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The Colores of Hydrogen and 
Production Methods 
Hydrogen is a versatile element that plays a crucial 
role in the transition to clean energy. The way 
hydrogen is produced significantly impacts its 
environmental footprint. In the energy sector, 
hydrogen is classified by different "colors" based on 
the production methods and associated carbon 
emissions. Understanding these classifications helps 
to evaluate the sustainability and feasibility of 
hydrogen as a future energy source. 

 

Green Hydrogen 
Production Method: Green hydrogen is produced through the process of water electrolysis 
powered by renewable energy sources such as wind, solar, or hydroelectric power. In this 
method, water (H₂O) is split into hydrogen (H₂) and oxygen (O₂) using an electrolyzer. 

Environmental Impact: Green hydrogen is considered the most sustainable form of hydrogen 
production because it generates zero carbon emissions during the process. The use of renewable 
energy ensures that the entire production chain remains environmentally friendly. 

Applications: Green hydrogen has diverse applications, including fuel cells for electric vehicles, 
industrial processes like steel production, and as a storage medium for renewable energy. Its 
versatility and zero-emission profile make it a key player in achieving global sustainability goals. 

Challenges: 

• Water Consumption: Requires approximately 9 liters of water per kilogram of hydrogen 
produced. 

• Infrastructure: Challenges related to grid adaptation and hydrogen storage need to be 
addressed to facilitate large-scale adoption. 
 

Blue Hydrogen 
Production Method: Blue hydrogen is produced through natural gas reforming, specifically steam 
methane reforming (SMR) or autothermal reforming (ATR), coupled with carbon capture and 
storage (CCS) technologies. In these methods, natural gas is reacted with steam to produce 
hydrogen and carbon dioxide (CO₂). The CO₂ is then captured and stored underground to prevent 
its release into the atmosphere. 

Environmental Impact: While blue hydrogen aims to reduce carbon emissions, some CO₂ still 
escapes during the process. The effectiveness of carbon capture and storage is a critical factor 
in determining the overall environmental benefit. 
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Applications: Blue hydrogen is seen as a transitional solution for industries looking to reduce their 
carbon footprint while existing infrastructure and technologies catch up with green hydrogen 
development. 

Challenges: 

• Carbon Emissions: Even with carbon capture, emissions are still a concern. 
• Fossil Fuel Dependency: Production relies on natural gas, making it subject to price 

fluctuations and geopolitical risks. 
• Regulatory Pressure: Increasing restrictions on fossil fuel-based hydrogen production 

may impact its long-term viability. 
 

Gray Hydrogen 
Production Method: Gray hydrogen is also produced from natural gas through steam methane 
reforming (SMR) without carbon capture and storage. This method is currently the most common 
and cost-effective but comes with significant environmental drawbacks. 

Environmental Impact: Gray hydrogen production releases large amounts of CO₂, contributing to 
greenhouse gas emissions and climate change. It does not align with long-term sustainability 
goals. 

Applications: Despite its environmental impact, gray hydrogen is widely used in the chemical 
industry, oil refining, and other sectors due to its lower production cost. 

Challenges: 

• High Carbon Emissions: Significant contributor to global greenhouse gas emissions. 
• Regulatory Challenges: Increasing environmental regulations may limit its production 

and use in the future. 
 

Brown Hydrogen 
Production Method: Brown hydrogen is generated through coal gasification, where coal is reacted 
with oxygen and steam under high temperatures to produce hydrogen and carbon dioxide. This 
method is the oldest and most polluting form of hydrogen production. 

Environmental Impact: The process releases substantial amounts of CO₂ and other pollutants, 
making brown hydrogen one of the least sustainable options. 

Applications: Brown hydrogen is primarily used in regions with abundant coal reserves and 
limited access to natural gas or renewable resources. 

Challenges: 

• Environmental Damage: High levels of CO₂ and pollutant emissions. 
• Regulatory Constraints: Stricter environmental regulations may phase out brown 

hydrogen production. 
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Turquoise Hydrogen 
Production Method: Turquoise hydrogen is produced through methane pyrolysis, where natural 
gas is thermally decomposed into hydrogen and solid carbon without producing CO₂. This 
method is still in the experimental stage but holds promise for low-emission hydrogen 
production. 

Environmental Impact: Turquoise hydrogen has the potential for lower carbon emissions 
compared to blue and gray hydrogen, as the carbon by-product is solid and easier to manage. 

Applications: This form of hydrogen could be used in various industrial processes and energy 
systems, provided the technology matures and becomes commercially viable. 

Challenges: 

• Technological Development: Still in the research and development phase with limited 
commercial application. 

• Cost: High initial costs due to the nascent technology and infrastructure requirements. 
 

Pink Hydrogen 
Production Method: Pink hydrogen is produced through water electrolysis powered by nuclear 
energy. It shares similarities with green hydrogen but uses nuclear power instead of renewable 
sources. 

Environmental Impact: While nuclear energy is low in carbon emissions, it comes with concerns 
related to nuclear waste and the safety of nuclear plants. 

Applications: Pink hydrogen can be used in applications similar to green hydrogen, offering a low-
carbon alternative where renewable energy sources are insufficient or unavailable. 

Challenges: 

• Nuclear Safety: Concerns regarding nuclear waste disposal and plant safety. 
• Public Perception: General apprehension towards nuclear energy may hinder adoption. 
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Comparative Analysis of H2 
Production Technologies 
Hydrogen production is gaining prominence as the 
world transitions towards cleaner energy 
solutions. This report compares the economic and 
environmental benefits of producing hydrogen via 
electrolysis using renewable energy sources 
versus conventional non-renewable methods 
such as Steam Methane Reforming (SMR), 
refinery-based hydrogen, and syngas production. 

Carbon Emissions and Environmental Impacts 
Electrolyzer (Renewable Energy-Based Hydrogen - Green Hydrogen) 

• Carbon Emissions: Virtually zero emissions when powered by renewable energy (solar, 
wind, hydro, etc.). 

• Environmental Impact: Requires large land areas for renewable energy generation but 
avoids air pollution and GHG emissions. 

• Sustainability: Highly sustainable, utilizing abundant resources like water and renewable 
electricity. 

Non-Renewable Methods (Gray, Blue, and Brown Hydrogen) 

• SMR (Gray Hydrogen): Emits ~9-10 kg CO2 per kg of H₂ produced. 

• SMR with Carbon Capture (Blue Hydrogen): Emissions are reduced (~1-3 kg CO₂ per kg 
H₂), but carbon capture efficiency varies. 

• Refinery Hydrogen: Uses byproducts from crude oil refining, contributing to carbon 
emissions. 

• Syngas Production: High emissions due to coal or natural gas feedstocks. 

• Environmental Impact: Involves methane emissions, air pollution, and carbon footprint 
concerns. 

Capital and Operational Expenditures (CAPEX & OPEX) 
Electrolyzer (Renewable Energy-Based Hydrogen) 

• CAPEX: $800–$1,300 per kW (Electrolyzer only), $1,200–$2,000 per kW (Including 
renewable infrastructure). 

• OPEX: Primarily electricity costs, maintenance of renewable energy systems, and water 
purification. 

• Long-Term Cost Trend: Expected to decrease with advancements in electrolyzer 
technology and declining renewable energy costs. 
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Non-Renewable Methods 

• SMR: CAPEX of $600–$1,000 per kW, but carbon capture increases costs significantly. 

• Refinery Hydrogen: Costs vary depending on crude oil prices. 

• Syngas Production: High costs associated with gasification and CO₂ capture. 

• OPEX: Natural gas/coal costs, carbon capture expenses (if applicable), and emissions 
penalties. 

Project Timeline 
Electrolyzer (Green Hydrogen) 

• Development & Commissioning: 10 – 13* Months depending on project size and 
renewable energy availability. 

• Regulatory Approvals: Generally simpler compared to fossil-based plants. 

Non-Renewable Methods 

• Development & Commissioning: 3–5* years, with complex regulatory and 
environmental compliance. 

• Infrastructure Requirements: Requires fossil fuel supply chains, carbon capture (if 
applicable), and emission control measures. 

Per KG Cost of Hydrogen Production 
Electrolyzer (Green Hydrogen) 

• Current Cost: $4–$6 per kg H₂ (varies based on renewable electricity price and 
electrolyzer efficiency). 

• Future Projections: Expected to reach $1.5–$2.5 per kg with technology improvements 
and lower renewable energy costs. 

Non-Renewable Methods 

• SMR (Gray Hydrogen): $2 –$4 per kg H₂. 

• Blue Hydrogen (SMR + Carbon Capture): $2–$3 per kg H₂. 

• Refinery Hydrogen: Cost fluctuates with oil prices, typically $1.5–$3 per kg. 

• Syngas-Based Hydrogen: $2.5–$4 per kg. 

Land Requirements 
Electrolyzer (Green Hydrogen) 

• Renewable Energy Dependency: Large solar or wind farms are required (3-4 acres per 
MW of solar energy). 

• Electrolyzer Footprint: Small (1 acre) compared to renewable energy infrastructure. 
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Non-Renewable Methods 

• SMR & Refinery-Based Hydrogen: Requires land for natural gas extraction, processing, 
and carbon capture systems. 

• Syngas Production: Needs space for coal handling and gasification facilities. 

Limitations and Challenges 
Electrolyzer (Green Hydrogen) 

• Intermittency: Dependent on renewable energy availability. 

• Water Consumption: Requires ~9-12 litters of water per kg of H₂ produced. 

• Infrastructure: Grid adaptation and hydrogen storage challenges. 

Non-Renewable Methods 

• Carbon Emissions: Even with carbon capture, emissions are still a concern. 

• Fossil Fuel Dependency: Subject to price fluctuations and geopolitical risks. 

• Regulatory Pressure: Increasing restrictions on fossil fuel-based hydrogen production. 

Other Key Factors 
• Government Policies & Incentives: Many regions are promoting green hydrogen with 

subsidies and tax incentives. 

• Market Demand & Industrial Adoption: Industries shifting towards green hydrogen for 
sustainability goals. 

• Technology Advancements: Continuous improvements in electrolyzer efficiency and 
hydrogen storage solutions. 

 

 

 

 

 

 

 

 

Note: 

*Data presented in this report is based on research and information available at the time of 
research. Presented numbers may differ based on performance optimization by individual 
product OEMs and project development strategies. This report intends to share basic information 
for academic purposes. 
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