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Abstract 
The growing concerns regarding climate change, fossil-fuel depletion, environmental pollution, and increasing global 

energy demand have created an urgent need for cleaner and sustainable energy systems. Green hydrogen has emerged 

as a promising energy carrier because it can be produced from water using renewable electricity and can be utilized 

without direct carbon emissions at the point of use. At the same time, green chemistry provides scientific principles for 

designing safer, more efficient, and environmentally responsible chemical processes. The integration of green hydrogen 

with green chemistry has considerable potential to transform energy-intensive industries, chemical manufacturing, 

transportation, agriculture, and energy storage. Green chemistry can contribute to the development of efficient 

catalysts, electrolyser materials, hydrogen-storage systems, and hydrogen-based chemical processes. The integration of 

renewable energy, green hydrogen, and sustainable chemistry can contribute significantly to achieving a low-carbon 

and circular economy. 
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1. Introduction  

The global energy system has historically depended on coal, petroleum, and natural gas. These 

fossil fuels have played a major role in industrial development, transportation, electricity 

generation, and chemical manufacturing. However, their extensive use has resulted in 

greenhouse-gas emissions, air pollution, environmental degradation, and concerns about long-

term resource availability. 

The transition toward renewable energy is therefore essential for sustainable development. Solar, 

wind, hydropower, biomass, and geothermal resources can provide alternatives to conventional 

fossil fuels. However, renewable electricity alone may not be sufficient for all sectors, 

particularly industries requiring high-temperature heat or chemical feedstocks. 

Green chemistry complements this transition by providing principles for reducing waste, 

improving energy efficiency, developing safer chemical processes, and utilizing renewable 

resources. The combination of green chemistry and green hydrogen can therefore provide new 

opportunities for sustainable industrial development. 

2. Concept of Green Hydrogen: 

Hydrogen is the lightest chemical element and has a high energy content per unit of mass. It can 

be used in fuel cells to generate electricity, in industrial processes, and as a feedstock for 

chemical production. 

Hydrogen can be produced through several methods, including: 

 natural-gas reforming; 

 coal gasification; 

 biomass conversion; 

 water electrolysis. 

The environmental impact of hydrogen production depends largely on the energy source and 

production method. Green hydrogen is produced by splitting water into hydrogen and oxygen 

using electricity generated from renewable sources such as solar and wind energy. 

When renewable electricity is used, the process can have very low greenhouse-gas emissions 

compared with conventional fossil-fuel-based hydrogen production. 

 

3. Green Chemistry and Hydrogen Production: 

Green chemistry can improve hydrogen production by applying principles of energy efficiency, 

catalysis, waste prevention, safer materials, and renewable feedstocks. 

Electrolysis requires efficient electrodes and catalysts. Catalysts can reduce the energy required 

for the hydrogen-evolution and oxygen-evolution reactions. 

Research is being conducted on a variety of catalytic materials, including: 
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 platinum-group metals; 

 nickel-based catalysts; 

 iron-based catalysts; 

 cobalt-based materials; 

 metal oxides; 

 carbon-based materials; 

 nanostructured catalysts. 

A major objective of green chemistry is to develop efficient catalysts based on abundant and less 

expensive elements, thereby reducing dependence on scarce materials. 

 

4. Water Electrolysis Technologies:  

Several electrolysis technologies are being developed for hydrogen production. 

4.1 Alkaline Electrolysis: Alkaline electrolysers are among the most established technologies. 

They generally use an alkaline electrolyte and electrodes based on relatively abundant materials. 

Advantages include technological maturity and the potential for comparatively low material 

costs. 

4.2 Proton Exchange Membrane Electrolysis: Proton exchange membrane (PEM) 

electrolysers can operate at relatively high current densities and respond rapidly to changing 

renewable-electricity availability. 

However, some PEM systems require expensive catalyst materials. Green chemistry research 

can contribute to reducing or replacing scarce materials. 

4.3 Solid Oxide Electrolysis: Solid oxide electrolysis operates at high temperatures and can 

potentially achieve high efficiency when suitable heat is available. 

The integration of renewable electricity and industrial waste heat may improve the overall 

sustainability of such systems. 

 

5. Role of Catalysts in Green Hydrogen Production:  

Catalysts are essential components of many electrolysis systems. They facilitate the chemical 

reactions occurring at the electrodes. 

An ideal green-hydrogen catalyst should have: 

 high catalytic activity; 

 long-term stability; 

 low toxicity; 

 low cost; 

 abundant raw materials; 

 high efficiency; 

 recyclability. 

The development of earth-abundant catalysts is particularly important for large-scale hydrogen 

production. 

Green chemistry provides an important framework for evaluating catalysts not only on the basis 

of performance but also on their environmental impact, availability, recyclability, and 

manufacturing requirements. 

 

6. Applications of Green Hydrogen:  

6.1 Chemical Industry: Hydrogen is already widely used in the chemical industry, particularly 

in ammonia production and petroleum refining. 

Replacing conventionally produced hydrogen with green hydrogen can reduce the carbon 

footprint of these industries. 

6.2 Green Ammonia: Ammonia is an important fertilizer and chemical feedstock. Conventional 

ammonia production requires hydrogen that is generally derived from fossil fuels. Green 

hydrogen can be combined with nitrogen to produce ammonia with substantially lower 

associated carbon emissions. 

Green ammonia may also become an energy carrier and a potential fuel for selected 

applications. 
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6.3 Steel Industry: The conventional production of iron and steel is highly carbon-intensive. 

Hydrogen can potentially replace some carbon-based reducing agents in direct-reduction 

processes. When green hydrogen is used, this approach can significantly reduce emissions from 

iron production.  

6.4 Transportation: Hydrogen fuel cells can generate electricity for vehicles through an 

electrochemical reaction between hydrogen and oxygen. The main products at the point of use 

are electricity, heat, and water. Hydrogen may be particularly relevant for heavy-duty vehicles, 

long-distance transport, buses, ships, and other applications where battery-electric systems may 

face limitations. 

6.5 Energy Storage: Renewable electricity generation varies according to sunlight and wind 

availability. Excess renewable electricity can be used to produce hydrogen. 

The hydrogen can later be used to generate electricity or provide industrial energy. This process 

is sometimes described as power-to-hydrogen or power-to-gas. 

 

7. Green Hydrogen and Circular Economy:  
A circular economy aims to minimize waste and maximize the useful life of resources. 

Green hydrogen can support circularity when it is integrated with renewable energy, Industrial 

waste streams, and carbon-utilization technologies. 

For example, renewable hydrogen can be combined with captured carbon dioxide to produce 

selected synthetic fuels and chemicals. Similarly, hydrogen can participate in processes that 

convert waste-derived materials into useful products. The combination of renewable electricity, 

hydrogen, carbon dioxide utilization, recycling, and green chemistry can therefore support a 

more circular industrial system. 

 

8. Environmental Benefits:  

The use of green hydrogen can provide several environmental advantages. 

Reduction of carbon emissions: When produced using renewable electricity, green hydrogen 

can reduce emissions associated with conventional hydrogen production. 

Reduction of fossil-fuel dependence: Hydrogen can replace fossil-derived hydrogen in several 

industrial applications. 

Cleaner industrial production: Hydrogen-based industrial processes may reduce direct carbon 

emissions in selected sectors. 

Support for renewable energy: Hydrogen can provide a method for storing or utilizing surplus 

renewable electricity. 

Reduced air pollution: Hydrogen fuel cells do not produce direct particulate emissions or 

nitrogen oxides from combustion at the point of use. 

 

9. Challenges Associated with Green Hydrogen:  

Despite its potential, several challenges must be addressed before green hydrogen can become a 

major component of the global energy system. 

9.1 High Production Cost: Green hydrogen is currently more expensive in many applications 

than hydrogen produced from fossil fuels. Falling renewable-energy costs and technological 

improvements may help reduce this gap. 

9.2 Electricity Requirement: Electrolysis requires substantial quantities of electricity. 

Therefore, large-scale green hydrogen production requires significant expansion of renewable-

energy generation. 

9.3 Water Requirement: Water is a feedstock for electrolysis. Although the quantity of water 

required for the electrochemical reaction is relatively small compared with many industrial 

processes, water availability and treatment must be considered, particularly in water-stressed 

regions. 

9.4 Storage and Transportation: Hydrogen has a low volumetric energy density and may 

require compression, liquefaction, or conversion into other carriers for transportation and 

storage. 

9.5 Infrastructure: Large-scale adoption requires pipelines, refueling stations, storage facilities, 

electrolysers, renewable-energy systems, and safety infrastructure. 
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9.6 Material Requirements: Some electrolyser technologies use scarce or expensive materials. 

Development of earth-abundant alternatives is an important research priority. 

10. Role of Green Chemistry in Overcoming Challenges:  

Green chemistry can contribute to solving several challenges associated with hydrogen 

technologies. 

Efficient catalysis: Improved catalysts can increase hydrogen-production efficiency. 

Safer materials: Green chemistry can promote less-toxic and more environmentally compatible 

materials. 

Material efficiency: Efficient manufacturing can reduce resource consumption. 

Recycling: Recovery and recycling of valuable electrolyser and fuel-cell materials can reduce 

environmental impact. 

Energy efficiency: Chemical and electrochemical processes can be optimized to reduce energy 

requirements. 

Life-cycle assessment: Green chemistry can help evaluate the environmental impact of 

hydrogen technologies throughout their entire life cycle. 

 

11. Green Hydrogen in India:  
India has significant potential for renewable energy because of its solar and wind resources. The 

development of green hydrogen can support India's efforts to reduce fossil-fuel dependence and 

decarbonize selected industrial sectors. 

Green hydrogen can potentially contribute to: 

 fertilizer production; 

 petroleum refining; 

 steel manufacturing; 

 heavy transportation; 

 renewable-energy storage; 

 chemical industries. 

India's large renewable-energy potential, growing industrial base, and increasing focus on clean-

energy technologies provide opportunities for developing a domestic green-hydrogen 

ecosystem. 

 

12. Future Prospects:  

The future of green hydrogen will depend on technological innovation, falling renewable-energy 

costs, efficient electrolysers, improved storage methods, and supportive policies. Artificial 

intelligence and computational chemistry may accelerate the discovery of new catalysts and 

materials. Nanotechnology can help improve electrode performance and reduce material 

requirements. Advanced electrolyser designs may allow hydrogen production to respond rapidly 

to intermittent solar and wind power. The development of hydrogen-based industrial processes 

may also create new opportunities for green chemicals and low-carbon manufacturing. 

Integration with carbon capture and utilization could allow renewable hydrogen to participate in 

the production of synthetic fuels and chemicals. 

 

13. Sustainable Development Perspective  

Green hydrogen and green chemistry support several dimensions of sustainable development. 

They can contribute to cleaner energy systems, sustainable industrialization, innovation, 

responsible consumption, climate action, and economic development. 

Universities and research institutions have an important role in this transition by developing new 

catalysts, materials, analytical methods, and sustainable chemical processes. 

Education and skill development are equally important. Training students and researchers in 

renewable energy, electrochemistry, catalysis, materials science, and green chemistry can create 

the human resources required for future industries. 

 

Conclusion 

Green hydrogen represents an important pathway toward a low-carbon energy and industrial 

system. Its production through renewable-powered water electrolysis can provide a cleaner 
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alternative to conventional hydrogen production and can support difficult-to-decarbonize sectors 

such as chemicals, fertilizers, steel, transportation, and energy storage. 

However, challenges related to cost, renewable-electricity availability, water, storage, 

transportation, infrastructure, and material requirements must be addressed. Continued research, 

innovation, investment, policy support, and international collaboration will be essential. 

In the coming decades, the combination of renewable energy + green hydrogen + green 

chemistry has the potential to become a major foundation of sustainable industrial development. 

Such an integrated approach can contribute to lower greenhouse-gas emissions, cleaner 

production, efficient resource utilization, and a more sustainable future. 
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