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I.  Introduction

Global climate change is the defining crisis of our time, and presently, the development of sustainable
systems for clean energy is a top priority to tackle this situation. With the increase in human population, the
global energy demand is increasing, with fossil fuels being the most consumed to power mechanized lifestyles,
eventually contributing the most towards global greenhouse gas emissions (1, 2). The increased emissions and
reliance on fossil-based energy sources have necessitated the need to switch to more environment-friendly types
of fuels, for which hydrogen is considered a promising alternative to power a cleaner decarbonized future (3, 4).
Hydrogen is a versatile energy carrier as it can help hard-to-decarbonize areas such as heavy industries and
transportation, can substitute fossil fuels for chemicals and fuel production, and can store surplus renewable
power mitigating the effects of global warming (5-9).

Depending on the energy source and the production methods used to make molecular hydrogen, it is
commonly classified as grey, blue, and green hydrogen (10). Grey hydrogen is the most abundant form obtained
by steam methane reforming of natural gas and coal gasification (11). Since these processes releases CO2 into
the atmosphere, grey hydrogen is not observed as a low-carbon fuel (12). Similar to grey hydrogen, a
purportedly cleaner option is blue hydrogen, which is also produced from fossil fuels through steam methane
reforming of natural gas or coal gasification, except that most of the CO2 emissions are captured and kept
underground utilizing carbon capture and storage (6, 11). Since the CO2 emissions are reduced, blue hydrogen is
considered a low-carbon cleaner alternative to grey hydrogen but is expensive due to the use of carbon capture
and storage technology (6, 13). The majority of hydrogen derived through these processes is dependent on the
combustion of fossil fuels, and the adverse environmental effects of these have diverted research interests
towards the development of environmentally acceptable and contamination-free hydrogen. Green hydrogen, also
referred to as ‘clean hydrogen’, is a form of hydrogen that can be produced during water electrolysis powered by
energy from wind, solar, and biomass (3, 14). Since the process is fueled by renewable energy sources or
biomass, the resulting hydrogen is pollutant free without any associated emissions of greenhouse gases (3, 14).
The present article comprehensively describes methods for production of green hydrogen and their
implementation for industrial and commercial applications, including transportation, shipping, and
infrastructure.

Methods to produce green hydrogen

Green-hydrogen production technologies are presently not available with reasonable efficiency and cost.
To accelerate the adoption of green hydrogen technologies globally under current conditions, different
renewable energy-based hydrogen production methods are currently employed. Still, these methods require
substantial research to increase production efficiency, yield and reduction in cost (6). Based on the raw material
used to extract hydrogen, Miltner et al. classified several green hydrogen production techniques (15). These
methods include electrolysis, thermolysis, hydrogen sulphide splitting, PV-electrolysis, photo-catalysis, bio-
photolysis, enzymatic, photo-electrolysis, bio-photolysis, photo-fermentation, etc. (16-18). In another study,
Tanksale et al. provided a summary of biomass-based catalytic hydrogen production and the biological processes
of hydrogen generation were reviewed by Levin and Chahine (19, 20).

*Corresponding Author: DEVANSH MITTAL 24 | Page


http://www.questjournals.org/

Green hydrogen production

1 Water electrolysis: This is the most common method to obtain pure hydrogen after splitting water
with the help of electricity, created by the flow of constantly circulating electrons through an external circuit.
Despite technological advancements, only 4% of hydrogen can be produced globally via this method due to
financial difficulties. (21-23). To overcome its limitations, the technologies for this method are continuously
developed and upgraded. The technologies are divided into the following types based on operating conditions,
ionic agents, and electrolytes: the proton exchange membrane water (PEM) electrolysis, alkaline water
electrolysis, and the anion exchange membrane (AEM) water electrolysis, (24, 25). For industrial and
commercial hydrogen generation of up to a multi-megawatt range, the alkaline water electrolysis is a well-known
method that produces hydrogen at a relatively lower cost with long-term stability. (24). Here, the use of
concentrated NaOH/KOH alkaline solution in the electrolyser allows it to function at lower temperatures. (24,
26, 27). Still, the main challenging part linked with this method is limited current densities, because of the
moderate use of extremely concentrated alkaline electrolytes (25, 28). In addition, the purity of hydrogen and
oxygen gasses generated is also low because the diaphragm cannot stop the diffusion of gasses from one half-
cell to the other (25). AEM electrolysis is also a developing technology similar to traditional electrolysis, except
that the traditional diaphragms are substituted with an anion exchange membrane, thereby enabling the
operations at higher current densities (29). Some of its benefits include using low concentrated alkaline
solutions and inexpensive catalysts in place of noble metal catalysts (29, 30). Nevertheless, the technology
needs some advancements to increase its cell efficiency for scaling up its applications (31). When an acidic
sulfonated polymer membrane is used as the electrolyte instead of a liquid electrolyte, the process is termed
PEM electrolysis (25). Interestingly, PEM electrolysis produces higher current densities and highly pure gasses
(hydrogen and oxygen) (25). This is faster and safer than alkaline electrolysis, but the high cost of cell
components is its major drawback (25, 31).

2 Biological routes: An alternative way for the production of green hydrogen is from biological
sources. Biohydrogen production is believed to be a cost-effective approach since the process can be performed
in ambient conditions in an environmental-friendly manner with easy operational techniques. Several routes
exist for the production of biohydrogen depending on the microorganism used and the substrate, such as
photofermentation, indirect photolysis, microbial electrolysis, dark fermentation, and biophotolysis (24, 32-35).
Direct photolysis is similar to the process of photosynthesis occurring in algae (Chlamydomonas,
Chlorococcum, and Chlorella) and plant cells, where micro-organisms sensitive to light are used as bio-reactors to
convert solar energy into hydrogen (33). Another similar process is indirect photolysis, wherein microalgae or
cyanobacteria (Oscillatoria, Calothrix, Anabaena, and Nostoc ) can produce hydrogen from starch or glycogen
utilizing light energy (33). Dark fermentation is another carbon-neutral process carried out by anaerobic bacteria
to produce hydrogen in a low oxygen environment from organic wastes (36). This process is accompanied by the
production of toxic wastes, and the yield of hydrogen is also less. Photofermentive hydrogen production
involves the conversion of organic substrates (butyrate, acetate, malate, succinate etc.) by photosynthetic
microorganisms (Rhodobacter sulfidophilus, Rhodobacter sphaeroides, Rhodospirillum rubrum, etc.) (34, 35).
A bio-device that interacts with photonic radiation was created and developed by Gust et al., that supplies
electrons and photons to adenosine tri- phosphate (ATP) synthase enzyme, which produces ATP and eventually
hydrogen from the substrate (37). Some hydrogenases found in algae or bacteria can also catalyse
hydrogen production or oxidation depending on the catalytic potential of enzyme (38, 39). Some of the
microorganisms used for biohydrogen production are listed in table 1.

Table 1: List of some microorganisms used for production of green hydrogen.

Microorganism Substrate Reference
Rhodopseudomonas palustris Acetate, lactate, and malate (40)
Escherichia coli glucose (41)
Enterobacter aerogenes Xylose (42)
Klebsiella oxytoca Glucose (43)
Clostridium acetobutylicum Glucose (44)
Clostridium beijerinckii Raw food waste (45)
Clostridium guangxiense Peanut shells biomass (46)
3 Plasma arc decomposition: The ionised state of matter known as plasma contains excited electrons

and has the potential to be utilised as a conduit for the discharge of high- voltage electric current. (4, 47). The
process involves the use of natural gas such as methane which separates to hydrogen and carbon black (soot)
due to thermal plasma activity and requires high voltage (Table 2). The underlying principle relies on the
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passage of methane through a plasma arc, which separates into carbon black (soot) and hydrogen as summarized
by Fulcheri et al. (Table 2) (47).

4 Water thermolysis: A single-step process involving the splitting of water into hydrogen and oxygen
by supplying thermal energy is termed thermolysis (Table 2). The process requires extremely high temperatures
(above 2500 K) to have a fair level of dissociation (24, 48). Another drawback of this technique is to efficiently
separate the generated hydrogen and oxygen, failing to which may lead to the production of an explosive
mixture. To avoid this recombination of hydrogen and oxygen, the resultant gasses are quickly chilled by
quenching through a sharp decrease in temperature within a few milliseconds (49-51).

5 PV electrolysis: Green hydrogen production via electrochemical water splitting is a promising
approach for using solar energy as a clean fuel. This system couples an electrolyser with a photovoltaic (PV)
power generation system that supplies electricity to electrolyser. The electrolytic water splitting eventually
release water and oxygen. Mason and Zweibel analysed this system’s effectiveness and cost (52) The technique
is costly, and the yield of hydrogen is also relatively less, as analysed by Yilanci et al. (53, 54). Additionally, the
solar energy when converted to chemical hydrogen energy via PV electrolysis has a conversion efficiency of close
to 16%. For large-scale deployment of this method, the overall cost of solar based hydrogen generation
should be significantly reduced. For this technology to be economically competitive, the development of a water
splitting system with high solar-to-hydrogen (STH) efficiency is critically required (55).

6 Wind electrolysis: Wind energy is the cleanest and easiest process to produce green hydrogen.
Producing hydrogen using direct wind electrolysis device requires a wind turbine generator, a water electrolyser,
and a converter (AC/DC) that generates hydrogen and oxygen (56). Another configuration of this method
involves a hybrid wind/grid-electrolysis that consists of a contribution of grid energy as an auxiliary energy to
the wind turbine when there is no wind (56). Weather information such as wind speed, the direction of wind
flow, temperature, humidity, pressure, rainfall, topographic data and roughness plays an essential role in
improving this approach’s productivity and efficacy (57). Despite a few drawbacks, several countries, such as
the USA, China, India, etc., have adopted this method for bulk production of green hydrogen (57, 58).

Table 2: The chemical conversion reactions occurring in different green hydrogen production methods.

Green hydrogen production Reaction
Electrolysis (4, 24)

Electrolysis
H,O=" H, (pay T 1/2 O5 gy

Dark fermentation (4, 59)
enzyme

Biomass =~ organic acid+H,+CO,

Bio-photolysis (59)

Light+bacteria/algae
HZO H2 (gas)+ 02 (gas)

Photo-fermentation (35, 59)
Light+microorganism

Biomass +H,O H,+CO,

Water thermolysis (49) .
H,0 == H, (it 1/2 O3 ()

Plasma arc decomposition (4, 59)

CH4 c(5001)+ H2 (gas)

Il.  Conclusion
Hydrogen is now emerging as a clean energy source and green hydrogen offers a decarbonization
solution to the industrial, chemical, power generation and transportation sectors. Despite the unique possibilities
and advantages, the complete replacement of fossil fuels and fossil fuel-based feedstock with green hydrogen or
its derivatives has so far been hindered by supply issues, unfavourable cost economics, lack of unified standards
and regulations, and expensive enabling infrastructure. With a few upgradation strategies and technological
advancements, green hydrogen represents a promising source for cleaner energy in shaping the future.

*Corresponding Author: DEVANSH MITTAL 26 | Page



Green hydrogen production

1.
[2].
[3].

[4].
(5]

[6].
7.
8].
[9].

[10].
[11].
[12].
[13].
[14].
[15].
[16].
[17].
[18].
[19].
[20].
[21].
[22].
[23].
[24].

[25].

[26].
[27].
[28].
[29].
[30].
[31].
[32].
[33].
[34].
[35].
[36].
[37].

[38].

References:
Tarhan, C., and Cil, M. A. (2021) A study on hydrogen, the clean energy of the future: Hydrogen storage methods. Journal of Energy
Storage 40, 102676.
Zhao, Q., Yu, P,, Mahendran, R., Huang, W., Gao, Y., et al. (2022) Global climate change and human health: Pathways and possible
solutions. Eco-Environment & Health 1, 53-62.
Vallejos-Romero, A., Cordoves-Sanchez, M., Cisternas, C., Sdez-Ardura, F., Rodriguez, I., et al. (2023) Green Hydrogen and Social
Sciences: Issues, Problems, and Future Challenges. Sustainability 15, 303-321.
Dincer, I. (2012) Green methods for hydrogen production. International Journal of Hydrogen Energy 37, 1954-1971.
Atilhan, S., Park, S., El-Halwagi, M. M., Atilhan, M., Moore, M., et al. (2021) Green hydrogen as an alternative fuel for the
shipping industry. Current Opinion in Chemical Engineering 31, 100668.
Yu, M., Wang, K., and Vredenburg, H. (2021) Insights into low-carbon hydrogen production methods: Green, blue and aqua
hydrogen. International Journal of Hydrogen Energy 46, 21261 21273.
Muradov, N. Z., and Veziroglu, T. N. (2005) From hydrocarbon to hydrogen—carbon to hydrogen economy. International Journal of
Hydrogen Energy 30, 225-237.
Awad, A. H., and Veziroglu, T. N. (1984) Hydrogen versus synthetic fossil fuels. International Journal of Hydrogen Energy 9, 355—
366.
van Renssen, S. (2020) The hydrogen solution? Nature Climate Change 10, 799-801.
Marchant, N. (2021) Grey, Blue, Green—Why Are There So Many Colours of Hydrogen. In World Economic Forum.
Howarth, R. W.,and Jacobson, M. Z. (2021) How green is blue hydrogen? Energy Science & Engineering 9, 1676-1687.
Patnaik, D., Pattanaik, A. K., Bagal, D. K., and Rath, A. (2023) Reducing CO2 emissions in the iron industry with green hydrogen.
International Journal of Hydrogen Energy.
Massarweh, O., Al-khuzaei, M., Al-Shafi, M., Bicer, Y., and Abushaikha, A. S. (2023) Blue hydrogen production from natural gas
reservoirs: Areview of application and feasibility. Journal of CO2 Utilization 70, 102438.
Mneimneh, F., Ghazzawi, H., Abu Hejjeh, M., Manganelli, M., and Ramakrishna, S. (2023) Roadmap to Achieving Sustainable
Development via Green Hydrogen. Energies 16, 1368-1393.
Miltner, A., Wukovits, W., Préll, T., and Friedl, A. (2010) Renewable hydrogen production: a technical evaluation based on process
simulation. Journal of Cleaner Production 18,S51-S62.
Hota, P., Das, A., and Maiti, D. K. (2023) A short review on generation of green fuel hydrogen through water splitting. International
Journal of Hydrogen Energy 48, 523-541.
Catumba, B. D., Sales, M. B., Borges, P. T., Ribeiro Filho, M. N., Lopes, A. A. S., et al. (2023) Sustainability and challenges in
hydrogen production: An advanced bibliometric analysis. International Journal of Hydrogen Energy 48, 7975-7992.
Hassan, Q., Abdulateef, A. M., Hafedh, S. A., Al-samari, A., Abdulateef, J., et al. (2023) Renewable energy-to-green hydrogen: A
review of main resources routes, processes and evaluation. International Journal of Hydrogen Energy 48, 17383-17408.
Levin, D. B., and Chahine, R. (2010) Challenges for renewable hydrogen production from biomass. International Journal of
Hydrogen Energy 35, 4962—4969.
Tanksale, A., Beltramini, J. N., and Lu, G. M. (2010) A review of catalytic hydrogen production processes from biomass. Renewable
and Sustainable Energy Reviews 14, 166-182.
Yodwong, B., Guilbert, D., Phattanasak, M., Kaewmanee, W., Hinaje, M., et al. (2020) AC-DC Converters for Electrolyzer
Applications: State of the Art and Future Challenges. Electronics 9, 912-943.
Hall, W., Spencer, T., Renjith, G., and Dayal, S. (2020) The potential role of hydrogen in India. A pathway for scaling-up low
carbon hydrogen across the economy, TheEnergy and Resources Institute (TERI), New Delhi, India, 1-139.
Yu, F, Yu, L., Mishra, I. K., Yu, Y., Ren, Z. F., et al. (2018) Recent developments in earth- abundant and non-noble electrocatalysts
for water electrolysis. Materials Today Physics 7, 121 138.
Dincer, I., and Acar, C. (2015) Review and evaluation of hydrogen production methods for better sustainability. International Journal
of Hydrogen Energy 40, 11094-11111.
Rashid, M. D., Al Mesfer, M. K., Naseem, H., and Danish, M. (2015) Hydrogen production by water electrolysis: a review of
alkaline water electrolysis, PEM water electrolysis and high temperature water electrolysis. International Journal of Engineering and
Advanced Technology 4, 80-95.
Guo, Y., Li, G., Zhou, J., and Liu, Y. (2019) Comparison between hydrogen production by alkaline water electrolysis and hydrogen
production by PEM electrolysis. IOP Conference Series: Earth and Environmental Science 371, 42022.
Shiva, K. S., Ramakrishna, S. U. B., Vijaya, K. S., Srilatha, K., Rama, D. B., et al. (2018) Synthesis of titanium (IV) oxide composite
membrane for hydrogen production through alkaline water electrolysis. South African Journal of Chemical Engineering 25,54-61.
International Renewable Energy Agency (IRENA) (2020) A Guide to Policy Making. Green Hydrogen: A guide to policy making,
International Renewable EnergyAgency.
Falcéo, D. S. (2023) Green Hydrogen Production by Anion Exchange Membrane Water Electrolysis: Status and Future Perspectives.
Energies 16, 943-951.
Henkensmeier, D., Najibah, M., Harms, C., Zitka, J., Hnat, J., et al. (2020) Overview: State-of- the Art Commercial Membranes for
Anion Exchange Membrane Water Electrolysis. Journal of Electrochemical Energy Conversion and Storage 18, 24001-24019.
Shiva Kumar, S., and Lim, H. (2022) An overview of water electrolysis technologies for green hydrogen production. Energy
Reports 8, 13793-13813.
Sivaramakrishnan, R., Shanmugam, S., Sekar, M., Mathimani, T., Incharoensakdi, A., et al. (2021) Insights on biological hydrogen
production routes and potential microorganisms for high hydrogen yield. Fuel 291, 120136.
Keskin, T., Abo-Hashesh, M., and Hallenbeck, P. C. (2011) Photofermentative hydrogen production from wastes. Bioresource
Technology 102, 8557-8568.
Cheng, J., Su, H., Zhou, J., Song, W., and Cen, K. (2011) Hydrogen production by mixed bacteria through dark and photo fermentation.
International Journal of Hydrogen Energy 36,450-457.
Adessi Alessandra and De Philippis, R. (2012) Hydrogen Production: Photofermentation. In Microbial Technologies in Advanced
Biofuels Production. pp. 53-75, Springer US, Boston, MA.
Guo, X. M., Trably, E., Latrille, E., Carrére, H., and Steyer, J.-P. (2010) Hydrogen production from agricultural waste by dark
fermentation: A review. International Journal of Hydrogen Energy 35, 10660-10673.
Gust, D., Moore, T. A, and Moore, A. L. (2001) Mimicking Photosynthetic Solar Energy Transduction. Accounts of Chemical
Research 34,40-48.
Hemschemeier, A., Posewitz, M. C., and Happe, T. (2023) Chapter 10 - Hydrogenases and hydrogen production. In The
Chlamydomonas Sourcebook (Third Edition). pp. 343-367, Academic Press, London. Third Edition.

*Corresponding Author: DEVANSH MITTAL 27 | Page



Green hydrogen production

[39].
[40].
[41].

[42].

[43].
[44].
[45].
[46].
[47].
[48].

[49].
[50].

[51].
[52].
[53].
[54].
[55].
[56].
[57].
[58].

[59].

Aslam, A., Bahadar, A., Liaquat, R., and Muddasar, M. (2023) Recent advances in biological hydrogen production from algal
biomass: A comprehensive review. Fuel 350,128816.

Barbosa, M. J., Rocha, J. M., Tramper, J., and Wijffels, R. H. (2001) Acetate as a carbon source for hydrogen production by
photosynthetic bacteria. Journal of biotechnology 85, 25—33.

Seppélg, J. J., Puhakka, J. A., Yli-Harja, O., Karp, M. T., and Santala, V. (2011) Fermentative hydrogen production by Clostridium
butyricum and Escherichia coli in pure and cocultures. International Journal of Hydrogen Energy 36, 10701-10708.
Jayasinghearachchi, H. S., Sarma, P. M., Singh, S., Aginihotri, A., Mandal, A. K., et al. (2009) Fermentative hydrogen production
by two novel strains of Enterobacter aerogenes HGN-2 and HT 34 isolated from sea buried crude oil pipelines. International
Journal of Hydrogen Energy 34, 7197-7207.

Minnan, L., Jinli, H., Xiaobin, W., Huijuan, X., Jinzao, C., et al. (2005) Isolation and characterization of a high H2-producing strain
Klebsiella oxytoca HP1 from a hot spring. Research in Microbiology 156, 76-81.

Lin, P-Y,, Whang, L.-M., Wu, Y -R,, Ren, W.-J., Hsiao, C.-J., et al. (2007) Biological hydrogen production of the genus Clostridium:
Metabolic study and mathematical model simulation. International Journal of Hydrogen Energy 32, 1728-1735.

Hu, C. C., Giannis, A., Chen, C.-L., and Wang, J.-Y. (2014) Evaluation of hydrogen producing cultures using pretreated food waste.
International Journal of Hydrogen Energy 39, 19337 19342.

Qi, N., Hu, X., Zhao, X, Li, L., Yang, J., et al. (2018) Fermentative hydrogen production with peanut shell as supplementary
substrate: Effects of initial substrate, pH and inoculation proportion. Renewable Energy 127, 559-564.

Fulcheri, L., Probst, N., Flamant, G., Fabry, F., Grivei, E., et al. (2002) Plasma processing: a step towards the production of new grades
of carbon black. Carbon 40, 169-176.

Ohya, H., Yatabe, M., Aihara, M., Negishi, Y., and Takeuchi, T. (2002) Feasibility of hydrogen production above 2500K by direct
thermal decomposition reaction in membrane reactor using solar energy. International Journal of Hydrogen Energy 27, 369-376.
Baykara, S. Z. (2004) Experimental solar water thermolysis. International Journal of Hydrogen Energy 29, 1459-1469.

Lapicque, F., Abdul-Aziz, G., Anthony, A. M., Baumard, B., Cales, B., et al. (1985) Research on the production of hydrogen by direct
thermal dissociation of water vapor. International Journal of Hydrogen Energy 25, 939-950.

Bilgen, E., Galindo, J., and Baykara, S. Z. (1983) Experimental study of hydrogen production by direct decomposition of water. In
IECEC’83; Proceedings of the Eighteenth Intersociety Energy Conversion Engineering Conference, Volume 1. pp. 564-568.

Mason James and Zweibel, K. (2008) Centralized Production of Hydrogen using a Coupled Water Electrolyzer-Solar Photovoltaic
System. In Solar Hydrogen Generation: Toward a Renewable Energy Future. pp. 273-313, Springer New York, New York, NY.
Mallapragada, D. S., Genger, E., Insinger, P, Keith, D. W.,, and O’Sullivan, F. M. (2020) Can Industrial-Scale Solar Hydrogen
Supplied from Commaodity Technologies Be Cost Competitive by 2030? Cell Reports Physical Science 1, 100174.

Yilanci, A., Dincer, I., and Ozturk, H. K. (2009) A review on solar-hydrogen/fuel cell hybrid energy systems for stationary
applications. Progress in Energy and Combustion Science 35, 231 244.

Jia, J., Seitz, L. C., Benck, J. D., Huo, Y., Chen, Y, et al. (2016) Solar water splitting by photovoltaic-electrolysis with a solar-to-
hydrogen efficiency over 30%. Nature Communications 7, 13237-13240.

Benghanem, M., Mellit, A., Almohamadi, H., Haddad, S., Chettibi, N., et al. (2023) Hydrogen Production Methods Based on Solar
and Wind Energy: A Review. Energies 16,757-788.

Sedai, A., Dhakal, R., Gautam, S., Kumar Sedhain, B., Singh Thapa, B., et al. (2023) Wind energy as a source of green hydrogen
production in the USA. Clean Energy 7,8-22.

Song, S., Lin, H., Sherman, P, Yang, X., Chen, S., et al. (2022) Deep decarbonization of the Indian economy: 2050 prospects for
wind, solar, and green hydrogen. iScience 25, 104399 104421.

Celik, D., and Yildiz, M. (2017) Investigation of hydrogen production methods in accordance with green chemistry principles.
International Journal of Hydrogen Energy 42,23395-23401.

*Corresponding Author: DEVANSH MITTAL 28 | Page



