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ABSTRACT
This work explores the current state and future trends of fossil fuels and 
hydrogen energy, providing a comparative analysis of their reserves, 
production methods, environmental impacts, and technological 
advancements. This study discusses the key policies and initiatives 
supporting the transition to hydrogen energy, highlighting the global 
shift towards sustainability and the challenges of scaling up hydrogen 
technologies. The analysis emphasizes that while fossil fuels remain 
dominant in the global energy mix, hydrogen is emerging as a viable 
solution for reducing environmental impact and ensuring long-term 
energy security. Technological advancements, policy support, and market 
adoption are key factors that will determine the future role of hydrogen 
energy in the global energy transition.
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1　Introduction

Fossil fuels and hydrogen energy represent two contrasting pillars of the global energy 
landscape. Fossil fuels, including coal, oil, and natural gas, have long been the backbone of 
industrialization and economic growth. However, their extensive use has raised pressing concerns 
about environmental degradation, resource depletion, and climate change.

On the other hand, hydrogen energy has emerged as a promising alternative, offering a clean 
and sustainable solution to the growing demand for energy while addressing environmental 
challenges[1].

As countries worldwide intensify their efforts to transition toward low-carbon energy systems, it 
becomes imperative to compare the current status and future trajectories of these two energy 
sources. This analysis provides insights into their respective roles in the evolving energy landscape 
and evaluates how they may shape the future of global energy sustainability. Despite their distinct 
characteristics, fossil fuels and hydrogen energy share certain intersections, particularly in terms of 
production and policy dynamics. While fossil fuels currently dominate the global energy mix, their 
long-term viability is under scrutiny due to increasing regulatory pressure and the urgent need to 
mitigate carbon emissions[2].

In contrast, hydrogen energy is still in its early stages of development but has seen rapid 
advancements in technology and policy support. By exploring these dimensions, this study aims to 
contribute to the ongoing discourse on energy transition and sustainable development, 
highlighting the opportunities and challenges associated with the shift from traditional fossil fuels 
to innovative hydrogen solutions.
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2　Current Status of Fossil Fuels

2.1　Global reserves, production, and consumption patterns

Fossil fuels remain the cornerstone of global energy consumption, underpinned by vast reserves 
distributed across different regions. Coal, primarily found in countries like the United States, Russia, 
and China, accounts for the largest proven reserves among fossil fuels, with an estimated 1.07 
trillion metric tons globally. Crude oil reserves are concentrated in regions such as the Middle East, 
which holds over 48% of the world's known supply, followed by countries like Venezuela and 
Canada. Similarly, natural gas reserves are abundant in Russia, Iran, and Qatar, collectively 
representing more than half of global resources. Despite these substantial reserves, production and 
extraction face increasing constraints due to technical, environmental, and economic challenges[3]. 
Consumption patterns of fossil fuels reflect a dynamic interplay between economic growth, energy 
demand, and environmental considerations. While developed economies such as the United States 
and members of the European Union have begun to reduce their dependence on fossil fuels in favor 
of renewable energy, emerging economies like China and India continue to rely heavily on coal and 
oil to fuel industrialization and urbanization. Globally, oil remains the most consumed fossil fuel, 
accounting for about 31% of total energy use, followed closely by coal and natural gas. However, 
shifting priorities toward cleaner energy sources and ambitious climate policies are gradually 
altering these patterns.

2.2　Environmental and climate impacts of fossil fuel usage

The extensive use of fossil fuels has had profound and far-reaching impacts on the environment, 
primarily through greenhouse gas emissions. Combustion of coal, oil, and natural gas releases 
significant amounts of carbon dioxide (CO ₂), contributing to global warming and climate change. 
Coal, being the most carbon-intensive fossil fuel, is responsible for the majority of CO₂ emissions in 
energy production, while oil and natural gas also emit substantial quantities during extraction, 
transportation, and consumption. In addition to CO ₂ , fossil fuel usage releases methane (CH ₄), a 
potent greenhouse gas, particularly from natural gas operations. These emissions have been linked 
to rising global temperatures, extreme weather events, and disruptions in ecosystems, underscoring 
the urgent need to curtail fossil fuel dependence [4]. Beyond climate impacts, fossil fuels also have 
detrimental effects on air, water, and soil quality. Air pollution from burning coal and oil includes the 
release of sulfur dioxide (SO ₂), nitrogen oxides (NO ₓ), and particulate matter, which contribute to 
acid rain, smog formation, and respiratory illnesses. Oil spills and leaks from pipelines pose 
significant risks to marine ecosystems, often leading to long-term contamination. Similarly, coal 
mining and natural gas extraction degrade landscapes and may contaminate water sources with 
toxic substances such as heavy metals and fracking fluids.

2.3　Policy constraints and international efforts to reduce reliance on fossil fuels

The growing awareness of climate change and environmental degradation has led to stringent 
policy measures aimed at curbing fossil fuel dependence. Governments worldwide have introduced 
carbon pricing mechanisms, such as carbon taxes and emissions trading systems, to discourage the 
use of carbon-intensive energy sources. For instance, the European Union ’ s Emissions Trading 
System (EU ETS) caps the total allowable emissions while enabling companies to trade allowances, 
incentivizing a gradual reduction in fossil fuel usage. Additionally, fossil fuel subsidies have come 
under scrutiny, with numerous countries committing to phase them out to promote cleaner energy 
alternatives[5]. However, implementing such policies often faces resistance due to economic and 

36



Theory and Practice of Science and Technology

political considerations, especially in fossil fuel-dependent regions where industries and jobs are 
closely tied to the energy sector.

Internationally, efforts to reduce reliance on fossil fuels have been further bolstered by climate 
agreements and collaborative initiatives. The Paris Agreement, signed by nearly 200 nations, sets 
ambitious targets for limiting global temperature rise by reducing greenhouse gas emissions, a 
significant portion of which originates from fossil fuels. Countries have also committed to 
developing renewable energy sources, enhancing energy efficiency, and transitioning to low-carbon 
technologies.

3　Current Status of Hydrogen Energy

3.1　Sources and methods of hydrogen production

Hydrogen, as a versatile and clean energy carrier, can be produced from a variety of sources using 
different methods. The most common production pathways include natural gas reforming, coal 
gasification, and water electrolysis. Natural gas reforming, also known as steam methane reforming 
(SMR), is the most widely used method, accounting for the majority of global hydrogen production. 
This process involves reacting methane with steam to produce hydrogen and carbon dioxide, 
making it a cost-effective but carbon-intensive option. Coal gasification, another method, converts 
coal into hydrogen, carbon monoxide, and other byproducts, but it also generates significant 
greenhouse gas emissions. These methods are often categorized as "grey hydrogen," given their 
reliance on fossil fuels and associated environmental impacts.

In contrast, water electrolysis, which uses electricity to split water into hydrogen and oxygen, is a 
cleaner but less prevalent production method. When the electricity used in this process is derived 
from renewable energy sources such as wind, solar, or hydropower, the hydrogen produced is 
referred to as "green hydrogen", highlighting its sustainability. Other emerging methods include 
biomass gasification and methane pyrolysis, which offer additional pathways for hydrogen 
production with varying levels of environmental impact[6]. Additionally, "blue hydrogen" has gained 
attention as an intermediate solution, where hydrogen is produced from fossil fuels, but the 
resulting carbon emissions are captured and stored to mitigate environmental harm. Each 
production method presents unique advantages and challenges, influencing its adoption and 
scalability. As global efforts to decarbonize energy systems intensify, green hydrogen is expected to 
play an increasingly prominent role, driven by technological advancements and policy incentives.

3.2　Technological advancements and industrial applications

Recent technological advancements have significantly enhanced the efficiency and feasibility of 
hydrogen production, storage, and utilization, paving the way for its adoption in diverse industries. 
Innovations in electrolysis technology, such as proton exchange membrane (PEM) and solid oxide 
electrolyzers, have improved hydrogen production efficiency while reducing costs. These 
advancements are particularly critical for scaling up green hydrogen production, as they enable 
better integration with renewable energy sources. Similarly, developments in hydrogen storage 
technologies, including compressed gas, liquid hydrogen, and chemical carriers like ammonia, have 
addressed challenges related to transportation and energy density. These breakthroughs ensure 
that hydrogen can be effectively stored and distributed, making it more practical for widespread use.

The industrial applications of hydrogen have also expanded, positioning it as a cornerstone of 
decarbonization strategies. In the transportation sector, hydrogen fuel cells power zero-emission 
vehicles, ranging from cars and buses to trains and ships. Heavy industries, such as steel and cement 
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production, are exploring hydrogen as a substitute for fossil fuels in high-temperature processes, 
significantly reducing carbon emissions. Additionally, hydrogen is being used for energy storage in 
power systems, providing a reliable solution for balancing intermittent renewable energy sources. In 
the chemical industry, hydrogen continues to play a critical role in producing ammonia and refining 
petroleum. As industries increasingly adopt hydrogen to meet sustainability goals, ongoing 
technological innovations will further enhance its viability, driving a broader transition toward a low-
carbon economy.

3.3　Global policies and key initiatives supporting hydrogen energy development

The development of hydrogen energy is being actively supported by governments and 
international organizations through various policies and initiatives designed to foster innovation 
and investment in the sector. Many countries, particularly in Europe and Asia, have introduced 
national hydrogen strategies to accelerate the adoption of hydrogen technologies. For instance, the 
European Union ’ s Hydrogen Strategy for a Climate-Neutral Europe aims to produce 10 million tons 
of renewable hydrogen annually by 2030, positioning hydrogen as a key component of the EU's 
decarbonization roadmap. In addition to direct investment, the EU has also implemented funding 
programs, such as Horizon Europe, to support research and development in hydrogen 
technologies[7]. International collaborations are also playing a critical role in advancing hydrogen 
energy. The International Hydrogen Energy Association (IHEA) and the Clean Hydrogen Partnership 
are examples of efforts that bring together governments, industries, and research organizations to 
promote hydrogen as a clean energy solution. Moreover, hydrogen-specific agreements, such as the 
Clean Energy Ministerial's Hydrogen Initiative, aim to foster knowledge-sharing, joint projects, and 
global policy coordination to address the challenges and opportunities of scaling up hydrogen 
production. These global efforts, combined with national policies, create an enabling environment 
for hydrogen technologies to evolve rapidly and achieve economic competitiveness. As the world 
moves toward a more sustainable energy future, these initiatives will be essential for overcoming 
the technical and financial barriers to hydrogen's widespread adoption.

4　Comparative Analysis

4.1　Energy efficiency and economic viability

When comparing fossil fuels and hydrogen energy, energy efficiency and economic viability are 
critical factors in determining their future roles in the global energy mix. Fossil fuels, particularly 
natural gas, have long been favored for their high energy density and cost-effectiveness, making 
them the backbone of power generation and transportation in many regions. The efficiency of fossil 
fuel-based systems, such as gas-fired power plants and internal combustion engines, has steadily 
improved over the years, reducing operational costs and increasing energy output. However, the 
environmental costs associated with fossil fuels—mainly in the form of carbon emissions—are 
becoming increasingly prohibitive, especially in light of international climate commitments and the 
growing demand for cleaner energy sources. In contrast, hydrogen energy, while still in the early 
stages of large-scale deployment, offers significant promise in terms of energy efficiency, 
particularly in sectors that are difficult to electrify. The economic viability of hydrogen energy is 
therefore contingent on reducing production costs through technological advancements and 
economies of scale. As research into hydrogen storage, transportation, and infrastructure continues 
to evolve, hydrogen ’ s long-term economic competitiveness is expected to improve, making it an 
increasingly viable alternative to fossil fuels, particularly for sectors where electrification is 
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challenging.

4.2　Environmental impact and sustainability

When evaluating the environmental impact of fossil fuels and hydrogen energy, it is essential to 
consider their life-cycle emissions and broader sustainability implications. Fossil fuels, despite their 
high energy output, are a significant source of greenhouse gas emissions, which contribute to 
global warming and environmental degradation. The extraction, transportation, and combustion of 
coal, oil, and natural gas release carbon dioxide (CO₂) and other pollutants, including sulfur dioxide 
(SO ₂) and nitrogen oxides (NO ₓ), which are linked to acid rain, smog, and respiratory diseases. 
Furthermore, the environmental costs of fossil fuel extraction, such as habitat destruction and water 
pollution from oil spills or coal mining, are substantial. As the global community seeks to meet 
climate goals outlined in international agreements, these environmental consequences present a 
growing challenge to the continued use of fossil fuels.

In contrast, hydrogen energy holds considerable potential for reducing environmental impact, 
especially when produced through renewable methods. Green hydrogen, generated via electrolysis 
powered by renewable energy sources, is considered virtually carbon-free, making it an attractive 
alternative for decarbonizing hard-to-abate sectors like heavy industry and transportation. However, 
the environmental sustainability of hydrogen depends on its production method. Grey hydrogen, 
produced from natural gas without carbon capture, has a similar carbon footprint to fossil fuels, 
whereas blue hydrogen, produced with carbon capture and storage (CCS) technologies, offers a 
lower-emission alternative, though CCS itself still faces technical and economic hurdles[8]. Beyond 
emissions, hydrogen also provides a clean energy option for reducing air and water pollution, 
particularly in sectors that are difficult to electrify, such as aviation and maritime transport. Thus, 
while hydrogen energy presents a promising pathway to a more sustainable energy future, its 
environmental benefits are highly contingent on overcoming production and infrastructure 
challenges.

4.3　Technological readiness and market adoption

Technological readiness plays a pivotal role in determining the competitiveness and feasibility of 
both fossil fuels and hydrogen energy in the global market. Fossil fuel technologies are well-
established, with extensive infrastructure and operational systems already in place. From power 
generation plants to transportation networks, the global reliance on fossil fuels is supported by 
decades of investment and innovation, making them highly accessible and integrated into 
economies worldwide. However, this technological maturity comes with limitations, particularly as 
the world shifts toward sustainability. The existing fossil fuel infrastructure requires costly 
retrofitting or replacement to accommodate low-carbon technologies, which poses both financial 
and operational challenges in the transition to cleaner alternatives. Additionally, fossil fuel 
technologies face growing regulatory pressures that make their long-term viability uncertain.

In contrast, hydrogen energy, while promising, faces challenges related to technological 
development and market adoption. Hydrogen production, storage, and distribution technologies 
are still maturing, and scaling them to meet global demand requires significant investment and 
innovation[9]. For example, while hydrogen fuel cells are highly efficient, their widespread adoption 
in transportation and industry is hindered by high costs and limited infrastructure, such as refueling 
stations and storage systems. Furthermore, the hydrogen supply chain—ranging from production 
to transportation—remains underdeveloped, especially for green hydrogen, which is still not cost-
competitive with fossil fuels. However, governments and industries worldwide are increasing their 
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investments in hydrogen technologies, aiming to reduce costs through research, pilot projects, and 
large-scale demonstrations. As technological advancements continue to lower costs and improve 
efficiency, hydrogen ’ s market adoption is expected to grow, particularly in sectors that require 
energy storage or are hard to electrify. As such, the pace at which hydrogen technologies mature 
will determine their ability to compete with fossil fuels and contribute to a sustainable energy future.

5　Conclusion

The comparison between fossil fuels and hydrogen energy underscores the critical need for a 
transition to more sustainable energy systems. Fossil fuels have long been integral to global energy 
supply, yet their environmental impact—particularly in terms of greenhouse gas emissions and 
pollution—presents significant challenges. As the world faces mounting climate concerns and 
stricter regulations, the continued reliance on fossil fuels is increasingly unsustainable. Hydrogen 
energy, especially green hydrogen, offers a promising alternative with the potential to decarbonize 
hard-to-abate sectors like heavy industry and transportation. However, significant hurdles remain in 
terms of production costs, infrastructure, and technological advancements. The future of energy lies 
in the development and scaling of hydrogen technologies, supported by strong policy frameworks 
and international collaboration. While fossil fuels will likely remain a part of the energy mix in the 
short term, the long-term path forward requires a shift toward cleaner alternatives like hydrogen, 
which could play a pivotal role in achieving global decarbonization goals.
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