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Abstract  
 

The global imperative to decarbonize energy systems and mitigate climate change has catalyzed intense research and 

development in alternative energy carriers. Hydrogen, the most abundant element in the preconceived universe, is emerging 

as a pivotal vector in this transition, offering a versatile, high-energy-density fuel that can be produced from various 

sources. This paper explores the burgeoning "Hydrogen Horizon," focusing on the technical innovations driving its 

advancement, particularly within the renewable energy paradigm. It critically compares blue hydrogen (produced from 

fossil fuels with carbon capture) and green hydrogen (produced from renewable electricity via electrolysis), examining 

their respective production processes, economic viabilities, and environmental implications using relevant data. The pros 

and cons of different hydrogen production pathways are discussed, alongside a comparative analysis with the incumbent 

oil and gas industry. The paper concludes that while blue hydrogen may serve as a transitional technology, green hydrogen, 

propelled by continuous technical innovation, holds the ultimate promise for a truly sustainable energy future. 

Keywords: Hydrogen, Renewable Energy, Blue Hydrogen, Green Hydrogen, Electrolysis, Carbon Capture, Energy 
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INTRODUCTION 
The defining challenge of the 21st century is to 

meet growing global energy demand while 

simultaneously cutting greenhouse gas (GHG) emissions 

to combat catastrophic climate change (Kikstra et al., 

2022). Hydrogen is increasingly recognized as a versatile 

solution in this transition. Its primary advantage is clean 

combustion, yielding only water, which makes hydrogen 

and hydrogen-based synthetic fuels critical for 

decarbonizing difficult sectors like steel, long-distance 

transport, and aviation (Gross, 2020). Moreover, 

hydrogen offers a unique capability to store and transport 

renewable energy, thereby balancing supply and demand 

and reinforcing a more stable, low-carbon energy 

infrastructure. With the rise of green hydrogen 

production and increasing international collaboration, 

hydrogen is poised to become a central element in 

achieving a cleaner energy future (Li et al., 2023). 

 

The urgent demand for clean, low-carbon 

energy is intensifying due to accelerating climate change 

and rising greenhouse gas (GHG) emissions. 

Consequently, international initiatives, including the 

Paris Agreement and the United Nations Sustainable 

Development Goals are compelling a significant 

evolution within the global energy sector (Höhne et al., 

2021). 

 

Hydrogen is Central to this transition to a clean, 

flexible, and energy-dense carrier that can decarbonize 

hard-to-abate sectors such as heavy industry, transport, 

and power generation (Ali et al., 2025). As the most 

abundant element in the universe, hydrogen emits only 

water vapor when combusted or used in fuel cells, 

making it a desirable candidate for sustainable energy 

systems. However, the method of its production 

significantly determines its environmental footprint. 

 

This paper explores blue and green hydrogen's 

environmental and economic implications, highlighting 

technological advancements and practical challenges in 

hydrogen transport and storage. It highlights the potential 

of green hydrogen as a long-term solution for achieving 

net-zero emissions in the future. However, challenges 

like high production costs, infrastructure limitations, and 
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regulatory uncertainties hinder widespread deployment. 

To accelerate progress, policymakers, the private sector, 

and public awareness coordinated to unlock hydrogen's 

full potential. 

 

Blue vs. Green Hydrogen: A Comparative Overview 

Hydrogen production methods are generally 

categorized by color codes that indicate their 

environmental impact. Currently, the two leading types 

are blue Hydrogen and green Hydrogen. Blue hydrogen 

is produced from fossil fuels, most commonly natural 

gas, through Steam Methane Reforming (SMR) or Auto-

Thermal Reforming (ATR) (AlHumaidan et al., 2023). 

What differentiates blue hydrogen from its more carbon-

intensive counterpart, grey hydrogen, is the integration 

of carbon capture and storage (CCS) technologies, which 

capture and sequester up to 90% of the carbon dioxide 

emitted during production as such, blue Hydrogen views 

as a transitional energy source that reduces emissions 

while leveraging existing fossil fuel infrastructure 

(Alizadeh et al., 2024). 

 

Table 1: Comparison of Blue and Green Hydrogen 
Feature Blue Hydrogen Green Hydrogen 

Feedstock Natural Gas (primarily), Coal Water, Renewable Electricity 

Primary Technology SMR/ATR + CCUS Electrolysis (AEL, PEM, SOEC) 

GHG Emissions (LCA) Low to medium (depends on CH₄ leakage & 

CCUS rate) 

Very low to zero (depends on electricity source) 

Typical CO₂eq/kg H₂ 1-5 kg (best case, high CCUS, low CH₄ 
leakage) 

<1 kg (with dedicated renewables) 

Current Cost (USD/kg) (*) $1.5 - $3.0 (IEA, 2021; Hydrogen 

Council, 2023) 

(*) $3.0 - $7.5 (IRENA, 2020; BNEF, 2023) 

Projected Cost (2030) (*) $1.0 - $2.0 (*) $1.0 - $2.5 (falling rapidly) 

Technological Maturity SMR (High), CCUS (Medium-High) Electrolysis (Medium-High, rapidly improving) 

Pros Lower current cost, use existing infrastructure Zero operational emissions, energy independence 

Cons CH₄ leakage, CCUS imperfections, fossil-

dependent 

Higher current cost, renewable energy needs 

Resource Dependency Fossil fuel reserves, CO₂ storage capacity Renewable energy potential, water availability 

(*) Costs are indicative and vary significantly by region, gas prices, renewable electricity costs, and carbon pricing. 

 

Hydrogen Energy Transition – A Necessity and a 

Global Challenge 

The global energy system is under pressure to 

decarbonize at an unprecedented pace. Rising 

temperatures, driven by fossil fuel dependence, demand 

a radical overhaul of energy production and consumption 

patterns (Johnsson et al., 2019). Hydrogen is set to make 

a significant impact because it can move and release 

large amounts without any pollution at the place of use. 

Even so, there are obstacles along the way during this 

process. The world needs to join forces, spend a lot of 

capital, and achieve a mature level of technology to 

expand hydrogen infrastructure. Countries that rely 

heavily on renewable energy, such as Germany, Japan, 

and Australia, are investing more in hydrogen, which is 

becoming increasingly crucial to global energy plans 

(Gielen et al., 2019). 

 

How Hydrogen Plays a Part in Energy Transition 

Hydrogen's power helps renewable electricity 

by facilitating storage, balancing the electricity grid, and 

sending clean energy long distances. It can reduce carbon 

emissions in areas where electrification does not work 

well, such as steel production, flying, transport at sea, 

and moving goods by truck over long distances (Tamor 

& Stechel, 2022). Otherwise, methanol and ammonia, 

which are Hydrogen fuels, can replace fossil fuels used 

in the production and transport industries. Since 

hydrogen is flexible in its use as a fuel, feedstock, or 

energy carrier, it plays a key role in designing future 

energy systems. Industry considers blue hydrogen, made 

with natural gas and carbon storage (CCS), as a 

temporary solution using present fossil energy systems 

and creating less pollution to achieve more sustainable 

green hydrogen in the future (Massarweh et al., 2023). 

 

The Technology of Green Hydrogen Offers a Lot of 

Promise 

Although green hydrogen is the cleanest 

solution for decarbonization, it is held back by 

technological and financial difficulties, which are slowly 

being resolved as innovations are used. The PEM and 

SOECs are showing rapid improvements in electrolysis. 

There are many ways to generate, transfer, and use 

hydrogen in different applications. Two fast-evolving 

technologies in green hydrogen production are Proton 

Exchange Membrane (PEM) electrolyzers and Solid 

Oxide Electrolyzers Cells (SOECs) (Handique et al., 

2024). Electrolyzers of this kind function at low 

temperatures and respond quickly, which means they are 

perfect partners for intermittent solar and wind energy. 

By contrast, SOECs operate at high temperatures and are 

designed to take heat from industrial activities to 

generate electricity for electrolysis, limiting the need for 

a lot of energy input (Zheng et al., 2017). They are 

boosting how efficiently green hydrogen is produced and 

can be used, for example, in vehicles and by industries 

that play a significant role in climate change, enhancing 

green hydrogen's role in supporting a cleaner global 

energy future. 
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They demonstrate how green hydrogen is gaining worldwide importance as a key technology for lowering carbon 

emissions in transport, steelmaking, and electricity production. 

 

 
 

By linking AI and ML with hydrogen systems, 

companies can increase their dependability, cut 

expenses, and ensure better power demand management. 

Innovative technologies are being applied to hydrogen 

plants in Europe. 

 

Hydrogen Transportation Challenges and Solutions 

Because hydrogen emits no greenhouse gases, 

it is significant for the global energy transition. Even so, 

it faces key challenges with transportation and building 

suitable infrastructure. Bringing solar and wind energy 

into the power grid leads to difficulty because these 

sources cause changes in how much energy is supplied 

and used (Fakhreddine et al., 2023). Hydrogen works by 

holding on to extra energy from renewable sources for 

times when there isn't enough. Even so, efficiently 

delivering hydrogen where needed is still a technological 

issue. Because energy systems now use fossil fuels, they 

must be converted to handle hydrogen, meaning 

pipelines, storage tanks, and filling stations should be 

updated significantly (Abdalla et al., 2018). Unlike coal, 

oil, and gas, the energy density in hydrogen's gaseous 

form is small, so it is compressed, liquefied, or made into 

ammonia or liquid organic hydrogen carriers (LOHCs) 

for long-distance movement, which is more complex and 

adds costs. Moreover, brown hydrogen often provides 
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extra energy when demand is high, and green hydrogen 

can do the same, but only with sound investment in 

production and distribution (Patel et al., 2024). Because 

heavy-duty transport, aviation, and shipping rely on large 

amounts of power and distance, switching them to 

battery or grid systems is hard. Hydrogen and fuels with 

hydrogen as the base are alternate ways to address 

decarbonization. Using only renewable energy is 

insufficient to replace fossil materials in the (petro) 

chemical industry. Green hydrogen can replace other 

materials in producing ammonia, methanol, and 

synthetic fuels (H. Li et al., 2022). Solving these 

challenges requires inventive technology, infrastructure 

investment by organizations and governments, and 

worldwide agreement on regulations. To maximize 

hydrogen's importance in net-zero plans, we need 

expanded networks of hydrogen pipelines, more 

hydrogen exchanges with other countries, and improved 

methods for storing and moving hydrogen (Ali et al., 

2024). 

 

Hydrogen Capture and PSA in the Oil and Gas 

Industry 

With stricter rules and market changes coming, 

the oil and gas industry is looking to use hydrogen to cut 

back on carbon emissions and vary its energy sources. A 

key part of these projects is to use CCUS systems to 

make blue hydrogen. The usual way to create Blue 

Hydrogen is by using steam methane reforming (SMR) 

or auto-thermal reforming (ATR), which emits CO₂ as a 

waste product (Alkhani, 2022). By using CCUS, around 

60-90% of these emissions are stored underground or 

used in oil recovery and similar fields, which 

significantly lowers hydrogen production's carbon 

impact (Al-Shafi et al., 2023). There are three essential 

methods of creating low- or zero-emission hydrogen: 

Using CCUS, SMR reforming generates methane and 

can remove carbon dioxide from steam; electrolysis can 

be used with renewable energy; and biomass is gasified 

to produce methane, too (Khan et al., 2021). Using small 

modular reactors (SMRs) and CCUS to make blue 

hydrogen allows for a temporary solution that uses 

existing gas infrastructure and significantly reduces CO2 

emissions. While SMR and electrolysis have been 

established and used for some time, SMR with CCS/U 

and biomass gasification need more progress and growth 

before they play a significant role in the hydrogen market 

(Mohideen et al., 2021). 

 

Pressure Swing Adsorption (PSA) stands as a 

cornerstone technology for the oil and gas industry to 

unlock high-purity hydrogen streams, critical for both 

existing and emerging energy applications (Cavaliere, 

2023). This robust process masterfully exploits pressure 

dynamics, leveraging advanced adsorbent materials to 

selectively capture impurities from diverse gas feeds, 

thereby yielding hydrogen of exceptional quality – 

consistently exceeding 99.999% purity (Kim & Yang, 

2025). This level of refinement is paramount for 

downstream processes, from hydrotreating and 

hydrocracking in refineries to enabling the production of 

ultra-clean fuels. 

 

Opportunities in Hydrogen-Based Decarbonization 

Hydrogen can transform how it is possible to 

decarbonize sectors that have not been easily electrified 

before. Hydrogen is a valuable form of energy storage in 

the energy sector, helping to smooth out the fluctuations 

caused by solar and wind energy. When there are too 

much renewable energy sources such as wind and solar, 

hydrogen is produced by splitting water with electricity 

in a process called electrolysis (Rolo et al., 2023). 

Hydrogen can be kept and turned back into electricity 

when there is a sudden surge in demand using fuel cells 

or gas turbines. It helps maintain the grid's balance and 

allows for less use of peaking plants fueled by fossil fuels 

(Kalair et al., 2021). To become carbon neutral, the oil 

and gas industry is moving toward using hydrogen, 

which produces less carbon pollution than other 

approaches. Green Hydrogen, which comes from 

renewable sources, is a clean alternative to fossil fuels 

for fueling and creating products. This approach supports 

the environment, keeps energy available, helps reach 

global climate targets, and slowly transforms energy 

systems to be more sustainable (Megía et al., 2021). In 

these areas—long-haul trucking, maritime shipping, and 

aviation—hydrogen fuel cells are considered a good 

alternative to battery-electric vehicles. These areas 

require high energy and speedy refueling; hydrogen is 

better than alternatives (Pardhi et al., 2022). Refueling a 

hydrogen-powered truck takes little time and lasts as 

long as a diesel truck, so that they can handle logistics 

and freight jobs (Berglas et al., 2023). Likewise, Airbus 

is working on hydrogen-powered airplanes for business 

use in the mid-2030s, showing a significant move toward 

reducing aviation's carbon footprint (Miller et al., 2024). 

 

High-temperature industrial processes, such as 

those for steel and cement, can use Hydrogen instead of 

fossil fuels because it's either impossible or too costly to 

use electricity for these activities directly (Longden et 

al., 2022). Results from "green steel" projects in Europe 

and Asia revealed that hydrogen can successfully replace 

coal as the reducing agent (Ledari et al., 2023). Many 

agricultural and chemical businesses rely on ammonia, 

methanol, and hydrogen, essential in manufacturing. 

Replacing regular hydrogen with green hydrogen in such 

processes would significantly cut their carbon emissions 

(Patnaik et al., 2023). 

 

Realizing the potential, many countries are 

working on plans for hydrogen to drive new projects, 

entice investment, and establish the needed 

infrastructure. For example, the European Union expects 

to have installed about 40 GW of electrolyze capacity by 

2030, and countries such as Japan, South Korea, and 

Australia are promoting international cooperation in 

hydrogen supply (BOLARD et al., 2023). This approach 

relies heavily on public-private partnerships to simplify 

risk and commercialization management. Green 
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Hydrogen is acknowledged as a key factor in building 

climate-friendly industries. Using more often could cut 

the need for foreign fossil fuels, create employment in 

the growing green sector, and improve global energy 

security. Using hydrogen nationally can help lessen our 

dependence on imported oil and gas, create new jobs, and 

enhance national energy security (Van de Graaf et al., 

2020). Governments need clear reforms to inspire 

investment in the hydrogen economy by providing 

subsidies and applying carbon pricing (C. Li et al., 

2022). Building workforce skills will guarantee that this 

area's labor needs are met. 

 

CONCLUSION 
A comparison between blue and green 

hydrogen highlights clean hydrogen's crucial role as the 

world moves toward heavily reducing its carbon 

emissions. Making blue hydrogen from fossil fuels and 

using Carbon Capture and Storage (CCS) gives us a 

temporary option to help. Even so, the ongoing use of 

natural gas and worries about leakage and efficiency in 

trapping carbon make its future uncertain. Unlike other 

forms, green hydrogen is produced using renewable 

energy, has almost no carbon emissions, and closely 

supports the goal of lasting decarbonization (Handique et 

al., 2024). At the same time, large-scale carbon-free 

production is hindered by increased costs, small 

electrolyzer’s capacity, and the limited supply of cheap 

renewable energy. Hydrogen transportation is 

problematic due to its limited usable energy, which 

means it must be compressed, liquefied, or changed 

chemically, requiring additional work and related 

equipment. Although pipelines are a practical transport 

choice for broad distribution, they must be modified or 

built newly to deal with the corrosiveness of hydrogen 

(Fakhreddine et al., 2023). Ammonia and liquid organic 

hydrogen carriers (LOHCs) are seen as possible storage 

and shipping methods, but they require complicated 

conversions and raise safety questions. It is necessary to 

overcome these practical issues to help build a global 

hydrogen market (AlHumaidan et al., 2023). 

 

Technological developments like Pressure 

Swing Adsorption (PSA) and CCS are key to better 

purity and sustainable performance in hydrogen. PSA is 

standard in hydrogen purification for blue hydrogen, 

though it uses a lot of energy (Kim & Yang, 2025). 

Although CCS is meant to help reduce emissions, it 

remains a costly solution and causes problems with 

safely storing captured gases in the long run. Advanced 

capture tools and renewable energy applications can 

boost hydrogen plants' environmentally friendly and 

efficient operations. Hydrogen has a double function in 

the oil and gas industry (Patel et al., 2024). It serves as a 

material for refining and an energy source in 

petrochemical operations. Still, potentially powering 

heavy industry and creating carbon-free fuels are vital in 

helping the industry go green. Using blue and green 

hydrogen helps oil and gas companies shift their 

activities, reduce emissions, and meet their net-zero 

goals (Cavaliere, 2023). As a result, blue and green 

hydrogen are essential, but the growth of hydrogen will 

require more technological progress, backing from 

regulators, and resources for new infrastructure. 

Changing the method of producing hydrogen from blue 

to green is crucial for the environment and the growth of 

a hydrogen-powered world. 
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