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Abstract

:

Global warming is predominantly caused by methane (CH4) and carbon dioxide (CO2) emissions. CH4 is estimated to have a global warming potential (GWP) of 28–36 over 100 years. Its impact on the greenhouse effect cannot be overstated. In this report, a dual-bed eight-step pressure swing adsorption (PSA) process was used to simulate the separation of high-purity CH4 as renewable energy from biogas (36% CO2, 64% CH4, and 100 ppm H2S) in order to meet Taiwan’s natural gas pipeline standards (>95% CH4 with H2S content < 4 ppm). Three selectivity parameters were used to compare the performance of the adsorbents. In the simulation program, the extended Langmuir–Freundlich isotherm was used for calculating the equilibrium adsorption capacity, and the linear driving force model was used to describe the gas adsorption kinetics. After the basic case simulation and design of experiments (DOE) for the laboratory-scale PSA, we obtained a top product CH4 purity of 99.28% with 91.44% recovery and 0.015 ppm H2S purity, and the mechanical energy consumption was estimated to be 0.86 GJ/ton-CH4. Lastly, a full scale PSA process simulation was conducted for the commercial applications with 500 m3/h biogas feed, and the final CH4 product with a purity of 96.1%, a recovery of 91.39%, and a H2S content of 1.14 ppm could be obtained, which can meet the standards of natural gas pipelines in Taiwan.
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1. Introduction


Methane (CH4) is a valuable renewable energy source and one of the leading gases responsible for the greenhouse effect. CO2 has a global warming potential (GWP) of 1 regardless of the time period used, whereas CH4 is estimated to have a GWP of 28–36 over 100 years [1]. After CO2, CH4 is the second most abundant anthropogenic greenhouse gas, accounting for approximately 20 percent of global emissions [2]. The main components of biogas are 60–70% CH4, 30–40% CO2, and other trace gas compounds, such as 0–4000 ppm hydrogen sulfide (H2S) produced by anaerobic decomposition [3]. In order to mitigate global warming, biogas upgrading technologies have been promoted in various countries worldwide in recent years.



Gas separation technologies can not only recover CH4 and capture CO2 in order to reduce greenhouse gas emissions, but can also produce high-purity natural gas for use in industrial applications, such as heating and power generation, or as biofuel for vehicles. After removing excess components from biogas in order to achieve ≥97% CH4 purity, the purified biogas can be injected into the natural gas grid [4] or compressed into bio-compressed natural gas (bio-CNG) at a high pressure range of 20~25 MPa, which can be used as vehicular fuel [5]. In comparison to gasoline and diesel, bio-natural gas can reduce air pollution caused by automobile exhaust emissions and net greenhouse gas emissions. In addition, the content of H2S must be less than 4 ppm for the natural gas pipeline standards in Taiwan.



The main sulfide in biomass biogas is H2S, and because it is toxic and causes corrosion in compressors, gas storage tanks, and engines, and forms more toxic gases (SO2 and SO3) during biogas combustion [6,7], biogas must be desulfurized before entering the PSA process, unless the concentration of H2S is less than 300 ppm [8].



In 2017, thermal power generation was Taiwan’s primary source of energy. For example, the proportion of coal-fired power generation is 39.2%, followed by natural gas power generation at 38.6%. Taiwan is dependent on imports for more than 97% of its natural gas, so it is critical to developing Taiwan’s natural gas production. Among them was the Danish continuous stirred tank reactor technology installed at the Shi-An farm in Kaohsiung. The chicken manure and wastewater are mixed and stirred together to produce biogas during the anaerobic fermentation process. Following desulfurization, the biogas is burned to generate electricity, and the electricity generator is connected in parallel with the Taiwan Power Company (TPC) grid to directly sell green power to TPC, saving waste disposal and reducing carbon emissions by 93%, thus, reflecting circular economy practice [9].



As the cost of petroleum rises, so do the associated greenhouse gas emissions caused by the extensive use of fuel combustion; many researchers are committed to using modern technology to obtain energy from renewable energy sources. As a result, it is important to implement biogas upgrading techniques. There are several significant technologies for CH4/CO2 separation in industrial practice, including organic physical scrubbing, water scrubbing, chemical scrubbing, PSA, membrane separation methods, and cryogenic technology [4,5,10,11]. PSA benefits include low energy requirements, low capital cost, safety, and ease of operation [12]. PSA has enormous potential for gas separation and purification. Therefore, it is widely used in the industry for gas drying, solvent vapor recovery, air separation, hydrogen purification, etc. [13]. Many researchers use the PSA process to recover greenhouse gases, sulfur dioxide, and nitrogen oxides.



Heck et al. [14] compared the separation performance of zeolites 13X, 5A, and 4A for biogas upgrading. The results show that zeolites 13X and 5A can produce 98% pure CH4 with a 60–70% recovery rate. Gholipour and Mofarahi [15] measured the pure and binary adsorption isotherm data on zeolite 13X using a volumetric method, then calculated the selectivity and evaluated the optimal separation conditions at a pressure of 4 bar and a temperature of 303 K. Augelletti et al. [12] used zeolite 5A as an adsorbent to separate biogas (60% CH4/40% CO2) at a feed flow rate of 100 Nm3/h, and they simulated a two-stage PSA process and obtained 99% pure CH4 with 81% recovery.



Liu and Ritter [16] used a fractional factorial design to investigate factor interaction effects on the PSA process performance. They discussed the influence of seven factors: purge feed ratio, pressure level, pressure ratio, heat transfer coefficient, feed concentration, feed volumetric flow rate, and bed length to diameter ratio. The results showed that the light product purity was affected by all seven factors, and the bed capacity factor was affected mainly by the purge to feed ratio, the heat transfer coefficient, and the feed concentration. In Grande’s study [17], the results showed that PSA is an efficient technology for biogas upgrading under different operating conditions. Better results of PSA can be achieved through process improvements, and the factors affecting product purity include pressure, purge ratio, purge and blowdown volumetric flow rate, etc.



Design of experiment (DOE) and factorial analysis were frequently used to evaluate the performance of different systems. For example, Qian et al. [18] used a factorial design method to investigate and evaluate the effects of air circulation strategies and operating conditions on the cooling performance, and then observed the significant factors that can achieve the research purpose. Alvarez et al. [19] discussed the methane production from llama and cow manures from the Bolivian high plateau, and used a fractional factorial design for the two raw materials. Llama manure was found to be the best raw material of the two for biogas production. Furthermore, it was found that the temperature factor significantly affected the production. Qian et al. [20] used a factorial design to discuss the safety of stair ascent and descent, and used an analysis of variance (ANOVA) table to observe whether the main effect and the interaction effect between two factors are significant or not. After the statistical analysis, moderately adjusting the factor can reduce the possibility of injuries and fatalities during stair climbing at both the home and the workplace. DOE and factorial analysis can also be effective and innovative in analyzing the PSA process.



Most articles in the literature studying biogas upgrading by PSA mainly only discussed the separation of CH4 and CO2 to produce the CH4 product, but the content of H2S in the produced product is less discussed. Due to the fact that Taiwan’s natural gas pipeline standards require >95% CH4 with H2S content < 4 ppm, the purpose of this research is to use DOE and factorial analysis to analyze the PSA process, and design a full scale PSA process with CH4 product purity greater than 97% (or at least not less than 95%) and content of H2S less than 4 ppm. The CH4 recovery is expected to be more than 90%.



This study compared various adsorbents and selected the one with the best separation performance based on three selectivity parameters. Then, biogas from Taiwan’s Institute of Nuclear Energy Research after desulphurization and water removal was used as the feed (64% CH4, 36% CO2, and 100 ppm H2S) for the PSA. Afterwards, we designed laboratory-scale PSA processes in order to generate high-purity CH4 product. Next, to find the optimal operating conditions that will yield optimal results, the DOE method was used. Lastly, a full scale PSA process was developed with adsorption towers dealing with 500 m3/h biogas feed for possible commercial applications. Figure 1 is the schematic diagram of the research design.




2. Methods


2.1. Breakthourgh Curve


Breakthrough curve experiments were conducted to validate the accuracy of the LDF coefficient in the simulation program. At a specific operating pressure and temperature, the mixed gas was fed into the adsorption bed. We measured the adsorbate concentration at the outlet end. When the concentration at the outlet end equals the concentration at the feed end, the adsorption bed has reached a breakthrough state. Table 1 shows the operating conditions. Due to the safety concerns of the laboratory, in all the sections of the simulation verification, we used N2 instead of CH4 for the experiment and simulation program verification.




2.2. Single-Bed Three-Step PSA Process


In this study, a single-bed three-step PSA process was used for simulation verification. Figure 2 depicts the process procedure, and Table 2 shows the step time of the bed. The process includes the following steps: adsorption (AD), cocurrent depressurization (CD), and blowdown (BD). Table 3 depicts the operating conditions.




2.3. Dual-Bed Six-Step PSA Process


In this study, a dual-bed six-step PSA process was also used for simulation verification. Figure 3 depicts the process procedure, and Table 4 shows the step time of the first bed. The process includes the following steps: AD, pressure equalization (PE), CD, and BD. The operating conditions are the same as Table 3 for the single-bed three-step PSA process.




2.4. Dual-Bed Eight-Step PSA Process


The feed composition of biogas in this study is 64% CH4, 36% CO2, and 100 ppm H2S, which is the biogas composition after water removal and desulfurization provided by Taiwan’s Institute of Nuclear Energy Research. To upgrade the biogas, a dual-bed eight-step PSA process was simulated for the basic case, the DOE study, and the full scale process. The following steps are involved in the process: pressurization (P), AD, PE, BD, and purge (PG). This process is adopted from the work of Santos et al. [21]. Figure 4 shows the process’s procedure. The steps of the two beds are shown in Table 5. Table 6 shows the adsorption bed parameters and operating conditions for the basic case.



	
Step 1 P: The feed gas is continuously fed to the bed bottom, and the bed pressure gradually rises to the feed pressure;



	
Steps 2 and 3 AD: Adsorption occurs at the feed pressure, and the CH4-rich product is obtained from the top product;



	
Steps 4 and 8 PE: The high-pressure bed and the low-pressure bed is connected in order to raise the pressure in the low-pressure bed, preparing it for the next adsorption step;



	
Steps 5 and 6 BD: The gas outlet at the bottom of the bed is opened and the bed pressure is released to desorption pressure by the vacuum pump; as the bed pressure drops, the strongly adsorbed substances (H2S, CO2) are gradually desorbed, and the CO2-rich product is obtained from the bed’s bottom;



	
Step 7 PG: The strong adsorptive is purged and discharged from the bottom of the bed, with a portion of the top product from another bed entering the bed top. PG can regenerate the adsorbent more effectively. Typically, the outlet flow from the bottom of the bed is not considered a product.







2.5. The DOE Method


The bed length is the first factor investigated. The volume of the adsorption bed is proportional to the bed length, with the bed diameter kept constant while the amount of adsorbent changes. Therefore, the equilibrium adsorption capacity of each bed varies with its length. Adsorption pressure, vacuum pressure, and vent pressure can all affect the equilibrium adsorption capacity of the gas component and the adsorbent’s selectivity, affecting the purity and recovery of each product. As a result, these three design factors were also chosen in DOE. The step time in the PSA process is another critical variable. When the time of the adsorption step and purge steps are determined for the dual-bed eight-step process we studied, the time of the blowdown step is fixed, so we only used these two step times as factors. Table 7 displays the high- and low-level setting values for each factor we chose.



In this study, the DOE method of full factorial design was used. The full factorial design method with statistical analysis is used to further determine whether the PSA separation performance of the system is significantly affected by these operating conditions. In ANOVA test, through F-test and p-value, it can be judged whether the interaction effect between factors and main effect of factor is significant to the response. The smaller the p-value or the larger the F-value, the more significant the factor is. In this study, statistical significance was set at 5%. Due to the fact that we chose 6 factors, each of which having 2 levels, we conducted 64 sets of simulations in total, and these 64 data were analyzed using Minitab software.




2.6. Mathematical Modeling


The following assumptions underpin the mathematical model used to describe the system:




	
The mass transfer resistance between the gas and solid phases is considered, and the mass transfer rate is represented by the linear driving force (LDF) model;



	
The equilibrium adsorption amount is calculated using the Extended Langmuir–Freundlich equation;



	
Only axial concentration and temperature gradients are considered;



	
The ideal gas law is applied;



	
It is operating in a non-isothermal system;



	
Due to the large particle size, the pressure drop along the bed can be neglected.








The above assumptions are used in the following equations [22]. A set of partial differential equations describes the mathematical model, including overall mass balance, mass balance for component, and energy balance:




	
overall mass balance:


  −   ∂ q   ∂ z   =   ε A  R    ∂  (  P / T  )    ∂ t   +  (  1 − ε  )  A   ∑   i = 1  n    ∂  n i    ∂ t    



(1)







	
mass balance for component i:


   ∂  ∂ z    (    ε A  D  a x , i   P   R T     ∂  y i    ∂ z    )  −   ∂  (   y i  q  )    ∂ z   =   ε A  R   ∂  ∂ t    (     y i  P  T   )  +  (  1 − ε  )  A   ∂  n i    ∂ t    



(2)







	
energy balance:


   (  A  k ¯   )     ∂ 2  T   ∂  z 2    −  ∂  ∂ z    (    C ¯  P  q T  )  − π  D i  h  (  T −  T ∞   )  =   ε A  R   ∂  ∂ t    (    C ¯  P  P  )  +  (  1 − ε  )  A   ∑   i = 1  n   ∂  ∂ t    [   n i   (    C ¯  P  T −  H i   )   ]  +  (  1 − ε  )   ρ s    C ^   p s   A   ∂ T   ∂ t    



(3)












The boundary conditions are reported in Chou et al. [23].




2.7. Adsorption Equilibrium and Kinetics


To fit isotherm data, the extended Langmuir–Freundlich equation was used as follows:


   q i *  =    n i *     ρ S    =    q  m , i    b i   y i   m i     P   m i      1 +  Σ  i = 1  n   b i   y i   m i     P   m i       



(4)







Here, we have


   q  m , i   =  a  i , 1   +  (   a  i , 2   T  )  ,      b i  =  b  i , 0   e x p  (     b  i , 1    T   )  ,        m i  =  m  i , 1   +    m  i , 2    T   



(5)







In Equation (4),    q i *    represents the equilibrium adsorption amount of component i per unit adsorbent mass,    n i *    represents the equilibrium adsorption amount of component i per unit adsorbent volume,    ρ S    is the adsorbent density,   P   is the pressure,    y i    is the mole fraction of component i, and  T  is the temperature. Equation (5) parameters refer to the isotherm parameters.



In this study, the LDF model is described by:


    ∂  n i    ∂ t   =  k  L D F , i    (   n i *  −  n i   )   



(6)







In Equation (6),    n i    represents the adsorbed amount of component i per unit adsorbent volume, and the mass transfer rate is proportional to the difference between the equilibrium and the actual average adsorption capacities.





3. Materials and Experimental Procedure


In this study, biogas is produced from anaerobic fermentation, and the main components are CO2, CH4, and H2S. Measurements of amount of equilibrium adsorbed were performed on three different types of adsorbents at temperatures of 298 and 333 K. Afterwards, we compared the adsorbents’ performance based on the experimental results.



3.1. Materials


Three types of commercial adsorbents were used to perform the CO2 and CH4 equilibrium adsorption experiments. Zeolite 13X, zeolite 5A (produced by COSMO), and activated carbon (AC) were used. Furthermore, according to the literature, zeolite 13X was frequently used as an adsorbent in the biogas separation process. As a result, we conducted experiments with three different brands of zeolite 13X produced by COSMO, UOP, and EIKME.




3.2. Experimental Apparatus


In this study, the adsorption isotherm experiment was measured using a Micro-balance Thermo D-200. Figure 5 shows that the pressure can be operated up to 6.89 × 106 Pa, the maximum temperature is 673 K, and the maximum load capacity is 1.5 × 10−3 kg with a sensitivity of 1 × 10−10 kg. The weight of the adsorbent was determined by allowing the gas to pass via various pressures while maintaining a constant temperature. The adsorbent’s weight change under different pressures is recorded, and its isotherm curve is plotted.




3.3. Selectivity Parameters


Due to the fact that the adsorbent has a significant impact on the separation results, we compared the performance of each adsorbent by calculating three selectivity parameters.



The term “equilibrium selectivity” ( α ) is used in the following expression [24]:


  α =      x    CO  2       x    CH  4           y    CO  2       y    CH  4         



(7)







In Equation (7),    x    CO  2      and    x    CH  4      represent the mole fractions of CO2 and CH4 on the adsorbent, respectively, and    y    CO  2      and    y    CH  4      represent the mole fractions in the gas phase.



The second parameter is the working capacity selectivity ratio ( W ) and is defined as [24]:


  W =   Δ  q    CO  2      Δ  q    CH  4       



(8)







In Equation (8),   Δ  q i    represents the adsorbent’s working capacity, which is typically defined as the difference between the adsorption amount at adsorption and desorption pressures for component i.



The selection parameter ( S ) can be calculated from the two parameters mentioned above and is defined as follows [24]:


  S =  α  A B   W  



(9)







The higher the selection parameter, the more effectively the adsorbent can separate different gases under the specific gas composition.





4. Results and Discussion


4.1. Adsorption Isotherms


4.1.1. Pure Gas Adsorption Measurement


The equilibrium adsorption of pure CH4 and CO2 on five adsorbents measured using the Micro-balance Thermo D-200 is shown in Figure 6. The adsorbents are three brands of zeolite 13X, zeolite 5A, and AC. The measurement was taken at temperatures of 298 K and 333 K. For all adsorbents tested, the CO2 adsorption capacity was higher than the CH4 adsorption capacity; this is because the adsorption capacity of each component is due to the cationic nature of the adsorbent surface. CO2 possesses a large quadruple moment that produces a strong attraction to the electrostatic field of the cationic site and results in a high capacity. When the temperature increases, the kinetic energy of adsorbed molecules becomes increased, and they overcome the electrostatic force of attraction by the adsorbent surface. Therefore, a lower amount of molecules will become adsorbed on the surface of the adsorbent for physical adsorption as the temperature increases. This trend is the same as the trend of experimental measurements in Figure 6. In addition, the higher the pressure, the better the adsorption capacity.



In Figure 6e, the adsorption capacities of CH4 and CO2 are close; it could be judged from the trend in the figure that AC is not suitable as the adsorbent in this study. For the adsorption capacity of CO2, the performance of the zeolite 13X is better than the zeolite 5A. The reason is that the zeolite 13X has a larger pore size of around 10 Å compared to the zeolite 5A, which is around 5–6 Å, so it could be inferred that the zeolite 13X would be more suitable as the adsorbent for biogas upgrading in this study. In order to determine the adsorbent with the best separation, the calculation of selectivity parameters was used to select the adsorbent in the next part. It is also the key to evaluate the separation, due to the fact that the actual adsorption state will depend on the different gas composition.



Table 8 shows the selectivity parameter results for each adsorbent at 298 K and 333 K. The selectivity parameters were calculated based on using a feed pressure and compositions of 4 atm and (64% CH4 and 36% CO2), and a desorption pressure and compositions of 0.1 atm and (5% CH4 and 95% CO2). Generally speaking, the higher the selection parameter, the better the separation effect in PSA. The results showed that the COSMO’s zeolite 13X has the highest values of equilibrium selectivity, working capacity selectivity ratio, and selection parameter at 298 K and 333 K. Therefore, we chose the COSMO’s zeolite 13X as the adsorbent in this study. Table 9 displays the parameters of the COSMO zeolite 13X.




4.1.2. COSMO Zeolite 13X Adsorption Isotherm Parameter Fitting


In this study, we also measured the equilibrium adsorption amount measurements of CH4 and CO2 on the COSMO zeolite 13X at 298 K, 310.5 K, 323 K, and 335.5 K in order to use the simulation program. As a result of concerns about laboratory safety, the adsorption isotherm data of H2S were taken from Wynnyk et al. [25]. Furthermore, we measured the equilibrium adsorption amount measurements of N2 on the COSMO zeolite 13X for the next section, the simulation program verification. The Langmuir–Freundlich isotherm, shown in Equation (4), was then used as the equilibrium adsorption model, and the parameters were fitted using the MATLAB Curve Fitting Toolbox. Table 10 displays all the fitted parameters. We can tell from the R-square data that the fitting results are satisfactory. The fitted isotherm curves are shown in Figure 7.





4.2. The Verification of Simulation Program


In this section, we compared the breakthrough curve and PSA experiment results with the simulation results in order to validate the reliability of the PSA simulation program. As a result of the laboratory safety concern, N2 was used instead of CH4.



4.2.1. The Results of Breakthrough Curve Verification


Breakthrough curve experiments were conducted in order to validate the accuracy of the LDF coefficient in the simulation program. The operating conditions are shown in Table 1. After the experiment and simulation were conducted, we compared these two results in Figure 8. Figure 8 shows the CO2 concentration profile at the bed exit as C and feed concentration as C0. The results show that our simulation data are comparable to the experimental data. Therefore, the mass transfer coefficient accuracy was confirmed.




4.2.2. The Results of Single-Bed Three-Step PSA Process Verification


In this section, a single-bed three-step PSA process was used for simulation verification. The single-bed three-step experiment was carried out for 56 cycles, and it was observed that the process reached a cyclic steady state after approximately 21 cycles. The process procedure is shown in Figure 2. Table 2 shows the step time of the bed, and Table 3 shows the operating conditions. The COSMO zeolite 13X was served as the adsorbent in the simulation verification.



The experimental and simulation results are presented in Table 11, which are quite comparable. According to Figure 9, the simulation and experiment pressure profiles follow the same trend, confirming the simulation program’s accuracy.




4.2.3. The Results of Dual-Bed Six-Step PSA Process Verification


In this section, a dual-bed six-step PSA process was used for simulation verification. The dual-bed six-step experiment was carried out for 29 cycles, and it was observed that the process reached a cyclic steady state after approximately 17 cycles. The process procedure is shown in Figure 3. Table 4 shows the step time of the bed, and the operating conditions are the same as Table 3 for the single-bed three-step PSA process. The COSMO zeolite 13X was served as the adsorbent in the simulation verification.



The experimental and simulation results are presented in Table 12, which are quite comparable. According to Figure 10, simulation and experiment pressure profiles follow the same trend, confirming the simulation program’s accuracy.





4.3. The Basic Case of Laboratory-Scale PSA Process


The goal of this section is to design a laboratory-scale PSA device for biogas upgrading. The Institute of Nuclear Energy Research in Taiwan provided a feed flow rate of 2 m3/d (308.15 K after anaerobic fermentation). The COSMO zeolite 13X was used as the adsorbent in the PSA simulation. According to the study by Sigot et al. [26], water vapor reduces the equilibrium adsorption capacity of H2S when the zeolite 13X is used as an adsorbent. As a result, water and sulfur removal must be performed on biogas before entering the PSA device. The temperature of biogas after previous treatment and the piping transfer was estimated in this study to be 298.15 K, which was used as the PSA feed temperature.



The dual-bed eight-step PSA process mentioned in Section 2.4 was used to upgrade the biogas, and the detailed operating conditions, bed parameters, and step time are shown in Table 6. Table 13 displays the simulation results for the basic case PSA process.




4.4. PSA Process Optimization at the Laboratory Scale


This section focused on the laboratory-scale PSA process to find the best results for the purity and recovery of CH4 by DOE. In this study, the full factorial design method is used to find the optimal results. Due to the fact that six factors were chosen, as shown in Table 7, a total of 64 simulations were conducted in order to perform the analysis.



4.4.1. ANOVA Table


In order to further investigate the effects of all factors on CH4 purity and recovery, the full factorial design method and ANOVA test were used. First, we performed an ANOVA test on the purity of CH4 at the top product, discarded the interaction of more than three factors, and observed only the main effects and the two-way interactions, as shown in Table 14. ANOVA results indicate that all factors significantly affect the result of top product CH4 purity, because the p-values are all less than 0.05. From the F-values, we could observe that purge pressure is the most significant factor, followed by vacuum pressure. This also affects the interaction between purge pressure and other factors to have significant influence on CH4 purity. For the two-way interactions, which interaction effect is significant according to the standard with p-value less than 0.05 could be observed. Next, we performed an ANOVA test on the recovery of CH4 at the top product, and observed only the main effects and the two-way interactions, as shown in Table 15. It was found that all main effects are significant, and feed pressure and adsorption step time are the two most significant factors among them, because of their high F-values. On the contrary, purge step time and vacuum pressure have less effects. Regardless of top product CH4 purity or recovery, the six factors we chose have significant impacts on these two responses.




4.4.2. Dual-Bed Eight-Step PSA Process Optimization


Two of the DOE’s responses are top product CH4 purity and CH4 recovery. Due to the fact that lowering the H2S content in the top product is also important, the H2S purity was also included as one of the responses, and the importance of these three responses was set to 1. Then, using Minitab software, we could obtain the best analyzed results in Figure 11. The settings of maximum CH4 purity, maximum CH4 recovery, and minimum H2S purity yield the best results.



In Figure 11, the red line represents the optimal operating conditions for these six factors, while the blue dashed line represents the predicted results under this operating condition. The best results are obtained with a feed pressure of 4.5 atm, a vacuum and purge pressure of 0.1 atm, a bed length of 25 cm, and adsorption and purge times of 83 and 256 s, and the optimal results for each factor are shown in Table 16. In addition, we ran the simulation program with these optimal conditions in order to compare the results. Table 17 shows all operating conditions for the DOE optimal case and Table 18 shows the data comparison. The optimal operating conditions of the laboratory-scale PSA process give a top product CH4 purity of 99.28% with 91.44% CH4 recovery, and the content of H2S is 0.015 ppm.





4.5. The Design of Full Scale PSA Process


The goal of this section is to design a full scale PSA device for biogas upgrading, which is expected to handle a feed flow rate of 500 m3/h. The COSMO zeolite 13X was used as the adsorbent in the PSA simulation program.



The dual-bed eight-step PSA process mentioned in Section 2.4 was used to design this full scale process. The volume of the bed is enlarged in proportion to the feed ratio to the basic case, and the ratio of bed length to bed diameter was slightly adjusted. The detailed operating conditions, bed parameters, and step time are shown in Table 19. Table 20 displays the simulation results. A top product CH4 purity of 96.1% with 91.39% CH4 recovery was obtained, and the content of H2S was 1.14 ppm. Although the CH4 purity didn’t reach 97%, it was still higher than the 95% standard of natural gas pipelines in Taiwan, and the CH4 recovery was more than 90% expected. The content of H2S was less than 4 ppm, satisfying the requirement of Taiwan’s natural gas pipelines.





5. Conclusions


Equilibrium adsorption experiments were performed for three types of commercial adsorbents: zeolite 13X, zeolite 5A, and AC. As a result of its excellent effect on separating CH4 from biogas, the COSMO zeolite 13X was chosen as the adsorbent for the dual-bed eight-step PSA process to upgrade biogas after calculating the three selectivity parameters. The isotherm parameters were obtained for the COSMO zeolite 13X by fitting the CO2, CH4, and H2S adsorption data from the experiments and literature.



After water removal and desulfurization, the feed composition of PSA’s biogas inlet provided by Taiwan’s Institute of Nuclear Energy Research is 64% CH4, 35% CO2, and 100 ppm H2S. The simulation results for the basic case of the laboratory-scale PSA process with 2 m3/d biogas feed showed that the purity and recovery of CH4 in the top product could reach 95.47% and 91.27%, respectively, and the content of H2S was 1.06 ppm, all of which meet the standards of natural gas pipelines in Taiwan, but don’t reach the target (>97% CH4). Therefore, we used DOE’s full factorial design to find the optimal operating conditions. The simulation results showed that the purity and recovery of CH4 could reach 99.28% and 91.44%, respectively, which meet the research target. In addition, the concentration of H2S in the top product was reduced to 0.015 ppm and could greatly reduce the damage of pipeline corrosion. The energy consumption increased relatively to 0.86 GJ/ton-CH4.



In the last part, we used the same feed compositions and dual-bed eight-step process as the laboratory scale to carry out the full scale PSA process design with 500 m3/h biogas feed. The simulation results showed that the purity and recovery of CH4 in the top product could reach 96.1% and 91.39%, respectively, and the content of H2S was 1.14 ppm. Although slightly lower than the target of 97% CH4 purity, it was still higher than the pipeline standard of 95% purity in Taiwan and the process effectively reduced the content of H2S. For the future study, we plan to improve the full scale process in order to have a CH4 product purity of more than 97%, and to study the economic feasibility of the process.
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Nomenclature




	  α  
	equilibrium selectivity
	dimensionless



	ɛ
	bed porosity
	dimensionless



	    ρ s    
	density of adsorbent
	(kg/   m 3   )



	A
	cross-sectional area
	(   m 2   )



	    b i    
	isotherm parameter of component i for Equation (4)
	dimensionless



	     C ¯  p    
	average heat capacity in gas phase
	(J/mol · K)



	     C ^   p s     
	average heat capacity in solid phase
	(J/mol · K)



	    D i    
	bed inner diameter
	(m)



	    D  a x i     
	axial dispersion coefficient of component i
	(   m 2  / s  )



	    H i    
	adsorption heat of component i
	(J/mol)



	h
	heat transfer coefficient
	(J/K  ·  m 2  ·  s)



	   k ¯   
	average thermal conductivity
	(J/K · m · s)



	    k  L D F     
	linear driving force mass transfer coefficient
	(1/s)



	    m i    
	isotherm parameter of component i for Equation (4)
	dimensionless



	    n i    
	adsorbed amount of component i
	(mol/   m 3   )



	    n i    *    
	equilibrium adsorbed amount of component i
	(mol/   m 3   )



	P
	pressure
	(atm)



	q
	molar flow rate
	(mol/s)



	    q i    *    
	adsorbed amount of component i
	(mol/kg)



	    q  m , i     
	saturated adsorbed amount of component i
	(mol/kg)



	   Δ  q i        
	working capacity of the adsorbent for component i
	(mol/kg)



	R
	gas constant
	(   m 3  ·  Pa/mol · K)



	S
	selection parameter
	dimensionless



	T
	temperature
	(K)



	t
	time
	(s)



	W
	working capacity selectivity ratio
	dimensionless



	    x i    
	mole fraction of component i on the adsorbent surface
	dimensionless



	    y i    
	mole fraction of component i in gas phase
	dimensionless



	z
	axial position
	(m)
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Figure 1. Schematic diagram of flowchart for research design. 
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Figure 2. Steps of the single-bed three-step PSA process. 
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Figure 3. Schematic diagram of the dual-bed six-step PSA process. 
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Figure 4. Schematic diagram of the dual-bed eight-step process: F, feed; P1, top product; P2, bottom product; W, waste. 
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Figure 5. Micro-balance Thermo D-200. 
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Figure 6. Equilibrium adsorption of pure CO2 and CH4 at 298 K and 333 K on (a) COSMO zeolite 13X, (b) UOP zeolite 13X, (c) EIKME zeolite 13X, (d) COSMO zeolite 5A, and (e) activated carbon. ■, CO2 at 298 K; ●, CO2 at 333 K; ▼, CH4 at 298 K; ◆, CH4 at 333 K. 






Figure 6. Equilibrium adsorption of pure CO2 and CH4 at 298 K and 333 K on (a) COSMO zeolite 13X, (b) UOP zeolite 13X, (c) EIKME zeolite 13X, (d) COSMO zeolite 5A, and (e) activated carbon. ■, CO2 at 298 K; ●, CO2 at 333 K; ▼, CH4 at 298 K; ◆, CH4 at 333 K.
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Figure 7. Adsorption isotherm fitting curve of (a) CO2, (b) CH4, (c) H2S, and (d) N2 on COSMO zeolite 13X. Solid points represent the experimental data; solid lines represent the fitted equilibrium adsorption model. 






Figure 7. Adsorption isotherm fitting curve of (a) CO2, (b) CH4, (c) H2S, and (d) N2 on COSMO zeolite 13X. Solid points represent the experimental data; solid lines represent the fitted equilibrium adsorption model.



[image: Processes 09 01325 g007]







[image: Processes 09 01325 g008 550] 





Figure 8. The breakthrough curve for CO2. 
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Figure 9. Pressure profile of the single-bed three-step PSA experiment and simulation. 
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Figure 10. Pressure profile of the dual-bed six-step PSA experiment and simulation. 
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Figure 11. The optimal response of regression from top product CH4 purity (PUR. CH4), top product CH4 recovery (REC. CH4), and top product H2S purity (PUR. H2S). A, adsorption step time; B, purge step time; C, bed length; D, feed pressure; E, vacuum pressure; F, purge pressure. 
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Table 1. The breakthrough curve’s operation conditions.






Table 1. The breakthrough curve’s operation conditions.





	Parameter
	Value





	Bed length (m)
	1.0



	Bed diameter (m)
	2.32 × 10−2



	Bed volume (L)
	0.42



	Adsorbent weight (kg/bed)
	2.52 × 10−1



	Feed composition
	35.03% CO2, 64.97% N2



	Feed pressure (atm)
	3.47



	Feed temperature (K)
	298



	Surrounding temperature (K)
	298



	Feed flow rate (m3/s)
	1.67 × 10−5
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Table 2. Step time of the single-bed three-step PSA process.
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	Single-Bed Three-Step
	Step 1
	Step 2
	Step 3





	Step
	AD
	CD
	BD



	Time (s)
	153
	15
	138
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Table 3. Operation conditions for the single-bed three-step PSA process.
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	Parameter
	Value





	Bed length (m)
	1



	Bed diameter (m)
	2.32 × 10−2



	Bed volume (L)
	0.42



	Adsorbent weight (kg/bed)
	2.52 × 10−1



	Feed composition
	35.03% CO2, 64.97% N2



	Feed pressure (atm)
	3.5



	Cocurrent depressurization pressure (atm)
	0.27



	Vacuum pressure (atm)
	0.05
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Table 4. Step time of the dual-bed six-step PSA process.
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	Dual-Bed Six-Step
	Step 1
	Step 2
	Step 3
	Step 4
	Step 5
	Step 6





	Step
	AD
	AD
	PE
	CD
	BD
	PE



	Time (s)
	15
	138
	15
	15
	138
	15
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Table 5. Steps of the dual-bed eight-step process.
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	Dual-Bed Eight-Step
	Step 1
	Step 2
	Step 3
	Step 4
	Step 5
	Step 6
	Step 7
	Step 8





	Bed 1
	P
	AD
	AD
	PE
	BD
	BD
	PG
	PE



	Bed 2
	BD
	BD
	PG
	PE
	P
	AD
	AD
	PE
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Table 6. Adsorption bed parameters and operating conditions for the basic case.
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	Parameter
	Value





	Feed composition
	64% CH4, 36% CO2, 0.01% H2S



	Feed flow rate (m3/s, STP)
	2.05 × 10−5



	Bed length (m)
	0.23



	Bed inner diameter (m)
	0.035



	Bed volume (L)
	0.22



	Bed porosity (-)
	0.37



	Fluid viscosity (kg/m·s)
	1.87 × 10−5



	Feed temperature (K)
	298.15



	Surrounding temperature (K)
	298.15



	Feed pressure (atm)
	4



	Vacuum pressure (atm)
	0.3



	Vent pressure (atm)
	0.3



	Step time (s)
	50, 100, 250, 25, 50, 100, 250, 25
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Table 7. The high- and low-level setting values for each factor in DOE.
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	Factor
	Low (−)
	High (+)





	A. Adsorption step time (s)
	80
	120



	B. Purge step time (s)
	230
	270



	C. Bed length (cm)
	21
	25



	D. Feed pressure (atm)
	3.5
	4.5



	E. Vacuum pressure (atm)
	0.1
	0.5



	F. Purge pressure (atm)
	0.1
	0.5
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Table 8. Equilibrium selectivity ( α ), working capacities selectivity ratio (W), and selection parameter ( S ) of different adsorbents at 298 K and 333 K.
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Adsorbent

	
   α   

	
W

	
   S   




	
Temperature

	
298 K

	
333 K

	
298 K

	
333 K

	
298 K

	
333 K






	
COSMO zeolite 13X

	
9.19

	
15.54

	
2.80

	
6.56

	
25.75

	
101.94




	
UOP zeolite 13X

	
7.81

	
9.04

	
1.47

	
3.39

	
11.48

	
26.33




	
EIKME zeolite 13X

	
7.73

	
9.96

	
1.53

	
2.91

	
11.80

	
33.77




	
COSMO zeolite 5A

	
5.92

	
9.66

	
0.77

	
2.37

	
4.57

	
22.91




	
Activate carbon

	
2.88

	
3.66

	
1.30

	
1.81

	
3.74

	
6.62
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Table 9. Properties of COSMO zeolite 13X.
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	Parameter
	Value





	Radius of the pellet (m)
	1 × 10−3



	Pellet density (kg/m3)
	2156.5 *



	Mean macro-pore diameter (m)
	2.43 × 10−8 †



	Macro-pore porosity (-)
	0.423 †



	Specific heat capacity (J/g·°C)
	1.4 ‡







* Determined by He pycnometry (Accupyc® II1340). † Determined by mercury porosimetry (micromeritics AutoPore® IV 9520). ‡ Determined by differential scanning calorimeter.
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Table 10. Parameters in Langmuir–Freundlich isotherm for COSMO zeolite 13X.
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Parameters

	
CO2

	
CH4

	
H2S

	
N2






	
ai,1 (mol/kg)

	
14.06

	
4.746

	
16.07

	
73.42




	
ai,2 (mol/kg·K)

	
−3.052 × 10−2

	
−8.176 × 10−4

	
−3.245 × 10−2

	
−0.15




	
bi,0 (1/atm)

	
0.149

	
2.278 × 10−5

	
5.790 × 10−2

	
1.307 × 10−3




	
bi,1 (K)

	
9.394 × 102

	
2.445 × 103

	
1.361 × 103

	
6.561 × 102




	
mi,1 (-)

	
2.929

	
0.987

	
0.833

	
0.850




	
mi,2 (K)

	
−6.527 × 102

	
18.79

	
−9.928 × 10−5

	
−55.24




	
Goodness of fit

	




	
R-square

	
0.9892

	
0.9912

	
0.9837

	
0.9975











[image: Table] 





Table 11. Results of the single-bed three-step process.
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	Variable
	Experiment
	Simulation





	Top product flow rate (m3/s, STP)
	1.72 × 10−5
	1.72 × 10−5



	N2 purity (%)/recovery (%)
	94.36/71.35
	95.49/76.16



	Bottom product flow rate (m3/s, STP)
	9.67 × 10−6
	9.83 × 10−6



	CO2 purity (%)/recovery (%)
	98.50/81.83
	98.98/83.50



	CD flow rate (m3/s, STP)
	6.67 × 10−6
	6.17 × 10−6



	CO2 purity (%)/recovery (%)
	17.66/9.94
	18.62/9.91



	N2 purity (%)/recovery (%)
	82.34/24.98
	81.38/23.31
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Table 12. Results of the dual-bed six-step PSA process.
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	Variable
	Experiment
	Simulation





	Top product flow rate (m3/s, STP)
	3.47 × 10−5
	3.47 × 10−5



	N2 purity (%)/recovery (%)
	96.69/85.45
	97.29/85.78



	Bottom product flow rate (m3/s, STP)
	1.70 × 10−5
	1.70 × 10−5



	CO2 purity (%)/recovery (%)
	99.03/79.49
	99.33/79.78



	CD flow rate (m3/s, STP)
	8.67 × 10−6
	8.83 × 10−6



	CO2 purity (%)/recovery (%)
	36.49/15.08
	36.87/15.33



	N2 purity (%)/recovery (%)
	63.51/14.13
	63.13/14.14
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Table 13. Simulation results of the basic case PSA process.






Table 13. Simulation results of the basic case PSA process.





	Variable
	Results





	Feed flow rate (m3/s, STP)
	2.11 × 10−5



	Top product flow rate (m3/s, STP)
	1.29 × 10−5



	CH4 purity/recovery (%)
	95.47/91.27



	CO2 purity/recovery (%)
	4.53/7.70



	H2S purity (ppm)
	1.06



	Bottom product flow rate (m3/s, STP)
	4.30 × 10−6



	CH4 purity/recovery (%)
	11.33/3.60



	CO2 purity/recovery (%)
	88.64/50.03



	Waste flow rate (m3/s, STP)
	3.87 × 10−6



	CH4 purity/recovery (%)
	20.66/5.90



	CO2 purity/recovery (%)
	79.32/40.30
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Table 14. The ANOVA table for the top product CH4 purity. * indicate the interaction between two factors.
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	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Main Effects
	6
	
	
	
	



	A (adsorption step time)
	1
	24.19
	24.19
	123.68
	<0.001



	B (purge step time)
	1
	14.42
	14.42
	73.72
	<0.001



	C (bed length)
	1
	43.11
	43.11
	220.43
	<0.001



	D (feed pressure)
	1
	84.52
	84.52
	432.2
	<0.001



	E (vacuum pressure)
	1
	87.03
	87.03
	445.04
	<0.001



	F (purge pressure)
	1
	1590.7
	1590.7
	8134.14
	<0.001



	2-Way Interactions
	15
	
	
	
	



	A*B
	1
	<0.001
	<0.001
	<0.001
	0.966



	A*C
	1
	0.12
	0.12
	0.62
	0.435



	A*D
	1
	1.01
	1.01
	5.16
	0.028



	A*E
	1
	5.26
	5.26
	26.92
	<0.001



	A*F
	1
	7.85
	7.85
	40.14
	<0.001



	B*C
	1
	0.13
	0.13
	0.67
	0.416



	B*D
	1
	1.17
	1.17
	5.97
	0.019



	B*E
	1
	0.2
	0.2
	1
	0.322



	B*F
	1
	7.62
	7.62
	38.95
	<0.001



	C*D
	1
	2.34
	2.34
	11.99
	<0.001



	C*E
	1
	0.99
	0.99
	5.09
	0.029



	C*F
	1
	13.23
	13.23
	67.68
	<0.001



	D*E
	1
	0.06
	0.06
	0.28
	0.597



	D*F
	1
	31.54
	31.54
	161.26
	<0.001



	E*F
	1
	56.76
	56.76
	290.25
	<0.001



	Residual Error
	42
	8.21
	0.2
	
	



	Total
	63
	
	
	
	







* indicate the interaction between two factors.
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Table 15. The ANOVA table for the top product CH4 recovery.






Table 15. The ANOVA table for the top product CH4 recovery.













	Source
	DF
	Adj SS
	Adj MS
	F-Value
	p-Value





	Main Effects
	6
	
	
	
	



	A (adsorption step time)
	1
	39.725
	39.725
	177.47
	<0.001



	B (purge step time)
	1
	1.813
	1.813
	8.1
	0.007



	C (bed length)
	1
	11.934
	11.934
	53.31
	<0.001



	D (feed pressure)
	1
	133.774
	133.774
	597.61
	<0.001



	E (vacuum pressure)
	1
	1.284
	1.284
	5.74
	0.021



	F (purge pressure)
	1
	16.876
	16.876
	75.39
	<0.001



	2-Way Interactions
	15
	
	
	
	



	A*B
	1
	1.318
	1.318
	5.89
	0.02



	A*C
	1
	0.973
	0.973
	4.35
	0.043



	A*D
	1
	3.078
	3.078
	13.75
	0.001



	A*E
	1
	0.312
	0.312
	1.39
	0.244



	A*F
	1
	1.231
	1.231
	5.5
	0.024



	B*C
	1
	1.259
	1.259
	5.63
	0.022



	B*D
	1
	1.283
	1.283
	5.73
	0.021



	B*E
	1
	0.007
	0.007
	0.03
	0.859



	B*F
	1
	0.491
	0.491
	2.2
	0.146



	C*D
	1
	7.457
	7.457
	33.31
	<0.001



	C*E
	1
	0.165
	0.165
	0.74
	0.396



	C*F
	1
	0.267
	0.267
	1.19
	0.281



	D*E
	1
	0.797
	0.797
	3.56
	0.066



	D*F
	1
	5.921
	5.921
	26.45
	<0.001



	E*F
	1
	7.943
	7.943
	35.48
	<0.001



	Residual Error
	42
	9.402
	0.224
	
	



	Total
	63
	
	
	
	







* indicate the interaction between two factors.
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Table 16. The optimal results for each factor after analyzing from Minitab.






Table 16. The optimal results for each factor after analyzing from Minitab.





	Factor
	Optimal Result





	A. Adsorption step time (s)
	83



	B. Purge step time (s)
	256



	C. Bed length (cm)
	25



	D. Feed pressure (atm)
	4.5



	E. Vacuum pressure (atm)
	0.1



	F. Purge pressure (atm)
	0.1
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Table 17. Parameters of adsorption bed and operating conditions for the DOE optimal case.






Table 17. Parameters of adsorption bed and operating conditions for the DOE optimal case.





	Parameter
	Value





	Feed composition
	64% CH4, 36% CO2, 0.01% H2S



	Feed flow rate (m3/s, STP)
	2.44 × 10−5



	Bed length (m)
	0.25



	Bed inner diameter (m)
	0.035



	Bed volume (L)
	0.24



	Bed porosity (-)
	0.37



	Fluid viscosity (kg/m·s)
	1.87 × 10−5



	Feed temperature (K)
	298.15



	Surrounding temperature (K)
	298.15



	Feed pressure (atm)
	4.5



	Vacuum pressure (atm)
	0.1



	Vent pressure (atm)
	0.1



	Step time (s)
	50, 83, 256, 25, 50, 83, 256, 25
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Table 18. The results of simulation before and after the DOE.






Table 18. The results of simulation before and after the DOE.





	Parameter
	Simulation for Basic Case
	Predicted Response from Minitab
	Simulation after DOE





	Top product CH4 purity (%)
	95.47
	99.47
	99.28



	Top product CH4 recovery (%)
	91.27
	91.63
	91.44



	Top product H2S purity (ppm)
	1.06
	1.00
	0.015



	Energy consumption (GJ/ton-CH4)
	0.68
	-
	0.86
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Table 19. Adsorption bed parameters and operating conditions for the full scale process.






Table 19. Adsorption bed parameters and operating conditions for the full scale process.





	Parameter
	Value





	Feed composition
	64% CH4, 36% CO2, 0.01% H2S



	Bed length (m)
	2.46



	Bed inner diameter (m)
	0.82



	Bed volume (L)
	129.1



	Bed porosity (-)
	0.37



	Fluid viscosity (kg/m·s)
	1.87 × 10−5



	Feed temperature (K)
	298.15



	Surrounding temperature (K)
	298.15



	Feed pressure (atm)
	4.5



	Vacuum pressure (atm)
	0.3



	Vent pressure (atm)
	0.3



	Step time (s)
	50, 100, 250, 25, 50, 100, 250, 25
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Table 20. Simulation results of the full scale PSA process.






Table 20. Simulation results of the full scale PSA process.





	Variable
	Results



	Feed flow rate (m3/s, STP)
	1.20 × 10−1



	Top product flow rate (m3/s, STP)
	7.27 × 10−2



	CH4 purity/recovery (%)
	96.1/91.39



	CO2 purity/recovery (%)
	3.91/6.61



	H2S purity (ppm)
	1.14



	Bottom product flow rate (m3/s, STP)
	2.35 × 10−2



	CH4 purity/recovery (%)
	11.33/3.60



	CO2 purity/recovery (%)
	88.51/48.41



	Waste flow rate (m3/s, STP)
	2.33 × 10−2



	CH4 purity/recovery (%)
	17.42/5.31



	CO2 purity/recovery (%)
	82.55/44.71
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