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Introduction

The concept of sustainability and green energy has become increasingly relevant in
our lives, especially in the face of climate change and the growing demand for sustainable
solutions in the energy sector. Driven by renewable energies, there is a continuous effort
to research and develop alternative energy sources and fuels. In this context, the European
Union (EU) Strategy forHydrogen (H) has emerged, placing this source as one of the central
pillars in the fight against climate change. Hydrogen is seen as a potential fuel and energy
source of the future. However, in addition to political and structural challenges, this new
approach also faces significant technical obstacles.

With the increase in population and human needs, the need for energy continues to
grow.The world population is projected to reach ten billion people by the year 2050 (Tarhan
and Çil, 2021). To meet this growing demand and promote a transition to clean energies,
many countries are incorporating renewable energy sources into their energy mix, while
still relying on fossil fuels. Developed countries are gradually reducing their use of fossil
fuels in energy production. Considering that 80 per cent of our daily energy needs are still
met by these sources, the complete transition is complex and not immediate, but it is an
achievable goal.

Strategic hydrogen management

Hydrogen has the potential to radically transform our reality and is positioned as one
of the most promising solutions for the energy future. In the midst of an unprecedented
environmental and energy crisis, the need for clean and sustainable alternatives to replace
fossil fuels is becoming increasingly urgent (Hassan et al., 2024). Among the various options,
H stands out not only for being a clean energy source, but also for its versatility and
abundance (Qyyum et al., 2021).

One of the main advantages of hydrogen is its positive environmental impact: when
used as a fuel, its only by-product is water vapour, resulting in zero emissions of carbon
dioxide (CO2) or other greenhouse gases (Sánchez-Bastardo et al., 2021).Thismakes it a key
element in the fight against global warming, especially in sectors whose decarbonisation is
crucial, such as transport and industry. Green hydrogen, produced from renewable sources,
has proved to be an ideal solution for driving this transition to low-carbon technologies.

Frontiers in Energy Research 01 frontiersin.org

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2025.1540396
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2025.1540396&domain=pdf&date_stamp=2025-03-13
mailto:caldeira.rc@gmail.com
mailto:caldeira.rc@gmail.com
https://doi.org/10.3389/fenrg.2025.1540396
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fenrg.2025.1540396/full
https://www.frontiersin.org/articles/10.3389/fenrg.2025.1540396/full
https://www.frontiersin.org/articles/10.3389/fenrg.2025.1540396/full
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org


Caldeira and Infante-Moro 10.3389/fenrg.2025.1540396

In July 2020, the European Commission (EC) launched the
Hydrogen Strategy for a Climate-Neutral Europe, with the aim of
accelerating the development of clean hydrogen and ensuring its role
as a pillar of a carbon-neutral energy system by 2050.This ambitious
plan demonstrates Europe’s commitment to the energy transition
and highlights hydrogen as a centrepiece for achieving carbon
neutrality targets. Energy generated from hydrogen is extremely
versatile and has gained prominence as a promising solution for
tackling climate change and driving the transition to a sustainable
energy future (Crabtree and Dresselhaus, 2008).

In a report adopted in May 2021, MEPs responded to the
EC’s proposal (European Commission, 2020) by emphasising that
only green hydrogen - produced from renewable sources - can
sustainably contribute to achieving climate neutrality in the long
term. This position reflects the growing preference for totally
clean energy sources without any dependence on fossil fuels
(Gielen et al.,, 2019). The environmental benefits of hydrogen
depend directly on how it is produced. Of the 69 million tonnes
of H produced globally (excluding hydrogen as a by-product),
almost 99% comes from fossil fuels, with 76% derived from
natural gas and 23% from coal, which results in significant
carbon emissions (International Energy Agency, 2019). There is
therefore an urgent need to develop more sustainable H production
technologies in order to reduce the associated carbon intensity, as
global demand for this energy source continues to rise.

Another crucial point inH’s favour is its abundance (Abdin et al.,
2020). Representing around 70 per cent of thematter in the universe,
it can be extracted from a variety of sources, including water,
which guarantees long-term energy security. In addition, extracting
hydrogen from water using renewable energy is a sustainable and
environmentally friendly process (Amin et al., 2022). The ability
to produce locally also reduces dependence on fossil fuel imports,
which is a strategic advantage for many countries. Nations like
Portugal could produce their own green hydrogen and export it to
countrieswith less renewable energy generation capacity.Thiswould
strengthen global energy security and help create new value chains
in the world economy (Santos et al., 2024).

Today, faced with the scarcity of fossil fuels and worsening
environmental problems, the need to find new sources of energy that
are efficient, environmentally friendly and sustainable has become
increasingly evident. In the global context of the transition to a low-
carbon energy system, H has emerged as a clean and efficient source.
Initially used in vehicles with hydrogen fuel cells, its success has
fuelled the development of other sectors related to this emerging
technology (Liu et al., 2022).

A key advantage of integrating hydrogen into energy strategies is
its potential to decarbonize the sector by serving as a clean, reliable
solution for energy storage and transportation. This transition can
reduce dependence on fossil fuels and enhance the resilience of
energy systems against climate change.

Hydrogen aligns with Environmental, Social, and Governance
(ESG) principles, as it promotes environmental sustainability,
provides social benefits, and supports economic growth.
Additionally, hydrogen plays a crucial role in advancing
several United Nations (UN) Sustainable Development Goals
(SDGs), including SDG 7 (Affordable and Clean Energy),
SDG 13 (Climate Action), and SDG 17 (Partnerships for
the Goals) (Zainal et al., 2024).

However, the widespread adoption of hydrogen as a clean
energy source in the global transition faces several obstacles,
primarily due to the slow development of hydrogen infrastructure.
The high cost of producing hydrogen from low-carbon energy
sources remains a significant barrier, as current hydrogen supply
is still largely dependent on natural gas and coal. Additionally,
regulatory challenges are hindering the growth of a clean
hydrogen industry. Despite these challenges, various industries
and companies are actively working to integrate green hydrogen
into their products. As demand for renewable energy rises,
green hydrogen is emerging as a key player in the future energy
landscape. Growing awareness of its importance has driven
advancements in green technology and increased global acceptance.
Furthermore, hydrogen production through power-to-gas processes
using renewable energy is becoming more economically viable,
thanks to the recent sharp decline in renewable energy costs
(Zainal et al., 2024).

Driving a sustainable energy future

In the automotive sector, the lack of adequate infrastructure
has been one of the main obstacles to the mass adoption of
this type of vehicle. However, this reality is changing. In March
2023, the European Parliament and the Council reached an
agreement on mandatory national targets for the implementation
of H infrastructure. The new rules provide for the installation of
refuelling stations at least every 200 km on the main roads of the
European Union by 2031. This initiative is key to accelerating the
transition to sustainable mobility, especially over long distances,
where H-powered vehicles offer advantages in terms of autonomy
and refuelling time (Gielen et al., 2019).

Vehicles powered by this chemical element, hydrogen, especially
those equipped with fuel cells, offer an energy conversion rate
that is two to three times higher than that of internal combustion
engines. This means that H-powered vehicles can travel longer
distances with lower fuel consumption, making them highly
efficient (Halder et al., 2024). In addition, hydrogen combustion
does not generate emissions of hydrogen (CO2) or other harmful
pollutants such as carbon monoxide (CO) and nitrogen oxides
(NOx), which negatively affect health and contribute to air pollution.

Several well-known car manufacturers, such as Toyota and
Honda, already have hydrogen-powered vehicles on the road. The
Toyota Mirai, for example, is one of the first mass-produced
hydrogen cars, offering a range of around 500 km per tank (H2.
live). Although hydrogen refuelling infrastructure is still in the
development phase inmany countries, the rapid growth of refuelling
stations in Europe, Japan andCalifornia points to a promising future
for this technology (Khan et al., 2020). In the motorbike sector,
Kawasaki has been one of the pioneers in exploring the potential of
hydrogen, taking the first steps in this direction.

In addition to the transport sector, hydrogen has significant
applications in industry. It is currently used as a raw material in the
production of chemical products such as ammonia and methanol,
which are essential for agriculture and the manufacture of plastics.
However, the biggest challenge for industry is the transition from
fossil-basedH to green hydrogen, produced from renewable sources.
This change has the potential to substantially reduce hydrogen
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emissions in industrial sectors that are major energy consumers,
such as cement, steel and paper production.

Hydrogen can also be used to provide heat in industrial
processes that require high temperatures, such as in refineries and
steelworks, offering a clean alternative to industries that traditionally
rely on fossil fuels. One promising example is the use of H in
the direct reduction of iron ore for steel production, a technology
that could drastically reduce CO2 emissions in this sector, which is
responsible for around 7% of global emissions (Philibert, 2017).

Steelmaking is a highly energy-intensive process, and current
technology is mainly based on the use of coal. This sector is
responsible for around 2.7 billion tonnes of CO2 annually. China,
South Korea and Japan are the largest emitters, with shares
of approximately 15 per cent, 14 per cent and 12 per cent
respectively (Hieminga et al., 2023). Replacing coal with green
hydrogen in steel production could therefore represent a significant
step forward in reducing global greenhouse gas emissions.

Despite all its advantages, hydrogen still faces significant
challenges. One of the main obstacles is the cost of producing
green hydrogen, which is currently much higher than that of H
produced from fossil sources such as natural gas. The development
of infrastructure, such as refuelling stations andhydrogendistribution
networks, is also a priority in order to make this technology
more accessible and viable.

In addition, the issue of storing and transporting H represents
a technical challenge. Being an extremely light gas, storage in both
a gaseous and liquid state requires special conditions, which can
significantly increase costs (Alzohbi et al., 2023). However, research
intonewstoragetechnologiesisprogressingrapidly,offeringpromising
solutions to overcome these limitations and enable wider use.

At automotive level, Toyota will unveil portable hydrogen
cartridges during the Japan Mobility Show 2024, which represents
an important step in the wider adoption of this technology,
promoting greater flexibility and accessibility in the use of H as an
energy source (ACP, 2024).

Conclusion

Hydrogen has the potential to revolutionise the global energy
sector, offering a clean, safe and abundant alternative to fossil fuels.
Europe’s commitment, exemplified by the ECHydrogen Strategy and
the recent agreement onmandatory refuelling infrastructure targets,
represents an important step towards a climate-neutral economy,
with green hydrogen playing a central role in this transition. As
countries seek to reduce their carbon emissions and meet climate
targets, hydrogen stands out as one of the most promising solutions
for ensuring a sustainable future (Delloitte, 2023). With the right
investments and continued technological innovation, hydrogen
could become an essential tool for mitigating climate change,
improving energy security and transforming the global economy.

Investing in hydrogen is undoubtedly betting on the future. It offers
a unique opportunity to reduce our dependence on fossil fuels,
combat climate change and transform the way we produce and
consume energy. The transition to an H-based economy requires
investment and innovation, but the benefits of a cleaner, more
sustainable society are incalculable (Hassan et al., 2024).

Recent data shows that global hydrogen demand has increased
fourfold since 1975 and continues to rise. Reports from the
International Energy Agency (IEA) reveal that hydrogen production
is responsible for 830 million tonnes of CO2 emissions annually
comparable to the total yearly emissions of England and Indonesia.
Currently, 6% of hydrogen comes from natural gas, 2% from coal,
and the remainder from other sources, including hydrocarbons and
electrolysis. The worldwide hydrogen demand now stands at 70
million tonnes (Azizimehr et al., 2024).
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