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Abstract 
The most important and urgent global environmental problem at present is rising 
surface temperature from increasing greenhouse gases and the association with 
climate change. In the last decades Hydrogen has been touted as a wonder green 
fuel from transport, electricity to heating and other uses. But some energy experts 
argued for a long time that it is very expensive and there are available other more 
efficient and cheaper clean energy options. In a recent editorial (16.11.2022) in the 
prestigious journal Nature, they argued that ―Overhyping Hydrogen as a fuel risks 
endangering net-zero goals‖. The News feature in the same journal analysed the 
arguments and recent scientific facts about hydrogen production and use.  [Nature 
News Feature, 16/11/2022 , Castelvecchi D. How the hydrogen revolution can help 
save the planet — and how it can’t. Many researchers see a huge role for the gas in 
decarbonizing economies. https://www.nature.com/articles/d41586-022-03699-0 ]. 
Scientists suggested long time ago that only renewable energy sources without CO2 
emissions will play a key role in the decarbonization of global energy systems in the 
coming decades. At present renewable energy sources are on the rapid increase but 
there are still many questions of how rapidly is global production of renewable energy 
changing and what other technologies look most promising in transforming global 
energy mix, for electricity, heating and transport. Already, most renewables are now 
cheaper compared to conventional sources (fossils), and generate 3x times more jobs 
than fossil fuels. Renewable energy source means energy that is sustainable and low 
or no-emissions. Numerous studies in the last decade compared the pros and cons 
of various new fuel candidates. Among all the fuels considered, Hydrogen gas (H2) 
stands out as the best. Hydrogen is versatile with many unique and desirable 
properties as ―clean‖ energy source. Hydrogen is currently used mainly in the 
chemical industry for the production of ammonia (NH3) and methanol (CH3OH). 

Hydrogen global production has so far been dominated by fossil fuels, with the steam 
reforming of CH4 as the main production method with CO2 emissions. The ―green‖ 
hydrogen is produced mainly by electrolysis of water, which is very expensive and 
need expensive storage and transport methods. This review describes the current 
technologies for H2 production from both fossil and renewable resources. Nowadays, 
50% of H2 is mainly produced by the steam reforming of CH4 process. The countries 
of the European Union are leading the global resurgence of Hydrogen as a future 
energy carrier. For energy technologists and climate experts, ―green‖ or ―renewable‖ 
Hydrogen from the electrolysis of water powered by solar photovoltaic panels or 
electricity surplus from wind turbines, is considered indispensable to reducing CO2 
emissions and climate neutrality. ―Green‖ Hydrogen features as a crucial solution in 
all 8 of the European Commission‘s net zero emissions scenarios for 2050. Despite 
the most recent large-scale projects and facilities in many parts of the world for 
Hydrogen production and gigawatt-scale ambitions of many green-hydrogen 
developers, the Hydrogen industry is still in its infancy. China, South Korea, USA and 
big international companies of gases and chemical are very interested in financing 
pilot projects for green: hydrogen production. 

https://www.nature.com/articles/d41586-022-03699-0
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Introduction: World‟s industrialized economy was and still is 
dependent on fossil fuels  
 

Fossil fuels were the fundamental drivers of the industrial revolutions 

and for the dramatic increase of industrial production of innovative materials 

and consumer goods in the last decades. Even now fossil fuels are the most 

widely used energy sources in the world, accounting for ~80% of the total 

energy production. Industrial chemicals from fossil fuels and their derivatives 

pervade modern society. The bulk outputs of the chemical and petrochemical 

sector, are deployed in huge volumes to make millions of tonnes per year of 

advanced chemical products with great variety of applications. World‘s 

industrialized economy is dependent on chemicals derived from fossil fuels.1 

But the result of burning fossil fuels for energy and feedstocks of the 

chemical industry is estimated to represent 75% of the global greenhouse gas 

emissions (CO2). Also, fossil fuels are responsible for large amounts of 

harmful air pollution in industrial areas. To reduce GHG emissions and local 

air pollution, the world needs to rapidly shift towards low-carbon sources of 

energy, called renewable energy technologies, which are energy sources 

without emissions or low-carbon. Agriculture also is dependent on fossil fuels. 

 

Figure 1. The current contributions (2020) to global energy from different 
sources. Fossil fuels (coal, petrol/oil, natural gas) account for 80% of world 
energy. Renewables, which are solar-wind-tide-geothermal-hydro and nuclear 
energy, provide around 20%, (from International Energy Agency (iea.org). 
 

https://data.worldbank.org/indicator/EG.USE.COMM.FO.ZS
https://data.worldbank.org/indicator/EG.USE.COMM.FO.ZS
https://data.worldbank.org/indicator/EG.USE.COMM.FO.ZS
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
http://ourworldinata.org/air-pollution
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Scientists suggested long time ago that only renewable energy sources 

without emissions will play a key role in the decarbonization of global energy 

systems in the coming decades. At present renewable energy sources are on 

the rapid increase but there are still many questions of how rapidly is global 

production of renewable energy changing and what other technologies look 

most promising in transforming global energy mix, for electricity, heating and 

transport. There is strong agreement that transitioning from fossil fuels, which 

currently account for the lion‘s share of greenhouse gas emissions, to 

renewable energy is key to addressing the rising temperature and climate crisis. 

 

Generating renewable energy is key to addressing the rising 
temperature and climate crisis 
 

Renewable energy sources are sustainable or ―green‖ energy 

resources. Renewables are also called zero- or low- carbon or ―green‖ energy 

sources. They are derived from natural sources that are replenished at a 

higher rate than they are consumed. Sunlight, wind and ocean tides-waves, for 

example, are such sources that are constantly being replenished. Renewable 

energy sources are plentiful on Earth. Generating renewable energy creates far 

lower or zero emissions than burning fossil fuels. Transitioning from fossil fuels 

to renewable energy is considered key to addressing the global warming and 

future Earth‘s climate crisis. Already, most renewables are now cheaper 

compared to conventional sources, and generate three times more jobs than 

fossil fuels. Renewable energy source means energy that is sustainable or is 

endless.  

The International Energy Agency (IEA) report Net Zero by 2050. (IEA, 

Net Zero by 2050. A Roadmap for the Global Energy Sector, May 2021, 

https://www.iea.org/reports/net-zero-by-2050), after collecting data and 

progress in renewables of the last decade, concluded that the world needs a 

―radical‖ shift towards renewable energy sources to reach net-zero emissions 

by 2050 and secure the 1.5oC goal. Renewable energy methods will overtake 

coal by 2026 and passing petroleum/oil and natural gas before 2030. By 2050 

IEA thinks that renewables should go on to meet 2/3 of global energy supply 

and nearly 90% of global electricity generation. 

https://unece.org/sites/default/files/2021-10/LCA-2.pdf
https://unece.org/sites/default/files/2021-10/LCA-2.pdf
https://unece.org/sites/default/files/2021-10/LCA-2.pdf
https://www.iea.org/reports/net-zero-by-2050
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Hydroelectric power the largest renewable source 

Hydropower currently is the largest source of renewable energy in the electricity 

sector. It has been one of the oldest and largest sources of low-carbon energy. 

Hydroelectric generation at scale dates back more than a century, and is still 

the largest renewable source. Hydroelectric power still accounts for more than 

60% of renewable energy generation. But the scale of hydroelectric power 

generation varies significantly across the world (countries with the largest 

hydroelectric dams, China, Brazil, Canada, USA, Russia, etc). In 2019, 

around 7% of total global energy came from hydropower, and around 16% of 

global electricity came from hydropower.  

 

Benefits to hydropower: it is efficient, converting 90% of captured 

energy into usable electric power, once dams are in place, it is a very cost 

effective resources. Water is free and readily available in many continents. 

[Our World Data, 2020, https://ourworldindata.org/renewable-energy 

United Nations, Climate action, What is renewable energy? 

https://www.un.org/en/climatechange/what-is-renewable-energy]. 

 

Wind energy, abundant and inexhaustible renewable resource 
 

Wind energy harnesses the kinetic energy of moving air by using large 

wind turbines located on land (onshore) or in sea (offshore). Wind energy has 

been used for millennia, but onshore and offshore wind energy technologies 

have evolved over the last few years to maximize the electricity produced - with 

taller turbines and larger rotor diameters. 

In 2019, around 2% of global energy came from wind turbines. Also, in 

2021, around 6% of global electricity came from wind. 

https://www.ipcc.ch/site/assets/uploads/2018/03/Chapter-5-Hydropower-1.pdf
https://ourworldindata.org/grapher/global-hydro-consumption
https://ourworldindata.org/grapher/modern-renewable-energy-consumption?country=~OWID_WRL
https://ourworldindata.org/renewable-energy
https://www.un.org/en/climatechange/what-is-renewable-energy
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Many parts of the world have strong wind speeds, but the best locations for 

generating wind power are sometimes remote ones. Offshore wind power offers 

tremendous potential. 

 

Solar energy, cleanest and most abundant renewable energy source 

Solar power promises to be the primary technology for the transition to 

a decarbonized energy system. Solar technologies (Solar Photovoltaic panels, 

SPVP) convert sunlight directly into electricity to power homes and 

businesses (other systems are Passive Solar Technology, Solar Water 

Heating, Solar Process Heat, Concentrating Solar Power). Solar technologies 

can deliver heat, cooling, natural lighting, electricity, and fuels for a host of 

applications. Solar generation is a relatively modern but is growing quickly in 

many countries worldwide. Solar energy is the cleanest and most abundant. 

China and USA have the largest solar energy installations in the world. 

 
 

The giant Ivanpath concentrated solar power 
plant in the California Mohave desert 
 

In 2019, around 1% of total global energy came from solar technologies. Also, 

in 2019, over 2% of global electricity came from SPVP. 

https://www.irena.org/wind
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Ocean energy (harnessing tides and sea waves) 

Ocean energy derives from technologies that use the kinetic and thermal 

energy of seawater - waves or sea currents to produce electricity or heat. 

Ocean energy systems are still at an early stage of development, with a number 

of prototype wave and tidal current devices being explored. The theoretical 

potential for ocean energy easily exceeds present human energy requirements. 

  

The world's largest tidal range of 16.3 metres occurs in Bay of Fundy, 

Canada, a similar range is experienced at Ungava Bay also in Canada and 

the United Kingdom (UK) regularly experiences tidal ranges up to 15 metres 

between England and Wales in the Bristol Channel. 

 

Bioenergy, Biofuels/Biomass 

Bioenergy is produced from a variety of organic materials, called 

biomass, such as wood, charcoal, dung and other manures for heat and power 

production, and agricultural crops for liquid biofuels. Most biomass is used in 

rural areas for cooking, lighting and space heating, generally by poorer 

populations in developing countries.  

 

The US is the leading biofuel producer in the world in 2021 (1,453 

petajoules). 2nd Brazil (839), 3rd Indonesia (311), China 4th 142), Germany 5th 

with (121) petajoules.  Modern biomass systems include dedicated crops or 

trees, residues from agriculture and forestry, and various organic waste 

streams. Modern biofuels are bioethanol and biodiesel – fuel made from crops 

https://www.ipcc.ch/site/assets/uploads/2018/03/Chapter-2-Bioenergy-1.pdf
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such as corn, sugarcane, hemp, and cassava. Biodiesel is now a key 

transport fuel in many countries. High-quality estimates of energy 

consumption from these biofuel sources is difficult to find. 

[https://www.statista.com/statistics/274168/biofuel-production-in-leading-

countries-in-oil-equivalent/ ]. 

 

Geothermal energy is a clean and renewable energy source 

Geothermal energy is a type of renewable energy taken from the 

Earth‘s core. It comes from heat generated during the original formation of the 

planet and the radioactive decay of materials. This thermal energy is stored in 

rocks and fluids in the centre of the Earth. The USA is the world‘s largest 

producer of geothermal energy. The largest geothermal development in the 

world, situated at the Geysers north of San Francisco, California. After USA, 

the other leading countries with geothermal power market in 2021 were 

Indonesia, the Philippines, Turkey, and New Zealand. 

Nuclear energy. Is nuclear a renewable energy source?  

There are disputed opinions and arguments for the use of nuclear 

energy as a renewable energy source. Nuclear energy can generate 

electricity without CO2 emissions. It is not renewable but it is zero-carbon with 

zero-emissions. Nuclear power stations generate energy (electricity) through 

fission, which is the process of splitting Uranium atoms to produce energy 

through creating steam that spins a turbine to generate electricity. According 

to the Nuclear Energy Institute (NEI), the USA avoided more than 471 million 

metric tons of CO2 emissions in 2020 (equivalent of removing 100 million cars 

from the road and more than all other clean energy sources combined. Over 

the past 50 years, the use of nuclear power has reduced CO2 emissions by 

over 60 gigatonnes. In 2022 there were 437 operable nuclear power reactors 

in the world, with a combined electrical capacity of 393 GW. France 

generates over 70% of its electricity from 56 nuclear reactors (EDF), the 

largest nuclear share of any country and its electricity sector emissions are 

1/6 of the European average.2 

 

https://www.statista.com/statistics/274168/biofuel-production-in-leading-countries-in-oil-equivalent/
https://www.statista.com/statistics/274168/biofuel-production-in-leading-countries-in-oil-equivalent/
https://www.nrdc.org/stories/renewable-energy-clean-facts#sec-whatis
https://www.nationalgeographic.org/encyclopedia/core/
https://www.energy.gov/ne/articles/fission-and-fusion-what-difference
https://www.nei.org/resources/statistics/emissions-avoided-by-us-nuclear-industry
https://www.nei.org/resources/statistics/emissions-avoided-by-us-nuclear-industry
https://www.nei.org/resources/statistics/emissions-avoided-by-us-nuclear-industry
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Are there any other reliable “green” energy sources? 

Global warming and climate change, as well as future depletion of 

fossil fuels (coal, petrol/oil, natural gas) forced energy experts and scientists 

to investigate for a long time other energy fuels which can be classified as 

renewable and environmentally neutral. Although the world is moving fast 

towards the replacement of fossil with renewable energy sources, the climate 

crisis does not mean that humanity can completely throw away fossil fuels as 

energy sources.  

It has been estimated that 75% of global greenhouse gas emissions 

(GHG) result from the burning of fossil fuels for energy. So, removal of fossil 

fuels must be the first priority for drastic reduction of CO2 emissions in the air. 

It is not disputed that the world needs to rapidly shift towards low-carbon 

sources of energy (renewables). It is hoped that in the near future renewable 

energy sources will play a key role in the decarbonization of global energy 

systems. But there are some fundamental questions for the future energy 

sectors. How rapidly is our production of renewable energy changing? What 

other energy technologies look most promising in transforming our energy mix 

into a sustainable, low-carbon energy source? 

Recently, reports appeared in the scientific press for space-based 

solar power systems to convert sunlight to some other form of energy (such 

as microwaves) which can be transmitted through the atmosphere to 

receivers on the Earth's surface.  

 

Figure 2. Illustration of the SPS-ALPHA ("Solar Power Satellite by means of 
Arbitrarily Large Phased Array") system beaming energy to Australia.(Image 
credit: John Mankins/Artemis Innovation Management Solutions) 
[https://www.space.com/space-solar-power-research-advances  ]. 

https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
https://www.space.com/space-solar-power-research-advances
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Space-based solar power is attractive to those seeking large-scale 

solutions to anthropogenic climate change. This longtime sci-fi dream could 

actually become reality in the next decade or so, some researchers say. The 

idea of harvesting solar energy via power-beaming satellites has therefore 

long intrigued researchers looking for ways to feed an energy-ravenous Earth. 

At present there are no space-based solar panels capable of sending 

electricity to Earth, because need challenging and expensive technology 

 

The 10 most innovative renewable energy trends in 2022 

The world is currently on to track for a global temperature rise of 2.7˚C 

by the end of the century (2100). That is well above the goal of 1.5oC set in 

the Paris climate agreement (Paris, COP21, 12.12. 2015)), and it would lead 

to serious changes in weather patterns worldwide. The scale and speed of the 

research and investment in ―clean‖ or renewable energy solutions and 

innovations will determine whether we can still achieve a net-zero emission 

transition. But the big question is what are the most promising ―green‖ 

technology developments that can boost the decarbonisation of the global 

economy and cut down emissions with renewable energy sources?  

Research and technological discoveries have been advanced for many 

years and today there are many startups with new ideas and innovative 

solutions for renewable energy sources.3 

  

1. Advanced Photovoltaics, flexible, lightweight  solar panels,  

Solar companies are integrating PV systems with every aspect of our 

surroundings while minimizing the need for additional land usage. As a result, 

integrated PV, floatovoltaics, and agrivoltaics are logical shifts in trends. 

Additionally, startups are developing thin-film cells to make solar panels 

flexible, cost-effective, lightweight, and environment-friendly. To improve PV 

performance, emerging companies are devising technologies to concentrate 

solar power using mirrors and lenses. Innovations in PV materials, such as 

the use of perovskite, are increasing energy conversion multifold. 

Perovskites hold promise for creating solar panels that could be easily 

deposited onto most surfaces, including flexible and textured ones. These 

https://www.space.com/54-earth-history-composition-and-atmosphere.html
https://www.unep.org/resources/emissions-gap-report-2021
https://www.unep.org/resources/emissions-gap-report-2021
https://www.unep.org/resources/emissions-gap-report-2021
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materials would also be lightweight, cheap to produce, and as efficient as 

today‘s leading photovoltaic materials, which are mainly silicon. 

 

Figure 3. The solar cell with the ferrocene layer highlighted. (Image: Imperial 
College London). The cell was claimed to achieve a power conversion 
efficiency of 25% and to retain more than 98% of its initial efficiency after 
continuously operating at the maximum power point for 1,500 hours under 
stander illumination conditions. [Li Z, Li B, Wu X, et al. Organometallic-
functionalized interfaces for highly efficient inverted perovskite solar cells. 
Science 376 (6591):416-420, 2022].  

Perovskites are subject of increasing research and investment, but 

companies looking to harness their potential do have to address some 

remaining technological hurdles before perovskite-based solar cells can be 

commercially competitive. The original mineral perovskite, which is calcium 

titanium oxide (CaTiO3), has a distinctive crystal configuration. 

 

2. Artificial Intelligence and Big Data, AI applications  

The energy grid is one of the most complex infrastructures and requires quick 

decision-making in real-time, which big data and AI algorithms enable for 

utilities. Beyond grid analytics and management, AI‘s applications in the 

renewables sector include power consumption forecasting and predictive 

maintenance of renewable energy sources. It further enables the internet of 

energy applications that predict grid capacity levels and carry out time-based 

autonomous trading and pricing. With innovations in cloud computing, virtual 

power plants (VPP) supplement the power generation from utilities. 

 

https://www.startus-insights.com/innovators-guide/discover-5-top-smart-grid-management-solutions/
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3. Distributed Energy Storage Systems (DESS) 

DESS localizes renewable energy generation and storage, overcoming 

irregularity in production. Based on economic and other requirements, 

startups offer a range of battery and batteryless solutions. For instance, flow 

batteries leverage low and consistent energy, whereas solid-state batteries 

are lightweight and provide high energy density. For applications that require 

large amounts of energy, in a short period of time, capacitors and 

supercapacitors are also used. 

 

4. Hydro Power, innovations 

Unlike solar and wind, hydro energy is predictable and, hence, more reliable. 

Besides, hydroelectric dams, as well as ocean-based energy harnessed from 

tides, currents, and waves, offer high energy density while reducing 

dependency on conventional sources. The innovations in these renewable 

sources focus on energy converters and component improvements for 

harvesting energy more efficiently. Within hydro power, small-scale 

hydroelectric dams and tidal barrages enable decentralized energy 

generation. Ocean thermal energy conversion harnesses energy through the 

thermal gradient created. 

 

5. Wind Energy, innovations 

Despite being one of the oldest energy resources, the rapidly evolving nature 

of the wind energy sector makes it one of the major trends. Startups are 

devising offshore and airborne wind turbines to reduce the demand for land-

based wind energy. Innovations in this field often integrate with other energy 

sources such as floating wind turbines, solar, or tidal energy. To further 

improve efficiency, there are constant advances in the aerodynamic designs 

of the blades. Startups also develop efficient generators and turbines for high 

energy conversion. 

 

6. Bioenergy, upgradation techniques  

Bioenergy constitutes a type of renewable energy derived from biomass 

sources. Liquid biofuels with quality comparable to gasoline are directly 

https://www.startus-insights.com/innovators-guide/discover-5-top-energy-startups-developing-solid-state-batteries/
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blended for use in vehicles. To achieve this quality, companies improve 

biofuel processes and upgradation techniques. The majority of biofuel 

conversion processes like hydrothermal liquefaction (HTL), pyrolysis, plasma 

technology, pulverization, and gasification use thermal conversion for 

obtaining biofuels. Furthermore, upgradation techniques like cryogenic, 

hydrate, in-situ, and membrane separation are used for removing sulfur and 

nitrogen content. 

 

7. Grid integration. . 

Grid integration technologies primarily include transmission, distribution, and 

stabilization of renewable energy. Scaling up variable renewable energy 

generation is often far from demand centers which result in transmission and 

distribution losses. To overcome this, energy-efficient, grid electronic 

technologies such as Gallium Nitride (GaN) and Silicon Carbide (SiC) 

semiconductors are leveraged. The challenge of frequency and voltage 

fluctuation due to variable renewable energy generation is solved through 

microcontroller-based solutions. 

 

8. Green Hydrogen 

Hydrogen gas has the highest energy density of all fuels and produces near-

zero greenhouse gas emissions (GHG). However, most hydrogen is derived 

from non-renewable sources in the form of grey and brown hydrogen. In the 

past decade, developments in renewable energy and fuel cells have pushed 

the shift to green hydrogen. While cleaner, it also struggles with the 

problems of low energy conversion efficiency of fuel cells and challenges in 

transportation. For these reasons, the developments in ―green hydrogen‖ 

focus on improving hydrogen storage, transport, and distribution, which are 

very important for production, safety for an explosive liquid and technical 

problems in distribution in industrial sites. 

 

9. Advanced Robotics, accuracy and optimization 

Production and process efficiency proves to be a major hurdle in harnessing 

renewable energy. Robotics enables accuracy and optimum utilization of 

https://www.startus-insights.com/innovators-guide/green-hydrogen-startups/
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resources to overcome this challenge. For example, automated solar panels 

orient themselves to maximize energy conversion. Equipment automation also 

expedites the maintenance processes while reducing the need for human 

work. Drone inspection and robotics-based automatic operations and 

maintenance handle dangerous repetitive work, thereby improving safety and 

productivity. 

10. Blockchain.  

Energy startups utilize blockchain technology to advance trusted transactions 

in the renewable energy sector. Smart contracts advance peer-to-peer (P2P) 

electricity trading for transactive energy. Grids are vulnerable to cyber threats 

and blockchain is used to encrypt data associated with grid operations and 

monitoring, with data encryption, blockchain facilitates digital transactions. 

 

Is Hydrogen the wonder fuel of “green” energy (?) 

Studies in the last decades were contacted to compare the pros and 

cons of various fuel candidates. Among all the fuels considered, Hydrogen 

gas (H2) stands out as the best. Hydrogen properties have the best 

characteristics with many unique and desirable properties.4 

Hydrogen (H2) is currently used mainly in the chemical industry for the 

production of ammonia (NH3) and methanol (CH3OH).  

 
 

(so-called Haber-Bosch process) 

 

Hydrogen as a chemical element (H) is the most widespread one in the 

universe (constituting roughly 75% of all normal matter), the solar system 

(Sun) and on Earth, but exists in the form of chemical compounds, such as 

water (H2O) and organic compounds (CxHy) such as hydrocarbons 

[compounds comprised exclusively of carbon and hydrogen].  

Energy experts and results from advanced research and development 

(R&D) in the last decades expect that in the near future, Hydrogen will 

https://www.startus-insights.com/innovators-guide/5-top-energy-grid-security-solutions/
https://www.britannica.com/technology/Haber-Bosch-process
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become a significant clean (―green‖) fuel that will largely contribute to produce 

―clean‖ energy for various practical applications with very low emissions or 

zero-greenhouse gases.4  

Hydrogen and energy have a long shared history. Hydrogen powered 

the first internal combustion engines over 200 years ago to becoming an 

integral part of the modern refining industry. Hydrogen is extremely light gas, 

very storable, energy-dense, and produces no direct emissions of pollutants 

or greenhouse gases (GHGs). But for Hydrogen to make a significant 

contribution to clean energy transitions (for renewable energy sources), it 

needs to be adopted in sectors where it is almost at present completely 

absent, such as transport (fuel for cars, trucks, trains, aeroplanes), heating 

buildings and for power generation (i.e. electricity). It is expected that in the 

near future, Hydrogen will be the promising green fuel that will help to achieve 

a clean, secure and affordable energy future on Earth; and will play a 

prominent and catalytic role in reducing GHG and climate change.5 

Supplying Hydrogen to industrial users is now a major business around 

the world. Demand for Hydrogen, which has grown more than three times 

(3X) since 1975, continues to rise. This green Hydrogen is almost entirely 

supplied from fossil fuels, with 6% of global natural gas (CH4) and 2% of 

global coal going to Hydrogen production. In 2020, the majority of hydrogen 

(∼95%) was produced from fossil fuels by steam reforming of natural gas and 

other light hydrocarbons. Hydrocarbons with low molecular weight such as 

methane (CH4), ethane (CH3CH3), propane (CH3CH2CH3) and butane 

(CH3CH2CH2CH3) are termed as light hydrocarbons (LHs). Also, Hydrogen is 

produced by partial oxidation of heavier hydrocarbons, and coal gasification..  

The production of Hydrogen from light hydrocarbons produces as a 

byproduct CO2 emissions which are around 830 million tonnes of carbon 

dioxide (CO2) per year, equivalent to the total CO2 emissions of the United 

Kingdom (UK) and Indonesia combined. In the last decade, the number of 

countries with policies that directly support investment in hydrogen 

technologies is increasing, along with the number of sectors to use H2 as fuel. 

There are around 50 targets, mandates and policy incentives in place today 

that direct support hydrogen, with the majority focused on transport. Over the 
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past few years, global spending on hydrogen energy research, development 

and demonstration by national governments has risen. 

 
Figure 4. Diagram of Hydrogen production, power generation, storage 
systems and distribution. Safari, F.; Dincer, I. A Review and comparative 
evaluation of thermochemical water splitting cycles for Hydrogen production. 
Energy Convers Manag. 205: 112182, 2020. 
 

Hydrogen global production has so far been dominated by fossil fuels, 

with the most significant contemporary technologies being the steam 

reforming of hydrocarbons (e.g., natural gas). Pure hydrogen is also produced 

by electrolysis of water, an energy demanding process. This work reviews the 

current technologies used for hydrogen (H2) production from both fossil and 

renewable biomass resources, including reforming (steam, partial oxidation, 

autothermal, plasma, and aqueous phase) and pyrolysis. In addition, other 

methods for generating hydrogen (e.g., electrolysis of water) and purification 

methods, such as desulfurization and water-gas shift reactions are discussed. 

Nowadays, 50% of Hydrogen is mainly produced by the steam 

reforming of natural gas (CH4), a process which leads to high emissions of 

greenhouse gases (GHG). The other 50% is produced by other methods. 

From oil/naphtha reforming 30%, from coal gasification 18%, and from water 

electrolysis 3.9%. Electrolytic and plasma processes demonstrate a high 

efficiency for Hydrogen production, but unfortunately they are considered as 

energy intensive processes. 
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Industrial methods to produce Hydrogen 

Hydrogen is a useful chemical gas for various uses in industrial 

processes. For example hydrogen is used in metallurgical and steel 

industry, in petrochemical refining, in glass and float glass manufacturing, 

in the production of hydrogen peroxide (H2O2) (disinfecting wounds to 

cleaning surfaces), in food industry, and in the electronic industry. 

Hydrogen is used as fuel in the space industry. In 2018, the global 

production of Hydrogen reached a total of 74 million metric tonnes. It is 

expected to increase dramatically by 2030, reaching approximately around 

300 million metric tonnes. The drastic increase in hydrogen production is 

expected to increase as a result of a new technique for separating hydrogen 

from gas mixtures by polymeric separation membranes. Hydrogen gas (H2) 

can be produced on an industrial scale from natural gas through three basic 

technologies: methane steam reforming (MSR), partial oxidation (POX), and 

autothermal reforming (ATR). However, the most widespread and at the same 

time least expensive process used for extracting Hydrogen from natural gas is 

MSR, which involves the reaction of natural gas and steam over a nickel 

based catalyst that results in breaking the methane component of the natural 

gas into carbon monoxide (CO) and H2.
6  

 

1. Natural Gas Reforming/Gasification:  

In a MSR (Methane stream reforming), natural gas is reacted with steam in 

the highly endothermic reaction 1 over a Ni/Al2O3 catalyst, at high temperature 

(800-1000°C), and under pressure (15-40 barg, Barg is a unit of gauge 

pressure) to form CO and H2. Part of the formed CO reacts thereafter with 

steam according to reaction 2, known as water gas shift (WGS), to yield more 

H2 and CO2. The overall result is a mixture of H2, CO, and CO2: 

CH4 + H2O ν CO + 3H2    ΔHo = 206 kJ/mol  

CO + H2O ν CO2 +    H2         ΔHo = -41.2 kJ/mol 

 Synthesis gas is a mixture of H2, CO and a small amount of CO2. It is 

created by reacting natural gas with high-temperature steam. A synthesis gas 

can also be created by reacting coal or biomass with high-temperature steam 

and oxygen in a pressurized gasifier. 

https://www.energy.gov/eere/fuelcells/hydrogen-production-natural-gas-reforming


 

17 

 

2. Electrolysis of water. 

 In the electrolysis of water (H2O) an electric current splits water into 

hydrogen and oxygen. If the electricity is produced by renewable sources, 

such as solar or wind, the resulting hydrogen will be considered renewable as 

well, and has numerous emissions benefits. Power-to-hydrogen projects are 

taking off, using excess renewable electricity, when available, to make 

hydrogen through electrolysis.7 

 

 
3. Renewable Liquid Reforming:  

Renewable liquid fuels, such as ethanol, are reacted with high-temperature 

steam to produce hydrogen near the point of end use. Liquids derived from 

biomass resources—including ethanol and bio-oils—can be reformed to 

produce Hydrogen in a process similar to natural gas reforming. Biomass-

derived liquids can be transported more easily than their biomass feedstocks, 

allowing for semi-central production or possibly distributed hydrogen 

production at fueling stations. Biomass-derived liquid reforming is a mid-term 

technology pathway 

Steam reforming reaction (ethanol) C2H5OH + H2O (+ heat) → 2CO + 4H2 

 

4. Fermentation: Biomass  

Biomass can be converted into sugar-rich feedstocks that can be fermented to 

produce hydrogen. Photobiological Hydrogen production is a microbial 

process that requires light as energy source, an electron donating substrate 

and a biological catalyst that generates Hydrogen (H2). The process can be 

categorized as oxygenic and non-oxygenic photobiological Hydrogen 

production, depending on the formation of oxygen (O2) during the process. 

https://www.energy.gov/eere/fuelcells/hydrogen-production-electrolysis
https://www.energy.gov/eere/fuelcells/hydrogen-production-biomass-derived-liquid-reforming
https://afdc.energy.gov/fuels/ethanol.html
https://www.energy.gov/eere/fuelcells/hydrogen-production-microbial-biomass-conversion
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5. High-Temperature Water Splitting:  

High temperatures generated by solar concentrators or nuclear 

reactors drive chemical reactions that split water to produce Hydrogen. 

Thermochemical water splitting processes use high-temperature heat (500°–

2,000°C) to drive a series of chemical reactions that produce Hydrogen. The 

chemicals used in the process are reused within each cycle, creating a closed 

loop that consumes only water and produces hydrogen (H2) and oxygen (O2).  

 

One metallic material, Ceria, has shown promise in thermochemical 

water splitting with the ceramic material ceria (CeO2). Ceria exhibits a 

property called non-stoichiometry: at high temperatures (about 1000°C) the 

material releases oxygen without undergoing a phase change to form the 

reduced oxide CeO2-δ. After one complete temperature cycle, water has been 

split into hydrogen (H2) and oxygen (O2). 

Numerous solar thermochemical water-splitting cycles have been 

investigated for Hydrogen production, each with different sets of operating 

conditions, engineering challenges, and hydrogen production opportunities. In 

fact, more than 300 water-splitting cycles are described in the literature.  

 

6. Photoelectrochemical Water Splitting: Photoelectrochemical 

systems produce Hydrogen from water using special semiconductors and 

energy from sunlight. In photoelectrochemical (PEC) water splitting, hydrogen 

is produced from water using sunlight and specialized semiconductors called 

photoelectrochemical materials, which use light energy to directly dissociate 

water molecules into hydrogen and oxygen. This is a long-term technology 

pathway, with the potential for low or no greenhouse gas emissions. The 

semiconductor materials used in the PEC process are similar to those used in 

https://www.energy.gov/eere/fuelcells/hydrogen-production-thermochemical-water-splitting
https://www.energy.gov/eere/fuelcells/hydrogen-production-photoelectrochemical-water-splitting
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photovoltaic solar electricity generation, but for PEC applications the 

semiconductor is immersed in a water-based electrolyte, where sunlight 

energizes the water-splitting process.8  

 

Figure 5. The solutions for solar hydrogen via water splitting. Particulate 
photocatalytic, water splitting system, photoelectrochemical, water splitting 
system and photovoltaic-photoelectrochemical hybrid system. 
[https://www.sciencedirect.com/science/article/pii/S1872206716625524   ] 
 

The major hydrogen-producing states in USA are in California, 

Louisiana, and Texas. Hydrogen produced in the USA is used for refining 

petroleum, treating metals, producing fertilizer, and processing foods. The 

primary challenge for hydrogen production is reducing the cost of production 

technologies to make the resulting hydrogen cost competitive with 

conventional transportation fuels. Government and industry research and 

development projects are reducing the cost as well as the environmental 

impacts of hydrogen production technologies.9  

 

Distribution and storage of produced Hydrogen 

Hydrogen distribution, storage and transportation are closely linked 

together. Hydrogen can be distributed continuously in pipelines or batch wise 

by ships, trucks, railway or airplanes. Hydrogen exhibits the highest heating 

value per weight of all chemical fuels. There are two reasons why hydrogen is 

not the major fuel of today‘s energy consumption: First of all, hydrogen is just 

an energy carrier. The second difficulty with Hydrogen as an energy carrier is 

the low critical temperature of 33 K, (Kelvin), [0 Kelvin = --273.15 oCelsius], 

https://www.sciencedirect.com/science/article/pii/S1872206716625524
https://afdc.energy.gov/fuels/hydrogen_research.html
https://afdc.energy.gov/fuels/hydrogen_research.html
https://afdc.energy.gov/fuels/hydrogen_research.html
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i.e. hydrogen is a gas at room temperature. Hydrogen can be stored by 6 

different methods and phenomena: a. high pressure gas cylinders (up to 800 

bar), b. liquid hydrogen in cryogenic tanks (at 21 K), c. adsorbed hydrogen on 

materials with a large specific surface area, d. absorbed on interstitial sites in 

a host metal (at ambient pressure and temperature), e. chemically bond in 

covalent and ionic compounds (at ambient pressure), f. oxidation of reactive 

metals e.g. Li, Na, Mg, Al, Zn with water. These metals easily react with water 

to the corresponding hydroxide and liberate the hydrogen from the water. The 

metal hydroxides can be thermally reduced to the metals in a solar furnace. 

Most hydrogen used in the USA is produced at or close to where it is 

used, typically at large industrial sites. The infrastructure needed for 

distributing hydrogen to the nationwide network of fueling stations required for 

the widespread use of fuel cell electric vehicles still needs to be developed.  

Currently, Hydrogen is distributed through three methods:  

 

Pipeline: This is the least-expensive way to deliver large volumes of 

hydrogen, but the capacity is limited.  

High-Pressure Tube Trailers: Transporting compressed hydrogen gas by 

truck, railcar, ship, or barge in high-pressure tube trailers is expensive and 

used primarily for distances of 200 miles or less. 

Liquefied Hydrogen Tankers: Cryogenic liquefaction is a process that cools 

hydrogen to a temperature where it becomes a liquid. Although the 

liquefaction process is expensive, it enables hydrogen to be transported more 

efficiently over longer distances by truck, railcar, ship, or barge. 

Hydrogen requires extremely high-quality process-relevant safety 

devices for production, processing and transport. Because Hydrogen has a 

broad explosive range of 4 -77 vol%, also its very low ignition energy, its high 

diffusion rate and its very narrow maximum experimental safe gap. 

https://afdc.energy.gov/fuels/hydrogen_stations.html
http://www.fueleconomy.gov/feg/fuelcell.shtml
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Japan‘s Kawasaki Heavy Industries has designed a vessel able to store 
160,000m3 of liquefied hydrogen (equivalent to 11,200 tonnes), which is 
comparable in volume to a standard liquified natural gas (LNG) carrier. 
 
 

Challenges and cost in hydrogen production, use and storage 
 

 

Hydrogen (H2) is very reactive element and in nature exists mostly as 

water (H2O) and organic hydrocarbon (C, H) molecules. Extracting Hydrogen 

from these chemical compounds is achieved at huge energetic cost. 

Policymakers should beware potential unintended negative consequences for 

both people and the planet from an overwrought dash for hydrogen as a 

highly promising energy source. Despite the extensive research for decades 

and technological breakthroughs in catalytic methods, separation of Hydrogen 

from natural chemicals (mainly water) at present is very expensive. 

Most industrially produced Hydrogen is currently made by the process of 

steam reformation of natural gas (CH4). The method produces large amounts 

of CO2 as a by-product, so in this respect H2 is not a ―green‖ source of energy. 

But the method of separation can become ―green‖ if hydrogen can be made 

by using electricity from renewable sources to split water molecules. The 

basic problem is that this process is costly compared with more conventional 

production methods. It can also be an inefficient use of renewable resources. 

Using green electricity to make hydrogen at times of peak demand, when that 

energy could be feeding the grid and displacing electricity generated from 

fossil fuels, could result in higher overall emissions than intended. 

Until now Hydrogen production is very expensive and should be used 

judiciously, to address emissions that can‘t be eliminated in other ways. For 
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example, some groups are advocating burning hydrogen to heat homes, as 

an alternative to natural gas, but this is much less efficient than using 

electricity directly. Most immediately, this means higher costs for consumers. 

But it also means that using even truly ―green‖ hydrogen to heat homes 

displaces a smaller proportion of current CO2 emissions than would using it 

for other tasks, for which there are no alternatives. 

Hydrogen-powered cars and vans are another case in point. The 

European Union has just joined many countries in reaching a deal to ban the 

sale of cars and vans powered by internal-combustion engines. By 2035, all 

new cars in the bloc will be zero-emission, as part of the „Fit for 55‟ drive to 

reduce carbon emissions by 55% by 2030.  

The ―Fit for 55‖ package is a set of proposals to revise and update EU 

legislation and to put in place new initiatives with the aim of ensuring that EU 

policies are in line with the climate goals agreed by the Council and the 

European Parliament. The European climate law makes reaching the EU's 

climate goal of reducing EU emissions by at least 55% by 2030 a legal 

obligation. EU countries are working on new legislation to achieve this goal 

and make the EU climate neutral by 2050]. 

But industry groups and some governments would like to continue to 

allow vehicles that run on hydrogen-based ‗e-fuels‘. These fuels could one 

day be an effective tool for decarbonizing certain heavy-duty lorries, large 

ships, aeroplanes and other forms of transport for which battery technologies 

are not currently fit for purpose. But they are a distraction when it comes to 

personal vehicles, for which efficient batteries are already available. Top 

climate scientists are sceptical for a widespread use of Hydrogen as an 

alternative or ―green‖ fuel. The EU is under pressure from industrial producers to 

water down the definition of ―green‖ hydrogen. 

The EU environmental and energy scientists are obviously reluctant to 

adopt energy policies that looked environmentally sound on paper but came 

with considerable small print. Counting energy from wood derivatives as 

renewable, for example, has caused the destruction of woodland in Europe 

and elsewhere, without a positive impact on carbon emissions. 

https://www.nature.com/articles/d41586-021-02990-w
https://www.nature.com/articles/d41586-021-02990-w
https://www.nature.com/articles/d41586-021-02990-w
https://www.nature.com/articles/d41586-021-02990-w
https://www.nature.com/articles/d41586-021-02990-w
https://www.nature.com/articles/d41586-021-02990-w
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―…The United States has set a better example with (2022,  August) 

passage of the Inflation Reduction Act, which subsidizes the production of 

true ―green‖ hydrogen by up to US$3 per kilogram, and gives lower subsidies 

to dirtier versions. Globally, however, hydrogen production and trade would 

benefit from clear, uniform rules for how hydrogen should be made and under 

what circumstances its use is beneficial. The Hydrogen Council, an industry 

group based in Brussels, is pressing for international standards and 

certification systems for green-hydrogen production. Such standards should 

be fast-tracked. But, when setting net-zero strategies, policymakers should 

not lose sight of the ultimate aim: to stay within a total carbon budget 

compatible with the Paris climate agreement (2015). Attractive as it may look 

— and as real as the opportunities may be, for example in decarbonizing 

heavy industry — often the answer is not hydrogen….‖ (Nature editorial).10 

[Myths and misconceptions about hydrogen (part of Nature article).  Castelvecchi D. 
How the hydrogen revolution can help save the planet — and how it can’t. Many 
researchers see a huge role for the gas in decarbonizing economies. Nature News-
Feature, Nature 611: 440-443, 2022].  

 
 ―…. Although hydrogen has myriad possible applications, that doesn’t 

make it the best solution to all problems. For passenger cars, batteries have 

already largely won the race, because they are a more efficient and less 

costly solution than carrying around a tank of hydrogen and converting its 

energy back to electricity. Another area where it probably doesn’t make sense 

to use hydrogen is as a fuel for heating homes. If the hydrogen is grey — 

made from natural gas — then it simply adds to global warming, says 

Rebecca Lunn, a civil engineer at the University of Strathclyde in Glasgow, 

UK. She and others flagged home heating as a problematic use for hydrogen 

in a UK National Engineering Policy Centre (NEPC) study, released in 

September (go.nature.com/3ut5mj5). But even if the hydrogen is ―green‖ 

(made from renewables-generated electricity, solar and wind it is up to six 

times more efficient to use that electricity to heat homes directly using, for 

instance, heat pumps, which reach efficiencies much higher than 100% by 

sucking heat in from the outside. To cut emissions fastest, policies should 

prioritize improving home insulation, cuting down the need for heating 

energy…..‖. 

http://go.nature.com/3ut5mj5
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 ―….Investment in low-carbon hydrogen had been soaring for the past 

several years, but events this year have triggered what seems to be a 

veritable boom. In the United States, the Inflation Reduction Act has 

introduced a tax break of $3 for every kg of green hydrogen, in addition to a 

number of other policies and pots of funding for the gas. In Europe, Russia’s 

aggression against Ukraine has brought a new sense of urgency. In March, 

the European Commission set a target of producing 10 million tonnes of H2, 

and importing an additional 10 million tonnes, per year by 2030. Many other 

major economies have set national strategies to develop hydrogen capacity. 

―…..The US tax breaks, in particular, have brought the cost of green hydrogen 

there down to grey hydrogen’s roughly $1 per kg, or lower, depending on 

location. This already makes hydrogen-based steel, ammonia and liquid fuels 

competitive with their fossil-fuel counterparts, the RMI calculates. Without 

subsidies, clean-hydrogen products — such as green steel — could still be 

more expensive than their dirty equivalents. HYBRIT and H2GreenSteel do 

not disclose how much they expect their products will cost to make. 

Governments might also adopt policies to buy green steel, as the 

administration of US President Joe Biden has pledged to do under a Buy 

Clean provision in an executive order passed last December. The 

International Energy Agency projects that by 2030, global Hydrogen demand 

might rise by 20–30%. The low-carbon hydrogen projects that are in the 

pipeline so far will be enough to cover only 25%. That suggests that hydrogen 

expansion plans are not yet ambitious enough: for the world to be on track for 

net-zero emissions by mid-century, some 180 Mt of hydrogen production is 

needed by 2030, with half of it low-emissions. Other scientists warn that the 

push for hydrogen might end up boosting the non-green kind as well, and 

therefore perversely increasing CO2 emissions. In particular, a controversial 

measure under consideration by the European Commission would water 

down the EU definition of green hydrogen, allowing it to be produced in part 

with electricity generated from fossil fuels. Reorganizing the economy to 

accommodate hydrogen will bring social repercussions. Even with subsidies 

and massive investment, heavy industry in some regions will still be at a 

competitive disadvantage. Because hydrogen is more expensive and 
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technically challenging to transport than coal, industries such as steel-making 

might end up having to move closer to sites where hydrogen can be produced 

cheaply.  Although this and other political issues could slow down the pace of 

the transition, there are no longer any unsolvable challenges. Making this 

transition is entirely within both our technical and economic capacities, both in 

high-income countries and in emerging economies…‖ 10 

Research and development for innovative methods of “green” 
hydrogen production 

 In the last decade, extensive number of research projects were 

devoted to ―Green‖ Hydrogen production as a promising solution towards a 

future decarbonized world energy system. ―Green‖ hydrogen can be used for 

long term energy storage from renewable energy sources, for substitution of 

fossil fuels in transport and heating sectors, and as a clean feedstock for 

industry. There are many ―colours‖ of Hydrogen each referring to how it is 

produced, ―Grey hydrogen‖ is the most common form generated from natural 

gas, ―Black or brown hydrogen‖ is the most ―unclean‖ types as both the CO2 

and CO generated during the process are not recaptured. ―Blue Hydrogen‖ is 

labeled whenever the CO2 is generated from steam reforming is captured and 

stored underground (also sometimes is referred as ―carbon neutral‖). ―Green‖ 

hydrogen is also referred to as ―clean hydrogen‖. It is produced by using clean 

energy from surplus renewable energy sources, (solar,  wind, etc, power), to 

split water by electrolysis  

The global supply of hydrogen (H2) to industrial users is an important 

economic activity worldwide and in 2018, exceeded 74 million tones, mostly 

produced from fossil fuels (reforming methane and coal) categorized as grey 

and brown hydrogen. In 2021 production and consumption of H2 is mostly 

related (over 90%) to industrial use. The countries with most hydrogen 

production are China (China consumes and produces more hydrogen than 

any other country, more than 24 million tonnes), EU countries, India, Japan, 

USA (The US is the world‘s second-biggest producer and consumer of 

hydrogen after China, accounting for 13% of global demand) [World Economic 

Forum, 14.2.2022 https://www.weforum.org/agenda/2022/02/clean-hydrogen-

energy-low-carbon-superpowers/]. 

https://www.weforum.org/agenda/2022/02/clean-hydrogen-energy-low-carbon-superpowers/
https://www.weforum.org/agenda/2022/02/clean-hydrogen-energy-low-carbon-superpowers/
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The European Union consumes around 10% of the world‘s H2 production, 

with an industry sector market share of 90%. The main EU industrial 

consumers are the chemical industry (63%), refineries (30%), metalworking 

(6%), and others (1%). The cost of ―green‖ hydrogen production is under 

question. Considering the current prices of different fuels, it is shown that 

hydrogen can be competitive in the transport sector if it is unencumbered by 

taxes. Prices of H2 can change dramatically in the coming years.11 

 
The role of hydrogen in global transition to 100% renewable 
energy sources.  
 

Many scientists and energy specialists envisaged a future where 

hydrogen can replace as clean fuel the traditional energy sources (fossil fuels) 

and it can make global transition possible to 100% renewable energy source. 

The most challenging problem remains the cost of ―green‖ hydrogen by 

electrolysis of water and safety in storage and transport.  Most predictions 

count on 3 different aspects namely; renewable energy sources with hydrogen 

production system using renewable energy sources in terms of electricity and 

thermal energy and the services and applications where hydrogen can be 

employed. In the renewable hydrogen production methods section, a system 

for each renewable source is presented which can be integrated with the 

renewable energy source for hydrogen production. A case study is presented 

which uses the wind energy source for electricity production. A part of 

electricity is supplied to the community while remaining is employed to the 

proton exchange membrane electrolyser to produce hydrogen. The produced 

hydrogen is stored by passing through multistage compression system and 

stored in the low temperature storage tank. During the intervals of low wind 

speed, the stored hydrogen is fed to the proton exchange membrane fuel cell 

which produces electrical power and heat for the community.12 

For energy technologists and climate experts, ―green‖ or ―renewable‖ 

Hydrogen, which is produced from the electrolysis of water powered by solar 

photovoltaic panels or electricity surplus from wind turbines, is considered 

indispensable to reducing CO2 emissions and climate neutrality. Renewable 

Hydrogen features as a crucial solution in all 8 of the European Commission‘s 
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net zero emissions scenarios for 2050 [A Clean Planet for all: A European 

Long-term Strategic Vision for a Prosperous, Modern, Competitive and 

Climate Neutral Economy. European Commission, Brussels, 2018].13 

In theoretical terms the proposals can do three things: a). store surplus 

renewable electricity power when the grid cannot absorb, b) the ―green‖ 

hydrogen produced with surplus clean electricity can help decarbonize hard-

to-electrify sectors. These sectors which can use hydrogen as fuel are long-

distance transport and heavy industry, and c) this ―green‖ hydrogen can 

replace fossil fuels as a zero-carbon feedstock in chemicals used in industry 

and in the fuel production. 

 

Figure 6.  Hydrogen is abundant and is the most available renewable energy. 
Combustion of hydrogen for energy has no emissions. It is considered as the 
cleanest energy source. Abdalla AM, Hossaain S, Nisfindy OB, et al. 
Hydrogen production, storage, transportation and key challenges with 
applications: A review. Energy Conversion Management 165:602-627, 2018.  
 

The European Union is leading the global resurgence of Hydrogen as a 
clean energy carrier 
 

The countries of the European Union are leading the global resurgence 

of Hydrogen as an energy carrier. Hydrogen has origins back in World War II. 

Hydrogen was originally used by the Nazi Germany to produce synthetic fuels 

from coal. Also, during World War II, hydrogen barrage balloons were used for 

defense against air attack over the Normandy beaches, hydrogen balloons 

were used above London, and across the United Kingdom, and for attacks 

against the German power grid. The International Energy Agency (IEA) 

lauded its ―vast potential‖ in a first ever report on hydrogen in June 2019 (IEA, 

The Future of Hydrogen. Seizing today‘s opportunities, June 2010). Also, 

https://airandspace.si.edu/stories/editorial/protecting-beaches-balloons-d-day-and-320th-barrage-balloon-battalion
https://cadentgas.com/news-media/news/may-2020/barrage-balloons-filled-with-hydrogen#:~:text=A%20vital%20part%20of%20the,very%20effective%20against%20aerial%20assaults.
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5989949
https://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=5989949
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Bloomberg New Energy Finance said clean hydrogen ―can help address the 

toughest third of global greenhouse gas emissions by 2050‖.14 

The Hydrogen economy is a priority for the countries of EU, as a post-

COVID-19 economic recovery package, because is considered as one 

―green‖ energy source which will be guided by the European Green Deal, a 

future plan that commits Europe to become world‘s first climate neutral 

continent by 2050. The European Commission adopted a set of proposals to 

make the EU's climate, energy, transport and taxation policies fit for reducing 

net greenhouse gas emissions by at least 55% by 2030, compared to 1990 

level. The EU offered 30% of the 1.8 trillion euro investments from the 

NextGenerationEU Recovery Plan, to finance the European Green Deal. 

[European Commission, 2019-2024 https://ec.europa.eu/info/strategy/ 

priorities-2019-2024/european-green-deal_en]. 

It is hard to overstate the difference with Europe‘s past goal, an 80–

95% emission reduction by 2050. Net-zero requires a full fossil fuel phase-out. 

It puts the spotlight on natural gas for the first time. And the gas industry is 

turning to hydrogen for a new lease of life. The first-ever European hydrogen 

strategy, released in July 2020, aiming to support the broader goal of ‗sector 

integration‘. This originally meant using carbon-free power to help 

decarbonize other sectors, such as transport and industry. But it has become 

a broader bid to delineate roles for electricity and ‗molecules‘ in the future 

energy system.15,16 

Research for Hydrogen by catalytic electrolysis of water  

 

Scientists considered that if hydrogen (H2) is to truly offer revolutionary 

―clean‖ energy solutions, its production must avoid greenhouse gas emissions 

(GHG), such as carbon dioxide (CO2). This is currently only possible if H2 is 

produced from water using electrolysis, using renewable electricity sources, or 

by photo(electro)catalysis, using sunlight. 

https://ec.europa.eu/info/strategy/%20priorities-2019-2024/european-green-deal_en
https://ec.europa.eu/info/strategy/%20priorities-2019-2024/european-green-deal_en
https://ec.europa.eu/info/strategy/%20priorities-2019-2024/european-green-deal_en
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Figure 7.  Electrolysis of water is a method to produce ―green‖ Hydrogen with 
renewable energy sources and no emissions.  

 

Hydrogen as a renewable energy source. According to researches and 

energy specialists, electrolysis is a leading hydrogen production pathway to 

achieve the Hydrogen Energy Earthshot goal of reducing the cost of clean 

hydrogen by 80% to $1 per 1 kilogram in first (1) decade (denoted with, "1 1 

1"). Hydrogen produced via electrolysis can result in zero greenhouse gas 

emissions, depending on the source of the electricity used. The source of the 

required electricity, including its cost and efficiency, as well as emissions 

resulting from electricity generation—must be considered when evaluating the 

benefits and economic viability of hydrogen production via electrolysis. 

Hydrogen production via electrolysis must be pursued for renewable 

(wind, solar, hydro, geothermal) and/or nuclear energy options. These 

hydrogen production pathways result in virtually zero greenhouse gas and 

criteria pollutant emissions; however, the production cost needs to be 

decreased significantly to be competitive with more mature carbon-based 

pathways such as natural gas reforming. 

Potential for synergy with renewable energy power generation 

Hydrogen production via electrolysis may offer opportunities for synergy with 

dynamic and intermittent power generation, which is characteristic of some 

renewable energy technologies. For example, though the cost of wind power 

has continued to drop, the inherent variability of wind is an impediment to the 

effective use of wind power. Hydrogen fuel and electric power generation 

could be integrated at a wind farm, allowing flexibility to shift production to 

best match resource availability with system operational needs and market 

https://www.energy.gov/eere/fuelcells/hydrogen-shot
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factors. Also, in times of excess electricity production from wind farms, instead 

of curtailing the electricity as is commonly done, it is possible to use this 

excess electricity to produce hydrogen through electrolysis. 

The role of low cost electrocatalysts in splitting water 

Research for many decades focused on catalytic water splitting 

electrolysis that was a promising pathway to achieve the efficient Hydrogen 

production in terms of energy conversion and storage in which catalysis or 

electrocatalysis plays a critical role. The development of active, stable, and 

low-cost catalysts or electrocatalysts was an essential prerequisite for 

achieving the desired electrocatalytic hydrogen production. Recent advances 

in the design and preparation of nanostructured noble-metals. These noble 

metals were Pt group metals, including Pt, Pd, Ru, Ir, and Rh which show 

outstanding catalytic performance for hydrogen evolution reaction (HER). and 

non-noble (Ir, Ru, Ni, Co, etc) metal-based electrocatalysts.  

So far, Pt has been recognized as the best electrode material for 

electrochemical hydrogen production. However, the cost of the catalyst, 

activity, and durability make Pt-catalyzed hydrogen production very costly and 

unsuitable on a commercial scale. It has hence become imperative to explore 

low-cost, highly active and durable Hydrogen Evolution Reaction (HER) 

catalysts to replace platinum as a catalyst. This perspective provides key 

concepts and the current status of the research on the properties of 

nanocatalysts that influence the HER.17 

A recent review (2021) collected numerous scientific papers with 

catalytic strategies and insights in exploring the synergistic structure, 

morphology, composition, and active sites of the nanostructured 

electrocatalysts for increasing the electrocatalytic activity and stability. 

Significant progress has been made in the last decades for the design of 

electrocatalysts for water splitting for the production of Hydrogen by 

advancing the atomic, molecular, and nanoscale materials engineering 

strategies. Also, the development of water splitting cells as an efficient energy 

conversion and storage system play an important role in hydrogen production. 

However, the energy efficiencies of water electrolysis are hindered by the 

sluggish reaction kinetics of hydrogen and oxygen evolution reactions due to 
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high overpotentials which lead to only 4% of the word‘s hydrogen generation 

from water splitting at present. The review highlighted some of the significant 

advances in the development of nanostructured noble-metal-based and non-

noble-metal-based electrocatalysts, which show high performance 

approaching benchmark catalysts Pt and IrO2/RuO2 for hydrogen production 

with low cost.18 

Another recent paper projects a techno-economic analysis for large 

scale ―green‖ hydrogen production by water electrolysis that has several 

advantages. ―Green‖ H2 exhibits a very high purity with more than 99.9%. 

Additionally, electrolysis can provide grid balancing services converting 

―excess electricity‖ from wind and solar peaks to hydrogen when dynamic 

electrolysis operation is possible. Such production can therefore profit from 

low electricity prices potentially resulting in low hydrogen production costs. 

Currently, the green hydrogen cost is still high (up to 15 Euro per kg H2) 

compared to fossil fuel based hydrogen production pathways, mainly due to 

the high investment needed for the electrolyzer. Further, there are large 

uncertainties regarding the future development and the associated learning 

curve of electrolyzers. There is therefore a need for comprehensive cost 

assessments to determine current hydrogen production costs of green 

hydrogen, as well as to examine the point in time of reaching cost parity with 

gray hydrogen with ―historical‖ costs around 1–2 Euro per kg H2. Further, 

environmental assessments are required to determine whether ―green‖ 

hydrogen—produced exclusively by renewable electricity in autonomous 

system configurations—indeed exhibits low greenhouse gas (GHG) 

emissions, as well as to determine potential trade-offs coming along with the 

large-scale deployment of green hydrogen production systems.19 

―Green‖ hydrogen production by electrolysis of water powered by 

renewable energy sources is the most promising method in the future. 

Hydrogen is very versatile as it can serve as a fuel for mobility, or as an 

energy carrier of renewables. Scientists propose the production of Hydrogen 

through the electrolysis of seawater using marine renewable energies offer 

numerous advantages. Nonetheless, the combination of marine renewables 

and electrolysis technologies has not reached commercial status yet. A recent 

https://www.sciencedirect.com/topics/engineering/marine-renewable-energy
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study focused on methods of electrolysis technologies that present the best 

prospects of applicability in the short term by conducting a multicriteria 

comparison, where economic, environmental and social factors have been 

selected. Due to the different nature of the involved factors, the analysis is 

inherently complex. For its simplification, multicriteria decision-making 

methods are used.  

However, such methods could lead to various types of inconsistencies, 

and in order to avoid them, five distinct multicriteria decision-making methods 

have been employed. This combination enables checking the ranking 

consistency and its robustness, conferring the results a higher reliability. The 

results of the study reveal that Proton Exchange Membrane Electrolysis at 

sea presents the best prospects of applicability in the short term.20 

Proton exchange membrane (PEM) electrolyzers nowadays are 

categorized as promising technology for producing green Hydrogen fuel 

using renewable electricity. Proton-exchange membrane (PEM) electrolysis, 

in which proton-conducting polymer thin membranes are used as solid 

electrolyte instead of liquid electrolyte, was developed earlier in 1950s for 

hydrogen and oxygen generation under anaerobic environments. Compared 

to conventional alkaline electrolysis, this technology shows plenty superiorities 

that can facilitate its future coupling to the solar electricity grid. Currently, only 

noble metal catalysts can be used in PEM electrolyzers, however, molecular 

catalysts may bring new opportunities as a replacement. Recently, numerous 

molecular water oxidation catalysts and hydrogen evolution reaction catalysts 

have been developed for artificial photosynthesis. Most of these catalysts 

tolerate high acidity as they were initially developed, evaluated, and deeply 

studied under such conditions.21 

A recent comprehensive review collected data for ―green‖ hydrogen 

production methods through the water electrolysis process for large-scale 

implementation of renewable energy-based power plants. The review focused 

on various water electrolysis technologies and their techno-commercial 

prospects including hydrogen production cost.  

https://www.sciencedirect.com/topics/engineering/proton-exchange-membrane
https://www.sciencedirect.com/topics/engineering/hydrogen-production
https://www.sciencedirect.com/topics/engineering/hydrogen-production
https://www.sciencedirect.com/topics/engineering/hydrogen-production
https://www.sciencedirect.com/topics/engineering/hydrogen-production-cost
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Figure 8. Various molecular catalysts have been reported that efficiently 
catalyze reactions involved in artificial photosynthesis. The introduction of 
these molecular catalysts can bring new opportunities to proton exchange 
membrane (PEM) electrolyzers. These molecular catalyst modified carbon 
materials developed for electrochemical water oxidation, proton reduction, 
and CO2 reduction reactions.  [Lizhou Z, Ram F, Ambre B, et al. Advancing Proton 

Exchange membrane electrolyzers with molecular catalysts. Review.  Joule 4(7): 
1408-1444, 2020].  

 

Also, the review focused on recent developments in electrode 

materials, and their challenges. Further some of the most successful results 

were presented with some of the commercial electrolyzer performances and 

their limitations.22 

Some selected electrocatalytic examples with use of proton exchange 
membrane (PEM)  

Two research papers (2020) introduced a novel titanium-doped 

molybdenum phosphide (Ti-MoP) electrocatalyst for Hydrogen Evolution 

Rreaction (HER) in acid electrolyte. The developed Ti-MoP electrocatalyst 

demonstrated superior electrochemical performance than undoped MoP with 

an overpotential of only 81.5 mV at 10 mA cm−2 than that of undoped MoP 

(93.5 mV) under the acidic electrolyte (0.5M H2SO4), indicating that the HER 

(hydrogen evolution reaction) performance is improved approximately 13% by 

doping Ti with MoP.23,24 

https://www.sciencedirect.com/topics/engineering/artificial-photosynthesis
https://www.sciencedirect.com/topics/engineering/proton-exchange-membrane
https://www.sciencedirect.com/topics/engineering/proton-exchange-membrane
https://www.sciencedirect.com/topics/engineering/proton-exchange-membrane
https://www.sciencedirect.com/topics/engineering/electrolyzer
https://www.sciencedirect.com/topics/engineering/acid-electrolyte
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Figure 9. Polymer electrolyte membrane (PEM) electrolysis is the 
electrolysis of water in a cell equipped with a solid polymer electrolyte (SPE) 
that is responsible for the conduction of protons, separation of product gases 
(H2 and O2), and electrical insulation of the electrodes. The PEM electrolyzer 
was introduced to overcome the issues of partial load, low current density, 
and low pressure operation currently plaguing the alkaline electrolyzers. One 
of the largest advantages to PEM electrolysis is its ability to operate at high 
current densities.[ 
 

Another research project (2021) designed Ir film (Iridium is a chemical 

element with the symbol Ir and atomic number77, hard, brittle, silvery-white 

transition metal of the platinum group) decorated WOx nanorods 

(Ir@WOxNRs) [WO = transition metal Tungsten oxide] through 

electrodeposition techniques for Oxygen Evolution Reaction (OER) electrodes 

and studied their electrochemical performance in acidic media. The designed 

Ir@WOxNRs electrode with reduced noble metal loading of 0.14 mg cm−2 

demonstrated outstanding electrochemical performance and stability, the 

achieved current density of 2.2 A cm−2 at 2 V with an acceptable degradation 

rate of 49.7μV h−1 during the 1030 h stability test at a constant current density 

of 0.5 mA cm−2. Further, in another paper (2022) developed WO3 nano-array 

electrode with a heterogeneous IrRu coating with different Ir/Ru ratios by 

facile electrodeposition approach and studied their OER activity and stability 

in acidic conditions. The developed Ir3.2Ru1.6@WO3 electrode exhibited 

outstanding electrocatalytic activity and stability.
25,26 

 

 

https://en.wikipedia.org/wiki/Electrolysis_of_water
https://en.wikipedia.org/wiki/Polymer_electrolyte_membrane_electrolysis#cite_note-carmo2013a-1
https://en.wikipedia.org/wiki/Chemical_element
https://en.wikipedia.org/wiki/Chemical_element
https://en.wikipedia.org/wiki/Chemical_element
https://en.wikipedia.org/wiki/Symbol_(chemistry)
https://en.wikipedia.org/wiki/Atomic_number
https://en.wikipedia.org/wiki/Transition_metal
https://en.wikipedia.org/wiki/Platinum_group
https://www.sciencedirect.com/topics/engineering/nanorods
https://www.sciencedirect.com/science/article/pii/S2352484722020625#b42
mailto:Ir3.2Ru1.6@WO3
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The Hydrogen fuel is versatile, but very expensive. Issues that 
polarize opinions among hydrogen advocates 

 

Hydrogen is considered as one of the main pathways for the energy 

transition. So far, few experts, policymakers, multilaterals and industry 

players would disagree. But the question of how to produce the enormous 

amounts needed to achieve this is polarizing hydrogen‘s advocates. 

When scientists and energy experts argue for the use of Hydrogen as a 

clean fuel for energy they start with the main drawback of hydrogen its 

commercial price. At present producing hydrogen (“gray” colour, by steam 

methane reformation but without capturing the greenhouse gases made in the 

process) from natural gas costs about $1.50 per kilogram (kg), but “clean 

hydrogen” costs about $5 per kilogram. Norwegian electrolyzer-maker Nel ASA 

in January 2022 announced a goal of producing ―green‖ hydrogen at $1.50 per 

kilogram by 2025. Recently the Department of Energy (USA) launched a 

program called the Hydrogen Shot, which aims to reduce the cost of “clean 

or green” hydrogen to $1 per one kilogram in one decade.  

[S&P Global, 5 March, 2021,   https://www.spglobal.com/marketintelligence/ 
en/news-insights/latest-news-headlines/experts-explain-why-green-hydrogen-
costs-have-fallen-and-will-keep-falling-63037203]. 
 

The U.S.A. Department of Energy (DOE) convened the Hydrogen Shot 

Summit (31.9.2021) with thousands of stakeholders online to introduce the 

global energy community on the urgency of tackling the climate crisis through 

concrete actions and innovation (held virtually 31/8-1/9, 2021). The DOE 

solicited feedback on pathways to achieving the Hydrogen Shot's "1 1 1" goal 

of $1 for 1 kg of ―clean‖ Hydrogen in one (1) decade. Breakout sessions on 

various clean hydrogen production pathways as well as deployment and 

financing helped identify key challenges and potential strategies to address 

them. [DOE Energy Earth Shots. U.S.DOE Energy, Hydrogen,   

https://www.energy.gov/eere/fuelcells/hydrogen-shot-summit...]. 

Driving down the price of “clean” hydrogen, according to Bill Gates 

“would be a huge step toward solving climate change”. There are 3 primary 

pathways the DOE sees as how to get the cost of clean hydrogen down from 

about $5 per kilogram to $1: a) improving the efficiency, durability and 

https://www.spglobal.com/marketintelligence/%20en/news-insights/latest-news-headlines/experts-explain-why-green-hydrogen-costs-have-fallen-and-will-keep-falling-63037203
https://www.spglobal.com/marketintelligence/%20en/news-insights/latest-news-headlines/experts-explain-why-green-hydrogen-costs-have-fallen-and-will-keep-falling-63037203
https://www.spglobal.com/marketintelligence/%20en/news-insights/latest-news-headlines/experts-explain-why-green-hydrogen-costs-have-fallen-and-will-keep-falling-63037203
https://www.energy.gov/eere/fuelcells/hydrogen-shot-summit
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manufacturing volume of electrolyzers, b) improving pyrolysis, which 

generates solid carbon, not carbon dioxide as a byproduct, c) “Advanced 

pathways” which is a bit of a catch-all for experimental technologies. One 

example is the photoelectrochemical (PEC) water splitting, hydrogen is 

produced from water using sunlight and specialized semiconductors called 

photoelectrochemical materials, which use light energy to directly dissociate 

water molecules into hydrogen (H2) and oxygen (O2). 

Scientists and energy experts who are skeptical about the Hydrogen as 

a “clean” fuel, say it is inefficient and impractical. While ―green‖ hydrogen 

could be critical to decarbonize heavy industry, power ships and aeroplanes, 

and perhaps store surplus energy, it is not efficient to use more broadly as an 

energy source. Some critics say the problems with use of Hydrogen are more 

fundamental. For example, the process of producing hydrogen, compressing it, and 

then turning that compressed hydrogen back into electricity or mechanical energy is 

grossly inefficient, according to Paul Martin (a member of Hydrogen Science 

Coalition) [ https://h2sciencecoalition.com/blog/how-clean-is-hydrogen/ ]. 

It is worth putting up with a lot of problems with a battery because for 

every one joule you put in, you get 90% of it back. In producing and storing 

Hydrogen, you get only 37% of the energy back out. ―So 63% of the energy is 

lost. And that‘s best case.‖ Paul Martin (Chemical Engineer and Process 

Development Expert), 13.10.2021: [Hydrogen: hope, hype and 

thermodynamics (podcast) [https://h2sciencecoalition.com/blog/hydrogen-

hope-hype-and-thermodynamics-with-paul-martin-podcast/]. But pursuing 

―Green‖ Hydrogen is important for all its other uses, like industrial processes 

and the Haber-Bosch process for producing ammonia fertilizer.  

Hydrogen is already a key component of chemical industrial processes 

and in the steel industry. So making clean hydrogen to use in those industrial 

processes is critical to reducing carbon emissions. But as an energy source 

itself, Hydrogen‘s big advantage is its versatility according to Sunita Satyapal, 

Director, Hydrogen & Fuel Cell Program/Fuel Cell Technologies Office U.S. 

Department of Energy, DOE) who oversees hydrogen fuel cell technology for 

the USA Department of Energy.  

https://www.linkedin.com/in/paul-martin-195763b/
https://h2sciencecoalition.com/about/
https://h2sciencecoalition.com/about/
https://h2sciencecoalition.com/about/
https://h2sciencecoalition.com/blog/how-clean-is-hydrogen/
https://h2sciencecoalition.com/blog/hydrogen-hope-hype-and-thermodynamics-with-paul-martin-podcast/
https://h2sciencecoalition.com/blog/hydrogen-hope-hype-and-thermodynamics-with-paul-martin-podcast/
https://agriculture.basf.com/global/en/media/stories-from-the-field/A-new-century-in-agriculture-the-Haber-Bosch-process.html
https://www.energy.gov/eere/contributors/sunita-satyapal
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―Green‖ Hydrogen, according to some other experts, would be useful in 

decarbonizing industrial heavy transportation like trucking, big industrial boats, 

and international transport by airoplanes. Hydrogen is less interesting for 

smaller consumer vehicles, as battery-powered cars are being adopted much 

more readily. But bigger vehicles require larger batteries, which increases 

their weight, which in turn increases their energy use. Hydrogen can be a way 

around that conundrum. Hydrogen can also be used as a way to store energy 

from intermittent renewable sources (solar, wind). These energy utilities can 

convert the excess energy into Hydrogen (electrolysis of water) and then use 

it for energy later on, as an alternative to battery storage. Hydrogen can be 

stored underground for as long it needs to be. But scientists who are critical 

say pursuing ―green‖ hydrogen as a fuel source is not the best solution for 

combatting climate change because it‘s inefficient and in large part is created 

with carbon-emitting energy sources.27 

Large-scale projects for Hydrogen production. Problems, 
challenges 

 

Hydrogen is emerging as a new energy vector outside its common 

industrial role and receiving more recognition globally as a potential fuel 

pathway. Hydrogen offers some important advantages in use cases and 

unlike synthetic carbon-based fuels can be truly carbon neutral on a life cycle 

basis. A recent review (2022) paper provides an extensive critical analysis of 

the state-of-the-art in ―blue‖ (from natural gas steam reforming) and ―green‖ 

hydrogen production methods using conventional (CH4) and renewable 

energy sources, utilization of hydrogen, storage, transportation, distribution 

and key challenges and opportunities in the commercial deployment of such 

systems. In the case of key promising renewable energy sources to produce 

―clean‖ hydrogen, such as solar and wind are intermittent; hydrogen appears 

to be the best candidate to be employed for multiple purposes blending the 

roles of fuel energy carrier and energy storage modality. Additionally, the 

review offers a comparative assessment of different non-renewable and 

renewable hydrogen production systems based on system design, cost, 

global warming potential, infrastructure and efficiency. The review also 

https://www.sciencedirect.com/topics/engineering/hydrogen-production
https://www.sciencedirect.com/topics/engineering/produce-hydrogen
https://www.sciencedirect.com/topics/engineering/produce-hydrogen
https://www.sciencedirect.com/topics/engineering/produce-hydrogen
https://www.sciencedirect.com/topics/engineering/global-warming-potential
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addressed the key challenges, problems and opportunities associated with 

hydrogen production, storage, transportation, distribution and commercial-

scale deployment. 

 The review in its introduction contains a number of aligned large-scale 

projects for hydrogen production which are already attracting funding around 

the world. For example, Air Liquide has commissioned the world's largest 

―green‖ hydrogen producing plant in Quebec, Canada which is producing up 

to 8.2 tonnes of green H2 per day (∼3,000 tonnes annually). Air Liquide is 

world leader in gases, technologies and services for Industry and Health, 

present in 75 countries with approximately 66,400 employees) is building a 

unit in Oberhausen, Germany, to produce renewable hydrogen by electrolysis. 

With a capacity of 30 MW, the first phase of this production unit should be 

operational at the beginning of 2023. 

The review emphasized that despite the gigawatt-scale ambitions of 

many green-hydrogen developers, the Hydrogen industry is still in its infancy. 

Therefore, the public and private sectors around the globe are investing in the 

emerging offshore wind + hydrogen for the ammonia production economy. 

Germany is very interested and is eying a world-first tender for an offshore 

wind-hydrogen pilot in 2022, providing $58 million in support for pilot projects 

in the country's exclusive economic zone in the North Sea. The EU-based 

OYSTER consortium received EUR 5 million funding to investigate offshore 

hydrogen production. Maersk (Maersk is an integrated transport and logistics 

company with multiple brands and global leader in container shipping, in 300 

ports) has signed an agreement with several other international companies to 

conduct a feasibility study on the ship-to-ship bunkering of green ammonia at 

the Port of Singapore. To bring shipping in line with the Paris Climate 

Agreement, the Nordic maritime sector formulated the Nordic Green Ammonia 

Powered Ships (NoGAPS) project, with the aim of decarbonizing Nordic ports, 

transport of people and goods. The government has recently introduced 38 

policies to make green hydrogen viable.28 

[Fuel Cells Works, https://fuelcellsworks.com/news/nine-of-the-largest-green-
hydrogen-projects-2022/ ].  

 

https://www.sciencedirect.com/topics/engineering/exclusive-economic-zone
https://www.sciencedirect.com/topics/engineering/feasibility-study
https://fuelcellsworks.com/news/nine-of-the-largest-green-hydrogen-projects-2022/
https://fuelcellsworks.com/news/nine-of-the-largest-green-hydrogen-projects-2022/
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There are many other ambitious hydrogen production and storage 

facilities in the world. Perhaps the most ambitious hydrogen project is that of 

Worley. (Worley is an engineering company headquartered in Australia that is 

currently implementing more than 120 hydrogen projects worldwide). Worley 

is involved in a low-carbon fuels project in Oman led by the international 

consortium Green Energy Oman (GEO). Worley‘s role in the project is to 

provide ―concept feasibility study services to develop and challenge GEO‘s 

defined green hydrogen energy project. This includes optimizing about 25 GW 

of wind and solar generation, transforming this renewable energy through 

electrolysis into green hydrogen, as well as the production, storage, and 

export of green ammonia. 

[Power Mag, 2 May 2022. Hydrogen Large-Scale Hydrogen Projects Take 
Shape as Technology Continues to Evolve [https://www.powermag.com/large-
scale-hydrogen-projects-take-shape-as-technology-continues-to-evolve/  ].  

Recently, Worley has been awarded an early engineering services 

contract by Shell to support the development of a new 200 megawatt 

electrolysis-based hydrogen plant in Rotterdam, Netherlands.  Once 

complete, the project will be one of the largest commercial ―green‖ 

hydrogen production facilities in the world. Shell‘s Holland Hydrogen  

project will be located on the Tweede Maasvlakte in the Port of Rotterdam 

in the Netherlands.  

[Worley, 2.6.2021, Shell awards Worley a contract to help create a green 
hydrogen factory in the Netherlands, https://www.worley.com/news-and-
media/2021/contract-to-help-create-green-hydrogen-factory ]. 
 

Also, Shell started up Europe‘s largest PEM (polymer electrolyte 

membrane) ―green‖ hydrogen electrolyzer at its Energy and Chemicals Park 

Rheinland site near Cologne, Germany. PEM electrolyzers are more compact 

than a conventional alkaline electrolyzer. They are also well-suited to working 

with renewable energy sources. The 10-MW Rheinland electrolyser will use 

renewable electricity to produce up to 1,300 tonnes of ―green‖ hydrogen a 

year. Shell hopes the green hydrogen will also be used to help decarbonize 

other industries. A European consortium consisting of Shell, ITM Power, 

research organization SINTEF, and consultants Sphera and Element Energy 

backed the project. The electrolyzer was manufactured by ITM Power in 

https://www.worley.com/what-we-do/our-markets/new-energy/low-carbon-hydrogen
https://intercontinentalenergy.com/green-energy-oman
https://www.powermag.com/category/hydrogen/
https://www.powermag.com/large-scale-hydrogen-projects-take-shape-as-technology-continues-to-evolve/
https://www.powermag.com/large-scale-hydrogen-projects-take-shape-as-technology-continues-to-evolve/
https://www.worley.com/news-and-media/2021/contract-to-help-create-green-hydrogen-factory
https://www.worley.com/news-and-media/2021/contract-to-help-create-green-hydrogen-factory
https://www.shell.com/media/news-and-media-releases/2021/shell-starts-up-europes-largest-pem-green-hydrogen-electrolyser.html
https://www.shell.com/media/news-and-media-releases/2021/shell-starts-up-europes-largest-pem-green-hydrogen-electrolyser.html
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Sheffield, UK, and includes parts made in Italy, Sweden, Spain, and 

Germany. Plans are already underway to expand electrolyzer capacity at the 

site to 100 MW. In the future, Shell also intends to produce sustainable 

aviation fuel using renewable power and biomass. A plant for liquefied 

renewable natural gas (bio-LNG) is also in development. 

 [POWER, 2.5.2022 https://www.powermag.com/large-scale-hydrogen-
projects-take-shape-as-technology-continues-to-evolve/ ] 

 

Also, Shell is involved in a lengthy list of other projects around the 

world too. In 2022 Shell began operation of a 20-MW power-to-hydrogen 

electrolyzer in Zhangjiakou, Hebei Province, China. The project is part of a 

joint venture between Shell China and Zhangjiakou City Transport 

Construction Investment Holding Group Co. Ltd. The electrolyzer and 

hydrogen refueling stations in Zhangjiakou are Phase 1 of the joint venture. 

The companies have plans to scale up to 60 MW in the next two years in 

Phase 2.  Also, Shell is involved with a 50-MW capacity, the power system 

built at the Daesan Industrial Complex in Seosan, South Korea, is the world‘s 

largest industrial hydrogen-fuel-cell power plant and the first to use only 

hydrogen recycled from petrochemical manufacturing.  

Hanwha Energy, a comprehensive energy-solutions company based 

in Seoul, South Korea, has been on the hydrogen bandwagon for a while. In 

2020, the company commissioned the largest industrial hydrogen-fuel-cell 

power plant in the world, which was also the first to use only hydrogen 

recycled from petrochemical manufacturing. The 50-MW plant is located at 

the Daesan Industrial Complex in Seosan, South Korea. The $212.4 million 

power plant built at 20,000-square-meter site in Daesan petrochemical 

complex in South Chungcheong Province will deliver by-product hydrogen 

from Hanwha Total‘s petrochemical plants via underground pipelines to 

generate 400,000 megawatt-hours of electricity to power 160,000 households 

every year. [Korea Herald, World‘s 1st by-product hydrogen power plant build 

in Korea, 28.7.2020, https://www.koreaherald.com/view.php?ud= 

20200728000849]. 

Air Products is one of the world leaders (Air Products and Chemicals, 

is a USA international corporation in Pennsylvania) in supplying industrial 

https://www.powermag.com/large-scale-hydrogen-projects-take-shape-as-technology-continues-to-evolve/
https://www.powermag.com/large-scale-hydrogen-projects-take-shape-as-technology-continues-to-evolve/
https://www.shell.com/media/news-and-media-releases/2022/shell-starts-up-hydrogen-electrolyser-in-china-with-20mw-product.html
https://www.shell.com/media/news-and-media-releases/2022/shell-starts-up-hydrogen-electrolyser-in-china-with-20mw-product.html
https://www.powermag.com/innovative-byproduct-hydrogen-fuel-cell-power-plant-completed/
https://www.powermag.com/innovative-byproduct-hydrogen-fuel-cell-power-plant-completed/
https://www.koreaherald.com/view.php?ud=%2020200728000849
https://www.koreaherald.com/view.php?ud=%2020200728000849
https://www.koreaherald.com/view.php?ud=%2020200728000849
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gases. It's a global leader in liquefied natural gas (LNG) processing 

technology and equipment. It's also one of the world's largest suppliers of 

merchant Hydrogen and a leader in hydrogen fuel infrastructure aspires to 

being a leader in providing solutions to the world's energy and environmental 

challenges through gasification, carbon capture, and clean hydrogen. It has 

several major hydrogen projects underway that it expects to complete in the 

coming years. These include a $4.5 billion ―blue hydrogen‖ project in 

Louisiana, a $7 billion carbon-free hydrogen joint venture in Saudi Arabia, and 

a $1 billion net-zero hydrogen project in Canada (to enter service between 

2024 and 2026). 

 

Conclusions 

 

For many scientists the versatility of Hydrogen as a ―green‖ fuel creates 

many opportunities to replace conventional fuels in electricity production and 

in different parts of the industrial economy. Hydrogen can provide long-term 

energy storage for the electric power sector, it can be used as a clean energy 

source for heavy duty transportation and aeroplanes. Also, Hydrogen can be 

used for industrial processes requiring high temperatures, like steel, concrete 

production and ammonia.  The big questions at present are: can Hydrogen 

versatility offer the potential to end dependence on conventional fossil fuels 

with aim to reduce CO2 emissions and mitigate climate change? Can ―green‖ 

hydrogen help to store and transport renewable energy sources? Can the 

energy from Hydrogen become the future decarbonization solution? 

―Green‖ Hydrogen is recognized as being potentially the cleanest of 

alternative fuels with materially higher energy density than other 

combustibles. It is the most abundant element in the universe and, when used 

for fuel, the waste product is simply water with no emissions of CO2. From the 

perspective of transportation, hydrogen can produce three times (3x) the 

energy of gasoline. It is considered to be part of the long-term solution for a 

carbon-neutral energy grid.  Hydrogen can be distributed in the same way as 

natural gas (CH4) and our existing natural gas terminal and pipeline 

infrastructure may be leveraged toward hydrogen distribution. 

https://climate.mit.edu/explainers/energy-storage
https://climate.mit.edu/explainers/mining-and-metals
https://climate.mit.edu/explainers/concrete
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There are many skeptical scientists and energy experts that think 

Hydrogen is very expensive and not the best solution for decarbonization. 

Current technology and infrastructure limitations make “green” hydrogen 

production roughly 10 times as expensive as CH4 production. The high prices 

of clean hydrogen (plus the very expensive safe storage and transportation) is 

a non-starter for consumers. Electrolyzers are scarce, and the renewable 

energy required to make the process carbon free remains limited. 

In the USA Congress and the present government (Biden 

Administration, Democrats) recognized Hydrogen‘s potential to address the 

clean energy imperative. In the 2022 Infrastructure Investment and Jobs Act 

appropriated $8 billion of spending to build out ―clean Hydrogen‖ hubs in order 

to demonstrate the potential of the fuel, $1 billion for a Clean Hydrogen 

Electrolysis Program to reduce costs of hydrogen produced from clean 

electricity; and $500 million for Clean Hydrogen Manufacturing and Recycling 

Initiatives to support equipment manufacturing and strong domestic supply 

chains. In February 2022 the U.S. Department of Energy published a request 

for information from key stakeholders to inform a strategy to generate green 

hydrogen for $2/kg by 2026. Later this year, DOE is expected to select at 

least four geographically diverse regions, two of which must be in regions with 

abundant natural gas reserves to test different ways to produce and use 

hydrogen, demonstrate its viability as an alternative fuel source and assist in 

garnering public support. These sorts of initiatives have been a focus for 

many industrial countries for several years.  

The infrastructure required to enable hydrogen ubiquity is expensive 

and is still in need of considerable innovation as the fuel presents unique ―last 

mile‖ challenges regardless of whether that last mile is reached via hubs or 

centralized manufacturing. Natural gas is 8.5x denser than hydrogen. As 

such, hydrogen simply needs more room. For that reason, it must be stored 

as a compressed gas, cryogenic liquid or via some material based storage 

such as metal-hydrides. There are, as always, cost and benefit implications to 

each with the latter two being more expensive. Further, Hydrogen flows 3x 

faster than natural gas and our existing natural gas pipelines can technically 

handle only up to about 15% hydrogen when blended with natural gas, and 
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the US currently has only 1,600 miles of dedicated hydrogen pipeline – not 

nearly enough. As far as storage goes, the element‘s low density is a key 

factor. Pressurized containers will always be limited in volume, cryogenics are 

expensive, and storing hydrogen in ammonia is relatively cheap, but requires 

processing for deployment in downstream infrastructure.  

 [Woble Bond Dickinson, 19.5.2022, Hydrogen: Near Term Challenges & Long 

Term Opportunities, https://www.womblebonddickinson.com/us/insights/ 

alerts/hydrogen-near-term-challenges-long-term-opportunities ].  

Over 40 countries have adopted a ―Hydrogen strategy‖ and 

demonstration projects number in the hundreds. As climate change concerns 

have heightened in the collective consciousness, certainly public acceptance 

will grow, especially as those consumer products obviously powered by 

hydrogen (BEVs) become increasingly available. Much progress on hydrogen 

energy development has been made, but time and significant additional 

investment (public and private) will ultimately solve the technological and 

infrastructure barriers, especially as the end use becomes clear. The benefits 

on the other side of these challenges including energy security and a cleaner 

and more protected environment are well worth it. 
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