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Abstract: The production of hydrogen via pyrolysis process has gained a significant attention due to its capacity to offer reliable and 

sustainable as well as efficient techniques for hydrogen energy generation. Despite these benefits, there are challenges with its 

purification and separation which represent a major procedure during its production. This study focused on the current methods 

deployed in hydrogen production with emphasis on its separation and purification during pyrolysis-based process. These methods 

include pressure swing adsorption, membrane filtration and cryogenic separation techniques. Each of the methods, principles of 

operation as well as it relates to the pyrolysis gas composition were discussed. Their advantages, limitations and the desired purity of 

hydrogen produced were inclusive during the discussion. Findings showed that despite the significance of these technologies, research is 

still needed to achieve a more cost effective, scalable and energy efficient methods for the production of hydrogen especially in the areas 

of purification and separation. 
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1. INTRODUCTION 

Hydrogen currently plays a key role in oil refining, fuel upgrading, and ammonia production. In the future, its use is 

expected to expand significantly—especially in industries aiming for low-carbon operations. Hydrogen is particularly 

important in the global push for net-zero emissions because it produces no greenhouse gases or atmospheric pollutants 

when burned [1–3]. 

However, the way we produce hydrogen today is still heavily reliant on fossil fuels, making the process both energy-

intensive and carbon-heavy [4–5]. A common method, steam methane reforming, generates large amounts of carbon 

dioxide as a byproduct. In fact, by 2020, global hydrogen demand had reached around 90 million tons per year—

contributing to roughly 900 million tons of CO₂ emissions annually [6–9]. While steam methane reforming remains one of 

the cheapest production methods, its environmental impact needs to be addressed if it's to align with low-carbon goals [10]. 

In response, researchers like Celik et al. [11] explored the environmental and economic viability of thermal pyrolysis, 

which uses natural gas or biogas to produce hydrogen and solid carbon (syngas) as end products. Their study spanned 

several countries—including the USA, China, Germany, Saudi Arabia, and Türkiye—and compared this method with 

steam reforming and water electrolysis. 

The findings showed that power generation in these regions still results in high carbon emissions—between 0.36 to 

0.70 kg CO₂e per kWh. This leads to hydrogen production via electrolysis generating as much as 18 kg CO₂e per kg of 

hydrogen. In contrast, thermal pyrolysis of natural gas can significantly cut emissions, ranging from just 6 to 12 kg CO₂e 

per kg H₂. Even better, if renewable energy is used to power the process, emissions can drop further to around 2 kg CO₂e 

per kg H₂—making it much more eco-friendly than traditional steam reforming with carbon capture [12–16]. 

Thermal pyrolysis also has cost advantages in certain regions. For example, the USA and Saudi Arabia can produce 

hydrogen for under €1 per kilogram. Using biogas instead of natural gas can even result in negative emissions—around -

1.28 kg CO₂e per kg of syngas—if powered by renewable energy, effectively making the process a carbon sink [18]. 

However, despite its environmental benefits, producing hydrogen from biogas isn’t as cost-effective as steam reforming 

due to higher feedstock prices and smaller production scale [19–20]. Overall, thermal pyrolysis of natural gas offers both 

environmental and economic benefits, making it a strong alternative to large-scale steam reforming and electrolysis—

particularly when the process doesn't generate large amounts of solid carbon [21–22]. 
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The system itself involves several stages, as illustrated in Figure 1. First, the input gas is preheated to about 800°C 

using a heat exchanger powered by hot product gas. An electric heater then raises the temperature further before the gas 

enters a high-temperature pyrolysis reactor [23]. Inside the reactor, carbon is separated from the gaseous components. The 

resulting gas is then cooled to about 100°C using a water-based cooling system [25]. Finally, the product gas undergoes 

purification via pressure swing adsorption (PSA) to ensure high purity. The key components in the process are: 

i. Heat exchanger 

ii. Electric heater 

iii. Pyrolysis reactor 

iv. Cooling system 

v. Gas separation unit 

 

 
Figure 1: Basic flow concept as deployed in the study [11] 

 

2. LITERATURE REVIEW 

2.1 Membrane-Based Separation Methods 

According to research by Yang et al. [26], hydrogen stands out as a clean, zero-carbon energy carrier that plays a key 

role in the global shift toward renewable energy. One promising approach to hydrogen production involves membrane 

reactors, which use advanced membrane technology to enhance both chemical reactions and the purification of hydrogen at 

the same time. However, a major challenge with this process is concentration polarization—a condition where uneven 

concentrations develop across the membrane, disrupting the balance between the reaction and separation processes and 

limiting overall efficiency. 

To address this, researchers have been working on improving membrane reactor technology by focusing on various 

aspects such as membrane materials, performance indicators, and new evaluation methods [27]. Studies also explored how 

factors like operating conditions and the structural design of these reactors impact their performance [28]. A key takeaway 

was that performance can be enhanced by adopting strategies like reducing travel distances for gases, creating multiple 

flow pathways, smoothing reaction paths, and allowing the removal of multiple products simultaneously [29]. 

Another promising idea involved designing specific patterns on the membrane surface to disrupt concentration 

boundary layers and reduce polarization effects [30–32]. These innovations not only boost performance but can also make 

hydrogen production more cost-effective by lowering reliance on expensive materials—like precious metals—and 

combining different product separation techniques [33–34]. However, a lack of standardized evaluation methods for these 

membrane reactors is currently slowing down their path to commercialization [35–40]. 

In a separate study, Cormos et al. [41] emphasized the importance of reducing carbon dioxide emissions as part of the 

effort to achieve climate neutrality. They focused on integrating renewable energy sources with carbon capture, utilization, 

and storage (CCUS) technologies as a vital solution for decarbonization. Their study explored innovative approaches, 

particularly biogas reforming, in combination with both pre- and post-combustion carbon capture using membranes to 

produce green hydrogen. Their assessment targeted a 100 MWth (thermal megawatt) capacity green hydrogen plant and 

analyzed various plant designs with and without carbon capture features. Depending on the capture method used, the 

decarbonization rate ranged from 55% to as high as 99%. Impressively, the membrane-based setups not only maintained 

high energy efficiencies (between 55% and 60%) but also reduced the energy and cost burden typically associated with 

carbon capture—showing penalties as low as 3.6% and up to 15.5%, regardless of the capture strategy. Even more 

significantly, the systems achieved low or even negative carbon emissions—up to −468 kg of CO₂ per MWh of green 

hydrogen—making the entire biogas production chain carbon negative [42]. Figure 2 in their study illustrates the plant's 
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layout and energy integration strategy. This setup mirrors the conventional steam methane reforming system used in 

industries like fertilizer and ammonia production but includes integrated carbon capture components. 

The evaluation covered five different cases: 

● Case 1: Biogas reforming without carbon capture 

● Case 2: Reforming with pre-combustion carbon capture 

● Case 3: Reforming with both pre- and post-combustion carbon capture 

● Case 4: Pre-combustion capture using membranes 

● Case 5: Combined pre- and post-combustion capture using membranes 

 

Figure 3 illustrates how heat and energy are managed within the catalytic biogas reforming plant, showcasing the potential 

for more efficient and sustainable hydrogen production through thermal integration. 

 

 
Figure 2: Reforming of biogas with membrane-based pre-and post-combustion capture of carbon [41] 

 

 
Figure 3: Thermal integration analysis of the evaluated biogas catalytic reforming plant [41] 

 

In reality, the efficiency of the biogas-powered plant was significantly improved through a detailed heat integration 

analysis, which was carried out using the pinch method [43]. This technique involved evaluating both mass and energy 

balances to identify available heat sources (hot streams) and heat demands (cold streams) within the system [44]. Key 

sources of heat, such as the syngas stream from the reformer and flue gases from the burner, were used to generate steam. 

Part of this steam was reused within the plant—particularly for the biogas reforming process—while the excess steam 

helped generate electricity to meet the plant’s internal power needs [45]. To better understand how heat was distributed, all 
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the available heating duties from hot streams at each temperature level were combined to form a hot composite curve. This 

was compared with the cold composite curve to set energy performance targets for the plant and determine how much 

additional heating or cooling (hot and cold utility) would be required [46]. 

The economic viability of the project was also assessed using a well-established methodology consistent with existing 

studies in the field of low-carbon energy. For estimating capital costs, a cost correlation approach was used [47–50]. This 

method relied on data from process simulations to calculate the processing capacities of various subsystems in the plant 

[51]. From this, the specific investment cost—the cost per unit of production capacity—was derived. 

Figure 4 illustrates the breakdown of specific investment costs across various green hydrogen production setups. It 

highlights the most capital-intensive components, including the reformer section, the carbon capture unit, the power 

generation block, and supporting utilities [52]. Among all the cases studied, Case 5—which involved both pre- and post-

combustion carbon capture using membrane technology—had the highest capital cost. This was largely due to the added 

complexity and expense of the post-combustion capture system [53–55]. This result is especially important because it 

reveals a key limitation of using membrane-based separation technologies in post-combustion carbon capture. While 

membranes can be effective, their cost and technical challenges in this specific application need to be considered when 

designing efficient and affordable green hydrogen plants. 

 

 
Figure 4: Breakdowns of the specific capital invested in biogas reforming strategies [41] 

 

2.2 Pressure Swing Adsorption (PSA) Method for the Purification of Hydrogen 
Purifying hydrogen is a crucial step in producing high-quality, fuel-grade hydrogen. A study by Abd et al. [56], 

examined how effective activated carbon molecular sieves are for removing carbon-based impurities from hydrogen using 

the Pressure Swing Adsorption (PSA) method under non-isothermal (non-constant temperature) conditions. The 

researchers built a dynamic model to explore how different factors—like temperature, the density of the adsorbent material 

(solid bulk density), and the concentration of hydrogen in the feed—affect the purity of the final hydrogen product. To 

confirm the reliability of their model, they compared the simulated results with actual experimental data under the same 

conditions. They also used a method called Central Composite Design to analyze how these variables influence the PSA 

system. Their findings showed that the hydrogen purity reached 99.5%, with a recovery rate of 58.82%. However, after 

optimizing the process—specifically adjusting the temperature to 300 K, the solid density to 720 kg/m³, and the hydrogen 

concentration to 88%—they were able to increase the hydrogen purity even further to 99.99%. 

In a related study by Zafanelli et al. [57], highlighted the challenges of purifying green hydrogen sourced from natural 

gas pipelines. Due to the low concentration of hydrogen in the gas grid, using a single-stage PSA system isn't efficient or 

cost-effective. To address this, researchers designed a dual-stage Vacuum Pressure Swing Adsorption (DS-VPSA) 

system that uses two types of adsorbents: Carbon Molecular Sieve (CMS) 3K-172 in the first stage and Zeolite 13X in the 

second. The CMS material was used for kinetic separation—it effectively isolated hydrogen from methane, increasing the 

hydrogen concentration from about 20% to over 60% by volume. In the second stage, Zeolite 13X carried out a 

thermodynamic separation to further purify the hydrogen, achieving over 99% purity by volume. To fine-tune the system, 

the researchers built a mathematical model in Aspen Adsorption, a simulation software, and ran several tests to find the 

best operating conditions. They also ran a parametric analysis to optimize key performance metrics like purity, recovery 

rate, productivity, and energy efficiency. The final results were promising: the system achieved a hydrogen purity of 

99.97% (suitable for fuel cells), a recovery rate of about 67%, productivity of 1.60×10⁻² kg H₂ per kg of adsorbent per 

hour, and a specific energy consumption of approximately 10.06 MJ per kg of hydrogen. 
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Figure 5 in the study shows the flow diagram of the DS-VPSA process, while Figure 6 illustrates how the Aspen 

simulation was set up. From Figure 6, it’s clear that a single-bed approach was used to reduce computation time. The 

simulation also incorporated interaction units to store and replay data during scheduled steps. Additionally, three valve-

integrated units (VIUs) were used to perform equalization steps, and two virtual tanks (labeled Void1 and Void2) were 

included to simulate dead volumes in the piping and connections around the adsorption bed. 

 

 
Figure 5: Flow diagram showing the Dual-stage vacuum pressure swing adsorption process [57] 

 

 
Figure 6: Flowchart for aspen adsorption for the simulation of DS-VPSA stages 1 and 2 [57] 

 

2.3 Cryogenic Distillation Technique for a sustainable Purification of Hydrogen 

Separating and purifying hydrogen remains a significant challenge, especially when high purity and recovery rates are 

required for certain applications. These difficulties stem not only from the nature of hydrogen itself but also from the 

properties of other components mixed with it. While several methods exist, membrane-based and cryogenic technologies 

are the most commonly used for hydrogen separation—more so than pressure swing adsorption. 

In a study by Naquash et al. [58], two different hydrogen purification techniques were evaluated: 

● Case 1 used membrane-assisted separation 
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● Case 2 employed a cryogenic-assisted approach 

 

Both systems began with hydrogen production from syngas via the water-gas shift reaction, followed by separation 

using their respective technologies. To improve energy efficiency, both setups were integrated with an Organic Rankine 

Cycle (ORC) for waste heat recovery. The entire process was modeled using Aspen HYSYS v11 simulation software. The 

results showed that Case 1 consumed less energy, around 0.50 kWh per kg of hydrogen, compared to 2.01 kWh/kg in 

Case 2. However, this came at a cost: Case 1 had lower hydrogen purity and recovery rates. On the other hand, from an 

exergy (usable energy) perspective, Case 1 was more efficient, showing 28.4% efficiency versus 14.7% in Case 2. From 

an economic standpoint, Case 1 turned out to be more expensive, with a projected cost of $17.7 million, mainly due to 

the high price of compressors. In contrast, Case 2 cost about $10.2 million, making it more budget-friendly despite its 

higher energy consumption. 

In another study by Abdelkareem et al. [59], researchers explored the production of hydrogen from waste metals such 

as aluminum, magnesium, and zinc. The process was broken down into detailed steps to showcase how hydrogen can be 

generated from these metal scraps, comparing their advantages and drawbacks against conventional methods. Hydrogen 

can be generated from waste metals by reacting them with water, steam, acids (HCl, H₂SO₄), alkalis (NaOH), or organic 

acids. 

The choice of co-reactant depends on the metal type, desired reaction temperature, and environmental safety. Metals such 

as aluminum (Al), zinc (Zn), magnesium (Mg), and iron (Fe) can react with water (H₂O) or acids (H⁺) to release hydrogen 

gas (H₂). In the process, the metal is oxidized to its ionic form while hydrogen ions (or water molecules) are reduced to H₂. 

Metal (M)+Co-reactant→Metal oxide or salt+H2↑ 
Key findings revealed: 

● Magnesium had a hydrogen yield of about 70%, thanks to its high specific energy density, giving it an advantage in 

hydrogen production from scrap metal. 

● Aluminum alloy powders showed even better performance, yielding up to 98% hydrogen. 

● Zinc, however, lagged with a relatively low yield of around 20%. 

 

The study also discussed modern purification techniques—like pressure swing adsorption, cryogenic distillation, and 

membrane-based methods—that offer better performance than earlier versions. However, it also highlighted economic, 

technical, and social challenges that limit widespread adoption of hydrogen production from waste metals.  

Figure 7 in the study illustrates the process flow.  It begins with water molecules diffusing through a solution, coming 

into contact with metal particles. These water molecules are then adsorbed on the metal surface, where the reaction occurs 

at the metal (solid)/water (liquid) interface. This leads to the formation of metal oxide and the release of hydrogen gas, 

which then diffuses into the solution. This flowchart emphasizes the potential of using industrial metal waste to generate 

clean hydrogen, which could serve as an alternative fuel source. Figure 8 provides more insight by showing how different 

metals perform under varying conditions. Notably, at 200°C, magnesium and aluminum produced the highest hydrogen 

yields—921 cm³/g for magnesium and 1145 cm³/g for aluminum. In contrast, iron and nickel showed little responsiveness 

to temperature changes, making them less suitable under similar conditions. 

 

 

Figure 7: Flowchart showing hydrogen production from waste metal [59] 

https://doi.org/10.53982/ajerd.2025.0803.XX-j
https://doi.org/10.53982/ajerd


https://doi.org/10.53982/ajerd.2025.0803.XX-j                 Ojo et al. 

Volume 8, Issue 3 

https://doi.org/10.53982/ajerd  186 

 
 

Figure 8: Overall yield of hydrogen gas for a selection of metals under different temperature conditions [59] 

 

3. CONCLUSION 

In summary, hydrogen separation and purification are crucial steps in optimizing pyrolysis-based processes, as they 

ensure the consistent and efficient production of high-purity hydrogen. With the growing global demand for clean and 

sustainable energy, technologies like membrane separation, pressure swing adsorption (PSA), and cryogenic methods have 

become increasingly important—not just for producing better-quality hydrogen, but also for making the entire process 

more economically viable. These purification methods also play a key role in enhancing the sustainability of hydrogen 

production by reducing environmental impact and boosting the overall energy efficiency and reliability of pyrolysis 

systems. Looking ahead, future research could focus on refining these technologies, developing new advanced materials, 

and discovering more effective ways to integrate them into scalable, real-world systems for broader impact. 
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[12] Sánchez-Bastardo, N., Schlögl, R., & Ruland, H. (2021). Methane pyrolysis for zero-emission hydrogen production: a 

potential bridge technology from fossil fuels to a renewable and sustainable hydrogen economy. Industrial & 

Engineering Chemistry Research, 60(32), 11855-11881. 

[13] Machhammer, O., Bode, A., & Hormuth, W. (2016). Financial and ecological evaluation of hydrogen production 

processes on large scale. Chemical Engineering & Technology, 39(6), 1185-1193. 

[14] Muradov, N. Z., & Veziroǧlu, T. N. (2005). From hydrocarbon to hydrogen–carbon to hydrogen economy. 

International journal of hydrogen energy, 30(3), 225-237. 

[15] Ehrhardt, K., Scheiff, F., Flick, D., Lott, P., Mokashi, M., Heitlinger, H., ... & Deutschmann, O. (2021). Pyrolysis of 

methane: interplay between industrial design considerations and detailed chemistry evaluation. In 13th European 

Congress of Chemical Engineering. ECCE-ECAB. 

[16] Raza, A., Gholami, R., Rezaee, R., Rasouli, V., & Rabiei, M. (2019). Significant aspects of carbon capture and 

storage–A review. Petroleum, 5(4), 335-340. 

[17] Lott, P., Mokashi, M. B., Müller, H., Heitlinger, D. J., Lichtenberg, S., Shirsath, A. B., ... & Deutschmann, O. (2023). 

Hydrogen Production and Carbon Capture by Gas‐Phase Methane Pyrolysis: A Feasibility Study. ChemSusChem, 

16(6), e202201720. 

[18] Mokashi, M., Shirsath, A. B., Lott, P., Müller, H., Tischer, S., Maier, L., & Deutschmann, O. (2024). Understanding 

of gas-phase methane pyrolysis towards hydrogen and solid carbon with detailed kinetic simulations and experiments. 

Chemical Engineering Journal, 479, 147556. 

[19] Çelik, A., Ben Othman, I., Müller, H., Deutschmann, O., & Lott, P. (2024). CO2-free production of hydrogen via 

pyrolysis of natural gas: influence of non-methane hydrocarbons on product composition, methane conversion, 

hydrogen yield, and carbon capture. Discover Chemical Engineering, 4(1), 1-16. 

[20] Sharif Zein, S. H., Mohamed, A. R., & Talpa Sai, P. S. (2004). Kinetic studies on catalytic decomposition of methane 

to hydrogen and carbon over Ni/TiO2 catalyst. Industrial & engineering chemistry research, 43(16), 4864-4870. 

[21] Ashok, J., Reddy, P. S., Raju, G., Subrahmanyam, M., & Venugopal, A. (2009). Catalytic decomposition of methane 

to hydrogen and carbon nanofibers over Ni− Cu− SiO2 catalysts. Energy & fuels, 23(1), 5-13. 

[22] Muradov, N., Smith, F., Huang, C., & T-Raissi, A. (2006). Autothermal catalytic pyrolysis of methane as a new route 

to hydrogen production with reduced CO2 emissions. Catalysis today, 116(3), 281-288. 

[23] Shilapuram, V., Ozalp, N., Oschatz, M., Borchardt, L., & Kaskel, S. (2014). Hydrogen production from catalytic 

decomposition of methane over ordered mesoporous carbons (CMK-3) and carbide-derived carbon (DUT-19). 

Carbon, 67, 377-389. 

[24] Fulcheri, L., Probst, N., Flamant, G., Fabry, F., Grivei, E., & Bourrat, X. (2002). Plasma processing: a step towards 

the production of new grades of carbon black. Carbon, 40(2), 169-176. 

[25] Geißler, T., Plevan, M., Abánades, A., Heinzel, A., Mehravaran, K., Rathnam, R. K., ... & Wetzel, T. (2015). 

Experimental investigation and thermo-chemical modeling of methane pyrolysis in a liquid metal bubble column 

reactor with a packed bed. International Journal of Hydrogen Energy, 40(41), 14134-14146. 

[26] Yang, W. W., Tang, X. Y., Ma, X., Cao, X. E., & He, Y. L. (2025). Synergistic intensification of palladium-based 

membrane reactors for hydrogen production: A review. Energy Conversion and Management, 325, 119424. 

[27] Olabi, A. G., & Abdelkareem, M. A. (2022). Renewable energy and climate change. Renewable and Sustainable 

Energy Reviews, 158, 112111. 

[28] Owusu, P. A., & Asumadu-Sarkodie, S. (2016). A review of renewable energy sources, sustainability issues and 

climate change mitigation. Cogent Engineering, 3(1), 1167990. 

[29] Wang, F., Harindintwali, J. D., Yuan, Z., Wang, M., Wang, F., Li, S., ... & Chen, J. M. (2021). Technologies and 

perspectives for achieving carbon neutrality. The innovation, 2(4). 

[30] Zainal, B. S., Ker, P. J., Mohamed, H., Ong, H. C., Fattah, I. M. R., Rahman, S. A., ... & Mahlia, T. I. (2024). Recent 

advancement and assessment of green hydrogen production technologies. Renewable and Sustainable Energy Reviews, 

189, 113941. 

[31] Yang, W. W., Ma, X., Tang, X. Y., Dou, P. Y., Yang, Y. J., & He, Y. L. (2023). Review on developments of catalytic 

system for methanol steam reforming from the perspective of energy-mass conversion. Fuel, 345, 128234. 

[32] Ahmad, Y. H., Ibrahim, M. F., Banu, J. R., & Al-Qaradawi, S. Y. (2024). Recent advances on the use of promoters in 

biochemical hydrogen production: A comprehensive review. Energy Conversion and Management, 317, 118814. 

[33] Dang, V. H., Nguyen, T. A., Le, M. V., Nguyen, D. Q., Wang, Y. H., & Wu, J. C. S. (2024). Photocatalytic hydrogen 

production from seawater splitting: Current status, challenges, strategies and prospective applications. Chemical 

Engineering Journal, 484, 149213. 

[34] Hermesmann, M., & Müller, T. E. (2022). Green, turquoise, blue, or grey? Environmentally friendly hydrogen 

production in transforming energy systems. Progress in Energy and Combustion Science, 90, 100996. 

https://doi.org/10.53982/ajerd.2025.0803.XX-j
https://doi.org/10.53982/ajerd


https://doi.org/10.53982/ajerd.2025.0803.XX-j                 Ojo et al. 

Volume 8, Issue 3 

https://doi.org/10.53982/ajerd  188 

[35] Liu, W., Wan, Y., Xiong, Y., & Gao, P. (2022). Green hydrogen standard in China: Standard and evaluation of low-

carbon hydrogen, clean hydrogen, and renewable hydrogen. International Journal of Hydrogen Energy, 47(58), 

24584-24591. 

[36] Farhana, K., Mahamude, A. S. F., & Kadirgama, K. (2024). Comparing hydrogen fuel cost of production from various 

sources-a competitive analysis. Energy Conversion and Management, 302, 118088. 

[37] Tang, X. Y., Zhang, K. R., Yang, W. W., & Dou, P. Y. (2023). Integrated design of solar concentrator and 

thermochemical reactor guided by optimal solar radiation distribution. Energy, 263, 125828. 

[38] Lopez, G., Aghahosseini, A., Child, M., Khalili, S., Fasihi, M., Bogdanov, D., & Breyer, C. (2022). Impacts of model 

structure, framework, and flexibility on perspectives of 100% renewable energy transition decision-making. 

Renewable and Sustainable Energy Reviews, 164, 112452. 

[39] Tang, X. Y., Dou, P. Y., Dai, Z. Q., & Yang, W. W. (2022). Structural design and analysis of a solar thermochemical 

reactor partially filled with phase change material based on shape optimization. Solar Energy, 236, 613-625. 

[40] Tang, X. Y., Yang, W. W., Yang, Y., Jiao, Y. H., & Zhang, T. (2021). A design method for optimizing the secondary 

reflector of a parabolic trough solar concentrator to achieve uniform heat flux distribution. Energy, 229, 120749. 

[41] Cormos, C. C. (2025). Techno-economic and environmental assessment of green hydrogen production via biogas 

reforming with membrane-based CO2 capture. International Journal of Hydrogen Energy, 101, 702-711. 

[42] Bandyopadhyay, S. (2023). Power pinch analysis. In Handbook of Process Integration (PI) (pp. 1043-1060). 

Woodhead Publishing. 

[43] Zhao, X., Joseph, B., Kuhn, J., & Ozcan, S. (2020). Biogas reforming to syngas: a review. IScience, 23(5). 

[44] Liu, K., Song, C., & Subramani, V. (2010). Hydrogen and syngas production and purification technologies. John 

Wiley & Sons. 

[45] Cormos, C. C., Cormos, A. M., Petrescu, L., & Dragan, S. (2022). Techno-economic assessment of decarbonized 

biogas catalytic reforming for flexible hydrogen and power production. Applied Thermal Engineering, 207, 118218. 

[46] Fu, J., Ahmad, N. R., Leo, C. P., Aberilla, J. M., Cruz, I. D., Alamani, B. G., & Koh, S. P. (2024). Techno-economic 

and life cycle assessment of membrane separation in post-combustion carbon capture: A review. Gas Science and 

Engineering, 205401. 

[47] Van der Spek, M., Roussanaly, S., & Rubin, E. S. (2019). Best practices and recent advances in CCS cost engineering 

and economic analysis. International Journal of Greenhouse Gas Control, 83, 91-104. 

[48] Jenkins, S. (2019). Chemical engineering plant cost index annual average. Chem Eng. 

[50] Cormos, C. C., Petrescu, L., & Cormos, A. M. (2014). Assessment of hydrogen production systems based on natural 

gas conversion with carbon capture and storage. In Computer aided chemical engineering (Vol. 33, pp. 1081-1086). 

Elsevier. 

[51] Muhammed, N. S., Gbadamosi, A. O., Epelle, E. I., Abdulrasheed, A. A., Haq, B., Patil, S., ... & Kamal, M. S. (2023). 

Hydrogen production, transportation, utilization, and storage: Recent advances towards sustainable energy. Journal of 

energy storage, 73, 109207. 

[52] Abdelsalam, R. A., Mohamed, M., Farag, H. E., & El-Saadany, E. F. (2024). Green hydrogen production plants: A 

techno-economic review. Energy Conversion and Management, 319, 118907. 

[53] Emetere, M. E., Oniha, M. I., Akinyosoye, D. A., Elughi, G. N., & Afolalu, S. A. (2024). Progress and challenges of 

green hydrogen gas production: Leveraging on the successes of biogas. International Journal of Hydrogen Energy, 79, 

1071-1085. 

[54] Voldsund, M., Jordal, K., & Anantharaman, R. (2016). Hydrogen production with CO2 capture. International Journal 

of hydrogen energy, 41(9), 4969-4992. 

[55] Cormos, A. M., Dragan, S., Petrescu, L., Sandu, V., & Cormos, C. C. (2020). Techno-economic and environmental 

evaluations of decarbonized fossil-intensive industrial processes by reactive absorption & adsorption CO2 capture 

systems. Energies, 13(5), 1268. 

[56] Abd, A. A., Shamsudin, I. K., Jasim, D. J., Othman, M. R., & Kim, J. (2024). Hydrogen purification to fuel cell 

quality using pressure swing adsorption for CO2 separation over activated carbon molecular sieve: Experimental and 

dynamic modelling evaluation under non-isothermal condition. Materials Today Sustainability, 27, 100918. 

[57] Zafanelli, L. F., Aly, E., Henrique, A., Rodrigues, A. E., & Silva, J. A. (2025). Dual-stage vacuum pressure swing 

adsorption for green hydrogen recovery from natural gas grids. Separation and Purification Technology, 360, 130869. 

[58] Naquash, A., Qyyum, M. A., Chaniago, Y. D., Riaz, A., Yehia, F., Lim, H., & Lee, M. (2023). Separation and 

purification of syngas-derived hydrogen: A comparative evaluation of membrane-and cryogenic-assisted approaches. 

Chemosphere, 313, 137420. 

[59] Abdelkareem, M. A., Ayoub, M., Al Najada, R. I., Alami, A. H., & Olabi, A. G. (2024). Hydrogen from waste metals: 

Recent progress, production techniques, purification, challenges, and applications Sustain. 

 

https://doi.org/10.53982/ajerd.2025.0803.XX-j
https://doi.org/10.53982/ajerd

