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Abstract

:

For a low-carbon society, it is necessary to extract hydrogen for fuel cells from biogas rather than from fossil fuels. However, impurities contained in the biogas affect the fuel cell; hence, there is a need for system and operation methods to remove these impurities. In this study, to develop a fuel cell system for the effective utilization of biogas-derived hydrogen, the compositional change and concentration of impurities in the hydrogen recirculation system under actual operation were evaluated using process simulation. Then, the mitigation operation for performance degradation using simple purification methods was evaluated on the proton exchange membrane fuel cells (PEMFC) stack. In the process simulation of the hydrogen recirculation system, including the PEMFC stack, the concentration of impurities remained at a level that did not pose a problem to the performance. In the constant voltage test for a simulated gas supply of biogas-derived hydrogen, the conditions for applying the methanation reforming and air bleeding methods were analyzed. As a result, methanation reforming is more suitable for supplying biogas-containing CO to the PEMFC stack for continuous operation.
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1. Introduction


Proton exchange membrane fuel cells (PEMFCs) generate electricity using hydrogen and oxygen in the air. The hydrogen production method involves the extraction of hydrogen from fossil fuels such as natural gas and oil by steam reforming because the cost of production is lower than that of other methods. However, there is a need to reduce the use of fossil fuels in the future, and it is necessary to diversify hydrogen production to realize a low-carbon hydrogen society. Hydrogen production from waste-based resources can be divided into aerobic fermentation and anaerobic fermentation (methane fermentation); however, methane fermentation by anaerobic digestion has become mainstream. This is because methane fermentation produces a renewable energy source called biogas from livestock manure, and the digestate can be used as a high-quality fertilizer [1]. Methane fermentation is a biological process that occurs when organic materials decompose in the presence of metabolically active microorganisms and the absence of air. The biogas produced by this process consists primarily of methane (45–75% by vol.) and carbon dioxide (25–55% by vol.), which can be converted into hydrogen-rich gas through combined steam and dry reforming. The production of hydrogen from biogas and its use in fuel cells has attracted attention as a clean hydrogen production method [2]. Biogases may also contain small amounts of nitrogen and sulfur oxide, which are more detrimental to PEMFCs than to power generators and solid oxide fuel cells [3]. Nishizaki et al. conducted a study on the use of biogas produced by methane fermentation in fuel cells [1]. The reformer of the PEMFC power generation system used in this study is steam reforming, which has a high reforming efficiency with small output. The reformer consists of a steam reforming reaction section, an aqueous gas shift reaction section, and a selective oxidation reaction section. The composition of the reformed gas was less than 10 ppm CO, 60% H2, 30% CO2, 6% N2, and 3% CH4, which can be considered a crude purified gas with low purity. The composition of biogas is affected by the raw material input to the plant and the fermentation conditions. Changes in the amount of methane and the effect of water vapor concentration in the biogas during the fuel reforming process will also need to be studied in the future.



Hydrogen gas reformed from biogas contains a small amount of CO, which has a significant impact on the power generation performance of fuel cells [4,5]. Platinum is used as the main catalyst in PEMFCs. Platinum is an excellent catalyst for the oxidation of H2 and is chemically stable in the PEMFC-operating environment; however, it causes severe CO poisoning at low temperatures [6]. CO adsorbs preferentially to H2 on Pt catalyst sites, as shown in Equation (1).


  CO + Pt ↔ Pt − CO  



(1)







This inhibits the adsorption of hydrogen and the electron dissociation reaction in Equations (2) and (3).


   2 Pt  +  H 2  ↔ 2 Pt − H  



(2)






  Pt − H ↔ Pt +  H +  +  e −   



(3)







The adsorption of CO is linear-bonded using one adsorption site and is considered to be Langmuir-type adsorption. The effect of CO on the I-V characteristics of PEMFCs was reported in a previous study [6]. The presence of CO in hydrogen fuel at the ppm level significantly reduced the PEMFC performance. As the CO concentration increased, the power generation performance at high current decreased because of the CO coating on the catalyst surface, which reduced the effective power generation area. The CO adsorption became pronounced in the low cell voltage region, which may affect the activation overvoltage.



As an inert gas, N2 is not electrochemically active in fuel cell applications and only shows a dilution effect on the fuel [7]. As the N2 concentration in the anode gas increases, the cell performance decreases because of the decrease in hydrogen partial pressure, which can be explained by the Nernst equation. When air is supplied to the cathode, it has been reported that the PEMFC cell can be operated without a significant performance loss if the N2 content in the anode gas is approximately 50% [8]. However, when a high concentration of N2 (80–90%) is present in the anode gas, a cell performance loss exceeding the above Nernst equation has been reported, which is considered to be owing to additional mass transport losses. It has also been reported that the effect of CO poisoning is more significant when hydrogen gas containing an inert gas and CO is supplied to the fuel cell [4]. In actual PEMFC stack operation, the anode fuel is often recirculated, which may cause N2 and other inert gases to stagnate and concentrate, further affecting the performance. The periodic purging of the anode gas and the adjustment of the recirculated gas are considered countermeasures against the decrease in hydrogen’s partial pressure caused by inert gas retention.



CO2 is a significant component of biogas-derived hydrogen, usually constituting more than 20%, and can cause a reverse shift reaction to form CO on the catalyst surface, most likely because of the electrochemical reduction reaction. Moreover, it has been reported that dilution by CO2 has a greater effect than dilution by inert gas [9]. However, experiments have shown that CO2 has little effect on PEMFC performance compared with CO [6,10], and some conclude that the performance degradation caused by CO2 is owing to the dilution effect [11].



In an operational system using biogas-derived hydrogen, impurities are concentrated in the circulating system if impurities are present in the fuel. Matsuda et al. analyzed the gas concentration in the circulating system of a fuel cell generating electricity with high-purity hydrogen or hydrogen with impurities [12]. Because this test was conducted in a single cell, the original fuel flow rate was low, and the amount of CO input into the circulation system was small, which may have affected the results. It is necessary to evaluate the transition of CO concentration under the fuel flow rate for the stack and consider the enrichment of inert gas for the use of biogas-derived hydrogen.



In our previous study [13], we evaluated the effect of impurity components on the fuel cell stack performance to develop a fuel cell system for the effective utilization of impurity-containing hydrogen gas, such as exhaust hydrogen, from a heat treatment furnace. In this study, for the effective utilization of biogas-derived hydrogen, the compositional change and the concentration of impurities in the hydrogen recirculation system under actual operation were evaluated using process simulation. Then, the mitigation operation for performance degradation using simple purification methods was evaluated on the PEMFC stack.




2. Experiment and Its Conditions


2.1. Fuel Cell Stack System


In this study, experiments were conducted using a 48-cell 1 kW PEMFC stack (Horizon: H-1000) [14], as shown in Figure 1. This PEMFC stack consisted of 48 cells, current collector plates, end plates, and rods. We used an open-cathode stack. Therefore, the installed fan supplied air to the cathode and cooled the stack, keeping the stack temperature below 65 °C. When the stack voltage dropped below 24 V, the control unit shut off the load. The effective power generation area of the cell was estimated to be 88 cm2.



Figure 2 shows a schematic diagram of the experiment using a PEMFC stack to supply hydrogen-containing impurities. The PEMFC stack was connected to an electronic load device (TAKASAGO: FK-1000L2), and a load-following operation was performed. A digital logger (HIOKI 8422-50) was used to record the operating current. A memory high coder (HIOKI: MR8870) was used to record the voltage waveform during the current interrupt test for the measured cell resistance [15,16]. In the biogas-derived hydrogen supply test, the gas from the N2 and CH4 cylinders was mixed with the hydrogen- and CO-containing cylinders and adjusted to the specified concentration. The purge valve attached to the PEMFC stack was removed, and the fuel exhaust side was opened for the flow-type test.



The I-V and I-P measurements of the PEMFC stack measured in this experiment were performed when pure hydrogen was supplied. The measurement was used in a dead-end mode, in which the anode gas outlet is shut off, but a control valve purges the anode once every 10 s for 0.1 s to remove the water accumulated in the anode. The gas supply pressure was kept constant at 0.060 MPa. The load current varied from 0 to 41 A, and the stack voltage and output power were measured after 2 min at each load current. The I-V and I-P curves of the stack are shown in Figure 3. 30.5 V was obtained at 35 A, which is equivalent to the catalog specification value [14]. The maximum output power was 1190 W at 41 A.




2.2. Simplified Purification System


2.2.1. Methanation Reactor


One of the experiments was conducted using a methanation reactor as an external reforming method for impurities. The reactor was 2.76 × 10−4 m3 and filled with nickel catalyst N111 or a nickel/alumina catalyst MT881 (JGC Catalysts and Chemicals Ltd., Kawasaki, Japan). The methane production reaction in the reactor is shown in Equations (4) and (5). The operating temperature of the reactor was maintained at 200 °C using a heater. The reactor was maintained at a temperature of 200 °C using a heater, and a 2 h pre-run with nitrogen and hydrogen was performed to reduce the catalyst in the reactor.


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



(4)






  2 CO + 2  H 2  →   CH  4  +   CO  2   



(5)








2.2.2. Air Bleeding


Air bleeding is a technique consisting of injecting a small amount of air or O2 into the anode supply gas and has been studied as a CO poisoning mitigation technique. Air bleeding was proposed by Gottesfeld and Pafford [17] in 1988, and the amount of air bleed varies depending on the cell and stack used in the study, but in most cases, it is set at approximately 0.5~5%. Lung et al. [18] conducted a long-term durability test on a single cell, bleeding the anode with air for 3000 h, and showed that the cell output voltage was reduced to approximately 97% after 3000 h of the constant current operation, and no severe performance degradation due to CO was observed. However, because there are variations in the temperature distribution and concentration in different parts of the stack, it is necessary to evaluate the mitigation effect of CO poisoning on the stack.



The flow rate of the injected air was adjusted using a needle valve to maintain the air concentration in the anode gas constant. During air bleeding, the CO on the catalyst is oxidized by the oxygen in the air to form CO2. However, excessive air bleeding may produce hydrogen peroxide (H2O2), which can cause the chemical degradation of the fuel cell and should be applied with caution. The reaction of CO2 formation by air bleeding is expressed in Equation (6).


  CO +  1 2   O 2  →   CO  2   



(6)










3. Simulation and Its Conditions


In this study, a circulation system using biogas-derived crude hydrogen as the feed gas was developed using DWSIM [19], and the changes in the CO and CH4 concentrations of the methanation reaction’s products with the gas reuse rate in the recirculation system were simulated. From the calculation results, the possibility of using biogas-derived hydrogen in a recirculation system for fuel cells was investigated. A process simulator is a useful tool for developing a hydrogen recirculation system for continuous hydrogen reactors. The simulator can be used to construct a hydrogen recirculation system and evaluate parameters such as the composition and concentration changes of gas components.



The process flow diagram (PFD) of the biogas fuel cell system is shown in Figure 4. In this study, the gas consumption and composition change in the hydrogen recirculation system, assuming the use of a PEMFC, were calculated. Equations (4) and (5), shown in the previous section, are incorporated into the conversion reactor as the methane production reaction. The gas flow in each part of the system is represented by “M2” to “M7” and the heat flow by “E1” to “E5.” The gas components to be studied were one type of biogas-derived crude hydrogen (H2, 60%; CO2, 30%; CO, 10 ppm; CH4, 3%; N2, 6%) and H2O produced by the methanation reaction. The other operating conditions are listed in Table 1.



The reuse rate of the supplied gas was set at 90%, 75%, and 50%, and the net amount of supplied gas corresponding to the gas not reused and disposed of was supplied from the simulated gas, mixed with the circulating gas in MIX-1, and supplied to the hydrogen recirculation system.




4. Results of Impurity Concentration Using Process Simulation


4.1. Gas Reuse Rate and CO and CH4 Concentrations


Simulations were performed by varying the conversion ratio of the conversion reactor, where methanation is used as a parameter. The CH4 and CO concentrations at “Fin” for each gas utilization ratio are shown in Figure 5 and Figure 6, respectively. From the calculation results, the high gas reuse ratio in the process and the high conversion ratio of the methanation reactor cause a higher CH4 concentration at “Fin.” On the other hand, the maximum CO concentration was 6.0 × 10−22, which was so small that it could not be measured and was considered zero. This suggests that CO was removed by the methanation reaction to produce CH4 and that the higher the reuse rate, the higher the concentration of CH4 produced in the system. However, even when the reuse rate of the gas in the system was 90%, the concentration of CH4 in the system was only approximately 3%, indicating that the effect of the converted CH4 on the utilization of the fuel cell was low.




4.2. Impurity Concentration at Each Point of the System


The composition and flow rate in the system when the conversion rate of the methanation reactor was fixed at 100% are shown. Differences were shown for “M7”, which corresponds to the gas mixed with the supplementary pure gas and supplied to the system; “M3”, which corresponds to the outlet of the methanation reactor; “Fin”, which corresponds to the recirculation gas supplied to the fuel cell; and “M5”, which corresponds to the recirculation side after passing through the fuel cell. The simulation results of CH4 concentration, CO concentration, N2 concentration, H2O concentration, CO2 concentration, and flow rate at each point in the system are shown in Figure 7a–f, respectively. In terms of the CH4 concentration at each point (Figure 7a), the higher the gas reuse rate, the higher the CH4 concentration in the system, and it exceeded 3.031% at each point for a 90% reuse rate. However, when the reuse rate was maintained at 50%, the maximum concentration was 3.031%. In both cases, the increase in CH4 concentration was too small to affect fuel cell utilization. The CO concentration shown in Figure 7b was almost zero after the addition of the methanation reactor, and it is almost zero regardless of the gas reuse rate, even for “Fin”, where fuel cells are considered to be installed in the system. In “M7”, the CO concentration was lower with a higher gas reuse rate because the gas from the methanation reaction is circulated in the system, and the CO fraction in the circulating gas is lower because less pure gas is supplemented. For the N2 concentration shown in Figure 7c, the higher the gas reuse rate, the more N2 was retained in the system, and the simulation results show a difference in the mole fraction depending on the reuse rate. In particular, the N2 concentration was high when the reuse rate was 90% and 6.062%. The mole fraction of H2O in the system was higher when the gas reuse rate was higher, as shown in Figure 7d. H2O is favorable for maintaining the performance of the electrolyte membrane in PEMFCs, and the concentration of H2O in the system is low enough to be used in the fuel cell. For the CO2 concentration shown in Figure 7e, the concentration in the system was 30.304% at all gas utilization rates, CO2 did not have the same impact as CO in ppm, and the performance degradation was similar to the dilution effect. The flow rate evaluation results (Figure 7f) showed a significant difference in the flow rates of (“M7” and “M3”) before and after the methanation reactor. This is thought to be because the amount of CH4 and water produced after passing through the methanation reactor increases, and the overall flow rate also increases.



Under all conditions, the impurity concentration remained at a level that did not pose a problem to the PEMFC performance, indicating that the use of biogas-derived hydrogen in the hydrogen recirculation system for fuel cells can be expected.





5. Performance of the Fuel Cell System Using the Mitigation Operation


5.1. Effects of the Mitigation Operation by Methanation


A constant voltage test of the PEMFC stack was conducted in the methanation reactor to evaluate the change in the PEMFC performance when the simulated gas was supplied. These experiments were used in flow mode, in which the control valve at the anode gas outlet is removed. The composition of the supplied gas was the same as in the simulation in the previous section: H2: 60%, N2: 36%, CH4: 3%, and CO: 10 ppm. To evaluate the influence of CO poisoning and inert gas dilution, the CO2 contained in the biogas-derived crude refinery gas, which can produce radicals as well as CO [6], was replaced by N2. For a restored performance after the experiment with biogas, the stack was operated by supplying pure hydrogen until the current returned to the initial value. Moreover, the stack operated for 30 min by supplying pure hydrogen before supplying biogas.



Figure 8 shows the variation in the output current when the methanation reforming method was applied to the PEMFC stack. The results show that the output current of the PEMFC stack when the methanation reactor was used showed performance degradation and then reached a steady-state value by the end of the test. In the case of hydrogen stoichiometry ratio 1.1, at the same flow rate as when the simulated gas was directly supplied, a current drop of about 5 A was observed immediately after the start of the supply, followed by a gradual decrease with a constant gradient. Five hours after the start of the test, the current value reached and maintained a steady value of approximately 9 A. The final PEMFC power generation performance after 6 h of simulated gas supply was approximately 50% lower than that before the simulated gas supply. Under these operating conditions, Equations (4) and (5), in which CO was converted to CH4 on the catalyst in the reactor, reduced the performance degradation. In contrast, when the flow rate of the entire simulated gas was increased and the hydrogen stoichiometry ratio was increased to 1.7, the current value decreased by approximately 4 A in the first hour after the start of the supply; however, it maintained a steady value of approximately 14 A. The final PEMFC performance at the end of the test was reduced by approximately 21% compared with the supply of the simulated gas.



To identify and quantify the causes of the different voltage drops due to the different hydrogen stokes and the change in performance when the methanation reforming method was applied to the simulated gas supply, we tried to evaluate each overpotential using the method used in a previous study [20]. This method is needed to calculate the IR-free voltage using the average cell resistance R. In this study, R was 0.120 Ω cm2, as measured by current interrupt testing [15]. Then, the overpotentials calculated under all of the cell resistance were constant in the I-V curve. This method is useful for separating the activation, ohmic, and concentration overpotentials from the I-V curve data [20].



Figure 9 shows comparisons of the overpotentials with currents of 0.6 and 10 A for each stoichiometry ratio. In the low current range of 0.6 A, the activation overpotential was similar for each stoichiometry ratio, but the concentration overpotential increased by a factor of 2.5 for stoichiometry ratio 1.1 compared to 1.7. This trend was also observed in the 10 A current range, with the concentration overpotential in stoichiometric ratio 1.1 being twice that of 1.7. In the activation overpotential, the difference in overpotential was small because the composition of the supplied gas did not change, even though the amount of fuel supplied changed by increasing the hydrogen stoichiometry ratio. In contrast, the difference in concentration overpotential due to the decrease in the concentration of reactants related to the hydrogen flow rate on the electrode surface was large. In the case of stoichiometric ratio 1.1, the fuel supply was only the minimum amount of hydrogen used for the electrochemical reaction, and nitrogen and methane were also present, so the diffusion law was locally impaired on the electrode surface in the stack, resulting in an increase in the hydrogen concentration gradient and the concentration overpotential. The overpotential increased at higher currents, which are expected in actual fuel cell system operation, and the difference in the magnitude of the concentration overpotential due to the difference in the hydrogen stoichiometry ratio was shown.




5.2. Comparison of Mitigation Effect by Methanation and Air Bleeding


The air bleeding method was used to evaluate the change in PEMFC performance during a constant voltage operation when the simulated gas was supplied to evaluate the mitigation effect of methanation. The composition of the simulated gas supplied was H2: 60%, N2: 36%, CH4: 3%, CO: 10 ppm, and 1% air was injected at the time of gas supply to reduce the performance degradation caused by impurities.



Figure 10 shows the variation in the output current with 1% air bleed compared to methanation. As a result of the constant voltage test with 1% air added to the simulated gas, a current drop of approximately 6 A was observed immediately after the start of the supply, and the current decreased with a constant gradient. The current decreased at a constant gradient and further decreased at a slower rate after approximately 180 min from the start of the test. Finally, after 6 h of operation, the current was 6.60 A, which is approximately 63% lower than that before the supply of simulated gas. The current was 2 A lower than that of methanation reforming with the stoichiometric ratio 1.1, where the fuel supply was the same. The partial pressure of hydrogen in the methanation reforming was only 1% different, suggesting that factors other than the difference in partial pressure are responsible for this performance difference.



The overpotentials at 0.6 A and 8 A are shown in Figure 11a,b. In the low current range (0.6 A), the activated overpotential was larger in the air bleeding method. For the low current range of 0.6 A, the activation overpotential was larger in the air bleed method, and the activation overpotential accounts for 88% of the overvoltage in the air bleed method. In the current range of 8 A, the activation overpotential of the air bleed method was large, 1.5 times larger than that of methanation. The overvoltage in the current range of 8 A is 1.2 times larger in the air bleeding method than in the methanation modification. Because the difference in concentration and ohmic overpotential is small for both methods, the difference in PEMFC performance between the air bleeding and methanation methods can be attributed to the magnitude of the activation overpotential. In the case of air bleeding, CO was adsorbed on the catalyst on the PEMFC electrode surface, and more activation energy may be consumed during CO oxidation. The loss of activation energy may have affected the performance of the PEMFC as the activation overpotential, which was expressed as a decrease in the current. Therefore, in addition to the difference in hydrogen partial pressure due to the addition of 1% air, the increase in overvoltage during CO oxidation is thought to be a factor in the lower power generation performance of the air bleed method, despite the similar hydrogen stoichiometry ratio.





6. Conclusions


The simulation of impurities in the hydrogen recirculation system and the mitigation operation using simple purification methods were evaluated to develop a fuel cell system for the effective utilization of biogas-derived hydrogen.



The CH4 concentration in the fuel cell was higher when the gas utilization rate was higher because of the higher conversion rate of the methanation reaction. N2 and CO2 remain in the system at the same concentration as that of the supplied gas, and the dilution effect may affect the performance of the fuel cell system. The concentration of H2O produced during the methanation reaction was only ppm level under all the conditions evaluated, which is favorable for maintaining the performance of the PEMFC electrolyte membrane. The concentration of impurities in the PEMFCs under all the conditions remained at a level that did not pose a problem to the PEMFC performance, indicating that the use of biogas-derived hydrogen in the hydrogen recirculation system for fuel cells was promising.



The conditions for applying the methanation reforming and air bleeding methods were clarified in the constant voltage test for a simulated gas supply of biogas-derived hydrogen. The methanation reforming method was applied to reduce the performance degradation caused by impurities, and it was shown that a continuous operation with constant performance was possible. In the case of a hydrogen stoichiometry ratio of 1.7, a current drop of approximately 4 A was observed in the first hour after the start of supply, but the performance drop was suppressed to approximately 21% in 6 h. By increasing the fuel flow rate, the hydrogen stoichiometry ratio supplied to the fuel cell can be increased, effectively maintaining the performance. When the air bleed method was applied, the current value gradually decreased after the start of the supply, and, finally, the performance decreased by approximately 63% in 6 h. During the air bleeding method, the performance was lower than that during methanation reforming, and the polarization evaluation revealed that the performance was significantly reduced by two effects: the decrease in hydrogen’s partial pressure and the overvoltage during CO oxidation. Therefore, a continuous operation by methanation reforming is more suitable for supplying biogas containing CO.



In this study, the composition of biogas from the previous study was used, but depending on the composition of other gases, the amount of hydrogen may not be sufficient, and the performance may be degraded owing to mass transport loss. Therefore, it is necessary to consider the hydrogen stoichiometry ratio in the fuel supply. In particular, because biogas has low hydrogen purity and low partial pressure, it is desirable to produce gas with a high hydrogen fraction, as much as possible, and supply it to the system.
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Figure 1. PEMFC stack. 
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Figure 2. Schematic diagram of the experiment using a PEMFC stack to supply hydrogen-containing impurities. 
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Figure 3. Performance of PEMFC stack. 
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Figure 4. PFD of the biogas fuel cell system. 
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Figure 5. Simulation results of CH4 concentration for each conversion ratio at “Fin”. 






Figure 5. Simulation results of CH4 concentration for each conversion ratio at “Fin”.



[image: Reactions 02 00010 g005]







[image: Reactions 02 00010 g006 550] 





Figure 6. Simulation results of CO concentration for each conversion ratio at “Fin”. 
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Figure 7. Simulation results of concentration and flow rate at each point; (a) CH4, (b) CO, (c) N2, (d) H2O, (e) CO2, (f) Flow rate. 
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Figure 8. Comparison of the variation of the output current using pure H2, with and without the methanation reforming method. 
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Figure 9. Comparison of the overpotentials for each stoichiometry ratio; (a) 0.6 A, (b) 10.0 A. 
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Figure 10. Comparison of the variation of the output current using pure H2, with and without the methanation reforming method. 
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Figure 11. Comparison of the overpotentials at stoichiometry ratio 1.1 for each mitigation operation; (a) 0.6 A, (b) 8.0 A. 
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Table 1. Operating conditions.






Table 1. Operating conditions.





	Function
	Value





	Gas mole fraction
	H2: 60%, CO2: 30%, CO: 10 ppm, CH4: 3%, N2: 6%



	Flow rate (m3/h)
	5



	Pressure (kPa)
	10.0



	Gas reuse rate (%)
	90, 75, 50
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