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Abstract

:

The start-up of a solid oxide fuel cell (SOFC) is investigated by means of numerical simulation with a view to material and operational constraints on a component and system level, as well as thermo-mechanical stresses. The applied multi-physics modeling approach couples thermal-, electrochemical, chemical-, and thermo-mechanical phenomena. In addition to constraints, emphasis is given to degrees of freedom with respect to manipulated and controlled variables of the system. Proper ramping during the start-up procedure keeps critical parameter values within a safe regime. Of particular interest are gradient in terms of temperature and chemical concentrations. Nevertheless, simulations show that thermo-mechanical stresses are relatively high during the initial start-up phase, the system is, thus, more susceptible to failure. The combination of multi-physics modeling in conjunction with practical control aspects for start-up of an SOFC, which is presented in this paper, is important for applications.
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1. Introduction


Fuel cells (FC) are an important part of the sustainable power generation mix [1], also as elements of larger system networks [2], and for vehicles [3]. Various FC technologies have been developed [4], where solid oxide fuel cells (SOFC) have certain advantages in comparison to other FC types, for example the potential use of non-precious metals [5], which have therefore been intensively investigated [6,7,8]. Nevertheless, issues remain to obtain sufficient lifetime for a wide application, including irreversible degradation of electrodes, electrolyte, and sealing materials linked to the fuel contaminants (further discussed below) [9,10,11,12,13,14].



Mathematical modeling is indispensable to gain insights about performance for realistic and critical scenarios of complex systems due to mutual interaction of time-dependent physical phenomena as well as strong dependence on operation conditions. In addition to an electro-chemical perspective to assess thermodynamic performance, a systems perspective should also take into account thermo-mechanical aspects [15,16,17] to analyze overall metrics that specify the system lifetime.



Benign operation conditions in terms of transient gradients already lead to complex control strategies due to the number of physical variables that need to be controlled as well as material and operational constraints. For safe and economically feasible system start-up, further aspects need to be addressed [18,19], for example due to the need for safety gas [20] to maintain proper conditions with respect to chemical potential in the material to avoid excessive stresses during rapid transients. However, compared to studies that are concerned with design point performance and off-design (including part-load operation), relatively few publications exist dealing with detailed transient behavior on a system level. Even fewer studies directly investigate the start-up behavior with all the aforementioned physical phenomena (see References [21,22], and in particular those conducted by the Jülich team [23,24,25]), despite the critical importance of these aspects. Of special interest are gradients in temperature, as well as chemical compositions.



The multi-physics approach with time-dependent partial differential algebraic integral equations (PDAIE) is a core element of a more general model-based systems engineering (SE) framework (See also Reference [26] for a recent review comparing characteristic specifications of electro-chemical energy systems). Systems control is another branch within this model-based SE framework, where simplified models in the frequency- or time domain are commonly used to develop control strategies and to tune controllers, e.g. based on (nonlinear) model predictive control [27]. To obtain information about a system’s transient behavior subject to disturbances, (open-loop) step responses are imposed. The underlying models are however in many cases linear, or more general, reduced order representations, of a high-fidelity or simplified physics-based model. Besides, control objectives may be in mutual conflict. In summary, the model-based SE framework used in this work balances the physics- and control perspective to arrive at a more realistic understanding of failure-induced risks for the SOFC during start-up, compared to a purely thermodynamic (equilibrium) performance approach. With a broader and more detailed perspective, better conclusions and actions can be formulated for practical operating systems, their control and economics.



To the best of our knowledge, the present study is one of few which investigates SOFC behavior on a component and system level during start-up by means of a thermo-mechanical model in conjunction with physics-based control constraints.



A separate note on system shutdown is necessary. For a normal shutdown, i.e., no emergency shutdown, the inverse of the start-up procedure is assumed to be applicable, possibly with some adjustments in terms of duration for the individual operation phases. In the following, only start-up is considered where normal shutdown proceeds in the same (or similar) fashion.




2. System Description


2.1. Solid Oxide Fuel Cell


In this work, one of the most basic SOFC-based system designs is assumed, shown in the process flow diagram in Figure 1. Hydrogen and air are fed to the SOFC where it is converted to electrical DC power. Any remaining hydrogen is burned in the combustor afterwards, which provides further heat to the process system. This heat is utilized to pre-heat the gas streams which consist of oxygen-depleted air and steam. The electrical DC power is converted to AC power by means of a converter. Hydrogen is assumed as feedstock because it is perhaps the most benign fuel for SOFC and also other fuel cell types. More complex feedstocks would require further auxiliary equipment and also add more constraints. Probably some more fundamental and pressing issues need to be resolved first for such basic system designs which will also be present in more complex designs, such as level of heat integration and operational requirements including the choice of fuel. The general auxiliary system equipment which is required for start-up is also indicated (in blue in Figure 1), further piping and instrumentation may also be needed.




2.2. Principal System Operation and Design


The principal mechanism in an individual SOFC is shown in Figure 2 with the gas channels and composite layers as its main parts. In addition to that, metallic current collectors (interconnects) and sealants are required (not shown in the figure). The gas channels on the cathode side provide the fluid for reduction and those on the anode side for oxidation, respectively. An oxygen-ion conducting solid electrolyte separates the cathode and anode. The outer electrical circuit provides charge neutrality and movement of electrons.



Oxygen ions move from the cathode across the electrolyte membrane to the anode with the half-cell reactions on the cathode (oxygen reduction) and anode (fuel oxidation) [4]


      O 2  + 4  e −  ⇌ 2  O  2 −   ,       2  H 2  + 2  O  2 −   ⇌ 2  H 2  O + 4  e −  .     



(1)







The SOFC is assumed to be of tubular-type, as shown in Figure 3 [28,29,30], with a total number of 1.200 equally behaving cells. Note that other geometries are also possible, such as planar designs, which have specific advantages and drawbacks compared to the tubular design [31,32]. Furthermore, designs may also differ with respect to cell-support. Here, a design with supporting cathodes was considered, but there are also designs with anode- and electrolyte-supported cells. Cathode-supported cells were reported to have advantages in terms of low carbon deposition [33] and, thus, fuel flexibility. Another advantage is the potentially lower risk of Ni-oxidation which leads to better mechanical integrity [34]. The cathode-supported SOFC may be regarded as optimal choice in terms of support thickness and operating parameters [35,36]. A drawback, compared to electrolyte- and anode-supported configurations, is a high polarization resistance [33]. Reference [37] provides further information about the present design.




2.3. Design and Operation System Constraints


Table 1 summarizes critical design and operation constraints of the SOFC-based system that determine the overall operation envelope for the SOFC. Of particular relevance are constraints related to temperature gradients which determine thermo-mechanical stresses. Note that constraints for the balance-of-plant system components are also shown for completeness. Some of those may be disregarded during start-up because of the use of auxiliary equipment. For example, the combustor is an active component which provides heat to the system. During start-up of the system, however, it may be necessary to use a secondary heat source in conjunction with auxiliary heaters to avoid potential fluctuations and rapid changes due to its relatively small thermal inertia [38]. In this work, setpoints of all manipulated variables are achieved without deviation and any constraints due to balance-of-plant system components are disregarded. Any preparation task for physical system start-up is assumed to be completed, including purging of gas channels. Furthermore, heat losses are likely to be of less concern during the relatively short start-up time compared to target operation times. Even though constraints may be soft with the principle possibility to exceed those, substantial performance loss, aggregation of irreversibilities, or both, may occur.




2.4. Degrees of Freedom


The controlled (CV) and manipulated variables (MV) for the SOFC system are listed in Table 2, also shown are the values for those related to the SOFC after more than 2 h from completion of the start-up procedure, i.e., when (semi-)steady state conditions can be assumed (further discussed below). The difference between the number of CV and MV represents the degrees of freedom (DOF) available in the system [58] but other options may also be possible for some of the variables. The selection of variables and their pairing need to take into account the general measurability of a quantity and its response time. For example, electrical properties, such as electrical current, usually respond faster than those related to heat. In the presence of electrochemically reactive species in the reaction zone (triple-phase-boundaries (TPB)) the SOFC can respond to load variations within the time scale of electrochemistry [38].



A physics-based system modeling approach requires to establish a well-posed formulation of the mathematical problem, which can be utilized to identify the correct set of CV and MV, both from a physical as well as technological perspective. The emerging required input parameters, therefore, represent exactly the DOF. For example, values of spatially distributed system state variables are usually not (easily) accessible through direct measurement, nevertheless, overall system state variables can be defined. A case in point is the mean solid temperature of the SOFC (defined below) which is a quantity obtained through numerical integration. Such metrics that are based on detailed models provide a better description of system constraints and operation compared to lumped-per-default quantities.



Well-posedness of the mathematical problem for numerical solution is preserved, independently whether MV or CV are specified as input parameters. In this respect, specifying the CV corresponds to the case of perfect control without deviations in measurements of MV, controller actions for CV, or other stochastic effects.





3. Mathematical Model


In this section, the mathematical model of the SOFC is briefly presented. The connection between the thermo-electrochemical-chemical performance and thermo-mechanical stress sub-models is shown in Figure 4, where the temperature field of the solid is calculated in the performance model and simultaneously used as input for the stress model. In the latter, the tensor stress field is determined. References [59,60] provide further details. And a complete description of the thermo-mechanical steady state model (including boundary conditions) is given in references [61,62].



3.1. Energy and Mass Conservation


Heat transfer for gas and solid, respectively, are described by [59,60,63]


    ∂  T g   c  p , g    ρ g    ∂ t   +  v g    ∂  T g   c  p , g    ρ g    ∂ z   =   2  h c   r   (  T s  −  T g  )  ,  



(2)






   ρ s   c  p , s     ∂  T s    ∂ t   =  λ s   ∇ 2   T s  .  



(3)




with the boundary condition [59,60]


   λ s    ∂  T s    ∂ r   =  h c   (  T s  −  T g  )  +    r ˙  Δ h   2 π r L   ,  



(4)




where the reaction rate is given by [4]


   r ˙  =   i A   2 F   .  



(5)







For the gas phases, mass conservation reads [59,60,63]


    ∂  C i    ∂ t   +  v g    ∂  C i    ∂ z   =   r ˙  i  ,  



(6)







The model includes pressure drops for the gas streams.




3.2. Electrochemistry


The cell voltage is [4,29]


   V  c e l l   =  V  O C   −  η  a c t   a n   −  η  a c t   c a   −  η  c o n   a n   −  η  c o n   c a   −  η  o h m    



(7)







The Nernst equation gives the open circuit voltage (OCV) [4,29]


   V  O C   =  E ∘  +   R T   z F   l n    a  o x i      a  r e d     .  



(8)







And with the Butler-Volmer equation the activation polarization losses are implicitly determined [4,29]


   i i  =  i i ∘   e x p     n i   β  f i   F  η  a c t , i     R T    − e x p  −    n i   β  r i   F  η  a c t , i     R T      



(9)







The concentration polarization losses are described as follows [4,29]


   η  c o n , i   =   R T    n i  F   l n  (  p  i , g   ,  p  i , T P B   )  .  



(10)







The ohmic loss is [4,29]


   η  o h m   = i A R ,  



(11)




with an ohmic resistance comprising temperature-dependent layer resistivity of electrodes and electrolyte and a constant resistivity for the interconnects [59,60].




3.3. Thermo-Mechanics of Solid Components


The deformations and displacements of the solid material are determined by means of the Navier equations in cylindrical coordinates [64,65]


     μ   ∇ 2   u r  −   u r   r 2    +  ( λ + μ )   ∂  ∂ r     1 r   ∂  ∂ r    ( r  u r  )  +   ∂  u z    ∂ z    = β   ∂  T ˜    ∂ r   ,       μ  ∇ 2   u z  +  ( λ + μ )   ∂  ∂ z     1 r   ∂  ∂ r    ( r  u r  )  +   ∂  u z    ∂ z    = β   ∂  T ˜    ∂ z   .     



(12)







The relations between displacement and strain are [65]


      ε r  =   ∂  u r    ∂ r   ,        ε θ  =   u r  r  ,        ε z  =   ∂  u z    ∂ z   ,        ε  z r   =  ε  r z   =  1 2     ∂  u r    ∂ z   +   ∂  u z    ∂ r    .     



(13)







Stress and strain are related through Hooke’s law [65]


      σ i  = λ  (  ε r  +  ε θ  +  ε z  )  + 2 μ  ε i  − β  T ˜   ,  w i t h  i = r , θ , z ,        τ  z r   =  τ  r z   = 2 μ  ε  z r   .     



(14)







Boundary conditions are defined at gas–solid and solid–solid interfaces. One end is assumed to be fixed on the cathode and the other end is free [59,60], as shown in Figure 3. The crooks (indicated by dotted lines in the top view of Figure 3) for individual cells are not included in the present analysis because these are assumed to be less susceptible to failure compared to the electro-chemically active materials of the electrodes and electrolyte. Furthermore, the use of current collectors as indicated in Figure 3, represent a discontinuity of the tubes, their effects are also disregarded here. Note that a variety of materials have been developed for the individual parts of the SOFC, see for examples references [66,67] for individual advantages and drawbacks, also including the materials assumed in this work.



Thermo-mechanical parameters are [64,65]


     λ  ( z )  =   E ( z ) ν   ( 1 + ν ) ( 1 − 2 ν )   ,       μ  ( z )  =   E ( z )   2 ( 1 + ν )   ,       β  ( z )  =   α E ( z )   1 − 2 ν   .     



(15)







The initial stress distribution during the sintering process, with a reference temperature of 1473 K [68], is assumed to be homogeneously distributed in the material. See Table 3 for additional input parameters.




3.4. System Variables


The total current from the SOFC is


  I =  A L   ∫  0  L  i  ( z )  d z ,  



(16)




with the DC power


  P = V I .  



(17)







Fuel utilization (FU) is calculated according to [4]


  F U =  I  2 F   n ˙   f u e l     .  



(18)







The overall electrical system efficiency is


   η  e l   =  P    n ˙   f u e l   L H  V  f u e l     .  



(19)







And the mean solid temperature is determined by


    T ¯  s  =  1 L   ∫ 0 L   T s   ( z )  d z .  



(20)








3.5. Degradation and Failure Mechanisms


Potential degradation mechanisms for SOFC are numerous, complex, and often mutually dependent. For example, the system design determines to some extent which mechanisms will be dominant [72], also the actual dimensions of parts [73]. Materials the process components and parts are made of are other design criteria with a strong effect on performance and duarability [41]. The feed-gases, in particular the fuel and its purity, are further criteria (see also references in the introduction). For example, carbon-containing fuels, such as natural gas or synthetic gas (produced from biomass or coal gasification), can lead to coke formation [74]. Sulfur, even in relatively small amounts, can promote poisoning [75]. Moreover, evaporation of materials from balance-of-plant system components may also cause contamination. The complex kinetics are temperature-dependent (among others), operation conditions therefore also strongly affect degradation mechanisms, for example in terms of voltage, current density and FU [76]. Yet another criterion with an effect on materials durability is the number of cycles the system undergoes as well as their characteristics in terms of loads and dynamics [77].



In this work, the gas supplied to the SOFC is assumed to be free of any potential contaminants. Safety gas is used for the simulation to control the electrochemical reactions and chemical potential, respectively. In addition, uncertainties would be introduced, since in many cases data are not available for the entire range of interest for start-up analysis, which must cover a temperature range from ambient temperature to the temperature ranges required for operation.



Failures can occur as a result of thermo-mechanical stresses, with a force-term comprising temperature gradients and differences between the materials with respect to physical properties, such as thermal expansion coefficients (see Table 3). It is emphasized that degradation mechanisms can also promote or trigger failures, for example due to material defects that are introduced during manufacture or system assembly. However, these effects are characterized by high stochastics and can hardly be captured with first principles modeling.




3.6. Model Implementation and Numerical Solution Methods


The model was implemented and numerically solved in gPROMS [78]. Besides well-posedness, the solution requires a problem formulation of index one (The index determines the smallest number of times the PDAIE must be differentiated to determine continuous functions of the state variables and certain space derivatives of their components. The higher the index, the more difficult it is to solve the equation system. Individual equations may be reformulated if models have an index higher than one for the numerical solvers to handle. ).



Finite difference (FD) schemes are used for the discretization of the PDE. For the SOFC 40 discretization elements in axial direction and 10 in radial direction for the cathode, and 5 for the anode and electrolyte are used (cathode is the thickest part of the assembly). The total number of equations for the complete system is 14.5 k (13 k algebraic and 1.5 k differential equations). The thermodynamic model was tested with a finer discretization, which led to a higher number of equations and therefore computation time but little difference in the results. Backward, forward and central FD methods were used for discretization. Air in the air delivery tube used backward FD, whilst for the air and fuel forward FD was used as they have the same flow direction. Central FD was used for the solid membrane layer. All simulations start with steady state as initial condition. As the numerical solution of strongly coupled time-dependent PDAIE systems are demanding for the solvers, in particular in the presence of (imposed) discontinuities and a wide parameter value range for state variables, various techniques were used for numerical stability, including non-dimensionalizations and adjustments of solver settings.



The physical property package Multiflash [78], is used for thermodynamic properties, while thermo-mechanical properties were taken from literature (e.g., Table 3). Empirical functions were implemented for continuous parameter-dependency using the software DataFit [79].





4. Results and Discussion


4.1. Model Verification and Thermodynamic Steady State Performance


The overall deviation of energy and mass conservation due to the numerical solution between the inlets and outlets on a component- and system level


  Δ ζ = 1 −    ∑ k   ζ  i n , k      ∑ k   ζ  o u t , k     ,  ζ =  E ˙  ,  m ˙  ,  



(21)




to verify the model for all steady state simulation. For the energy balance check of the SOFC the supplied heat through the feed gas, as well as electrochemical reactions need to be taken into account. The deviation with respect to energy is about 0.1% and for mass about 0.001%, which is considered as sufficiently small.



The original thermodynamic model is based on References [59,60], which was validated against results from cited references. For the thermo-mechanical part, a direct validation of simulation results presented in this work was not possible, neither a comparison with other works using the same assumptions, such as geometry, reference temperature, and operating conditions. However, results for stresses and displacement presented below are comparable with those reported in other studies, see Table 4.



Figure 5 shows results for current density and solid temperature from the thermodynamic performance model under normal operation conditions, with a voltage of 0.55 V, after more than 15 h from initiating start-up (see Figure 6 and Figure 7), the mean solid temperature is 1261 K (Table 2). As shown in Figure 3, air is preheated in the air delivery tubes. Heat transfer between the preheated air and fuel, which flow in the same direction, is determined by convection in addition to heat generation through electrochemical reactions (Figure 2). Due to this heat source, the solid temperature (electrodes and electrolyte) is close or even higher (but still <1 K) than that of the fuel temperature, rather than between the gases (temperature profiles are not shown). Hydrogen and steam in the fuel, and oxygen in the depleted air, participate in the electrochemical reactions. The current density is calculated through the reaction rate (not shown), which is a function of the solid temperature and the driving force caused by the electrochemically reacting species. It ranges from 0.402 to 0.498 Acm     − 2   , i.e., current density is relatively homogeneously distributed over the axial direction. The resulting total electrical current for the system is 131.1 A (Table 2). The drop in current density after passing the mid section (from right to left) is dominated by the decreasing driving force in axial direction in spite of higher solid temperatures.




4.2. Start-Up Procedure


The start-up procedure consists of two phases, namely heating and power-ramping. In the heating phase the system’s temperature is increased by auxiliary heaters; the resulting temperature profiles are shown in Figure 6 (see also the system block diagram in Figure 1). During this phase no electrical power is extracted from the system. Heat transfer through anode and cathode gas is used to increase the temperature in the SOFC at a rate of 1.308 Kmin     − 1    for air and 1.56 Kmin     − 1    for fuel, respectively. A higher rate, and, thus, final maximum temperature, was chosen for the fuel gas based on the target design point [82], but other temperatures and combinations with respect to temperature differences between the feed gas streams are in principle also possible. The start-up procedure is initiated under non-reactive conditions at ambient temperature and ends when target operation conditions are reached with respect to the controlled variables (see Table 2). In the second phase, the chemical compositions of the two feed gas streams are changed, as shown in Figure 7 (anode hydrogen up and nitrogen down, cathode oxygen up and nitrogen down), along with power ramp-up (531 Wmin     − 1   ) (Figure 6) until the target design point has been reached. This safety gas is used for the anode, as well as cathode to control the hydrogen and oxygen partial pressures, respectively. The mass flows are kept constant for simplicity but they are additional DOF, which are important from an economic point of view. Various scenarios were simulated for the ramping of gas compositions and electrical power. In this work, the ramping duration for gas compositions and electrical power coincide but other combinations are possible as well, for example power ramping may continue while no further safety gas is used (or vice versa). Simulations were also done with higher rates which may be feasible for the second phase of the start-up procedure, but the present values led to improved numerical stability throughout the entire simulation run. With further optimization of the input values for the controlled variables more aggressive rates are hence applicable. Concerning the balance-of-plant system components, the combustor can be assumed to respond (nearly) instantaneously. Perhaps it needs to be bypassed during start-up to avoid interruptions in the heat supply to the SOFC. For the pre-heater standard materials can be used, i.e., the exhaust gas from the combustor can be directly fed to those process units. The entire start-up procedure from off-mode conditions to operation conditions takes about 12.4 h which is in the range presented in Reference [20].




4.3. Performance and Temperature Response


Figure 8 shows the minimum, mean, and maximum spatial temperature in the SOFC during start-up, with an absolute maximum of 1299 K in the chosen design point. The temperature of the solid eventually exceeds that of the fluids due to the electrochemical reactions, as discussed earlier. Figure 9 shows the maximum of the temperature gradient and temperature difference over the SOFC’s axial length in the solid, as well as FU over time. Notice that power ramping and changes in the chemical composition of the feed gases is initiated after the final gas temperatures have been reached (Figure 6 and Figure 7). The decreasing maximum temperature difference shown in Figure 8 can be explained by the dynamic response due to thermal inertia at a constant feed gas temperature during power ramping. With higher concentrations of reactive species in the feed gases, the maximum temperature difference increases again, but without exceeding the specified limit (Table 1). Once power ramping is initiated, the FU changes rapidly (electrical phenomena are modeled such that these occur instantaneously [83]). In (semi-)steady state conditions, the FU reaches 71.5% (Table 2). The pressure of fluid entering the cathode and anode are kept constant, but could in principle be controlled. Here, the pressure difference between cathode and anode channels is kept <0.1 bar (Table 2).




4.4. Stress Distributions and Displacements


Changes in the stresses occur primarily as a result of thermo-elasticity, in other words, any changes that make the force term in the Navier equations larger. Figure 10, Figure 11 and Figure 12 show the stress distributions for the electrolyte in axial direction in the r-,  θ - and z-coordinate, respectively. The profiles represent snapshots at different times of the start-up procedure, starting at ambient and ending at design operation conditions. The stresses decrease with progress in the start-up process because the force term in the equation set describing thermo-mechanics decreases, or more specifically the difference between sintering temperature (manufacturing) and operation temperature, gets smaller. From the two electrode and the electrolyte materials, the largest stresses occur in the latter because of a higher value for the Young’s modulus compared to those of the electrodes. As shown in Table 3, the Young’s modulus for the electrolyte and anode are modeled as a function of temperature, the absolute maximum in the chosen design point is 159 GPa for the electrolyte and 44.2 GPa for the anode, respectively. On the other hand, the electrolyte’s thermal expansion coefficient is lower than those for the electrodes (Table 3), which also directly affects the magnitude of the force terms for thermo-mechanical stresses. However, the Young’s modulus dominates over the thermal expansion coefficient.



Figure 13 shows the displacement distribution in the r- and z-coordinate along the SOFC’s axial length for the electrolyte materials under (semi-)steady state conditions in the design point. Absolute values of displacements in the z-coordinate (maximum 1.27 mm) are more than 30 times higher than those for the r-coordinate (maximum 0.037 mm), which can be a problem from a stability point of view. The membrane layer of the SOFC in the present case is cathode-supported (Figure 3), while anode and electrolyte remain unconstrained. The latter parts can, therefore, relax some of the occurring stresses. As discussed previously, the cathode-support is considered in the boundary conditions for the thermo-mechanics, but sealants and their connection on the SOFC housing were not modeled.



Proper matching of physical properties is critical for all physically adjacent materials, including anodes and electrolyte as well as sealants, interconnects and current collectors. Materials in the membrane layer, however, need to meet functional behavior in addition to stability properties. Insufficient stability can lead to failure, for example due to physical disconnection, with potentially severe consequences on a system level. In Table 1 an upper leakage rate limit in the SOFC is specified. Any leakage can lead to a loss of performance, but possibly more critically, it can also pose a potential safety risk if high-temperature combustible gases accumulate outside the designated space over time, which may not be (easily) detectable. In physical systems, a perfect seal is difficult to achieve. The extent of the shift depends on the temperature and other parameters; every temperature gradient leads to a spatial gradient in the materials. Therefore, proper instrumentation for performance monitoring is critical.





5. Conclusions and Final Remarks


From a practical point of view, the number of conditions that need to be controlled during start-up is relatively extensive, resulting in a complex start-up procedure for the SOFC system. Auxiliary equipment is needed and a further cost factor is the requirement of safety gas considering the total start-up time.



Hydrogen is perhaps the most benign fuel for SOFC in terms of long-term stability. Other fuels such as carbon-containing fuels are more challenging, among others because of the more complex reaction chemistry involved, also with detrimental characteristics such as coke formation. Moreover, using natural gas as feedstock requires additional equipment, such as pre-reformer. Additional requirements need to be considered for concepts comprising other complex sub-processes (for example for internal fuel production) to ensure proper performance and process control, as well as economical perspective.



Thermo-elastic stresses are a problem for SOFC during start-up and shutdown. To moderate stresses during operation at elevated temperatures any changes in values of physical properties or state variables leading to an increased force term of the Navier equations should be minimized. During start-up, the system’s temperature goes through a regime of relatively low temperatures for several hours, which lead to high thermo-mechanical stresses. In general, frequent start-up and shutdown cycles should be avoided for economic reasons due to relatively long time periods until reaching design operation conditions, as well as higher risk of failure. Hence, for (thermal) systems comprising delicate process components and parts, transients (start-up and shutdown in particular) need to be considered with a view to thermo-mechanical and chemical stability, in addition to system performance under steady state conditions around the design point.



The application of a multi-physics modeling and simulation approach for the start-up procedure revealed further physical phenomena in the time domain which will be missed with a purely thermodynamic (lumped) approach or state-space models. Fuel cell-based systems are suitable to demonstrate the capabilities of this approach because they comprise thermal, electrochemical, chemical, and mechanical phenomena in a strongly interconnected fashion. Knowledge about the distribution of critical state variables occurring in the system over time can provide useful information for materials scientists as well as systems- and control engineers. Some physical input properties were hard to find, in particular for those having a dependency on state variables, such as temperature.



Potential avenues from this work include the simulation of fuels other than pure hydrogen, which would introduce further constraints. Other geometries than tubular may be modeled and analyzed. Furthermore, the start-up procedure was developed manually through a trial-and-error approach. The start-up procedure could be formulated as a PDE-constrained optimization problem (perhaps after simplifications of the system model). Control strategies and controller designs may be developed for the entire range of interest, also including start-up and shutdown of the system, for example based on non-linear model predictive control. Physics-based models represent important building blocks for concepts, such as digital twins [84].



Overall, engineering aspects should be taken into account, which make further testing of full-scale systems under realistic conditions indispensable to obtain a better general understanding of the system’s dynamics.
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List of symbols




	A
	area [m   2  ]



	a
	activity [-]



	C
	gas concentration [mol/m   3  ]



	   c p   
	heat capacity [J/(mol K)]



	E
	Young’s modulus [Pa]



	   E ∘   
	Gibbs potential [V]



	F
	Faraday constant [C/mol], force [kg/(m s   2  )]



	   F U   
	fuel utilization [-]



	h
	enthalpy [J/mol]



	   h c   
	heat transfer coefficient [W/(m   2   K)]



	i
	current density [A/m   2  ]



	I
	current [A]



	j
	index for anode, cathode, electrolyte [-]



	L
	length [m]



	   L H V   
	lower heating value [J/mol]



	   m ˙   
	mass flow [kg/s]



	   n ˙   
	mole flow [mol/s]



	p
	partial pressure [Pa]



	P
	power [W]



	R
	universal gas constant [J/(mol K)], ohmic resistance [ Ω ]



	r
	radius, spatial distribution variable in radial direction [m]



	   r ˙   
	reaction rate [mol/s]



	t
	time [s, h]



	u
	displacement [m]



	v
	fluid velocity [m/s]



	V
	voltage [V]



	T
	temperature [K]



	   T ˜   
	difference between operation and sintering temperature [K]



	z
	number of electrons [-], spatial distribution variable in axial direction [m]



	  α  
	thermal expansion coefficient [1/K]



	  β  
	constant for Butler-Volmer equation [-], thermo-mechanical coefficient [Pa/K]



	  γ  
	heat capacity ratio [-]



	  ε  
	strain [-]



	  η  
	overpotential [-], efficiency [-]



	  λ  
	thermal conductivity [W/(K m)], Lamé coefficient [Pa]



	  μ  
	Lamé coefficient [Pa]



	  ρ  
	density [kg/m   3  ]



	  ν  
	Poisson ratio [-]



	  σ  
	stress [Pa]



	  τ  
	shear stress [Pa]







List of subscripts




	   a c t   
	activation overpotential losses



	   c o n   
	concentration polarisation loss



	   e l   
	electrical



	f
	forward reaction



	g
	gaseous



	i
	chemial species



	   O C   
	open circuit



	   o h m   
	ohmic loss



	   o x i   
	oxidation



	r
	reverse reaction, r-coordinate



	   r e d   
	reduction



	s
	solid



	   s a f e   
	safety gas



	   T P B   
	triple-phase boundary



	z
	spatial z-direction



	  θ  
	spatial  θ -direction







List of superscripts




	   a n   
	anode



	   c a   
	cathode







List of abbreviations




	AC
	alternating current



	CV
	controlled variable(s)



	DC
	direct current



	DOF
	degree(s) of freedom



	FD
	finite difference



	FU
	fuel utilization



	MV
	manipulated variable(s)



	PDAIE
	partial differential algebraic integral equation(s)



	SE
	systems engineering



	SOFC
	solid oxide fuel cell(s)



	TPB
	triple-phase boundary
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Figure 1. Basic SOFC system design with auxiliary equipment for start-up and shutdown (in blue). 
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Figure 2. Principle of a solid oxide fuel cell. 
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Figure 3. SOFC design. 
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Figure 4. Link between the thermo-electrochemical-chemical performance model and thermo-mechanical stress model. 
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Figure 5. Current density and solid temperature under normal operation conditions. 
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Figure 6. Ramping of fluid temperatures and power. 
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Figure 7. Ramping of fluid compositions. 
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Figure 8. Minimum, mean, and maximum spatial temperature in the solid during start-up. 






Figure 8. Minimum, mean, and maximum spatial temperature in the solid during start-up.



[image: Crystals 11 00732 g008]







[image: Crystals 11 00732 g009 550] 





Figure 9. Transient temperature gradient and FU during start-up. 
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Figure 10. Stresses in electrolyte material for r-coordinate. 
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Figure 11. Stresses in electrolyte material for  θ -coordinate. 
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Figure 12. Stresses in electrolyte material for z-coordinate. 
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Figure 13. Displacements in electrolyte in design point. 
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Table 1. Design and operation constraints.
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	Unit
	Constraint
	Potential Effect
	Limit





	system
	heat loss
	performance loss
	per design



	SOFC
	power density
	increasing currents lead to higher concentration polarization and faster cell degradation
	80–90% [39,40,41]



	SOFC
	max. leakage rate (interconnects)
	performance loss, failure due to leakage
	0.1% [39,40,41]



	SOFC
	min. temperature
	performance loss, and failure due to thermo-mechanical stresses
	900 K [39,40,41,42]



	SOFC
	max. temperature
	performance loss and failure due to thermo-mechanical stresses and chemical interaction
	1300 K [39,40,41]



	SOFC
	max. difference in thermal expansion coefficients
	performance loss and failure due to thermo-mechanical stresses
	10–17% [39,40,41]



	SOFC
	transient temperature gradients
	thermo-mechanical stresses
	20 K/cm [43,44]



	SOFC
	steady state temperature differences in axial direction of SOFC
	thermo-mechanical stresses
	150 K [39,40,41]



	SOFC
	min. FU
	thermo-mechanical stresses
	40% [39,40,41]



	SOFC
	max. FU
	fuel starvation, efficiency loss
	90% [39,40,41]



	SOFC
	max. total pressure difference between fluid streams
	mechanical stress
	3 bar [39,40,41]



	combustor
	air excess ratio
	performance loss, emissions, flame instability
	6–12 [45]



	combustor
	residence time
	flame instability, blowout [46,47,48,49,50]
	



	combustor
	max. temperature
	mechanical stress
	1400 K [42,46,51]



	pre-heater
	max. temperature
	loss of strength
	1300 K [52]



	blower
	max. volume flow, pressure, rotational speed [53,54]
	stress, flow instability, performance loss
	defined by design



	tank
	max. pressure, discharge rate [55]
	mechanical stress
	



	valve
	speed, max. volume flow [56]
	
	defined by design



	controller, actuator
	speed, accuracy [57]
	delay times, setpoint shift
	



	sensor
	uncertainty, accuracy
	delay times, setpoint shift
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Table 2. Set of CV and MV.
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	Controlled Variable
	Value
	Manipulated Variable
	Value





	electrical system power
	86.73 kW
	electrical current
	131.1 A



	mean solid temperature of SOFC
	1261 K
	molar flow of air (blower capacity)
	18 mol s    − 1   



	FU of SOFC
	71.5%
	molar flow of fuel to SOFC (fuel valve opening)
	1.15 mol s    − 1   



	pressure gradient across solid of SOFC
	<0.1 bar
	use of throttles (not shown in Figure 1)
	-



	combustion outlet temperature
	-
	fuel mass flow to combustor (fuel valve opening)
	-



	air temperature to SOFC
	-
	bypass ratio of air (not used here)
	-



	driving force for chemical kinetics in SOFC
	-
	fuel composition (not used here)
	-
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Table 3. Thermo-elastic input parameters.
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	Component
	Material
	E [GPa]
	  ν   [-]
	  α   [10      − 6   ·    K     − 1    ]





	anode (reduced)
	Ni-3YSZ
	f   2  (T) [69]
	0.387 [69]
	12.6



	electrolyte
	8YSZ
	f   3  (T) [69]
	0.31 [69]
	10.9 [69]



	cathode
	LSM
	41 [70]
	0.28 [70]
	12 [71]
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Table 4. Comparison of simulation results for electrolyte against literature data.
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	Parameter
	This Study
	Ref. [80,81]





	approximate max. abs. displacement (z) [mm]
	1.3
	1.34



	approximate max. abs. displacement (r) [mm]
	0.04
	0.5



	approximate max. abs. axial stress [MPa]
	330
	265–583
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