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Abstract

:

To increase the efficiency of a fuel processor and HT-PEMFC (high temperature-proton exchange membrane fuel cell) combined system, it is essential to improve the efficiency of the fuel processor. In this research, the fuel processor was simulated by the Aspen Hysys® simulator, and the effect of the various operating conditions on the total efficiency was investigated. The thermal efficiency of the fuel processor increased as the temperature and S/C (steam-to-carbon) ratio increased, and the efficiency was higher at an S/C ratio of 3 than at an S/C of 4 with a reformer temperature of 700 °C and higher. Under the selected operating conditions of the fuel processor, the recycling of unreacted hydrogen from the anode off-gas (AOG) of the HT-PEMFC improved the overall efficiency of the combined fuel processor and HT-PEMFC by a factor of 1.28. The operating conditions where the AOG supplied more heat than was required for fuel processor operation were excluded. The high-efficiency operating conditions of the fuel cell system were proposed with the target of 5 kW of output as the capacity of the household HT-PEMFC.
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1. Introduction


Distributed power generation is actively researched as a response to the instability of power supplies, such as a large-scale blackout, due to disaster. Distributed power generation directly produces and supplies power at demand, and stationary fuel cells are representative of distributed power generation [1,2]. Stationary fuel cells for buildings have the advantages of using a relatively small installation space for producing the same amount of energy compared to other renewable energies and using the existing city gas infrastructure [3,4]. Therefore, the demand for stationary fuel cell systems for buildings is increasing worldwide. Also, the electricity output, durability, system size, operation, installation, and operation costs of fuel cell systems are becoming competitive [5,6]. In particular, the efficiency of a fuel processor and fuel cell combined system is mainly affected by the fuel processor efficiency [7,8]. The flow rate of methane used for the reactants and burner fuel affects the reaction temperature in the steam reformer, resulting in a change in conversion and affecting the overall efficiency of the combined system [9]. In general, the hydrogen production rate increases as the temperature of the reactor increases, but the overall thermal efficiency may decrease due to the excessive input of burner fuel [10]. Therefore, the fuel processor needs to be operated at optimal temperature conditions and operate within the temperature range shown in Figure 1.



The fuel processor is composed of a steam reformer, a water–gas shift reactor, a burner, a desulfurizer, and heat exchangers [11]. In a steam reformer, natural gas and steam react on nickel catalysts at 500 °C to 800 °C to produce hydrogen and carbon monoxide [12]. Since the reforming reaction is endothermic, the reactor must be designed to supply a sufficient amount of heat to keep the reaction temperature constant [13,14]. For this reason, a burner is installed close to where the steam reforming reaction takes place to provide sufficient thermal energy.



The heat from the exhaust gas, the reformed gas, and released from the steam reformer is recovered to heat the reactants, in particular, water [15]. Increasing the efficiency of fuel processors requires thermal energy optimization for the heat transfer between the exhaust gas, reformate, and reactants.



The WGS (water–gas shift reactor) is classified into either an HTS (high-temperature shift reactor) or LTS (low-temperature shift reactor) depending on the operating temperature (shown in Figure 1). The WGS reactor shifts CO to CO2 to prevent CO poisoning of the fuel cell. A water–gas shift reaction is an exothermic reaction so it is necessary to remove the reaction heat [16]. The LT-PEMFC (low temperature-proton exchange membrane fuel cell) requires the CO concentration to be less than 10 ppm [17,18], whereas the HT-PEMFC (high temperature-proton exchange membrane fuel cell) has sufficient durability, even when the CO concentration is less than 1% [17]. As such, HT-PEMFCs may have greater tolerance to some impurities, such as carbon monoxide (CO) and sulfur compounds, than LT-PEMFCs. This is economically useful as it eliminates the purification process, similar to a preferential reactor. In addition, since the HT-PEMFC operates at a higher temperature (120 to 180 °C) than the LT-PEM (60 to 80 °C) fuel cell, the utilization of waste heat such as tri-generation is increased and the overall efficiency is increased [17,18,19,20]. However, despite these benefits, combined systems of fuel processors and HT-PEMFCs can release more CO pollutants into the atmosphere. Therefore, CO reduction as well as heat recovery should be achieved at the burner by recycling the anode off-gas to the burner.



One of the ways to increase the total efficiency of the fuel processor and fuel cell combined system is to recirculate the unreacted hydrogen discharged from the anode of the fuel cell to the burner as a fuel [21,22,23,24,25,26]. The attempts to circulate unreacted hydrogen to a burner have mainly been performed on low-temperature PEMFC systems. For HT-PEMFC, there has been a lack of analysis of the system using unreacted hydrogen.



In this study, conditions such as the operating temperature, S/C ratio, reactant flow rate, and burner fuel flow rate of each reactor were investigated to efficiently operate the combined system of the fuel processing system and HT-PEMFC stack. A theoretical model based on thermodynamic analysis was applied and the overall efficiency of the combined process was investigated at various operating temperatures using the Aspen Hysys® simulator.




2. Modeling


Simulations were performed for a combined system of a fuel processor and HT-PEMFC with a recycle stream of anode off-gas to a burner installed in the SR (steam reformer). Figure 2 shows the simulation process for the combined system of a fuel processor and HT-PEMFC.



2.1. Fuel Processor Description


Simulations were performed for a combined system of a fuel processor and HT-PEMFC with a recycle stream of anode off-gas to a burner installed in the SR (steam reformer). The fuel processing system consists of a steam reformer, two water–gas shift reactors (a high-temperature shift reactor and a low-temperature shift reactor), and heat exchangers. Figure 3 shows the process flow diagram by Aspen Hysys®. PNG (process natural gas) is introduced to the reformer and reacted with steam to form hydrogen. QH1 is the heat required to raise the PNG to the reaction temperature of the steam reformer. QH2 is the heat required to turn water into steam up to the reaction temperature of the reformer. The product gas from the steam reformer is cooled down by a heat exchanger (cooler 1 in Figure 3) to the high-temperature water–gas shift reactor (HTS) operating temperature and then introduced to the HTS. CO is then converted into CO2 with steam at the HTS and the concentration of CO in the HTS product gas is lowered to less than 3%. To reduce the CO concentration lower than 1%, the HTS product gas is cooled again and introduced to the low-temperature water–gas shift reactor [27]. The heat released in the process is named Qc1, Qc2, and Qc3. QSR is the energy required for the reaction at the steam reformer. QHTS is the heat of the reaction at the high-temperature water–gas shift reactor and QLTS is the heat of the reaction at the low-temperature water–gas shift reactor.



In the steam reformer, two main reactions are considered [28,29,30]: the steam reforming reaction (Equation (1)) and the WGS reaction (Equation (2)). It is assumed that the reaction proceeds to equilibrium conditions in each reactor, and the equilibrium reactor is used for the simulation with the equilibrium constants (KSR and KWGS) calculated in Equations (3) and (4).


  Steam   methane   reforming:     C H   4   +   H   2   O ↔ C O + 3   H   2    



(1)






  Water – gas   shift   reaction:   C O +   H   2   O ↔   C O   2   +   H   2    



(2)






    K   S R   =     p   C O     p     H   2     3       p     C H   4       p     H   2         a t m   − 2   =   1    e x p  ( Z   Z   Z   0.2513 Z − 0.3665   − 0.58101   + 27.1337   − 3.2770 )    



(3)






    K   W G S   =     p     H   2       p     C O   2         p     H   2   O     p   C O       a t m   − 2   =   exp     Z   Z   0.63508 − 0.29353 Z   + 4.1778   + 0.31688      



(4)






  Z =     1000   T     − 1  



(5)







Equations (3) and (4) are empirical equations presented by Twigg [31], and the equilibrium constants (KSR and KWGS) are expressed as a function of temperature (Z and T) instead of each partial pressure. The WGS reactor applied KWGS within the temperature range of the reactor. The equilibrium constants calculated for each reaction are summarized in Table 1.



To calculate the thermal energy and heat of the reaction in each component, energy balances are applied. As shown in Figure 4, the fuel processor consists of two independent parts. One is the reaction part and the other is the thermal energy supply part. The thermal energy required is calculated as the enthalpy difference between the inlet stream and the outlet stream (Equations (6) and (7)), which can be supplied by the methane burner via combustion. Since the entire system must operate at a steady state, the total reactive energy required (QRE) is equal to the amount of energy supplied by the burner through combustion (QCE).


    Q   C E   =    ∑        T h e r m a l     e n e r g y         s u p p l y     p a r t             m  ˙    i     h   i     =     m  ˙    f u e l   ∆   h   f u e l   +     m  ˙    A i r   ∆   h   A i r   −     m  ˙     E x h a u s t     g a s    ∆   h    E x h a u s t     g a s     



(6)






    Q   R E   =    ∑    R e a c t i o n     p a r t         m  ˙    i     h   i     =     m  ˙    P N G   ∆   h   P N G   +     m  ˙    W a t e r   ∆   h   w a t e r   −     m  ˙    R e f o r m a t e   ∆   h   R e f o r m a t e    



(7)







The required energy of the reaction section can be calculated by summing the heat of the reaction and the heat energy for heating the reactants, or for cooling the products as shown in Equation (8). In Equation (8), each energy is calculated by the enthalpy difference between the inlet stream and outlet stream. The enthalpy of each stream is a function of the temperature, flow rate, and degree of reaction.


    Q   R E   = −   Q   H 1   −   Q   H 2   −   Q   S R   +   Q   C 1   +   Q   C 2   +   Q   C 3   +   Q   H T S   +   Q   L T S    



(8)







Figure 5 shows the above explanation intuitively.



The thermal efficiency of the fuel processor system (ηFP) is defined as Equation (9) [32,33,34].


    η   F P   =     n     H   2       L H V     H   2            n   B N G   +   n   P N G      ∗    L H V   N G    +   n     A O G     H 2       L H V     A O G     H 2     +   n    A O G      C H   4       L H V     C H   4        



(9)







The thermal efficiency of the fuel processor is calculated by dividing the energy of the produced hydrogen by the total energy supplied to the process (PNG, natural gas to the burner, AOG). Energy is expressed as the product of the moles and lower heating value (LHV). The     n   B N G     is the number of moles of natural gas introduced to the burner, and the     n   P N G     is the number of moles of natural gas introduced to the reaction part. The hydrogen and methane moles in AOG are denoted by     n    A O G     H 2      and     n     A O G       C H   4        .



The product gas containing the produced hydrogen is cooled in the cooler QC3 system to remove the moisture in the product gas and is then supplied to the PEMFC. Hydrogen is supplied to the anode side and oxygen from the air is supplied to the cathode side of the PEMFC. Using an electrochemical reaction, electrical energy is produced. To calculate the amount of electrical energy produced by the PEMFC, fuel utilization efficiency and the irreversibility of the PEMFC should be considered. The detailed simulation condition for the fuel processing system is summarized in Table 2.



The S/C ratio is defined as in Equation (10) and is a value obtained by dividing the moles of steam introduced by the moles of carbon.


    S  /  C      r a t i o  =    S t e a m     m o l e s     C a r b o n     m o l e s     



(10)








2.2. PEMFC Description


Since the flow rate of unreacted hydrogen in the AOG is inversely proportional to the fuel utilization efficiency of the PEMFC, the proper prediction of fuel utilization efficiency is important to calculate the hydrogen consumption rate in the PEMFC. Power by the PEMFC stack (Pstack) can be calculated as the product of the number of the unit cell (ncell), unit cell voltage (Vcell), unit cell current (i), and MEA area (AMEA), as shown in Equation (11).


    P   s t a c k   =   n   c e l l     V   c e l l   · i ·   A   M E A    



(11)







The unit cell voltage in Equation (11) can be calculated from Equation (12) and considering the thermodynamic equilibrium potential (Vo) and the irreversibility of the PEMFC, such as the activation loss (ηact), ohmic loss (ηohm), and concentration loss (ηcon) [35].


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



(12)







The thermodynamic equilibrium potential, activation loss, ohmic loss, and concentration loss are calculated by Equations (13)–(17). Equation (13) can calculate the thermodynamic equilibrium potential in the HT-PEMFC. Equation (13) is a function of cell temperature (Tcell) and 1.1549 V was calculated using a cell temperature of 150 °C [36].


    V   o   = 1.1669 − 0.00024 (   T   c e l l   − 373.15 )  



(13)







Activation loss can be calculated by the Butler–Volmer equation that expresses electrochemical kinetics [35]. Since the hydrogen oxidation reaction and oxygen reduction reaction occur in the anode and cathode in fuel cells, the Butler–Volmer equation uses the two half-reactions of Equations (14) and (15) to calculate the activation loss [35,36,37,38,39].


    η   a c t , a   =   i     i   0 , a   r e f       R   T   c e l l         α   a   +   α   c   F             C     H   2   , r e f       C     H   2           0.5    



(14)






      η   a c t , c     =   R   T   c e l l       α   c   F     ln  ⁡            C     O   2   , r e f       C     O   2           0.75     i     i   0 , c   r e f          



(15)







Resistance loss and concentration loss occur according to the structural characteristics of the fuel cell (thickness, electronic conductivity, porosity, etc.) and represent losses by hindering the movement of hydrogen protons and electrons. To express ηohm and ηcon, Jo and his colleague suggest Equations (16) and (17) [37]. Because the resistance of the electron flow (Relec) is small compared to the resistance of the proton flow in Equation (16), it is considered an insignificant term, as in other research [25].


    η   o h m   = i (     δ   m e m     κ   +   0.5   δ   a C L       v   a C L   1.5   κ   +   0.5   δ   c C L       v   c C L   1.5   κ   +   R   e l e c   )  



(16)






    η   c o n   =   R T   4 F     ln  ⁡        v   G D L   1.5     D     O   2       C     O   2         v   G D L   1.5     D     O   2       C     O   2     −   δ   G D L          



(17)







The parameters in Equations (14)–(17) are shown in Table 3.



The current density of a stack (i) is a function of the H2 molar flow rate (nH2) entering the stack, the fuel utilization efficiency (Uf), the MEA area (AMEA), and the number of cells (ncell), as shown in Equation (18).


  i =   n     H   2     ×   U   f   ×   2 F     A   M E A     n   c e l l      



(18)







The fuel utilization efficiency is shown by Equation (19) and is defined by the ratio of the fuel used by the HT-PEMFC to generate power to the total fuel supplied to the HT-PEMFC [35].


    U   f   =    a m o u n t     o f       H   2       a c t u a l l y     u s e d     i n     t h e     p o w e r     g e n e r a t i o n     A m o u n t     o f       H   2       a c t u a l l y     s u p p i e d     t o     t h e     s t a c k     



(19)







The total energy efficiency of the whole system is defined as the ratio between the produced energy and the supplied energy and can be calculated by Equation (20) [40,41]


    η   S Y S   =     P   s t a c k         n   B N G   +   n   P N G     ∗   L H V   N G      



(20)







In Equation (20), Pstack is the power (J/s), nBNG is the number of moles of natural gas supplied to the burner (mol/s), nPNG is the number of moles of natural gas supplied to the reformer (mol/s), and LHVNG is the lower heating value of the natural gas (J/mol).





3. Result


3.1. Sensitivity Analysis


The simulation results (Figure 6) show the mole fraction of the gas produced in the steam reformer at 500~900 °C. As the temperature of the steam reformer increases, the mole concentration of hydrogen increases, and the thermal efficiency of the fuel processor increases, and they are stabilized at 700 °C or higher. The highest thermal efficiency of the fuel processor is confirmed to be 89.15% at 900 °C, 88.38% at 800 °C, and 86.36% at 700 °C. In order to prevent the degradation of the catalysts, the operating temperature should be lower than 800 °C [42].



Figure 7 and Figure 8 are the simulation results of the mole fraction and thermal efficiency of the fuel processor according to the HTS and LTS temperatures. For the HTS, the thermal efficiency of the fuel processor was 86.36%, regardless of temperature. For the LTS, the thermal efficiency of the fuel processor was decreased by 2% when the temperature was increased from 200 °C (86.36%) to 300 °C (84.36%). Since the HTS and LTS generate a relatively smaller amount of hydrogen compared to the steam reformer, the contribution to the thermal efficiency of the fuel processor according to the temperature change of the HTS or LTS is not significant. Therefore, the operating temperature of the HTS was fixed at 400 °C [26], and the operating temperature of the LTS was fixed at 200 °C in the simulation so that the HTS and LTS each showed the highest efficiency.



The dependence of the CO tolerance of the HT-PEMFC was experimentally confirmed by Das and co-workers, who found that the CO tolerance of the HT-PEMFC increased with increasing temperature. According to their study, the CO tolerance of the HT-PEMFC increased by up to 5% of CO at 180 °C [43]. They also found that no degradation in performance was observed below 0.6 A/cm2 at 180 °C as the CO concentration increased from 2% to 5%. On the other hand, at 140 °C and 160 °C, the performance degradation was 17.5% and 12.5%, respectively. This CO tolerance enables options for different CO removal processes in fuel processing systems. The CO generated at the HTS and LTS in Figure 7 and Figure 8 are 5.03% and 0.46%, respectively. Based on this result, a single water–gas shift reactor may be sufficient to supply H2 to the HT-PEMFC. However, this topic will not be discussed in this study as additional analysis is required to re-engineer the process.



As shown in Figure 9 and Table 4, the thermal efficiency of the fuel processor increases as the S/C ratio increases at steam reformer temperatures below 650 °C. As the steam reformer temperature increases, the thermal efficiency of the fuel processor increases. However, the thermal efficiency according to the S/C ratio seems to have a maximum point, according to the S/C ratio, at a temperature of 650 °C or higher in the steam reformer. At a steam reformer temperature of 650 °C, the highest efficiency was 81.81% at an S/C ratio of 4, but at a temperature of 700 °C or higher, the highest efficiency was obtained at an S/C ratio of 3. At a reformer temperature of 700 °C or lower, the highest thermal efficiency of 86.36% was obtained at an S/C ratio of 3.



At higher temperatures, the conversion of natural gas to hydrogen increases and more natural gas enters the burner to provide heat to the reactants (natural gas and water) to produce the maximum thermal efficiency at different S/C ratios (and temperatures). Figure 10 shows the conversion of natural gas according to the S/C ratio and temperature of the steam reformer. The conversion of natural gas to hydrogen is calculated based on the molar flow rate of natural gas entering and leaving the steam reformer and indicates the degree of reaction. The amount of heat required to bring the water temperature to the operating temperature of the steam reformer at various S/C ratios and temperatures is shown in Figure 11. Since a larger amount of water is supplied to the system at a high S/C ratio, the amount of heat required is increased according to the increase in the S/C ratio. On the other hand, since the natural gas conversion is more than 95% at 700 °C and an S/C ratio of 3, the increase in the hydrogen flow rate produced by increasing the S/C ratio at a temperature of 700 °C and higher is inevitably small.




3.2. Anode Off-Gas Recycling


Unreacted hydrogen in the anode off-gas from the PEMFC stack can be recycled as fuel for the steam reformer’s burner, increasing the thermal efficiency of the fuel processer and PEMFC. The thermal efficiency of the combined system depends on the amount of hydrogen recycled, which is determined according to the fuel utilization ratio of the PEMFC. The calculated stack power is summarized in Table 5 and depends on the natural gas supplied to the fuel processor and the fuel utilization efficiency of the stack. In Table 4, the conditions for making more than 5 kW power are shaded. The power increases with a higher fuel utilization at the stack, with higher steam reformer operating temperatures, and with a higher flow rate of PNG. To increase the thermal efficiency of the fuel processor and PEMFC stack, anode off-gas is recycled to the burner. In Figure 12, it can be seen that recycling AOG increases the efficiency of the fuel cell system by 1.28 times compared to the case without it.



However, some of the calculations are excluded by the details described below in Figure 13. Figure 13 shows the combustion energy generated by each process at various temperatures of the steam reformer. The flow rate of unreacted hydrogen in the anode off-gas varies depending on the fuel utilization (Uf) in the stack, which causes the combustion energy to vary. If the combustion energy of the anode off-gas is greater (red area in Figure 13) than the combustion energy of the natural gas, excess energy is supplied to the reactor, and the reactor temperature increases. Since the use of AOG in this section does not maintain the temperature, it is excluded from the result of a fuel utilization of 70% or less in this study. Conversely, if the combustion energy of the anode off-gas is smaller (blue area in Figure 13) than the required heat, additional natural gas to the burner must be introduced to maintain the temperature of the reactor.



In Figure 14, the overall efficiency of the system is compared according to the temperature of the steam reformer for each process. Since 80% of the AOG has small combustion energy, it is possible to reach maximum efficiency by supplying additional natural gas. Finally, in the case of AOG 75%, the value was consistent with the required heat, showing that the reformer can be operated with only AOG and without an additional fuel supply. In other words, energy independence is possible under the conditions of 750 °C or more, a fuel utilization efficiency = 75%, and S/C = 3.



Table 6 shows the final selected operating conditions and system efficiency for a 5 kW residential PEMFC. Consequently, the efficiency of the fuel cell system is recommended under the following conditions: S/C = 3 for maximum efficiency of fuel processor, fuel utilization efficiency without overheating of 75~80%, steam reformer temperature of 700~800 °C, and a molar flow rate of PNG of 0.8~0.9 mol/min to produce more than 5 kW of power.





4. Conclusions


To increase the overall system efficiency of a combined fuel processor and HT-PEMFC system, the thermal efficiency of the fuel processor must be improved. This study suggests two ways for increasing efficiency:




	(1)

	
Optimize the operating condition (temperature of the reactor, S/C ratio, and reactant flow rate) for high thermal efficiency;




	(2)

	
Recycle the unreacted hydrogen in the anode of HT-PEMFC.









The fuel processor consisting of equilibrium reactors and heat exchangers was analyzed by the Aspen Hysys® simulator and the operating conditions were optimized to produce the highest efficiency. In the simulation results, the effect of the temperature change of the WGS was less sensitive than that of the steam reformer, and at maximum efficiency, the operating temperature of the HTS was 400 °C and the operating temperature of the LTS was 200 °C. As the temperature and S/C ratio of the steam reformer increase, the hydrogen concentration of the reformed gas increases, but the thermal efficiency of the fuel processor decreases. The steam reformer showed maximum thermal efficiency at an S/C ratio of 5 at 500 °C, S/C ratio of 4 at 650 °C, and S/C ratio of 3 at 700 °C, 800 °C, and 900 °C. The temperature of the steam reformer was selected to be 700 °C or higher, which is a condition with a methane conversion of 95% or higher. However, the efficiency of the steam reformer at 900 °C was excluded in consideration of catalyst life. The reason for the decrease in efficiency is that the energy required to heat the water is greater than the energy from the produced hydrogen. Recycling unreacted hydrogen as combustion fuel increased the overall efficiency of the combined system by a factor of 1.28. However, excessive heat was supplied to the fuel processor when the fuel utilization efficiency was less than 70% and so this condition was also excluded. As a result, an overall efficiency of 43.47~47.31% was confirmed for the following conditions with a 5 kW power output: TSR = 700 °C, 750 °C, and 800 °C, S/C ratio = 3, nPNG = 0.8 and 0.9, and Uf = 75% and 80%. By adding a recycling stream, overall efficiency gains and CO reduction are achieved, reducing the operating costs. Waste heat recovery for HT-PEMFC’s tri-generation system could also be another good application to increase overall efficiency. HT-PEMFCs have good CO tolerance and good waste heat quality, allowing for a more economical design of energy production for residential buildings.
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Figure 1. Schematic diagram of the fuel processor. 






Figure 1. Schematic diagram of the fuel processor.



[image: Applsci 13 09292 g001]







[image: Applsci 13 09292 g002 550] 





Figure 2. Simulation block diagram, (a) overall block diagram for the fuel processor and HT-PEMFC and (b) block diagram for the Pstack calculation. 
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Figure 3. Aspen hysys® flowsheet of the fuel processor. 
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Figure 4. Schematic diagram of the energy balance of the fuel processor system. 
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Figure 5. Detailed thermal energy flow of the reaction part. 
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Figure 6. Mole fraction at the outlet of the steam reformer and the efficiency of the fuel processor according to the temperature of the steam reformer. (S/C = 3, THTS = 400 °C, and TLTS = 200 °C). 
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Figure 7. Mole fraction at the outlet of the HTS and efficiency of the fuel processor according to the temperature of the HTS. (S/C = 3, TSR = 700 °C, and TLTS = 200 °C). 
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Figure 8. Mole fraction at the outlet of the LTS and efficiency of the fuel processor according to the temperature of the LTS. (S/C = 3, TSR = 700 °C, and THTS = 400 °C). 






Figure 8. Mole fraction at the outlet of the LTS and efficiency of the fuel processor according to the temperature of the LTS. (S/C = 3, TSR = 700 °C, and THTS = 400 °C).



[image: Applsci 13 09292 g008]







[image: Applsci 13 09292 g009 550] 





Figure 9. Comparison of the efficiency of the fuel processor according to the temperature of the steam reformer and S/C ratio. 
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Figure 10. Conversion of natural gas according to the temperature of the steam reformer and S/C ratio. 
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Figure 11. The energy required to heat water according to the S/C ratio and temperature of the steam reformer. 
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Figure 12. Relationship between the overall system efficiency of the AOG recycling process and the AOG non-recycling process (S/C = 3, nPNG = 0.9 mol/min). 
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Figure 13. Combustion energy according to the temperature of the steam reformer and the fuel utilization efficiency. 
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Figure 14. Comparison of system efficiency at various temperatures in AOG recycling and non-recycling operation. 






Figure 14. Comparison of system efficiency at various temperatures in AOG recycling and non-recycling operation.



[image: Applsci 13 09292 g014]







[image: Table] 





Table 1. The equilibrium constants for reactor temperatures.
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TSR

(°C)

	
Equilibrium Constant




	
Steam Reforming (KSR)

	
Water–Gas Shift (KWGS)






	
100

	
0

	
2289




	
200

	
0

	
210.8




	
300

	
0

	
38.83




	
400

	
0.0001

	
11.72




	
500

	
0.0098

	
4.904




	
600

	
0.5212

	
2.551




	
700

	
12.54

	
1.541




	
800

	
168.87

	
1.036











[image: Table] 





Table 2. Simulation conditions for the fuel processing system.
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	Variables
	Condition





	Temperature of steam reformer (TSR)
	500~900 °C



	Temperature of HTS (THTS)
	300~400 °C



	Temperature of LTS (TLTS)
	200~300 °C



	Steam-to-carbon ratio (S/C)
	1~5



	The molar flow rate of natural gas supplied to steam reformer (      n  ˙    P N G    )
	0.7~1.2 mol/min
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Table 3. PEMFC parameters used in the combined fuel processor and PEMFC simulation.
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	Symbol
	Value
	Unit
	Description
	Reference





	AMEA
	300
	cm2
	MEA area
	-



	F
	96,500
	C/mol
	Faraday constant
	-



	     n   c e l l     
	160
	EA
	Number of cells
	-



	R
	8.314
	J/mol K
	Universal gas constant
	-



	     T   c e l l     
	150
	°C
	Temperature of cells
	-



	     δ   a C L     
	0.015
	mm
	Thickness of anode/cathode GDLs, CLs
	[37]



	     δ   c C L     
	0.015
	mm
	Thickness of anode/cathode GDLs, CLs
	[37]



	     δ   m e m     
	0.35
	mm
	Thickness of anode/cathode GDLs, CLs
	[37]



	   κ   
	300
	S/m
	Electronic conductivity
	[37]



	     i   0 , a   r e f     
	109
	A/m2
	Reference exchange current density in anode
	[36]



	     i   0 , c   r e f     
	104
	A/m2
	Reference exchange current density in cathode
	[36]



	     α   a     
	0.5
	
	Anode transfer coefficient
	[38]



	     α   c     
	0.65
	
	Cathode transfer coefficient
	[38]



	     C     H   2   , r e f     
	40.88
	mol/m3
	Reference H2 molar concentration
	[38]



	     C     O   2   , r e f     
	40.88
	mol/m3
	Reference O2 molar concentration
	[38]



	     v   a C L     
	0.4
	
	Porosity of CL
	[38]



	     v   c C L     
	0.4
	
	Porosity of CL
	[38]



	     v   G D L     
	0.6
	
	Porosity of CL
	[38]
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Table 4. Thermal efficiency of the fuel processor corresponding to the steam reformer temperature and S/C ratio. (The bold and border represent the maximum efficiency at the same temperature.)
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TSR (°C)

	
500

	
600

	
650

	
700

	
800

	
900




	
S/C Ratio

	






	
1

	
21.88

	
42.64

	
50.19

	
55.37

	
60.93

	
62.38




	
2

	
32.32

	
59.54

	
73.50

	
81.85

	
85.60

	
85.93




	
3

	
39.78

	
68.52

	
80.31

	
86.36

	
88.94

	
89.15




	
4

	
45.39

	
73.25

	
81.81

	
85.14

	
86.32

	
86.41




	
5

	
50.58

	
75.31

	
81.12

	
82.95

	
83.56

	
83.61
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Table 5. Power of the fuel cell versus temperature, fuel utilization efficiency, and the molar flow rate of the natural gas process (bold and the border indicates an area that satisfies the target capacity of 5 kW, simulation condition: S/C = 3).
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Uf (%)

	
TSR (°C)

	
70%

	
75%

	
80%




	
nPNG (mol/min)

	

	
0.7

	
0.8

	
0.9

	
0.7

	
0.8

	
0.9

	
0.7

	
0.8

	
0.9






	

	
600

	
3.18

	
3.68

	
4.18

	
3.43

	
3.97

	
4.51

	
3.68

	
4.26

	
4.84




	

	
650

	
3.87

	
4.48

	
5.09

	
4.18

	
4.83

	
5.48

	
4.48

	
5.18

	
5.88




	
Pstack (kW)

	
700

	
4.25

	
4.91

	
5.58

	
4.58

	
5.29

	
6.01

	
4.91

	
5.67

	
6.44




	

	
750

	
4.37

	
5.05

	
5.74

	
4.71

	
5.45

	
6.19

	
5.05

	
5.84

	
6.63




	

	
800

	
4.41

	
5.09

	
5.79

	
4.75

	
5.49

	
6.24

	
5.09

	
5.89

	
6.69











[image: Table] 





Table 6. The efficiency of the system for the selected range of temperature, fuel utilization efficiency, and mole flow rate of reactant natural gas.
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Uf (%)

	
TSR (°C)

	
75%

	
80%




	
nPNG (mol/min)

	

	
0.8

	
0.9

	
0.8

	
0.9






	
ηsys (%)

	
700

	
43.47

	
43.79

	
46.62

	
46.96




	
750

	
43.74

	
44.05

	
46.90

	
47.24




	
800

	
43.81

	
44.12

	
46.98

	
47.31
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