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Abstract

:

Molten carbonate fuel cells (MCFCs) use molten carbonate as an electrolyte. MCFCs operate at high temperatures and have the advantage of using methane as a fuel because they can use nickel-based catalysts. We analyzed the performance of an internal manifold-type MCFC, according to operating conditions, using computational fluid dynamics. Different conditions were used for the external and internal reforming-type MCFCs. Flow directions, gas utilization, and operating temperatures were used as the conditions for the external reforming-type MCFCs. The S/C ratio and reforming area were used as the conditions for internal reforming-type MCFCs. A simulation model was developed, considering gas transfer, reforming reaction, and heat transfer. The simulation results of external reforming-type MCFCs showed similar pressure drops in all flow directions. As the gas utilization decreased, the temperature decreased, but the performance increased. The performance improved with increasing operating temperatures. The simulation results for the internal reforming-type MCFCs showed that more hydrogen was produced as the S/C ratio decreased, and the performance increased accordingly. More hydrogen was produced as the reforming area increased. However, similar performance was obtained when the reforming area contained the same active area. The external and internal reforming-type MCFCs were compared under the same conditions. The efficiency of the external reforming-type MCFCs is higher than that of the internal reforming-type MCFCs.
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1. Introduction


Recently, various technologies related to hydrogen production and carbon neutrality have been studied as interest in environmental issues has increased. Fuel cells are energy-conversion systems that convert chemical energy into electrical energy. Theoretically, electricity can be produced continuously when hydrogen is supplied. Therefore, fuel cells are simpler and more efficient in terms of energy conversion than internal combustion engines [1]. Fuel cells are classified according to the type of electrolyte used.



Molten carbonate fuel cells (MCFCs) use carbonate as an electrolyte. In addition, a nickel-based catalyst can be used instead of a noble metal catalyst, such as platinum, since it operates at a high temperature of 600 °C or more. Thus, it is economical because not only can hydrogen be used directly, but methane can also be used as a fuel. In MCFCs, half-reactions occur at the anode and cathode. At the anode, hydrogen and carbonate combine via an oxidation reaction to produce water, carbon dioxide, and electrons. The generated electrons then move to the cathode through an external circuit. The transferred electrons and oxygen combine to generate carbonate ions, which move to the anode through the electrolyte at the cathode. Figure 1 is a schematic diagram of the electrochemical reaction in MCFC. And the reactions at the anode and cathode are as follows:


  A n o d e :    H 2  + C  O 3  2 −   →    H 2  O + C  O 2  + 2  e −   



(1)






  C a t h o d e :   C  O 2  +  1 2   O 2  + 2  e −  →   C  O 3  2 −    



(2)







Although numerous studies have been conducted on fuel cells, there are limitations in the analysis of various experimental results. Accordingly, computational fluid dynamics (CFD) is widely used to predict the performance of fuel cells and analyze the distribution of temperature, diffusion, and current density.



In the field of fuel cell research, CFD is used to predict performance according to design parameters and operating conditions. Lee et al. [2] designed a cell frame structure in a 100 cm2 unit cell of MCFCs using CFD. The maximum temperature decreases as the height of the cell frame increases. In addition, the optimal parameters for reducing the temperature and uniformly injecting gas were derived. Yu et al. [3] studied the sizes and flow directions of MCFCs. Similar temperatures occurred in all flow directions when the particle size increased beyond a certain value, and the maximum temperature decreased according to the amount of air at the cathode. Kim et al. [4] compared the fuel cell characteristics according to the flow direction in large-area MCFCs of 1 m2. The most stable operation was possible when the flow direction of the anode side and that of the cathode side were the same.



Furthermore, not only the electrochemical reaction, but also the reforming reaction of fuel cells can be predicted using CFD. Accordingly, studies on internal reforming-type MCFCs are also being conducted. Kim et al. [5] compared the internal and external reforming-type MCFCs. Stable operation is possible because the internal reforming-type MCFC generates a relatively uniform current density and temperature distribution under the condition of using the cross-flow. Jung et al. [6] analyzed the performance according to the operating conditions in 100 cm2 direct internal reforming-type MCFCs. The mole fraction and performance were compared according to the S/C ratio, operating temperature, and gas utilization. A similar performance was obtained under all S/C ratio conditions; however, the performance increased as the operating temperature increased and the gas utilization decreased.



Meanwhile, it is possible to analyze the performance of a fuel cell according to the type and shape of the manifold using CFD. Kim et al. [7] predicted and characterized the performance of internal manifold-type MCFCs through heat and fluid simulations. They confirmed that the bypass effect occurred in an area without an electrode surface. Zhao et al. [8] constructed a 40-cell stack comprising an external manifold using CFD and analyzed the flow and pressure changes. It was found that a higher manifold depth and numerous inlets could aid in the gas flow distribution owing to the low flow rate.



In this study, the current densities, temperatures, pressures, and performances of external and internal reforming-type MCFCs under various operating conditions were analyzed using CFD. In the external reforming-type MCFC, the results were derived according to the flow direction, gas utilization, and operating temperature. For the internal reforming-type MCFCs, the results were derived according to the S/C ratio and reforming area. Finally, the internal and external reforming-type MCFCs were compared under the suggested conditions.




2. Simulation Model


2.1. The Governing Equations of MCFCs


The cell voltage (Vcell) at the electrode was obtained by subtracting the cell resistance and polarization resistance losses from the Nernst potential, as shown in Equation (3). The Nernst potential (ENernst) is a model that converts chemical energy into electrical energy. The Nernst potential was determined from the difference between the standard potential (E0) and the concentrations of the reactants and products of the MCFCs, as shown in Equation (4), where the standard potential was controlled by the operating temperature of the MCFCs, as shown in Equation (5) [9].


   V  c e l l   x , y   =  E  N e r n s t   x , y   −  i  x , y   (  R  A n o d e   x , y   +  R  C a t h o d e   x ,   y   +  R  O h m i c   x , y   )  



(3)






   E  N e r n s t   =  E 0  +   R T   2 F   ln      P   H   2  A n o d e          P   O   2  C a t h o d e           P  H 2   O  A n o d e        P  C  O   2  C a t h o d e          P  C  O   2  A n o d e            



(4)






   E 0  = −   Δ G   2 F   = − 243730 + 48.996 × T + 2.474 ×   10   − 3   ×  T 2   



(5)







The anode resistance (RAnode), cathode resistance (RCathode), and ohmic resistance (ROhmic) in the MCFC used Yuh and Selman’s model, which expresses the carbonate distribution between the electrode and electrolyte [10]. The model was controlled by the operating temperature and concentration of the species, as described below. The electrochemical reaction is generated in the electrolyte, but in this study, a reaction surface existing between the anode and cathode is assumed instead of the carbonate electrolyte as shown in Figure 2.


   R  o h m i c   = 0.5 ×   10   − 4   exp   3016    1 T  −  1  923        



(6)






   R  A n o d e   = 2.27 ×   10   − 9   exp     6435  T     P   H 2    − 0.42    P  C  O 2    − 0.17    P   H 2  O   − 1.0    



(7)






   R  C a t h o d e   = 7.505 ×   10   − 10   × exp     9289  T     P   O 2    − 0.43    P  C  O 2    − 0.09    



(8)








2.2. Internal Manifold Type MCFCs


The internal manifold-type MCFCs shown in Figure 3 were used. Internal manifold-type MCFCs have a separate flow channel in which gas is supplied to the anode and cathode inside the stack. In addition, this structure has the advantage of the absence of gas-tightness problems in the manifold manufacturing stage. The internal manifold-type MCFCs used in this study have five inlets and outlets. Hydrogen passes through two inlets to three outlets, and oxygen passes through three inlets to two outlets.



Meanwhile, not all parts of the internal manifold-type MCFCs were considered in the simulation. As shown in Figure 4, a simulation model was developed using only the anode, cathode, corrugated plate, and shim plate. The anode and cathode had a rectangular shape, with a width of 350 mm and length of 185 mm. The corrugated and shim plates were 420 mm wide and 380 mm long, respectively. The thickness of the corrugated plate was 1.78 mm and that of the shim plate was 0.3 mm.



Generally, the required flow rates of fuel and air in a fuel cell can be quantitatively determined. As shown in Equation (9), the required oxygen flow rate is calculated using the Faraday constant, reaction area, and target current density. The airflow rate was then derived from the mole fraction of oxygen and the gas utilization rate.


      F l o w   r a t e      =   C u r r e n t   d e n s i t y × A c i t v e   a r e a   F a r a d a y   c o n s t a n t × N u m b e r   o f   e l e c t r o n s × M o l e   f r a c t i o n   o f    O 2    o r    H 2  × G a s   u t i l i z a t i o n            m 3   s          



(9)







Unlike at the cathode, a reforming reaction occurred at the anode. Therefore, the fuel flow rate should be calculated considering the reforming reactions of the gas mixture. The required hydrogen flow rate was derived using Equation (9). The flow rate of the fuel was then determined from the volume ratio of the gas mixture in the equilibrium and initial states. Gas was constantly injected into the corrugated plate.



The operating pressure is assumed to be 1 atm. Therefore, the density (ρ) of the chemical species in the ideal gas state was derived using Equation (10). In addition, Dalton’s law was used to determine the density of the mixed gas (ρmix), which is given by Equation (11) [11].


  ρ =  P  R T         k g    m 3       



(10)






   ρ  m i x   =   P   ∑   i = 1  n   X i   M i    R T         k g    m 3       



(11)







The heat capacity was determined based on the change in temperature. Therefore, the heat capacity (Cp) according to the temperature of each chemical species was derived using the 4th order function in Equation (12), which is composed of only the temperature function. In addition, the heat capacity of the mixed gas (CPmix) was calculated by multiplying the heat capacity by the molar fraction of each chemical species. The heat capacity parameters for each chemical species are listed in Table A1, and the heat capacity of the gas mixture is given by Equation (13).


   C p  = A + B T + C  T 2  + D  T 3  + E  T 4       J  m o l · K      



(12)






   C   P  m i x     =   ∑   i = 1  n   X i   C  P i    T       J  m o l · K      



(13)








2.3. Determination of Gas Transfer


The cathode and anode were divided into gas-diffusion and catalyst layers. In particular, the energy transfer by gas molecules is generated by the interactions between the molecules in the gas-diffusion layer. Therefore, the momentum, heat, and mass transfers of the gas mixture must be considered in the gas diffusion layer.



Mass transfer uses Fick’s law, based on the concentration gradient and diffusion coefficient between chemical species. The diffusion coefficient of each chemical species (Dij) was calculated using Equation (14). The diffusion coefficient was determined using the critical temperature (Tci,j), critical pressure (Pci,j), and molecular weight (Mci,j). Different mass transfers occurred in the corrugated plates and electrodes. Thus, the diffusion coefficient of the corrugated plate was determined using the mixture rule (Dmix,i) in Equation (15) [12]. Table A2 lists the parameters required to calculate the diffusion coefficient of each chemical species.



Permeation was hindered by the walls of the small pores because the electrodes were composed of a porous medium. Therefore, the Knudsen diffusion coefficient (DKn,i) should be considered according to the porosity of the electrode using Equation (16). Subsequently, the effective diffusion coefficient for the electrode was derived using the Knudsen diffusion coefficient and the diffusion coefficient of the gas mixture. The effective diffusion coefficient (Dieff) is given by Equation (17) [13]:


   D  i j   =   a      T     T  c i    T  c j          b       P  c i    P  c j        1 3         T  c i    T  c j        5  12          1   M i    +  1   M j         1 2     P         m 2   s     



(14)






   D  m i x ,   i   =   1 −  x i      ∑   j ≠ i  N   x j  /  D  i j            m 2   s       



(15)






   D  K n ,   i   =  1 3   r  p o r e       8 R T   2 π  M i             m 2   s     



(16)






   D i  e f f   =  ε τ       D  m i x , i    D  K n , i      D  m i x , i   +  D  K n , i              m 2   s     



(17)







Momentum transfer is based on Newton’s law and the velocity gradient and viscosity coefficient between chemical species. The viscosity coefficient of each chemical species ( μ ) was calculated using Sutherland’s law in Equation (18), which expresses gas dynamics as a function of temperature. Wilke’s mixture rule in Equation (19) was then used for the viscosity coefficient of the gas mixture ( μ mix,i), where the dimensionless constant (ϕij) can be determined as the molar mass and viscosity coefficient between the species, as shown in Equation (20). The Sutherland constants (C) for each chemical species are presented in Table A3.


  μ =  μ 0     T 0  + C   T + C        T   T 0         3 2        k g   m · s      



(18)






   μ  m i x ,   i   =    x i   μ i      ∑   j ≠ i  N   x j   ϕ  i j         k g   m · s      



(19)






   ϕ  i j   =  1   8        1 +    M i     M j        −  1 2        1 +        μ i     μ j         1 2           M i     M j         1 4       2   



(20)







The heat transfer uses Fourier’s law, based on the temperature gradient and thermal conductivity of the chemical species. For the thermal conductivity of each chemical species (kT), a quadratic equation expressing only a function of temperature was used, as shown in Equation (21). The conductivity of the gas mixture was determined using Wilke’s mixture rule, as shown in Equation (19). Table A4 lists the thermal conductivity parameters for each species.


   k T  = A + B T + C  T 2       W  m · k      



(21)








2.4. Simulation Model of the Steam Reforming Process


In this study, Forment’s reforming reaction model was used for the methane reforming reaction in the anode side [14]. In the model, the reforming reaction was assumed to be governed by steam reforming, the water gas shift (WGS), and direct steam reforming. Equations (22) and (24) represent the conversion of the reactant gases into carbon monoxide, carbon dioxide, and hydrogen on the surface of the catalyst. Among the converted gases, carbon monoxide undergoes the process shown in Equation (23) to produce additional hydrogen, where ΔH is the change in enthalpy in the reforming reaction, and the reaction equation is as follows.


  C  H 4  +  H 2  O → C O + 3  H 2    ,   Δ  H  S R   = − 206     K J   m o l      



(22)






  C O +  H 2  O → C  O 2  +  H 2    ,   Δ  H  W G S   = 41.1     K J   m o l      



(23)






  C  H 4  + 2  H 2  O → C O + 4  H 2    ,   Δ  H  D S R   = − 164.9       K J   m o l        



(24)







The hydrogen conversion is determined by the reforming reaction rate. The reforming reaction rates (r) are shown in Equations (25)–(27). The reaction constant (ki) and equilibrium coefficient (Keqj) for calculating the reforming reaction rate were derived using Equations (29) and (30). The equation is of the Arrhenius type, and the exponential factor, activation energy, and absorption enthalpy are listed in Table A5. Meanwhile, it was assumed that the nickel catalyst was evenly distributed over the corrugated plate.


  r 1 =    k 1     P   H 2    2.5          P  C  H 4     P   H 2  O   −  P   H 2   3   P  C O   /  K  e q 1       D E  N 2          mol   k  g  catalyst   · s      



(25)






  r 2 =    k 2     P   H 2           P  C O    P   H 2  O   −  P   H 2     P  C  O 2    /  K  e q 2       D E  N 2          mol   k  g  catalyst   · s      



(26)






  r 3 =    k 3     P   H 2    3.5          P  C  H 4     P 2      H 2  O   −  P   H 2   4   P  C  O 2    /  K  e q 3       D E  N 2          mol   k  g  catalyst   · s      



(27)






  D e n = 1 +  K  c o    P  c o   +  K   H 2     P   H 2    +  K  C  H 4     P  C  H 4    +    K   H 2     P   H 2       P   H 2       



(28)






  A    k i    =  k i  exp      E i    R T         kmol ·  bar  0.5      kg  catalyst   · h      



(29)






  A    K j    =  K  e q j   exp     Δ  H j    R T          1  bar      



(30)








2.5. Heat Transfer Condition


In a fuel cell, an exothermic reaction (QF) is generated owing to the change in enthalpy within the cell, as shown in Equation (31). An endothermic reaction (QR) is generated by the reforming reaction. An endothermic reaction is generated by steam reforming and direct reforming, and an exothermic reaction is generated by the water–gas shift, as shown in Equation (32). Heat transfer occurs when the heat generated from the cell exits. Conduction occurs in the shim plate and the corrugated plate, and forced convection occurs between the shim plate and the corrugated plate. Heat is exhausted outside, and natural convection is generated. However, in this study, only the heat loss (Qloss) due to conduction generated from the corrugated and shim plates was considered, as shown in Equation (33). The inlet temperature is fixed at the operating temperature. Table A6 lists the thermal properties of the MCFCs.


   Q F  = i ⋅   −   Δ H   2 F   −  V  c e l l        W   



(31)






   Q R  = − Δ  H  S R    r 1  + Δ  H  W G S    r 2  − Δ  H  D S R    r 3     W   



(32)






   Q  l o s s   = −    K  s h i m   p l a t e     o r    K  C o r r u g a t e d   p l a t e       d T   d x    



(33)








2.6. Simulation Condition


The corrugated plate is designed with a trapezoidal structure. This structure allows the gas to be uniformly distributed, thereby improving the fuel cell performance. In this study, the corrugated plate is assumed to be a porous medium. Therefore, the permeability of the corrugated plate was calculated based on the actual geometry using a fluid simulation. In the fluid simulation, the corrugated plate was designed to have a width of 24 mm, a length of 88 mm, and height of 2.4 mm, as shown in Figure 5a. Open structures were used for the inlet and outlet to achieve uniform gas movement.



The permeability (α) of the corrugated plate was obtained using Darcy’s law, as shown in Equation (34) [15]. First, the relationship of the pressure difference (ΔP) according to the gas flow rate was calculated through the fluid simulation. Furthermore, the permeability was determined using the viscosity coefficient (μ) and the distance of the gas (L). The permeability of the corrugated plate was derived as 8.15 × 10−8. Figure 5b shows the results of the pressure difference according to velocity.


  Δ P = −   μ · L  α    ∑   i = 1  n   v i   



(34)







In this study, COMSOL Multiphysics 6.0 was used to compare the performance of external reforming and internal reforming-type MCFCs. The basic operating conditions are listed in Table 1. Based on the basic conditions, simulations were conducted according to the operating temperature, flow direction, and gas utilization in external reforming-type MCFCs. During internal reforming, the simulation was performed using the S/C ratio and reforming area as variables. Table 2 shows the operating conditions of the external and internal reforming-type MCFCs, and Figure 6 shows a schematic of the reforming area. Table 3 and Table 4 are the flow rate of inlet gas according to the operating conditions in the external and internal reforming-type MCFCs. Meanwhile, the boundary condition of the outlet is atmospheric pressure without back flow, and the boundary condition of the wall is the no slip condition.





3. Simulation Results


3.1. External Reforming-Type MCFCs


3.1.1. Simulation Results according to Flow Direction


Figure 7 shows the results of pressure distribution according to the flow direction. The pressure differences between the co-flow and counter flows were compared. All the other conditions were identical. As a result, the pressure difference was 95.84 Pa in co-flow and 96.51 Pa in counter-flow at the cathode. The pressure differences were similar, depending on the flow direction at the anode and cathode.



Figure 8a shows the result of the temperature distribution according to the flow direction. In the co-flow, the maximum temperature was concentrated at the outlet. This is because the heat generated in the fuel cell owing to the electrochemical reaction moves toward the outlet along the flow direction. However, gas was injected from both sides of the fuel cell, and heat was not exhausted in the counter flow. Therefore, the maximum temperature was concentrated at the center of the fuel cell. The temperature difference between the inlet and outlet was similar at 77 °C in co-flow and 74 °C in counter-flow.



Figure 8b presents a performance comparison according to the flow direction. The cell voltage was 0.83 V at the 1500 A/m2 in co-flow. Furthermore, the cell voltage was 0.84 V at the 1500 A/m2 in counter-flow. Therefore, the performance was slightly superior in counter flow compared to that in co-flow.




3.1.2. Simulation Results with Different Gas Utilizations


Figure 9 shows the concentration distribution of hydrogen according to gas utilization. The hydrogen concentrations at the outlet were 45%, 28%, and 15% for gas utilization rates of 20%, 40%, and 60%, respectively. This is because, as the gas utilization decreases, more hydrogen is injected into the fuel cell. Thus, a relatively large amount of hydrogen remained at the outlet.



As shown in Figure 10a, the maximum temperatures were 674 °C, 698 °C, and 715 °C according to the 20%, 40%, and 60% gas utilization. This is because when the gas utilization rate is lowered, the amount of unreacted oxygen increases. Therefore, the temperature of the fuel cell decreased.



Figure 10b shows the performance according to gas utilization. The cell voltages were 0.85 V, 0.83 V, and 0.78 V at 1500 A/m2, according to 20%, 40%, and 60% gas utilization. In this study, the flow rate of gas injected into the fuel cell was determined by Equation (9). Therefore, because of the lower gas utilization, more fuel was injected, and the performance improved.




3.1.3. Simulation Results with Different Operating Temperatures


Figure 11 shows the temperature distribution with respect to the operating temperature. The maximum temperatures were 665 °C, 697 °C, and 726 °C at operating temperatures of 580 °C, 620 °C, and 650 °C. Furthermore, the temperature differences between the maximum and minimum temperatures were 82 °C, 97 °C, and 106 °C. Therefore, not only the maximum temperature, but also the temperature difference increased as the operating temperature increased.



The current density distribution and performance, according to the operating temperature, are shown in Figure 12a,b, respectively. The cell voltages were 0.80 V, 0.83 V, and 0.84 V at 1500 A/m2, according to the operating temperature. In general, the voltage of a fuel cell is calculated by subtracting the resistance loss from the Nernst potential, as shown in Equation (3). As the operating temperature increased, the performance improved because the rate of the decrease in resistance loss was higher than the rate of the decrease in the Nernst potential.





3.2. Internal Reforming-Type MCFCs


3.2.1. Simulation Results according to S/C Ratio


Figure 13a shows the distribution of hydrogen concentration, according to the S/C ratio. In addition, electrochemical reactions were not considered when comparing the reforming reactions, according to the S/C ratio in this simulation. When the S/C ratios were 2, 3, and 4, the hydrogen concentrations were 55%, 51%, and 47%, respectively. More hydrogen is produced as the S/C ratio decreases. This is because the lower the S/C ratio, the more hydrogen is produced because the concentrations of methane and steam become similar, and relatively more reforming reactions are generated.



Figure 13b shows the change in the concentration according to the chemical composition at an S/C ratio of 3. Steam and methane rapidly decrease, and hydrogen increases because of the reforming reaction at the inlet. In addition, the amounts of carbon monoxide and carbon dioxide increase slightly after the reforming reaction.



Figure 14a shows the temperature distribution according to the S/C ratio, considering the electrochemical reaction. Under all conditions, the minimum temperature occurred at the inlet owing to an endothermic reaction generated by the reforming reaction. The maximum temperature occurred at the outlet owing to the fluid characteristics of the co-flow. The average temperatures were 624 °C, 631 °C, and 637 °C, according to the S/C ratios of 2, 3, and 4. In addition, the fuel cell operated close to the operating temperature because the strongest endothermic reaction occurred at an S/C ratio of 2. Therefore, they are unsuitable for long-term fuel cell operations. Figure 14b shows the performance as a function of the S/C ratio. The cell voltages were 0.77 V, 0.78 V, and 0.78 V at the current density of 1500 A/m2, according to the S/C ratios of 2, 3, and 4, respectively. Similar cell voltages were obtained for all S/C ratios.



Figure 15a compares the heat fluxes of the exothermic and endothermic reactions according to the S/C ratio at 1500 A/m2. Macroscopically, an exothermic reaction is generated by an electrochemical reaction, and an endothermic reaction is generated by the reforming reaction. The heat fluxes of the endothermic reaction were 602 W/m2, 504 W/m2, and 442 W/m2 according to the S/C ratios of 2, 3, and 4, respectively. The largest endothermic reaction was observed at an S/C ratio of 2, where the reforming reaction generated the most energy. In contrast, the heat fluxes of the exothermic reaction were 750 W/m2, 734 W/m2, and 734 W/m2, which were similarly generated.



Figure 15b compares the heat fluxes of the exothermic and endothermic reactions with respect to the current density. According to the S/C ratio, the difference in the heat flux of the endothermic reaction is greater than the difference in the heat flux of the exothermic reaction. In addition, the intersection heat fluxes of the endothermic and exothermic reaction were 1245 W/m2, 1102 W/m2, and 968 W/m2 at S/C ratios of 2, 3, and 4, respectively. This intersection point corresponded to the thermally neutral point. The target current density of the fuel cell should exceed this threshold.




3.2.2. Simulation Results with Different Reforming Regions


Figure 16a shows the hydrogen distribution based on the reforming area. The maximum hydrogen concentrations are 4 3%, 45%, and 45% in areas A, B, and C, respectively. Area A produced the lowest amount of hydrogen.



Figure 16b shows the performance according to the reforming area. Since the least hydrogen was produced in region A, the smallest cell voltage was accordingly 0.76 V at 1500 A/m2. Furthermore, the same cell voltage was 0.78 V at 1500 A/m2 in areas B and C. In the outer area of the fuel cell, more hydrogen was produced in area C. However, the same hydrogen concentration distribution was generated in areas B and C at 41% of the active area. Therefore, the same cell voltage was used as the output.



Figure 17 shows the temperature distribution according to the reforming area. The temperature difference between the maximum and minimum temperatures was 93 °C, 46 °C, and 41 °C in areas A, B, and C, respectively. Thus, the temperature difference was the smallest in area C. This is because, as the reforming area increases, more reforming reactions are generated, and the temperature decreases owing to endothermic reactions.





3.3. Comparison of Internal and External Reforming-Type MCFCs


In this study, the characteristics of internal and external reforming type MCFCs were compared under the basic operating conditions shown in Table 1 to analyze the characteristics of MCFCs, according to the type of reforming.



Figure 18a shows the temperature distributions in the internal and external reforming-type MCFCs. The temperature difference between the maximum and minimum was 41 °C in the internal reforming-type MCFCs and 78 °C in the external reforming-type MCFCs. Therefore, compared to external reforming-type MCFCs, internal reforming-type MCFCs can efficiently manage heat during fuel cell operation.



Figure 18b shows a comparison of the performance of the internal and external reforming-type MCFCs. The cell voltage of the external reforming-type MCFCs was 0.83 V at 1500 A/m2. The cell voltage of the internal reforming-type MCFCs was 0.78 V at 1500 A/m2. Thus, the performance of the external reforming-type MCFCs was better than that of the internal reforming-type MCFCs. This was because the hydrogen concentration of the fuel was fixed at 72% in the external reforming-type MCFCs. However, in the internal reforming-type MCFC with an S/C ratio of 3, 51% hydrogen was produced. Therefore, more hydrogen was injected into the external reforming-type MCFCs, and this is the reason why the performance of the external reforming-type MCFCs was superior to that of the internal reforming-type MCFCs.


   ε  r e a l   =  ε  i d e a l   ×  ε  v o l t a g e   ×  ε  f u e l   =     Δ  g ^    Δ   h ^   H H V       ×    V   E  O C V       ×      v  u s e d      v  t o t a l        



(35)







In addition, the real efficiencies of the external and internal reforming-type MCFCs were compared. The real efficiency of a fuel cell (   ε  r e a l    ) can be calculated as shown in Equation (35), using the ideal efficiency, voltage efficiency, and fuel efficiency, where the higher heating value (ΔhHHV) used to calculate the ideal efficiency was −286 KJ/mol [16]. Thus, the real efficiencies of the external and the internal reforming-type MCFCs were 20.81% and 20.63%, respectively. The efficiency of the fuel cell was similar in the external reforming-type MCFCs than in the internal reforming-type MCFCs.





4. Conclusions


In this study, the electrochemical reaction, fluid, heat transfer, and reforming reaction of the external and internal reforming-type molten carbonate fuel cells were simulated using CFD. Furthermore, the characteristics of MCFCs according to the various operating conditions were compared in the same internal manifold.



The flow direction, gas utilization, and operating temperature were compared in the external reforming-type MCFCs. Similar pressure drops occur, according to the flow direction, but there is a difference in temperature distribution. At the gas utilization of 20%, 40% and 60%, the cell voltage decreased by 2.35% and 8.23%, based on the gas utilization of 20%. As the gas utilization decreases, more power can be produced because more hydrogen and air are injected into the same reaction area. At operating temperatures of 580 °C, 620 °C, and 650 °C, the cell voltage increased by 3.75% and 5%, based on the operating temperature of 580 °C. However, a suitable operating temperature must be determined by considering the mechanical and thermal properties of the fuel cell.



The S/C ratio and modified area were compared in the internal reforming-type MCFCs. Hydrogen produced in the S/C ratio of 2, 3, and 4 decreased by 7.27% and 14.54%, based on the S/C ratio of 2. Moreover, long-term operation is relatively difficult because it functions near the operating temperature when the S/C ratio is 2. Among the reforming areas of A, B, and C, the best performance was derived in the reforming areas of B and C, including the active area. Therefore, a difference in performance is generated, depending on whether the active area is included in the fuel cell.



The external and internal reforming-type MCFCs were compared. The temperature generated in the external reforming-type MCFCs is higher than that in the internal reforming-type MCFCs. The reason is that an endothermic reaction occurs in the internal reforming-type MCFCs. In addition, the performance of the external reforming-type MCFCs was superior to the performance of the internal reforming-type MCFCs. However, internal reforming-type MCFCs are effective in terms of heat management.



Meanwhile, differences in the quantitative values of simulations may occur, depending on differences in the reference data. However, since it takes time and money to compare experimental results under various conditions, it is valuable as a comparison of macroscopic results through simulation. Therefore, this study is expected to be efficiently utilized for the simulation of the design and operating conditions of MCFCs.







Author Contributions


Conceptualization, validation, and writing—original draft preparation: K.-S.J.; methodology and formal analysis: K.Z.; writing—review and editing, supervision, project administration, and funding acquisition: C.-W.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Renewable Energy R&D Program (No. 20213030040080) of the Korea Institute of Energy Technology Evaluation and Planning (KETEP).




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to a company policy with us.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A


The tables below show the material properties and the physical model parameters (electrochemical, fluid, heat transfer, and reforming) used in the MCFC simulations in this study.
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Table A1. Parameters of heat capacity according to chemical species [17].
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Species

	
Parameters




	
A

	
B

	
C (×10−5)

	
D (×10−8)

	
E (×10−12)

	
Tmin (°C)

	
Tmax (°C)






	
H2

	
25.399

	
0.020

	
−3.854

	
3.188

	
−8.758

	
523.15

	
1773.15




	
N2

	
29.342

	
−0.003

	
1.007

	
−0.431

	
0.259

	
323.15

	
1773.15




	
O2

	
29.526

	
−0.008

	
3.808

	
−0.326

	
8.860

	
323.15

	
1773.15




	
CO

	
29.556

	
−0.006

	
2.130

	
−1.222

	
2.261

	
333.15

	
1773.15




	
CO2

	
27.437

	
0.042

	
−1.955

	
0.399

	
−0.298

	
323.15

	
5273.15




	
H2O

	
33.933

	
−0.008

	
2.990

	
−0.178

	
0.369

	
373.15

	
1773.15




	
CH4

	
34.942

	
−0.039

	
19.184

	
−15.303

	
39.320

	
323.15

	
1773.15
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Table A2. Molecular weight, critical temperature, and critical pressure, according to chemical species [18].
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Species

	
Molecular Weight

(g/mol)

	
Critical Temperature

(°C)

	
Critical Pressure

(atm)






	
H2 (Nonpolar)

	
2.0

	
306.15

	
12.8




	
N2 (Nonpolar)

	
28.0

	
399.35

	
33.5




	
O2 (Nonpolar)

	
32.0

	
427.55

	
49.7




	
CO (Polar)

	
28.0

	
406.05

	
34.5




	
CO2 (Nonpolar)

	
44.0

	
577.35

	
72.8




	
H2O (Polar)

	
18.0

	
920.45

	
217.5




	
CH4 (Nonpolar)

	
16.0

	
463.55

	
45.3




	
Nonpolar + Nonpolar

	
Nonpolar + Polar




	
a

	
b

	
a

	
b




	
0.0002745

	
1.823

	
0.000364

	
2.334
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Table A3. Parameters of viscosity, according to species [19].






Table A3. Parameters of viscosity, according to species [19].





	Species
	Reference Viscosity

(×10−5 kg/m/s)
	Sutherland’s

Constant
	Reference

Temperature (°C)





	H2
	0.840
	71
	546.3



	N2
	1.661
	104
	546.3



	O2
	1.920
	123
	546.3



	CO
	1.680
	100
	546.3



	CO2
	1.380
	254
	546.3



	H2O
	0.899
	961
	546.3



	CH4
	1.020
	164
	546.3
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Table A4. Parameters of thermal conductivity, according to species [20].






Table A4. Parameters of thermal conductivity, according to species [20].





	
Species

	
Parameters




	
A

	
B (×10−5)

	
C (×10−8)

	
Tmin (°C)

	
Tmax (°C)






	
H2

	
0.0395

	
45.920

	
−6.493

	
423.15

	
1773.15




	
N2

	
0.0030

	
7.593

	
−1.101

	
1051.15

	
1773.15




	
O2

	
0.0012

	
8.616

	
−1.334

	
323.15

	
1773.15




	
CO

	
0.0015

	
8.271

	
−1.917

	
343.15

	
1523.15




	
CO2

	
−0.0118

	
10.170

	
−2.224

	
468.15

	
1733.15




	
H2O

	
0.0005

	
4.709

	
4.955

	
548.15

	
1346.15




	
CH4

	
−0.0093

	
14.030

	
3.318

	
370.15

	
1673.15
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Table A5. Parameters of methane steam reforming [21].






Table A5. Parameters of methane steam reforming [21].





	Reaction Rate Constant
	k
	Ei (kJ/mol)





	k1
	4.255 × 1015
	240.1



	k2
	1.955 × 106
	67.13



	k3
	1.020 × 1015
	243.9



	Equilibrium Constant
	Keq
	  Δ   Hi (kJ/mol)



	kco
	8.23 × 10−5
	−70.61



	kH2
	6.12 × 10−9
	−82.90



	kCH4
	6.65 × 10−4
	−38.28



	kH2O
	1.77 × 105
	88.68
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Table A6. Thermal properties of MCFCs [22].






Table A6. Thermal properties of MCFCs [22].





	Properties
	Anode

(Ni-Cr)
	Cathode

(NiO)
	Shim Plate

(AISI 316L)
	Corrugated Plate

(SS316L)





	Density (kg/m3)
	8220
	6794
	7800
	8000



	Heat capacity (J/molK)
	444
	443
	500
	500



	Thermal conductivity (W/mK)
	78
	5.5
	20
	25
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Figure 1. Schematic of the molten carbonate fuel cells (MCFCs). 
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Figure 2. Schematic diagram of the reaction surface in MCFCs. 
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Figure 3. Schematic diagram of the internal manifold-type MCFCs. 
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Figure 4. Schematic diagram of the internal manifold-type MCFCs for simulation. 
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Figure 5. (a) Fluid simulation in corrugated plate and (b) pressure difference according to the velocity. 
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Figure 6. Schematic of reforming areas (a) A, (b) B, and (c) C. 
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Figure 7. Pressure distribution at the anode and cathode side, according to the flow direction. 
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Figure 8. (a) Temperature distribution and (b) i–V curve, according to the flow direction. 
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Figure 9. Hydrogen distribution according to the gas utilization. 
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Figure 10. (a) Temperature distribution and (b) i–V curve, according to the gas utilization. 
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Figure 11. Temperature distribution according to the operating temperature. 
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Figure 12. (a) Current density distribution and (b) i–V curve, according to the operating temperature. 
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Figure 13. (a) Hydrogen distribution according to the S/C ratio and (b) chemical composition at the S/C ratio of 3 in the absence of an electrochemical reaction. 
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Figure 14. (a) Temperature distribution and (b) i–V curve according to the S/C ratio, considering the electrochemical reaction. 






Figure 14. (a) Temperature distribution and (b) i–V curve according to the S/C ratio, considering the electrochemical reaction.



[image: Energies 16 02700 g014]







[image: Energies 16 02700 g015 550] 





Figure 15. Heat flux of the exothermic and endothermic reactions according to S/C ratios (a) at 1500 A/m2 and (b) the current density. 






Figure 15. Heat flux of the exothermic and endothermic reactions according to S/C ratios (a) at 1500 A/m2 and (b) the current density.



[image: Energies 16 02700 g015]







[image: Energies 16 02700 g016 550] 





Figure 16. (a) Hydrogen distribution and (b) i–V curve, according to the reforming area. 
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Figure 17. Temperature distribution according to the reforming area. 
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Figure 18. (a) Temperature distribution and (b) i–V curve under optimal conditions for external and internal reforming-type MCFCs. 
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Table 1. Basic operating conditions of MCFCs.






Table 1. Basic operating conditions of MCFCs.





	Activation

Area (cm)
	Target Current Density (mA/cm2)
	Flow Direction
	S/C Ratio
	Gas Utilization

(%)
	Operating Temperature (°C)
	Reforming Area





	647.5
	150
	Co-flow
	3
	40
	620
	Entire
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Table 2. Operating conditions in (a) external and (b) internal reforming-type MCFCs.
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(a) External Reforming-Type MCFCs




	
Operating temperature (°C)

	
580

	
620

	
650




	
Flow direction

	
Co-flow

	
Counter-flow




	
Gas utilization (%)

	
20

	
40

	
60




	
(b) Internal Reforming-Type MCFCs




	
S/C ratio

	
2

	
3

	
4




	
Reforming area

	
A

	
B

	
C (Entire)
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Table 3. Flow rate of inlet in the operating conditions of external reforming-type MCFCs.
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Flow Direction

	
Operating

Temperature (°C)

	
Gas Utilization (%)

	
Flow Rate of Inlet Gas




	
Anode Side (m3/s)

	
Cathode Side (m3/s)






	
Co-flow

	
580

	
20

	
2.5601 × 10−4

	
6.2695 × 10−4




	
Co-flow

	
580

	
40

	
1.2227 × 10−4

	
2.9944 × 10−4




	
Co-flow

	
580

	
60

	
8.5335 × 10−5

	
2.0898 × 10−4




	
Co-flow

	
620

	
40

	
1.2800 × 10−4

	
3.1349 × 10−4




	
Co-flow

	
650

	
40

	
1.3230 × 10−4

	
3.2401 × 10−4




	
Counter-flow

	
580

	
40

	
1.2227 × 10−4

	
2.9944 × 10−4
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Table 4. Flow rate of inlet in the operating conditions of internal reforming-type MCFCs.






Table 4. Flow rate of inlet in the operating conditions of internal reforming-type MCFCs.





	
Flow

Direction

	
Operating

Temperature (°C)

	
Gas

Utilization (%)

	
S/C Ratio

	
Reforming Area

	
Flow Rate of Inlet Gas




	
Anode Side (m3/s)

	
Cathode Side (m3/s)






	
Co-flow

	
580

	
20

	
2

	
C

	
1.3060 × 10−4

	
3.1348 × 10−4




	
Co-flow

	
580

	
40

	
3

	
C

	
1.4191 × 10−4

	
3.1348 × 10−4




	
Co-flow

	
580

	
60

	
4

	
C

	
1.5641 × 10−4

	
3.1348 × 10−4




	
Co-flow

	
620

	
40

	
3

	
A

	
1.4191 × 10−4

	
3.1348 × 10−4




	
Co-flow

	
650

	
40

	
3

	
B

	
1.4191 × 10−4

	
3.1348 × 10−4
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