindrical; 4,5,6 – planar; 7,8,9 – disk-shaped SOFC designs 

 

 

The results obtained allow you to make decisions for the design of devices from dense materials 

with a different metric characteristic, form of execution and properties of material support. Thus 

compatible combinations of these indicators for various operating temperatures might be 

determined. 

The third direction of work – to study of porous materials for use in the practice of designing 

a device as a whole and their elements. This issue has been discussed many times with project 

partners. With his great support and faith in the possibility of application in the practice of creating 

devices, the following task has been set and solved: 

Development goal – the study of the deformation behavior of porous structure and the 

determination of an adequate deformation model for this behavior, taking into account mass 

transfer processes in a dynamic model for planning and effective implementation of various measu-

res aimed at designing devices  using of a similar material structure. 

Task content: 

1. The problem of determining a mathematical model of deformation behavior and studying, 

on this basis, the stress-strain state of porous structure under quasi-static and dynamic loading is 

being solved. 

2. The presence of mass transfer during loading, etc. the dynamism of porous structure 

distinguishes and is decisive for choosing their equations of state.  
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In all models the most commonly used materials were studied to analyze the distribution of 

thermal stress. The mechanic  properties of materials were listed in Table 1 taken from Refs. 

properties of materials were listed in Table 1 taken from Refs [8, 23]. It should be noted that the 

material was assumed as linear elastic and isotropic. Fig. 10 showed the anode's coefficient of 

thermal expansion, which was a function of its porosity [30]. Moreover, the Young's modulus (GPa) 

and shear modulus (GPa) was a function of porosity, which was the main point all of investigations 

and could be calculated from the used for that experimentally obtained equations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: The relationship between porosity and  TEC 

 

 

The thermal strain stress was enhanced when the temperature increased, which resulted in a 

thermal expansion, which was different for each material (Table 1). The thermal stress was 

proportional to the coefficient of thermal expansion (a) and the difference of the temperature 

distribution (T) and the reference temperature (Tref ). The reference temperature was the sintered 

temperature for the cell’s materials and it was set as 800 C, i.e., the thermal strain stress only 

emerged when the temperature was higher than 800 C. 

 

Table 1:  The key stress factors for the modeling SOFC 

 

Layer Young’s Modulus 

[GPa] 

Poisson’s ratio Coefficiant thermal expantion    

(CTE), [10-6K-1] 

Anod 220 0.3 12.5 

Cathod 160 0.3 11.4 

Electrolyte 205 0.3 10.3 

Interconnect 205 0.28 12.3 
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V. Conclusion     
 

1. A classifier has been compiled of factors that determine the load-bearing capacity and quality 

indicators of technological machines, and in general their effectiveness, having different material 

design in terms of structural, physical-mechanical and chemical-thermal properties, causing of vary 

deformation behavior in structural materials under various operating conditions and loads. 

2. Isotropic and kinematic  Mises plasticity curing rules are available, is confirming existing of 

isotropic and kinematic curing  linear combination in the process of exploration under operating 

modes. 

3. This allows for the existence of two systems of forces that contribute to changes in both the volume 

and shape of the structural material  and causing mainly plastic deformation behavior. 

4. Сhanging in both the volume and shape of the structural material contribute to changes in the 

radius, coordinates  of the yield surface center, as well as the location of the active loading path in 

relation to its position. 

5. A new method for determining coefficients of statical and dynamical plasticity (SCP and DCP) 

for various groups of materials is presented. 

6. To determine the estimate of plasticity coefficients , the linear law of Hencky-Mises for materials 

hardening was used  and for determining the static and dynamic hardening coefficients  

corresponding analytical expressions are obtained. 

7. The obtained dependences of the plasticity coefficients make it possible to evaluate the properties 

of the plastic deformation behavior of structural materials individually and in combination with 

others, which have unequal plastic and structural-mechanical properties i.e. meaning of flat - 

shaped hybrid structure. 

8. An algorithm has been developed for the synthesis of dense structure materials based on 

zirconium with properties that are compatible combinations with the operating temperature, shape 

and metric characteristics of devices from these materials. 

9. It has been proven that porous structures are characterized by nonlinear elastic behavior under 

quasi-static loadings developing in time. 

10. The equations of state are obtained and a mathematical model of the deformation behavior of 

porous structures is formulated to study their stress-strain state, taking into account the 

corresponding loading modes. 

11. It has been established that when Hooke's law is used as an equation of state to describe the 

deformation behavior of porous structures under quasi-static, i.e. loads distributed in time can 

contribute to 80% distortion of their stress-strain state. 

12. The expansion in Taylor series of the original functional dependence was used, which 

determines the physical and geometric relationships in deformation behavior and, as a result, 

equations of state were obtained in general form for structure  with elastic, elastic-plastic and 

nonlinear-elastic deformation character rustics. 

13. The obtained dependences allow us to investigate various problems of studying the stress-strain 

state of porous structures under various loadings, determined taking into account the implemented 

technological measures in the process of generating electricity by fuel cells on an anode substrate. 
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