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Abstract

:

Solid oxide fuel cells (SOFCs) are a well-developed technology, mainly used for combined heat and power production. High operating temperatures and anodic Ni-based materials allow for direct reforming reactions of CH4 and other light hydrocarbons inside the cell. This feature favors a wider use of SOFCs that otherwise would be limited by the absence of a proper H2 distribution network. This also permits the simplification of plant design avoiding additional units for upstream syngas production. In this context, control and knowledge of how variables such as temperature and gas composition are distributed on the cell surface are important to ensure good long-lasting performance. The aim of this work is to present a 2D modeling tool able to simulate SOFC performance working with direct internal CH4 reforming. Initially thermodynamic and kinetic approaches are compared in order to tune the model assuming a biogas as feed. Thanks to the introduction of a matrix of coefficients to represent the local distribution of reforming active sites, the model considers degradation/poisoning phenomena. The same approach is also used to identify an optimized catalyst distribution that allows reducing critical working conditions in terms of temperature gradient, thus facilitating long-term applications.
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1. Introduction


Solid oxide fuel cells (SOFCs) are well-known electrochemical devices suitable for a sustainable energy production in both high capacity power plant and residential use [1,2]. Current research on SOFCs focuses on (i) performance and durability improvement through characterization of new innovative materials [3], (ii) experimental detection of degradation mechanisms [4], and (iii) modeling tools for system simulation and control [5]. Nevertheless, a relevant limit to their wider spread on the energy market is the lack of a proper network for distribution of hydrogen, the main cell reactant, at low price [6]. Several existing processes are repeatedly improved in order to obtain a more efficient and sustainable H2 production route. For instance, steam reforming of hydrocarbons, the main approach used at industrial level, is enhanced through the introduction of new reactor designs to obtain a higher quality of outlet syngas, such as catalytic membranes or sorption enhanced steam reforming [7,8]. Partial oxidation reaction has been introduced in different applications thanks to the need for lower working temperature and high fuel conversion obtained through the introduction of self-sustained electrochemical promoted catalysts [9]. Gasification of biomass/waste has also gained literature attention in the last decades, considering the wide diversity and the easy availability of feed [10]. Water electrolysis is also becoming a competitive application through the integration with renewable sources in order to reduce requested external power and operating cost [11].



An alternative way to overcome the issue of H2 production and distribution is the possibility to directly use light hydrocarbons such as CH4, CH3OH, gasoline, diesel, syngas, or biogas as SOFC fuel [12,13,14]. Differently from low temperature fuel cells, SOFCs do not require a pure H2 feeding stream since carbon compounds such as CO and CO2 are not poisonous for the materials used. Coupled with high operating temperatures, this allows for the in-situ production of H2 necessary in the electrochemical mechanisms through reforming reactions. The use of alternative fuel makes SOFC safer application due to highly flammable and volatile of pure H2. There are three possible configurations based on the integration of cells with reforming processes [15]:




	
External reforming (ER): SOFCs and reforming units are two distinct blocks. In the reforming reactor, H2 is produced from light hydrocarbons and consequently fed to the fuel cell anode inlet;



	
Indirect internal reforming (IIR): SOFCs and reforming units are two neighboring blocks in order to favor thermal exchanges;



	
Direct internal reforming (DIR): the reforming takes places inside SOFCs using the Ni-based anode material as catalyst.








While the first one is the easiest to operate thanks to the lack of interactions between two units, the other cases are more efficient since the requested heat for the endothermic reforming reaction is provided by the exothermic electrochemical process. At the same time, since achieved usually by flowing excess air through the cathode, the cell cooling decreases because the reforming prevents an excessive temperature rise. Moreover, capital and operating costs are reduced without separated external units [16]. Compared to IIR, DIR configuration also allows further process optimization as the continuous consumption of H2 due to electrochemical reactions enhances the hydrocarbon conversion and results in a more uniform H2 distribution [17]. However, this design is characterized by larger temperature gradients and relevant carbon deposition [18]. The high anodic Ni content favors a faster reforming process compared to the electrochemical one. Thus, hydrocarbon conversion is usually complete within a small distance from the inlet, leading to initial severe cooling effects. Even if proper cell materials are used in order to reduce the mismatch among thermal expansion coefficients, the subsequent temperature gradient on the fuel cell plane may induce system failure [19]. Indeed, creep formation is favored using brittle ceramics. However, it also occurs in the metallic interconnects that are characterized by a thermal behavior strongly dependent on temperature [20]. Appropriate modifications of the anodic structure, such as the partial poisoning of active sites or doping processes [21], are under investigation to decrease the reforming rate. Another common problem is the carbon deposition that is catalyzed by the presence of Ni and results in decreasing the active sites. This phenomenon is reversible and can be minimized by increasing the inlet steam to carbon ratio (S/C ratio) without a high fuel dilution to avoid the reduction of electrical efficiency [22].



Another relevant issue is the presence of different pollutant compounds in the fuel stream that can degrade cell materials and highly decrease both reforming and electrochemical performance. As for their amount, the type of such pollutants highly depends on the fuel source and usually consists of sulfur-based and chlorine-based compounds [23]. If biogas is used as fuel, siloxanes may also represent relevant issues [24]. Among these possible compounds, H2S is the most common poison for catalyst activity. The adsorption of S and the subsequent formation of secondary Ni-S phases can cause serious but reversible degradation of the cell performance [25], making the fuel pre-treatment fundamental. To reduce the possible damage, alternative sulfur tolerant materials, such as metal sulfides [26], are under investigation.



In a view of process improvement, all three configurations of SOFC-reforming integration are analyzed in literature using different levels of details. Such experimental and theoretical studies focus on both new industrial power generation systems based on SOFC technology and on its integration into existing plants. In different works, the simulation is usually performed considering ER or IIR units or, when DIR configurations are presented, simplifying the cell through 0D [27,28] and 1D [22,29] approaches. Although effective in the first feasibility analysis, such models disregard local effects, especially in terms of temperature and current density. This may lead one to contemplate possible solutions that could bring the cell to failure. A more detailed analysis is performed through 2D simulation. Considering a planar geometry, cross-section is commonly assumed as system domain to evaluate the main changes in chemical-physical features in flow direction and along cell thickness [18,30,31]. These studies guarantee a quite good overview of cell behavior in co- and counter-flow configurations, since flow channels can be approximated as plug flow model, whereas in the case of cross-flow design, the analysis should consider occurring gradients on cell plane section that is a less common assumption [32]. The complete knowledge of the system is reached only through a 3D approach [33,34]. This permits a more detailed modeling but requires long computational times to reach a solution penalizing its use. On the other hand, when a tubular cell is simulated, 2D modeling is sufficient to describe completely system behavior [35]. A further step consists of the analysis of occurring degradation and poisoning phenomena. In literature, they have been mostly investigated with experimental tests on both single cells [36] and stacks [37] as well as in terms of regeneration [38]. However, there are few modeling efforts that evaluate coking and H2S poisoning influence on electrochemical performance based on empirical [39] or theoretical formulation [40].



This work presents a 2D simulation tool developed for DIR-SOFC in industrial applications using a biogas type fuel (mixture of CH4, CO, CO2, H2, and H2O). To present its features, the authors consider an anode-supported planar cell design in cross-flow configuration. The chemical-physical property changes are described through local balance resolution over the cell plane, whereas material transport phenomena along cell thickness are considered only for the electrochemical kinetics following a previously validated model for H2-feeding SOFC [41,42]. For methane DIR process, the code considers two different approaches presented in literature: one based on the thermodynamic equilibrium of the reforming reaction and one based on its reaction kinetics. Subsequently, the authors introduce a simplified way to model cell degradation phenomena affecting mainly the reforming reaction. This approach is possible thanks to the introduction of a corrective term that allows reducing the effective active catalysts surface. This coefficient is implemented in matrix form to enable a local distribution and thus identify possible different levels of degradation in each single point of the cell. Following a similar approach, this matrix is also tuned to identify an optimized catalyst distribution in order to guarantee more uniform working temperatures and reactant utilizations. Despite the modeling complexity, the results are obtained with calculations lasting only few minutes.




2. CH4 Internal Reforming Modeling


2.1. The Cell Reactions


At the cathodic side of an anionic conductive-electrolyte SOFC, O2 reacts electrochemically to produce O= ions (Equation (1)). These migrate through the ceramic electrolyte to the anodic side where the oxidation of H2 (Equation (2)) or CO (Equation (3)) completes the circuit with electrical energy production, as shown by the following reaction paths.


   1 2   O 2  + 2  e −  →  O =    at   the   cathode  



(1)






   H 2  +      O   =  →  H 2   O    + 2  e −    at   the   anode  



(2)






   CO    +      O   =  →   CO  2  + 2  e −    at   the   anode  



(3)







Coupled with Ni catalysts usually employed, the high operating temperature allows for the direct feeding of light hydrocarbons at the SOFC anode. This is possible thanks to internal reforming reactions that convert these hydrocarbons to the H2 necessary for cell operation.



CH4 reforming can be carried out using H2O (steam reforming, SR) or CO2 (dry reforming, DR) as co-reactants. In literature, both cases are largely investigated, and different reaction paths resulting in the following formulations (Equations (4) and (5) for SR, Equations (6) and (7) for DR) have been proposed.


    CH  4  +      H   2   O    ↔    CO    + 3  H 2   



(4)






    CH  4  + 2  H 2  O ↔   CO  2  + 4  H 2   



(5)






    CH  4  +      CO   2  ↔ 2  CO    + 2  H 2   



(6)






    CH  4  + 3   CO  2  ↔ 4  CO    + 2  H 2  O  



(7)







Experimental remarks prove that dry reforming reactions (Equations (6) and (7)) develop when the feed has a minimum moisture level and is mainly composed of CH4 and CO2. Thus, in SOFC operating conditions, DR can occur only near the anode inlet due to the water generated by electrochemical reactions (Equation (2)). For this reason, in kinetic modeling related to DIR-SOFCs, only the steam reforming route is usually assumed [43].



Due to the applied electric load, parasite electrochemical reactions of CH4 partial or total oxidation can occur (Equations (8) and (9)). However, reforming is usually faster and thus these last ones are assumed negligible [30].


    CH  4  +      O   =  →  CO    + 2  H 2  + 2  e −   



(8)






    CH  4  + 4  O =  →   CO  2  + 2  H 2   O    + 8  e −   



(9)







The presence of all requested reactants and of a suitable catalyst permits the water gas shift (WGS) reaction (Equation (10)) to occur altering the gas phase concentration.


   CO    +      H   2  O ↔   CO  2  +      H   2   



(10)







Since Equation (10) is the preferential path for CO consumption [43], only H2 oxidation is usually considered as anodic electrochemical reaction (Equation (2)). If both the steam reforming (Equation (4)) and the WGS (Equation (10)) are considered reversible, Equation (5) is usually neglected, resulting in the linear combination of these two reactions [44].



In addition to these, carbon deposition mechanisms such as the Boudouard reaction (Equation (11)) can occur due to the high operating temperature (Equations (12)–(16)). Carbon deposition reduces the active area of the catalyst, penalizing reforming reactions and consequently global cell performance.


  2 CO ↔  C    +      CO   2   



(11)






    CH  4  ↔  C    + 2  H 2   



(12)






   CO    +      H   2  ↔  C    +      H   2  O  



(13)






    CO  2  + 2  H 2  ↔  C    + 2  H 2  O  



(14)






    CH  4  + 2  CO    ↔ 3  C    + 2  H 2  O  



(15)






    CH  4  +      CO   2  ↔ 2  C    + 2  H 2  O  



(16)







However, working with excess steam hinders Equations (11)–(16) that consequently are usually neglected in the modeling [30]. In addition to carbon deposition, also the presence of poisonous compounds can induce other degradation phenomena. We overlook their effects in the basic model formulation, introducing them in the catalyst deactivation simplified simulation that is discussed afterwards.



Thus, to define a kinetic model that properly describes the SOFC performance, we have to consider interactions between electrochemical (Equations (1) and (2)), SR (Equation (4)), and WGS (Equation (10)) reactions. While electrochemical and WGS processes have been already analyzed in previous studies for the simulation of high temperature fuel cells [45,46], in the following, we focus on possible SR modeling solutions.




2.2. A Model for Steam Reforming Reaction


Literature mainly follows three different modeling approaches [17]:




	
equilibrium;



	
power law kinetic formulation;



	
surface reaction kinetic model.








The equilibrium approach assumes that the reforming reaches the thermodynamic equilibrium (Equation (17), where Keq,SR is the equilibrium constant, and pi are the partial pressures of reactants [47].


   K  e q , S R   =    p  C O , e q    p   H 2  , e q  3     p  C  H 4  , e q    p   H 2  O , e q      



(17)







The equilibrium constant can be expressed according to either rigorous Van’t Hoff formulation (Equation (18)) [48] or simplified semi-empirical approach (Equation (19)) [49].


  Δ G = − R T ln  K  e q , S R    



(18)






   K  e q , S R   =   exp    (  30.114 −   26830  T   )     



(19)




where ΔG is the Gibbs free energy variation, R the ideal gas constant, and T the temperature. Experimental results show that the CH4 conversion is lower than the equilibrium one [44]. Thus, the use of this approach may require opportune corrections to properly reproduce experimental data. Since the kinetics are independent from catalyst amount and distribution, they can be used to describe a 0D system.



A power law kinetic formulation approach is based on semi-empirical equations, as described in Equation (20). The SR reaction rate (rSR) is usually expressed as the product between a kinetic constant (kSR) and the partial pressure of reactants elevated to different exponents. Both kinetic constant and exponents are fitted through analysis of experimental data.


   r  S R   =  k  S R   S  p  C  H 4   α   p   H 2  O  β   p   H 2   γ   p  C  O 2   δ   p  C O  ε   



(20)







The dependence on H2, CO2, and CO is usually negligible (γ, δ, and ε are close to zero), thus the reaction rate is usually assumed as a function of CH4 and H2O. Consequently, α and β values may vary among different studies [21,43]. Literature generally agrees that the reforming has a first order dependence on CH4 partial pressure, while the order of water seems highly influenced by the steam to carbon ratio. It can be positive for low S/C ratio, zero for S/C close to two, and negative for higher values of S/C [50]. This is explained by negative effects that great amount of water has on the CH4 adsorption on the catalyst surface [44]. This approach does not require the knowledge of the mechanisms involved and can be easily applied when a large number of experimental data is available for model tuning. However, results are specific to the analyzed case and cannot be applied to different systems.



The surface reaction kinetic model approach describes occurring mechanisms as a sequence of intermediate phenomena, consisting of adsorption, surface reaction, and desorption of all present gases. The rate of the total kinetics is determined by the slowest phenomenon that changes at different temperatures and reactant-product compositions. Such kinetics are usually modeled following the Langmuir–Hinshelwood (LH) or the Hougen–Watson (HW) approaches. The first one assumes a bimolecular reaction between two reactants adsorbed on neighboring sites as the rate-limiting step and the water dissociation into atomic hydrogen H and hydroxyl groups OH (Equation (21)) [51].


   r  S R   =    k  S R   S ∏  p i   φ i         (  1 + ∑  K i   p i   φ i     )   χ     (  1 −    Q  S R      K  e q , S R      )   



(21)







The second approach also takes into account the sorption and the reaction of intermediates (Equation (22)) [51].


   r  S R   =    k  S R   S ∏    p i   φ i       p j   λ j           (  1 + ∑  K i     p i   φ i       p j   λ j       )   χ     (  1 −    Q  S R      K  e q , S R      )   



(22)







In both Equations (21) and (22), the numerator shows the kinetics dependency on involved gases, while the denominator considers the availability of active sites through adsorption isotherm. The last term, expressed as ratio between the reaction quotient QSR (Equation (23)) and the equilibrium constant Keq,SR, represents the driving force of the overall process.


   Q  S R   =    p  C O    p   H 2   3     p  C  H 4     p   H 2  O      



(23)







Both kinetic kSR and adsorption Ki coefficients can be described by an Arrhenius type dependency on the operating temperature (Equations (24) and (25)).


   k  S R   =  k 0     exp      −    E  a c t ,   S R     R T      



(24)






   K i  =  K  0 , i      exp      −     Δ  H  a d s ,   i     R T      



(25)




where k0 and K0,i are the pre-exponential coefficients, Eact the activation energy of SR reaction, and ΔHads the adsorption enthalpy variation. In DIR-FC modeling, Equation (22) is commonly used, considering the values detected for Ni-MgAl2O3-spinel catalysts as reference of kinetics parameters [49]. Since the process rate is strongly influenced on catalyst features, such as used support, Ni percentage, and particle size, this approach is not always effective for SR occurring inside a fuel cell due to higher Ni content compared to the traditional SR catalyst needed to guarantee a good conductivity [21].



Experimental data suggest that, for Ni/YSZ, the material usually employed as the SOFC anode, the rate-limiting step is the CH4 dissociative adsorption. Thus, a first order expression function of only CH4 partial pressure is formulated in accordance with power law models. Under the assumption that the surface cannot be covered by other components, the adsorption dependency is neglected, and the kinetic rate is expressed through Equation (26) as reported in different works [21,44,51].


   r  S R   =  k  S R   S  p  C  H 4     (  1 −    Q  S R      K  e q , S R      )   



(26)







The kinetics constant kSR usually depends on available catalyst active area. This kinetics has been validated over a wide range of temperatures and S/C ratios.



For the DIR-SOFC simulation, we implement in our code both equilibrium (Equation (17)) and surface reaction kinetics approach (Equation (26)). It is important to underline that the first is independent of the specific used catalyst, while the second one is expressed in function of its distribution on cell plane. This study takes as reference the kinetics proposed by [52] for a nickel cermet electrode (Table 1).





3. The DIR-SOFC simulation


To simulate a DIR-SOFC, the authors integrate the presented reforming kinetics into a home-made Fortran written code called SIMFC (SIMulation of Fuel Cell) that has been developed and validated in previous works. It is a 2D model that simulates the operation of high temperature molten carbonate [46,53] and solid oxide [41,42] fuel cells on the basis of local mass, energy, charge and momentum balances.



The SOFC electrochemical performance is evaluated through a semi-empirical formulation, derived by detailed experimental campaigns on H2-feeding cell [42,45], where the main dependences of different polarization terms have been investigated. The equations proposed to describe cell voltage and used parameters are presented in Table 2. The same previous coefficients identified for H2-feeding systems are valid also for DIR configuration, since the reactive sites for two reaction paths do not coincide [21].



The proposed model can be used not only to obtain overall cell information, such as cell voltage or produced power, but also to evaluate local variables, such as compositions, polarizations, and reactant utilization factors. This feature is extremely important for both theoretical and feasibility studies. Local data are fundamental for the understanding of the phenomena occurring inside SOFC as well as to avoid critical points and guarantee a more uniform utilization of the cell surface. As many properties cannot be directly measured, a detailed modeling is necessary to assess their values. Moreover, since the code needs only few minutes of computations to produce the results, it could be integrated successfully in more complex software for plant simulation (e.g., Aspen Plus).




4. Results and Discussion


The simulation tool is presented considering a single cell anode-supported SOFC in cross-flow configuration. The cell has a planar geometry with a total active area equal to 1 m2 (anode inlet length = 71 cm, cathode inlet length = 142 cm). This design is commonly used in industrial applications due to both lower fabrication costs and a relatively more compact structure compared to tubular design [54]. In view of common used materials [55], it is assumed a Ni/YSZ porous anode provides the base for the thin dense YSZ electrolyte and the porous LSC cathode. The main cell features are presented in Table 3.



The SOFC performance has been studied setting up a current density load of 0.15 A cm−2 coupled with an H2 utilization of about 74%, common target value according to numerous SOFC producers [56]. The proposed feed conditions, with inlet S/C ratio of about two (safety condition to avoid carbon deposition at the cell operating temperature [57]), are represented in Table 4.



4.1. Analysis of DIR-SOFC Operation at Local Level


The comparison between DIR-SOFC simulation assuming reforming reaction at the equilibrium (Figure 1A,C,E) and DIR-SOFC simulation assuming reforming reaction as kinetics driven (Figure 1B,D,F) is presented in term of local maps for the H2 molar fraction (Figure 1A,B), the temperature of the solid structure (Figure 1C,D), and the applied current density (Figure 1E,F). In both cases, CH4 is almost completely consumed in proximity of the anode inlet (about 10 cm), thus its mapping on cell plane is not reported here.



As verified before, the high operating temperature allows for a rapid conversion of CH4. This is confirmed in literature, where CH4 is observed consuming in the so called “reforming zone” [18]. The equilibrium conversion represents the maximum value that can be theoretically achieved. This is also evident in the kinetics reaction rate expression (Equation (26)), where the imbalance between actual and equilibrium composition represents the driving force of the process (QSR/Keq,SR). The consequence is that the equilibrium case foresees a slightly faster SR to form H2 and CO, reducing local temperature. However, in both approaches, the newly formed H2 reacts electrochemically to produce water at the anode (Equation (2)), while CO mainly produces additional H2 via WGS (Equation (10)). These two reactions are exothermic and balance the local temperature decrease due to the reforming. As result, CH4 is almost all converted in proximity of the anode inlet. H2 is immediately formed thanks to the reforming and rapidly depletes along the cell plane to sustain electrochemical reactions (Figure 1A,B). As expected, the temperature (Figure 1C,D) decreases at the inlet due to the reforming endothermicity and increases moving towards the anode and, to a lesser degree, the cathode outlet with a peak (Figure 1E,F) where both exothermic electrochemical and WGS reactions occur [58]. Due to the cross-flow configuration, inlet cathodic gas (bottom left corner of maps) reduces the anode inlet temperature proceeding toward the cathode outlet. This in turn penalizes the reforming and the subsequent anodic reactions, forbidding the temperature increase. The assumed kinetics have a relevant influence on electrochemical processes. If the fastest equilibrium reforming kinetics induce an initial peak of H2 production followed by a slow electrochemical conversion (Figure 1A), in the surface kinetics formulation a wider H2 conversion zone (Figure 1B) is detected, causing lower peaks of temperature and local current density (Figure 1D,F). However, as shown in Table 5, the macroscopic results of the simulation are not particularly dissimilar, thus both approaches can be used as preliminary analysis.



However, these obtained results are not completely satisfactory. As previously mentioned, the rapid conversion of CH4 near the anode inlet induces a relevant temperature gradient with a difference between maximum and minimum temperature of more than 200 K in the equilibrium case and more than 250 K in the kinetics case. This, coupled with the high peak current density, greatly speeds up degradation processes limiting the cell operability.



For this reason, the catalyst active area is usually reduced by a partial poisoning or by changing the material microstructure [21].




4.2. Possible Applications of Local Simulation Tool


As already underlined, the local simulation has several advantages: it allows for not only a detailed knowledge of the main chemical-physical features on the cell plane but also a local description of system structure. Thus, using a local modeling approach, we can study the degradation of the reforming catalyst and how it affects the cell performance.



To simulate the catalyst deactivation that happens due to several phenomena such as sintering, poisoning by sulfur and other pollutants, or carbon deposition, the authors adjust the reforming kinetics introducing a coefficient (σ) as shown in Equation (27). This coefficient represents a corrective parameter that permits one to consider a reduced active area or an unevenly distributed catalyst. Since the equilibrium kinetics are independent of the catalysts active area; this point is added only to the surface reaction approach.


   r  S R   =  k  S R   σ S  p  C  H 4     (  1 −    Q  S R      K  e q , S R      )   



(27)







An uneven distribution of SR active sites due to advanced degradation processes can be introduced considering local value of σ to differentiate the cell area. This is specifically relevant when there is the need to simulate long-term applications when such deactivation phenomena cannot be neglected any more. To demonstrate this possibility, the authors introduce into the code a matrix of σ, as presented in Figure 2. The cell surface is divided into a 20 × 20 mesh with each sub-cell having an area equal to 25 cm2. The start of degradation processes is assumed at the anode inlet where the sigma value is the smallest (i.e., fewer catalyst active areas). Moving towards the anode outlet, σ increases, reflecting a milder degradation effect (i.e., more catalyst active areas). Such distribution may derive from carbon deposition (Equations (11)–(16)) that usually begins at the anode inlet, where reactions initially take place and the temperature is lower, and then it sequentially shifts to the outlet as more and more active sites are covered. Another possible cause could be the long exposition to poisoning of sulfur or other poisonous compounds present in biogas feed. Indeed, it is well known that sulfur can react with the reforming catalyst inhibiting its properties [25]. Additionally, in this case, the poisoning starts at the anode inlet and, as more sites are poisoned, it shifts towards the outlet. The local results of the simulation are reported in Figure 3.



Close to the anode inlet, the CH4 conversion is negligible due to the highly reduced catalytic surface area that corresponds to a value of 0.00001 in the σ matrix. This can be interpreted as an extremely deactivated or poisoned catalyst. As in Figure 3A, then moving towards the anode outlet, the conversion begins to increase when the fuel flow encounters the more active catalyst (σ from 0.01 to 0.7 progressively). The maps of H2, current density, and temperature on the cell plane are also influenced, resulting in a more uniform distribution (Figure 3B–D). As Table 6 shows, there is not an excessive global performance variation compared to the kinetics case previously described in Table 5; still, an inefficient use of the catalyst occurs.



It is important to underline that the decreased temperature gradient (less than 150 K between maximum and minimum values) should not be interpreted as positive outcomes. It is the result of a highly deactivated catalyst that penalizes the performance in terms of power output decreasing by about 50 W in comparison with the kinetics case. In this simulation, the authors do not consider the degradation effects on electrochemical reactions, which could be added with available experimental data and would more highly affect power losses.



Through a similar local approach, it is also possible to identify an optimized catalyst distribution that should yield a reduced solid temperature variation compared to the kinetics base one shown in Figure 1D. Having a lower solid temperature gradient allows for the improvement of cell stability and consequently for a longer cell durability by reducing the mechanical stress on materials. An uneven catalyst distribution can be obtained in the manufacturing process through several ways, such as different Ni particle size, addition of alkali metals in lattice, or Cu doping [21]. To simplify the optimization process, the authors decide to divide the cell surface in rectangular shaped areas of similar dimension and catalyst amount. Then, using iterative calculations, the σ matrix is tuned in order to reduce the temperature gradient, resulting in the configuration of Figure 4.



Using this σ matrix, the cell performance is reevaluated, as presented in Figure 5 and Figure 6. A more uniform temperature distribution is obtained on the cell plane, which maintains good global performance (Table 7). For an easy comparison, the temperature profiles of the solid structure from anode inlet to anode outlet are presented for kinetics base case (Figure 6A,C,E) and optimized approach (Figure 6B,D,F) in different cell positions in correspondence with the cathode inlet (Figure 6A,B), in the middle between cathode inlet and outlet (Figure 6C,D), and in correspondence with the cathode outlet (Figure 6E,F). As can be seen, the temperature change in optimized catalyst distribution is much less sharpened in all analyzed points. Moreover, the difference between the lower and the higher temperature is less than 100 K, whereas it is more than 250 K in the kinetics base case. Since it is estimated that about 30% of occurring stresses are due to thermal gradients, this configuration offers a relevant improvement to guarantee long-term operations [59]. This result is obtained by expanding the CH4 reforming zone in order to have a more homogeneous conversion and consequently a minor temperature drop caused by the reforming endothermicity. Compared with previous solution, the current density and the H2 molar fraction also have lower maximum values (Jmax = 0.29 A cm−2 vs. 0.42 A cm2 in kinetics base case, yH2,max = 0.322 vs. 0.525 in kinetics base case), signifying less stressed working conditions. However, the measured voltage and the total output power are slightly decreased in this configuration; reductions of 9 mV and 14 W are obtained.





5. Conclusions


This work aims at presenting a suitable tool for the simulation of DIR-SOFCs for industrial applications, with regard to local effects on the main chemical-physical variables (e.g., composition of reactants, current density, and solid temperature) that are fundamental for both feasibility studies and to favor long-term operations.



The SIMFC code, a home-made tool previously validated for H2-feeding high temperature fuel cells, is improved, introducing the possibility to consider internal CH4 reforming. Based on experimental observations and literature modeling, both thermodynamic equilibrium and surface reaction kinetic approaches are implemented to simulate the direct internal reforming using a biogas as feeding. In both cases, similar results are obtained; the CH4 conversion occurs in the initial 10 cm, and the obtained voltage is around 0.8 V.



Being independent of the catalysts used, the equilibrium approach does not permit to differentiate catalyst operation on the cell plane. However, this is possible using the kinetic approach that is consequently more suitable for a detailed local modeling. As examples of possible applications, the authors analyze (i) how to simulate SOFC performance affected by the deactivation of reforming catalysts and (ii) how to use also local control in order to detect an optimized catalyst distribution that would provide minimized thermal stresses on the cell. This is achieved with the introduction of a specific coefficient (σ) in matrix form to describe the catalyst amount on the cell surface.



When catalyst deactivation is considered, the term σ indicates the degree of degradation or poisoning of reforming active sites, with lower values corresponding to reduced catalytic activity. At such conditions, the reforming reaction is deeply penalized, reaching the complete conversion over half along cathode inlet direction in the presented example.



When used to determine an optimized catalysts distribution, the value of σ indicates the quantity of catalyst or, in other terms, the active surface available for the reactions. In order to reduce the solid temperature gradient on the cell plane, in the example, the authors tune the matrix of σ coefficients to obtain an optimized distribution that can be easily realized in manufacturing process. A steep temperature profile induces higher mechanical stresses that can result in creep formation and ultimately global anode degradation. Thanks to the identified simple distribution, it is possible to sensitively reduce the temperature gradient by about 60% compared to the kinetics base example. The proposed configuration also permits one to halve the peak of current density. At the same time, the complete CH4 conversion is guaranteed without a relevant power penalization that is reduced by only 14 W.
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Nomenclature








	A, B, C
	Kinetics orders for exchange current density [–]



	D
	Diffusion coefficient [m2 s−1]



	d
	Thickness [m]



	E
	OCV potential [V]



	E0
	Reversible voltage [V]



	Eact
	Activation energy [J mol−1]



	F
	Faraday constant [C mol−1]



	G
	Gibbs free energy [J mol−1]



	Hads
	Adsorption enthalpy [J mol−1]



	J
	Current density [A m−2]



	J0
	Exchange current density [A m−2]



	K
	Adsorption coefficient



	K0
	Adsorption pre-exponential coefficient



	Keq
	Equilibrium constant [atm2]



	k
	Kinetics constant



	k0
	Kinetics pre-exponential constant



	N
	Volumetric flow rate [Nm3 h−1]



	P
	Electrochemical parameter



	p
	Pressure [atm]



	Q
	Reaction quotient [atm2]



	R
	Gas constant [J mol−1 K−1]



	r
	Reaction rate [mol s−1]



	S
	Active area [m2]



	T
	Temperature [K]



	V
	Cell voltage [V]



	y
	Molar fraction [-]



	Greek letters
	



	α, β, γ, δ, ε
	Power law kinetic coefficients [-]



	λ, φ, χ
	Steam reforming LH-HW kinetic orders [-]



	η
	Overpotential [V]



	σ
	Active area corrective coefficient [-]



	Subscript
	



	an
	Anode



	cat
	Cathode



	eff
	Effective



	eq
	Equilibrium



	SR
	Steam Reforming



	Abbreviations
	



	DIR
	Direct Internal Reforming



	DR
	Dry Reforming



	ER
	External Reforming



	IIR
	Indirect Internal Reforming



	LSC
	Lanthanum Strontium Cobaltite



	OCV
	Open Circuit Voltage



	SIMFC
	SIMulation of Fuel Cell



	SOFC
	Solid Oxide Fuel Cell



	SR
	Steam Reforming



	WGS
	Water Gas Shift



	YSZ
	Yttria-Stabilized Zirconia







References


	



Al-Khori, K.; Bicer, Y.; Boulfrad, S.; Koç, M. Techno-Economic and Environmental Assessment of Integrating SOFC with a Conventional Steam and Power System in a Natural Gas Processing Plant. Int. J. Hydrog. Energy 2019, 44, 29604–29617. [Google Scholar] [CrossRef]

	



Mehrpooya, M.; Sadeghzadeh, M.; Rahimi, A.; Pouriman, M. Technical Performance Analysis of a Combined Cooling Heating and Power (CCHP) System Based on Solid Oxide Fuel Cell (SOFC) Technology—A Building Application. Energy Convers. Manag. 2019, 198, 111767. [Google Scholar] [CrossRef]

	



Singh, S.; Jha, P.A.; Presto, S.; Viviani, M.; Sinha, A.S.K.; Varma, S.; Singh, P. Structural and Electrical Conduction Behaviour of Yttrium Doped Strontium Titanate: Anode Material for SOFC Application. J. Alloys Compd. 2018, 748, 637–644. [Google Scholar] [CrossRef]

	



Barelli, L.; Barluzzi, E.; Bidini, G. Diagnosis Methodology and Technique for Solid Oxide Fuel Cells: A Review. Int. J. Hydrog. Energy 2013, 38, 5060–5074. [Google Scholar] [CrossRef]

	



van Biert, L.; Visser, K.; Aravind, P.V. A Comparison of Steam Reforming Concepts in Solid Oxide Fuel Cell Systems. Appl. Energy 2020, 264, 114748. [Google Scholar] [CrossRef]

	



Dispenza, G.; Sergi, F.; Napoli, G.; Antonucci, V.; Andaloro, L. Evaluation of Hydrogen Production Cost in Different Real Case Studies. J. Energy Storage 2019, 24, 100757. [Google Scholar] [CrossRef]

	



Saidi, M. Performance Assessment and Evaluation of Catalytic Membrane Reactor for Pure Hydrogen Production via Steam Reforming of Methanol. Int. J. Hydrog. Energy 2017, 42, 16170–16185. [Google Scholar] [CrossRef]

	



Capa, A.; García, R.; Chen, D.; Rubiera, F.; Pevida, C.; Gil, M.V. On the Effect of Biogas Composition on the H2 Production by Sorption Enhanced Steam Reforming (SESR). Renew. Energy 2020, 160, 575–583. [Google Scholar] [CrossRef]

	



Zhou, X.; Huang, H.; Liu, H. Study of Partial Oxidation Reforming of Methane to Syngas over Self-Sustained Electrochemical Promotion Catalyst. Int. J. Hydrog. Energy 2013, 38, 6391–6396. [Google Scholar] [CrossRef]

	



Cao, L.; Yu, I.K.M.; Xiong, X.; Tsang, D.C.W.; Zhang, S.; Clark, J.H.; Hu, C.; Ng, Y.H.; Shang, J.; Ok, Y.S. Biorenewable Hydrogen Production through Biomass Gasification: A Review and Future Prospects. Environ. Res. 2020, 186, 109547. [Google Scholar] [CrossRef] [PubMed]

	



Mastropasqua, L.; Pecenati, I.; Giostri, A.; Campanari, S. Solar Hydrogen Production: Techno-Economic Analysis of a Parabolic Dish-Supported High-Temperature Electrolysis System. Appl. Energy 2020, 261, 114392. [Google Scholar] [CrossRef]

	



Ru, Y.; Sang, J.; Xia, C.; Wei, W.-C.J.; Guan, W. Durability of Direct Internal Reforming of Methanol as Fuel for Solid Oxide Fuel Cell with Double-Sided Cathodes. Int. J. Hydrog. Energy 2020, 45, 7069–7076. [Google Scholar] [CrossRef]

	



Schluckner, C.; Subotić, V.; Lawlor, V.; Hochenauer, C. Three-Dimensional Numerical and Experimental Investigation of an Industrial-Sized SOFC Fueled by Diesel Reformat—Part II: Detailed Reforming Chemistry and Carbon Deposition Analysis. Int. J. Hydrog. Energy 2015, 40, 10943–10959. [Google Scholar] [CrossRef]

	



Lanzini, A.; Leone, P. Experimental Investigation of Direct Internal Reforming of Biogas in Solid Oxide Fuel Cells. Int. J. Hydrog. Energy 2010, 35, 2463–2476. [Google Scholar] [CrossRef]

	



Bao, C.; Wang, Y.; Feng, D.; Jiang, Z.; Zhang, X. Macroscopic Modeling of Solid Oxide Fuel Cell (SOFC) and Model-Based Control of SOFC and Gas Turbine Hybrid System. Prog. Energy Combust. Sci. 2018, 66, 83–140. [Google Scholar] [CrossRef]

	



Ahmed, K.; Foger, K. Kinetics of Internal Steam Reforming of Methane on Ni/YSZ-Based Anodes for Solid Oxide Fuel Cells. Catal. Today 2000, 63, 479–487. [Google Scholar] [CrossRef]

	



Luo, X.J.; Fong, K.F. Development of 2D Dynamic Model for Hydrogen-Fed and Methane-Fed Solid Oxide Fuel Cells. J. Power Sources 2016, 328, 91–104. [Google Scholar] [CrossRef]

	



Sohn, S.; Baek, S.M.; Nam, J.H.; Kim, C.-J. Two-Dimensional Micro/Macroscale Model for Intermediate-Temperature Solid Oxide Fuel Cells Considering the Direct Internal Reforming of Methane. Int. J. Hydrog. Energy 2016, 41, 5582–5597. [Google Scholar] [CrossRef]

	



Chiang, L.-K.; Liu, H.-C.; Shiu, Y.-H.; Lee, C.-H.; Lee, R.-Y. Thermal Stress and Thermo-Electrochemical Analysis of a Planar Anode-Supported Solid Oxide Fuel Cell: Effects of Anode Porosity. J. Power Sources 2010, 195, 1895–1904. [Google Scholar] [CrossRef]

	



Greco, F.; Frandsen, H.L.; Nakajo, A.; Madsen, M.F.; Van herle, J. Modelling the Impact of Creep on the Probability of Failure of a Solid Oxide Fuel Cell Stack. J. Eur. Ceram. Soc. 2014, 34, 2695–2704. [Google Scholar] [CrossRef]

	



Mogensen, D.; Grunwaldt, J.-D.; Hendriksen, P.V.; Dam-Johansen, K.; Nielsen, J.U. Internal Steam Reforming in Solid Oxide Fuel Cells: Status and Opportunities of Kinetic Studies and Their Impact on Modelling. J. Power Sources 2011, 196, 25–38. [Google Scholar] [CrossRef]

	



Aguiar, P.; Adjiman, C.S.; Brandon, N.P. Anode-Supported Intermediate Temperature Direct Internal Reforming Solid Oxide Fuel Cell. I: Model-Based Steady-State Performance. J. Power Sources 2004, 138, 120–136. [Google Scholar] [CrossRef]

	



Papurello, D.; Lanzini, A. SOFC Single Cells Fed by Biogas: Experimental Tests with Trace Contaminants. Waste Manag. 2018, 72, 306–312. [Google Scholar] [CrossRef] [PubMed]

	



Madi, H.; Lanzini, A.; Diethelm, S.; Papurello, D.; Van herle, J.; Lualdi, M.; Gutzon Larsen, J.; Santarelli, M. Solid Oxide Fuel Cell Anode Degradation by the Effect of Siloxanes. J. Power Sources 2015, 279, 460–471. [Google Scholar] [CrossRef]

	



Lee, H.S.; Lee, H.M.; Park, J.-Y.; Lim, H.-T. Degradation Behavior of Ni-YSZ Anode-Supported Solid Oxide Fuel Cell (SOFC) as a Function of H2S Concentration. Int. J. Hydrog. Energy 2018, 43, 22511–22518. [Google Scholar] [CrossRef]

	



Vorontsov, V.; Luo, J.L.; Sanger, A.R.; Chuang, K.T. Synthesis and Characterization of New Ternary Transition Metal Sulfide Anodes for H2S-Powered Solid Oxide Fuel Cell. J. Power Sources 2008, 183, 76–83. [Google Scholar] [CrossRef]

	



Badur, J.; Lemański, M.; Kowalczyk, T.; Ziółkowski, P.; Kornet, S. Zero-Dimensional Robust Model of an SOFC with Internal Reforming for Hybrid Energy Cycles. Energy 2018, 158, 128–138. [Google Scholar] [CrossRef]

	



Hou, Q.; Zhao, H.; Yang, X. Thermodynamic Performance Study of the Integrated MR-SOFC-CCHP System. Energy 2018, 150, 434–450. [Google Scholar] [CrossRef]

	



Menon, V.; Banerjee, A.; Dailly, J.; Deutschmann, O. Numerical Analysis of Mass and Heat Transport in Proton-Conducting SOFCs with Direct Internal Reforming. Appl. Energy 2015, 149, 161–175. [Google Scholar] [CrossRef]

	



Andersson, M.; Yuan, J.; Sundén, B. SOFC Modeling Considering Hydrogen and Carbon Monoxide as Electrochemical Reactants. J. Power Sources 2013, 232, 42–54. [Google Scholar] [CrossRef]

	



Chalusiak, M.; Wrobel, M.; Mozdzierz, M.; Berent, K.; Szmyd, J.S.; Kimijima, S.; Brus, G. A Numerical Analysis of Unsteady Transport Phenomena in a Direct Internal Reforming Solid Oxide Fuel Cell. Int. J. Heat Mass Transf. 2019, 131, 1032–1051. [Google Scholar] [CrossRef]

	



Li, J.; Cao, G.-Y.; Zhu, X.-J.; Tu, H.-Y. Two-Dimensional Dynamic Simulation of a Direct Internal Reforming Solid Oxide Fuel Cell. J. Power Sources 2007, 171, 585–600. [Google Scholar] [CrossRef]

	



Ho, T.X.; Kosinski, P.; Hoffmann, A.C.; Vik, A. Transport, Chemical and Electrochemical Processes in a Planar Solid Oxide Fuel Cell: Detailed Three-Dimensional Modeling. J. Power Sources 2010, 195, 6764–6773. [Google Scholar] [CrossRef]

	



Nikooyeh, K.; Jeje, A.A.; Hill, J.M. 3D Modeling of Anode-Supported Planar SOFC with Internal Reforming of Methane. J. Power Sources 2007, 171, 601–609. [Google Scholar] [CrossRef]

	



Lanzini, A.; Leone, P.; Pieroni, M.; Santarelli, M.; Beretta, D.; Ginocchio, S. Experimental Investigations and Modeling of Direct Internal Reforming of Biogases in Tubular Solid Oxide Fuel Cells. Fuel Cells 2011, 11, 697–710. [Google Scholar] [CrossRef]

	



Stoeckl, B.; Subotić, V.; Reichholf, D.; Schroettner, H.; Hochenauer, C. Extensive Analysis of Large Planar SOFC: Operation with Humidified Methane and Carbon Monoxide to Examine Carbon Deposition Based Degradation. Electrochim. Acta 2017, 256, 325–336. [Google Scholar] [CrossRef]

	



Fang, Q.; Blum, L.; Batfalsky, P.; Menzler, N.H.; Packbier, U.; Stolten, D. Durability Test and Degradation Behavior of a 2.5 KW SOFC Stack with Internal Reforming of LNG. Int. J. Hydrog. Energy 2013, 38, 16344–16353. [Google Scholar] [CrossRef]

	



Subotić, V.; Schluckner, C.; Stoeckl, B.; Preininger, M.; Lawlor, V.; Pofahl, S.; Schroettner, H.; Hochenauer, C. Towards Practicable Methods for Carbon Removal from Ni-YSZ Anodes and Restoring the Performance of Commercial-Sized ASC-SOFCs after Carbon Deposition Induced Degradation. Energy Convers. Manag. 2018, 178, 343–354. [Google Scholar] [CrossRef]

	



Klein, J.-M.; Bultel, Y.; Pons, M.; Ozil, P. Modeling of a Solid Oxide Fuel Cell Fueled by Methane: Analysis of Carbon Deposition. J. Fuel Cell Sci. Technol. 2007, 4, 425–434. [Google Scholar] [CrossRef]

	



Yan, M.; Zeng, M.; Chen, Q.; Wang, Q. Numerical Study on Carbon Deposition of SOFC with Unsteady State Variation of Porosity. Appl. Energy 2012, 97, 754–762. [Google Scholar] [CrossRef]

	



Conti, B.; Bosio, B.; McPhail, S.J.; Santoni, F.; Pumiglia, D.; Arato, E. A 2-D Model for Intermediate Temperature Solid Oxide Fuel Cells Preliminarily Validated on Local Values. Catalysts 2019, 9, 36. [Google Scholar] [CrossRef]

	



Bianchi, F.R.; Spotorno, R.; Piccardo, P.; Bosio, B. Solid Oxide Fuel Cell Performance Analysis Through Local Modelling. Catalysts 2020, 10, 519. [Google Scholar] [CrossRef]

	



Kazempoor, P.; Braun, R.J. Model Validation and Performance Analysis of Regenerative Solid Oxide Cells for Energy Storage Applications: Reversible Operation. Int. J. Hydrog. Energy 2014, 39, 5955–5971. [Google Scholar] [CrossRef]

	



Timmermann, H.; Sawady, W.; Reimert, R.; Ivers-Tiffée, E. Kinetics of (Reversible) Internal Reforming of Methane in Solid Oxide Fuel Cells under Stationary and APU Conditions. J. Power Sources 2010, 195, 214–222. [Google Scholar] [CrossRef]

	



Bianchi, F.R.; Bosio, B.; Baldinelli, A.; Barelli, L. Optimization of a Reference Kinetic Model for Solid Oxide Fuel Cells. Catalysts 2020, 10, 104. [Google Scholar] [CrossRef]

	



Audasso, E.; Nam, S.; Arato, E.; Bosio, B. Preliminary Model and Validation of Molten Carbonate Fuel Cell Kinetics under Sulphur Poisoning. J. Power Sources 2017, 352, 216–225. [Google Scholar] [CrossRef]

	



Sanchez, D.; Chacartegui, R.; Munoz, A.; Sanchez, T. On the Effect of Methane Internal Reforming Modelling in Solid Oxide Fuel Cells. Int. J. Hydrog. Energy 2008, 33, 1834–1844. [Google Scholar] [CrossRef]

	



Green, D.W.; Perry, R.H. Perry’s Chemical Engineers’ Handbook, 8th ed.; McGraw-Hill Education: New York, NY, USA, 2007. [Google Scholar]

	



Xu, J.; Froment, G.F. Methane Steam Reforming, Methanation and Water-Gas Shift: I. Intrinsic Kinetics. AIChE J. 1989, 35, 88–96. [Google Scholar] [CrossRef]

	



Nagel, F.P.; Schildhauer, T.J.; Biollaz, S.M.A.; Stucki, S. Charge, Mass and Heat Transfer Interactions in Solid Oxide Fuel Cells Operated with Different Fuel Gases—A Sensitivity Analysis. J. Power Sources 2008, 184, 129–142. [Google Scholar] [CrossRef]

	



van Biert, L.; Visser, K.; Aravind, P.V. Intrinsic Methane Steam Reforming Kinetics on Nickel-Ceria Solid Oxide Fuel Cell Anodes. J. Power Sources 2019, 443, 227261. [Google Scholar] [CrossRef]

	



Achenbach, E.; Riensche, E. Methane/Steam Reforming Kinetics for Solid Oxide Fuel Cells. J. Power Sources 1994, 52, 283–288. [Google Scholar] [CrossRef]

	



Audasso, E.; Bosio, B.; Bove, D.; Arato, E.; Barckholtz, T.; Kiss, G.; Rosen, J.; Elsen, H.; Gutierrez, R.B.; Han, L.; et al. New, Dual-Anion Mechanism for Molten Carbonate Fuel Cells Working as Carbon Capture Devices. J. Electrochem. Soc. 2020, 167, 084504. [Google Scholar] [CrossRef]

	



Irshad, M.; Siraj, K.; Raza, R.; Ali, A.; Tiwari, P.; Zhu, B.; Rafique, A.; Ali, A.; Kaleem Ullah, M.; Usman, A. A Brief Description of High Temperature Solid Oxide Fuel Cell’s Operation, Materials, Design, Fabrication Technologies and Performance. Appl. Sci. 2016, 6, 75. [Google Scholar] [CrossRef]

	



da Silva, F.S.; de Souza, T.M. Novel Materials for Solid Oxide Fuel Cell Technologies: A Literature Review. Int. J. Hydrog. Energy 2017, 42, 26020–26036. [Google Scholar] [CrossRef]

	



McPhail, S.J.; Kiviaho, J.; Conti, B. The Yellow Pages of SOFC Technology International Status of SOFC Deployment 2017. VTT Technical Research Centre of Finland Ltd.: Espoo, Finland, 2017. [Google Scholar]

	



Chen, T.; Wang, W.G.; Miao, H.; Li, T.; Xu, C. Evaluation of Carbon Deposition Behavior on the Nickel/Yttrium-Stabilized Zirconia Anode-Supported Fuel Cell Fueled with Simulated Syngas. J. Power Sources 2011, 196, 2461–2468. [Google Scholar] [CrossRef]

	



Ahmed, K.; Föger, K. Analysis of Equilibrium and Kinetic Models of Internal Reforming on Solid Oxide Fuel Cell Anodes: Effect on Voltage, Current and Temperature Distribution. J. Power Sources 2017, 343, 83–93. [Google Scholar] [CrossRef]

	



Jiang, C.; Gu, Y.; Guan, W.; Zheng, J.; Ni, M.; Zhong, Z. 3D Thermo-Electro-Chemo-Mechanical Coupled Modeling of Solid Oxide Fuel Cell with Double-Sided Cathodes. Int. J. Hydrog. Energy 2020, 45, 904–915. [Google Scholar] [CrossRef]








[image: Energies 13 04116 g001 550] 





Figure 1. Results of the direct internal reforming (DIR-SOFC) simulation using steam reforming (SR) equilibrium (A,C,E) and kinetics formulation (B,D,F,); local maps of molar fraction of H2 (A,B), temperature of the solid structure in K (C,D) and current density in A cm−2 (E,F). 
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Figure 2. Matrix of σ to consider the active area reduction due to deactivation processes, such as carbon deposition and poisoning effect. 
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Figure 3. Results of the DIR-SOFC simulation using the SR kinetics approach correcting the catalyst actual surface area to consider the cell degradation; local maps of molar fraction of CH4 (A) and H2 (B), temperature of the solid structure in K (C), and current density in A cm−2 (D). 
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Figure 4. Matrix of σ to optimize cell performance in terms of uneven distribution of temperature and current density. 
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Figure 5. Results of the DIR-SOFC simulation using the SR kinetics approach correcting the catalyst actual surface area to obtain cell performance optimization; local maps of molar fraction of CH4 (A) and H2 (B), temperature of the solid structure in K (C), and current density in A cm−2 (D). 
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Figure 6. Temperature profile along the cell from anode inlet to anode outlet at different distances from the cathode inlet for the kinetics base case (A,C,E) and the optimized approach (B,D,F) in correspondence with the cathode inlet (A,B), in the middle between cathode inlet and outlet (C,D), and in correspondence with the cathode outlet (E,F). 
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Table 1. Reference kinetics coefficients [52].
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	Kinetics Parameter
	Value





	kSR [mol m−2 s−1 bar−1]
	4274



	Eatt,SR [J mol−1]
	82,000
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Table 2. Solid oxide fuel cell (SOFC) electrochemical kinetics (for the complete description refer to [45]).
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	Cell voltage
	     V = E −  η  l e a k a g e     −  P 1  T   exp      P 2   T    J −   R T  F     sin h    − 1    (   J  2  J  0 , a n      )      −     R T   2 F      sin h    − 1    (   J  2  J  0 , c a t      )      −     R T   2 F   ln  (       (  1 +   R T  d  a n   J   6 F  D   H 2  O   e f f    p   H 2  O , a n      )    2 B        (  1 −   R T  d  a n   J   6 F  D   H 2    e f f    p   H  2 , a n        )    2 A      )      



	OCV potential
	   E =  E 0  +   R T   2 F   ln  (     p   H 2  , a n    p   O 2  , c a t   0.5      p   H 2  O , a n      )    



	Anodic exchange current density
	    J  0 , a n   =  P 3     (   y   H  2 , a n      )   A     (   y   H 2  O , a n    )   B     exp      −        E  a c t , a n     R T       



	Cathodic exchange current density
	    J  0 , c a t   =  P 4     (   y   O 2  , c a t    )   C    exp   −        E  a c t , c a t     R T       



	Electrochemical parameters
	ηleakage = 0.03, P1 = 2 × 10−9 [Ω cm2 K−1], P2 = 10,986 [K], P3 = 2.8 × 105 [A cm−2], P4 = 4 × 106 [A cm−2],

Eact,an = 110 [kJ mol−1], Eact,cat = 120 [kJ mol−1], A = 0.5, B = 0.55, C = 0.25
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Table 3. Physical and microstructure properties of different cell layers.
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	Property
	Anode

Ni/YSZ
	Electrolyte

YSZ
	Cathode

LSC





	Density [g cm−3]
	7.7
	6.0
	5.3



	Heat Capacity [cal mol−1 K−1]
	50
	29
	34



	Porosity [-]
	0.40
	0.01
	0.35



	Thickness [μm]
	350
	5
	30



	Tortuosity [-]
	4
	-
	n.a.
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Table 4. Inlet operating conditions.
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	Inlet Condition
	Anode
	Cathode





	T [K]
	1023
	1023



	N [Nm3 h−1]
	0.75
	8.60



	yCH4 [-]
	0.25
	-



	yH2 [-]
	0.04
	-



	yH2O [-]
	0.51
	-



	yCO2 [-]
	0.13
	-



	yCO [-]
	0.03
	-



	yN2 [-]
	0.04
	0.79



	yO2 [-]
	-
	0.21
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Table 5. Main results of different simulations basing on equilibrium and surface reaction mechanism approaches.
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	Reforming Operating Condition
	Equilibrium
	Kinetics





	V [V]
	0.747
	0.856



	Jmax [A cm−2]
	0.88
	0.42



	Tmax [K]
	1110
	1084



	Tmin [K]
	873
	828



	Taverage [K]
	1037
	1034



	yCH4,max [-]
	0.048
	0.196



	yH2,max [-]
	0.402
	0.525



	Cell Power [W]
	1121
	1284
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Table 6. Main results of the simulation using a local map of σ to describe catalyst deactivation.
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	Reforming Operating Condition
	Degradation





	V [V]
	0.823



	Jmax [A cm−2]
	0.47



	Tmax [K]
	1088



	Tmin [K]
	962



	Taverage [K]
	1034



	yCH4,max [-]
	0.250



	yH2,max [-]
	0.373



	Cell Power [W]
	1234
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Table 7. Main results of the simulation using local maps of σ to optimize cell performance.
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	Reforming Operating Condition
	Optimized Configuration





	V [V]
	0.847



	Jmax [A cm−2]
	0.29



	Tmax [K]
	1059



	Tmin [K]
	963



	Taverage [K]
	1034



	yCH4,max [-]
	0.233



	yH2,max [-]
	0.322



	Cell Power [W]
	1270











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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