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As the world endeavors to meet ambitious climate targets and mitigate carbon emissions, green hydrogen
stands out as a versatile and scalable solution offering a viable pathway toward sustainable development.
Significant advancements in green hydrogen production have been observed in regions demonstrating
robust commitments to integrating renewable energy sources, which serve as pioneering models of the
feasibility and potential of integrating green hydrogen into existing energy ecosystems. This paper
undertakes a comprehensive analysis of the technical challenges hindering the widespread adoption of
green hydrogen production, while highlighting the abundant opportunities associated with this
transformative technology. The study aims to scrutinize the underlying technologies, methodologies, and
structural complexities associated with green hydrogen production to uncover latent opportunities for
achieving global decarbonization goals, particularly aligned with the objectives of the 2030 Agenda and
the Sustainable Development Goals (SDGs).

Green hydrogen stands at the forefront of sustainable development, offering a scalable solution to meet global decarbonization targets. This paper explores the

technical challenges and opportunities within green hydrogen production, focusing on renewable-powered electrolysis and thermochemical processes that
reduce emissions, enhance energy efficiency, and improve energy security. By integrating carbon capture technologies and innovative storage solutions, green
hydrogen supports critical SDGs such as affordable clean energy (SDG 7), industrial innovation (SDG 9), and climate action (SDG 13). The study highlights how
these technologies can transform energy systems, contributing to the achievement of the 2030 Agenda and fostering a more sustainable, resilient global energy

future.

1. Introduction

Green hydrogen has emerged as a transformative solution
poised to revolutionize the global energy landscape, playing
a pivotal role in addressing climate and energy challenges while
advancing the objectives of the 2030 Agenda for Sustainable
Development and the Sustainable Development Goals (SDGs).
As the global community accelerates efforts to transition
towards a decarbonized energy system, green hydrogen has
gained recognition for its potential to bridge gaps in renewable
energy integration, reduce greenhouse gas emissions, and drive
innovation across multiple sectors. This paper aims to provide
a critical review of the underlying technologies, methodologies,
and structural complexities associated with green hydrogen

“Universidad de Guanajuato, Campus Guanajuato, Division de Ciencias Naturales y
Exactas, Departamento de Ingenieria Quimica, Noria Alta s/n, 36050, Guanajuato,
Gto, Mexico. E-mail: gsegovia@ugto.mx

"Universidad Tecnologica del Suroeste de Guanajuato, Carretera Valle-Huanimaro km
1.2, 38400, Valle de Santiago, Guanajuato, Mexico

134 | RSC Sustainability, 2025, 3, 134-157

production, emphasizing its alignment with global decarbon-
ization goals and its contributions to sustainable development.

The adoption of green hydrogen offers substantial environ-
mental and socio-economic benefits. Its production through
renewable energy sources enables the storage of surplus
renewable energy, addresses intermittency issues in solar and
wind power, and ensures a reliable energy supply. Moreover,
hydrogen's applications extend beyond power generation,
encompassing sectors such as transportation, industry, and
heating, thereby positioning it as a versatile energy carrier with
the capacity to significantly reduce carbon emissions. Green
hydrogen is also instrumental in decarbonizing hard-to-abate
sectors, including steel production, chemical manufacturing,
and long-haul transportation. In aviation, for instance,
advancements in hydrogen-powered technologies, such as fuel
cells and hydrogen combustion engines, promise a path toward
carbon-neutral air travel, addressing the sustainability chal-
lenges of this sector."

Under the framework of COP28, 198 nations have endorsed
the Dubai Agreement, recognizing the urgent need to rapidly
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and sustainably reduce greenhouse gas emissions in line with
1.5 °C pathways. The agreement highlights several key
initiatives:

o Accelerating the phased reduction of coal-based energy
consumption.

e Transitioning global energy systems towards net-zero
emissions, utilizing low or zero carbon-emitting fuels by mid-
century.

e Phasing out fossil fuels from energy systems in an equi-
table and orderly manner, accelerating efforts in this decade to
achieve net-zero emissions by 2050.

e Advancing the development of zero and low-emission
technologies, including renewable energy, nuclear power, and
carbon capture and storage technologies, particularly in chal-
lenging sectors.

o Significantly reducing global emissions of non-CO, gases,
with a specific focus on methane emissions reduction by 2030.

Green hydrogen stands poised as a viable alternative to fulfil
the ambitions set forth in the Dubai Agreement, offering
a pathway towards a sustainable and low-emission future.
Hydrogen, with its high-energy content per unit mass, is
a powerful and highly flammable energy carrier. When burned
or used in a fuel cell, it releases energy and produces water as
a by-product, which represents a significant advantage over
conventional fuels. Despite its low solubility in many liquids,
including water, the solubility of hydrogen increases with
pressure, enhancing its storage potential. Green hydrogen,
produced through renewable energy sources, has a wide range
of applications® across various industries, serving as a clean fuel
for transportation and a key ingredient in industrial processes
(Fig. 1).

In the context of the global energy transition towards
sustainable and decarbonized solutions, green hydrogen has
emerged as a vital component across the transportation, energy,
industry, and heating sectors. Its versatility and potential to
significantly reduce carbon emissions position hydrogen as
a fundamental element in the future energy matrix. Its role in
industrial processes is critical due to its unique properties and
the urgent need for cleaner energy alternatives.

In transportation, hydrogen is utilized in fuel cell electric
vehicles (FCEVs), including cars, trucks, and buses. These
vehicles generate electricity through a chemical reaction in
a fuel cell, emitting only water vapor. Companies like Toyota,
Hyundai, and Honda have already launched hydrogen-powered
car models, with pilot projects for trucks and buses underway
worldwide. The use of hydrogen in transportation is essential
for reducing the carbon footprint of this sector, a significant
contributor to global greenhouse gas emissions.

Hydrogen also acts as a medium for storing renewable
energy. Through electrolysis, surplus solar and wind energy can
be converted into hydrogen and later used to generate electricity
during periods of high demand or when renewable generation
is low. This process helps stabilize the electrical grid and
reduces reliance on fossil fuels, addressing the intermittency of
renewable energy sources and ensuring a reliable energy

supply.*
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Fig. 1 Relevance of production and utilization of green hydrogen.

In the chemical industry, hydrogen is crucial for producing
ammonia, used in fertilizers, and in oil refining. It is also used
in hydrogenation processes essential for producing chemicals
and pharmaceuticals. Transitioning to green hydrogen in these
processes can significantly reduce CO, emissions, making
industrial production more sustainable.®

The steel industry is another significant area where hydrogen
can make an impact. Traditionally, steel production is carbon-
intensive due to the use of coal as a reducing agent. Hydrogen
can replace coal in this process, potentially dramatically
reducing CO, emissions. Adopting hydrogen in steel production
is vital for decarbonizing this sector and meeting global climate
targets.®

In the heating sector, hydrogen can be used in boilers and
heating systems for residential, industrial, and commercial
applications. Especially in regions where natural gas is widely
used for heating, hydrogen can be integrated into existing gas
networks with some modifications. Using hydrogen for heating
reduces the carbon footprint of this sector and supports the
transition to cleaner energy sources.”

Estimating hydrogen demand is challenging, but projections
indicate that it will become an indispensable part of the energy
system. Various scenarios predict that hydrogen demand will
reach approximately 110 million tonnes (Mt) by 2030, with
a significant portion produced as clean or low-carbon
hydrogen.®** Despite variations in projections, a substantial
increase in hydrogen demand is expected, potentially doubling
by 2050.

The utilization of hydrogen for aviation is an emerging area
with significant potential to reduce carbon emissions and
enhance sustainability in the aviation sector. Hydrogen can be
employed in two primary ways: as a direct fuel in hydrogen
combustion engines or through hydrogen fuel cells to power
electric propulsion systems. Hydrogen combustion engines can
burn hydrogen in modified internal combustion engines or gas
turbines, similar to conventional jet fuel, but with adaptations
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due to its different combustion properties. An example of this is
Airbus’ ZEROe aircraft concept, which aims to introduce
hydrogen-powered commercial aircraft by 2035, including
a design with a turbofan engine modified to burn hydrogen.* On
the other hand, hydrogen fuel cells convert hydrogen into
electricity through an electrochemical process, powering elec-
tric motors to drive the aircraft's propellers. Companies like
ZeroAvia and Universal Hydrogen are pioneering in this space.
ZeroAvia has successfully conducted test flights of a hydrogen
fuel cell-powered six-seater aircraft and is working on scaling up
to larger commercial aircraft. Universal hydrogen is developing
a modular hydrogen delivery system and partnering with
airlines to retrofit existing regional aircraft with hydrogen fuel
cell powertrains.”

Hydrogen in aviation offers several benefits. Environmen-
tally, hydrogen combustion produces water vapor, eliminating
CO, emissions, and fuel cells only produce water as a byprod-
uct. Energy efficiency is another advantage, as fuel cells can be
more efficient than combustion engines, potentially leading to
lower energy consumption for the same amount of thrust.
Additionally, electric motors in hydrogen fuel cell systems are
quieter than conventional jet engines, reducing noise
pollution.?

However, challenges remain. Hydrogen's low energy density
by volume compared to traditional jet fuel requires larger
storage tanks or high-pressure cryogenic storage, posing tech-
nical and logistical issues. Significant investments are needed
to develop hydrogen production, storage, and refueling infra-
structure at airports. Safety is also a concern, as hydrogen is
highly flammable, requiring stringent handling and storage
measures.*

Despite these challenges, the future prospects of hydrogen
aviation are promising. Advancements in hydrogen production,
particularly green hydrogen from renewable energy sources,
and improvements in fuel cell technology position hydrogen
aviation to play a critical role in achieving carbon-neutral air
travel. Companies and governments are investing in research
and development, with several pilot projects underway to
demonstrate the feasibility and scalability of hydrogen-powered
flight. In conclusion, hydrogen for aviation presents a prom-
ising path towards more sustainable air travel, with ongoing
developments in hydrogen combustion engines and fuel cell
technologies paving the way for its future adoption, addressing
the challenges of the 2030 agenda.®

The importance of hydrogen in the current industry arises
from its unique characteristics and the urgent need for
sustainable energy systems. Hydrogen, the most abundant
element in the universe, can reduce carbon emissions across
various sectors, from transportation to industry and power
generation. It can be produced from various domestic sources,
improving energy security and resilience. Hydrogen's adapt-
ability to multiple applications, from fuel cells in vehicles to
industrial processes and energy storage, supports a compre-
hensive energy transition. Its production through electrolysis
can utilize surplus renewable energy, facilitating the integration
of intermittent renewable sources like wind and solar into the
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energy system, balancing supply and demand, and improving
grid stability."

The rising demand for hydrogen presents numerous
opportunities for technological innovation and job creation in
sectors related to hydrogen production, storage, distribution,
and utilization. The transition to green hydrogen can help
countries meet their greenhouse gas emission reduction
targets, fostering sustainable economic development.

Technological advances in production, such as high-
efficiency electrolysis and methane pyrolysis reactors, and new
storage and transportation technologies, including metal
hydrides and liquid hydrogen storage solutions, are in devel-
opment. Expanding hydrogen infrastructure, including
production plants, distribution networks, and refueling
stations, represents an opportunity for infrastructure invest-
ments and job creation. Hydrogen production from renewable
sources can benefit regions with abundant renewable resources,
leading to balanced regional development and reducing energy
import dependence. Integrating green hydrogen into a circular
economy, using waste from other industrial processes, and
utilizing the oxygen generated as a by-product in industrial and
medical applications can further enhance sustainability.*

Despite its immense potential, several technical, economic,
and systemic challenges hinder the widespread adoption of
green hydrogen. The high costs associated with its production,
storage, and distribution remain significant barriers, as does
the lack of robust infrastructure and regulatory frameworks.
This study underscores the importance of addressing these
challenges through advancements in electrolysis efficiency, the
development of innovative storage solutions (e.g., metal
hydrides, cryogenic storage), and the establishment of policies
and incentives that foster hydrogen adoption.

Aligned with the commitments made under the Dubai
Agreement at COP28, this study situates green hydrogen as
a critical enabler of global decarbonization pathways. The
Dubai Agreement outlines urgent measures, including the
phased reduction of coal-based energy, the adoption of low-
carbon fuels, and the rapid development of zero-emission
technologies. Green hydrogen directly supports these
measures by offering a clean energy alternative capable of
driving emissions reductions across diverse sectors.™

The specific contributions of this review are as follows:

e Comprehensive analysis: the paper critically examines the
current state-of-the-art in green hydrogen production technol-
ogies, including water electrolysis powered by renewable
energy, methane pyrolysis, and other emerging methodologies.

e Identification of opportunities: it highlights latent oppor-
tunities in hydrogen's application, including its role in circular
economies, regional development, and energy democratization.

e Systemic evaluation: the review explores the systemic
intricacies of hydrogen storage and transportation, focusing on
scalability and global integration.

e Socio-economic implications: it assesses the broader
implications of a hydrogen-based economy, including job
creation, industrial transformation, and geopolitical shifts.

e Strategic alignment: the study contextualizes green
hydrogen within global frameworks such as the 2030 Agenda

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and COP28, underscoring its role in achieving long-term
sustainability goals.

This review not only presents a holistic exploration of green
hydrogen's transformative potential but also identifies path-
ways to overcome existing barriers, offering actionable insights
to accelerate its adoption. By addressing these critical dimen-
sions, this work aims to provide a foundational resource for
researchers, policymakers, and industry stakeholders dedicated
to advancing green hydrogen as a cornerstone of a sustainable
future.

2. Technological landscape of green
hydrogen production

Green hydrogen production encompasses a diverse set of
technologies, each method leverages renewable energy sources
to contribute to sustainable energy solutions. At the forefront of
these technologies is water electrolysis, in this section, various
water electrolysis methods, such as alkaline electrolysis, proton
exchange membrane (PEM) electrolysis and solid oxide elec-
trolysis, are discussed in depth. Discussions delve into
advancements in catalysts, membranes, and system designs
with emphasis on the continuous pursuit of greater efficiency
and cost-effectiveness.® The integration of renewable energy,
such as solar and wind energy, into the electrolysis process is
also discussed (Fig. 2).

Another key avenue for green hydrogen production is the
biomass gasification, which introduces a novel approach by
utilizing biomass as a feedstock. This section explores ther-
mochemical pathways such as steam gasification and pyrolysis,
and highlights the potential of biomass-derived green hydrogen
as a carbon-neutral alternative, in line with broader sustain-
ability goals.’

High-temperature thermochemical processes, including
water splitting and sulfur-iodine cycles, represent
Biomass
e .....
Wi T >
Ethanol or
bioethanol

@j .....
REFORMING
PROCESS

Fig. 2 Green hydrogen production technologies.
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a technologically sophisticated aspect of green hydrogen
production. This section conducts an in-depth analysis of the
efficiency gains and challenges associated with operating at
elevated temperatures, offering insights into the potential of
these processes in advancing green hydrogen production.*’

2.1 Water electrolysis

The production of green hydrogen through water electrolysis
harnessing electricity generated from renewable sources such
as solar and wind, offers a promising approach for hydrogen
production.” The production process begins with the procure-
ment of water, typically in the form of deionized or deminer-
alized water, which is introduced into an electrolyzer (Fig. 3).
This device consists of two electrodes submerged in the water
and separated by a proton-conducting membrane."* When
electricity is applied across these electrodes, the water
undergoes decomposition into hydrogen and oxygen.

At the negative electrode (anode), the oxidation reaction of
water occurs:

2H,0 — O, + 4H" + 4e” (1)

Simultaneously, at the positive electrode (cathode), the
reduction of water takes place:

4H" + 4e~ - 2H, (2)

The end result is the generation of hydrogen gas (H,) at the
cathode and oxygen (O,) at the anode.

Among the diverse technological avenues within water elec-
trolysis, three methods have attracted significant attention:
alkaline electrolysis, Proton Exchange Membrane (PEM) elec-
trolysis, and solid oxide electrolysis. All three methods use
renewable energy, the mechanisms, advantages and challenges
of each are discussed below.

Clean energy
generation

\i/ THERMOCHEMICAL

CYCLE OF WATER
SPLITTING

& STORAGE
USE
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Fig. 3 Green hydrogen production through water electrolysis.

2.1.1 Alkaline electrolysis (AEL). Alkaline electrolyzers have
been used for several decades and are known for their reli-
ability.” In this process, an alkaline solution, often potassium
hydroxide (KOH) or sodium hydroxide (NaOH), serves as the
electrolyte medium. Nickel-based electrodes catalyze the elec-
trochemical reactions, with hydrogen gas generated at the
cathode and oxygen gas evolved at the anode.™

Cathode: 2H,O + 2¢ — H, + 20H™ (3)

Anode : 20H™ — %Oz + H,0 + 2e~ (4)

Alkaline electrolysis has demonstrated scalability, making it
a favorable choice for large-scale hydrogen production
endeavors. Its robust performance and well-established infra-
structure contribute to its standing as a reliable technology in
the pursuit of sustainable hydrogen generation."®

2.1.2 Proton exchange membrane (PEM) electrolysis. In
this method, a solid polymer electrolyte membrane, typically
composed of perfluorosulfonic acid, facilitates the transport of
protons. Precious metal-based electrodes, commonly platinum,
catalyze the following electrochemical reactions:

Anode : H,O— %02 +2H" + 2e” (5)

Cathode: 2H" + 2¢~ — H, (6)

PEM electrolysis operates at relatively low temperatures,
offering rapid response times and high efficiency. This char-
acteristic makes it particularly advantageous for applications
requiring quick start-up and response, such as in decentralized
or intermittent renewable energy systems.

The ongoing refinement of PEM electrolysis technology
holds promise for enhanced performance, increased durability,
and broader deployment across various applications.”” PEM
electrolyzers are known for their quick response to changes in
electricity input and are suitable for variable renewable energy
sources.

2.1.3 Solid oxide electrolysis (SOEC). In this method,
a solid oxide ceramic serves as the electrolyte, facilitating the
transport of oxide ions. Electrodes, commonly composed of
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materials like yttria-stabilized zirconia (YSZ), operate at elevated
temperatures and the reactions that take place are as follows:

Cathode: H,O + 2¢~ — H, + 0>~ 7)

1
Anode : O — 502 +2¢” (8)

Solid oxide electrolysis is still in the early stages of devel-
opment,*® it offers notable advantages, including high efficiency
because the thermodynamics of the reaction are favored due to
the high operating temperature and this process can be ther-
mally integrated with other process streams such as methanol,
dimethyl ether and ammonia synthesis,” making it suitable for
industrial processes and applications where waste heat recovery
is feasible. However, challenges related to material durability
and thermal management are subjects of ongoing research and
development efforts."

The efficiency of the electrolysis process is influenced by
factors such as the type of electrolyzer, operating temperature,
pressure, and the quality of the electrical input.”® Each type of
electrolyzer has specific operating conditions, for example, PEM
electrolyzers operate at lower temperatures and are suitable for
intermittent renewable energy sources, while solid oxide elec-
trolyzers operate at higher temperatures and may be integrated
with high-temperature heat sources. Sophisticated control
systems manage the operation of the electrolyzer, ensuring
optimal performance and response to varying energy inputs.
Integration with the overall hydrogen production system,
including energy storage and hydrogen purification, is crucial
for system efficiency.”

The current cost of electrolyzers is approximately $1000 to
$1500 per kW of capacity. However, this cost can vary depending
on the type of electrolyzer, scale of production, and technolog-
ical advancements. To make green hydrogen viable and
competitive with conventional hydrogen production methods
such as steam methane reforming, the cost of electrolyzers
needs to be reduced to around $200 to $300 per kW. This
reduction is crucial to achieve cost parity and widespread
adoption of green hydrogen technologies. The efficiency of
current electrolyzers typically ranges from 60% to 70%,
meaning that 60-70% of the electrical energy input is converted
into chemical energy in the form of hydrogen.*

As of recent data, the installed capacity of electrolysis for
hydrogen production is estimated to be around 200-300 MW
globally. This capacity is expected to grow rapidly with
increasing investments and technological advancements. Major
projects are being developed, especially in regions with abun-
dant renewable energy resources, such as Europe, North
America, and Asia.”® Currently, electrolysis accounts for a small
fraction of the global hydrogen production, which is dominated
by hydrogen produced from natural gas through steam
methane reforming (SMR). Electrolysis is estimated to cover less
than 5% of the total hydrogen market. The majority of hydrogen
production is still reliant on fossil fuels, contributing to
significant CO, emissions. Regarding electrolysis production,
the purity of hydrogen produced through electrolysis is typically

© 2025 The Author(s). Published by the Royal Society of Chemistry
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very high, often exceeding 99.9%. Proton Exchange Membrane
(PEM) electrolyzers can produce hydrogen with purity levels up
to 99.999%, making it suitable for most industrial and energy
applications without the need for extensive purification.**

The production of green hydrogen through water electrolysis
with renewable energy sources is a rapidly evolving field,
continuous improvements in efficiency, cost reduction, and
expanded application are key areas of research that will further
propel the widespread adoption of this technology.”® On an
implementation level, certain leading countries, including
Germany, Australia, and Japan, have made significant strides in
constructing infrastructure for green hydrogen production,
establishing pilot projects, and implementing strategies.

The versatility of hydrogen by electrolysis allows its utiliza-
tion in a wide array of applications, ranging from fueling
hydrogen-powered vehicles to industrial processes, making it
a versatile resource for decarbonizing multiple sectors.”® The
following describes the power generation process to power the
electrolyzer with solar and wind-based generation, as well as the
key aspects that impact cost, performance, and the overall
process of hydrogen production by electrolysis.

2.1.4 Photovoltaic (PV) electrolysis. Photovoltaic (PV) elec-
trolysis integrates photovoltaic technology with the water elec-
trolysis process. In a summarized way, initially photovoltaic
cells, commonly known as solar cells, are used to capture
sunlight and convert it into electrical energy. These cells
generate direct current (DC) electricity when exposed to
sunlight.”” The generated electricity from the PV cells is then
directed to an electrolyzer. Finally, the hydrogen produced
during the electrolysis process can be collected and stored for
various applications, such as fuel cells for power generation,
industrial processes, or transportation. Each stage of the
process itself has various difficulties and key issues to over-
come, some of which will be addressed below.>®

The entire process begins with the solar energy harvesting
with photovoltaic (PV) panels. Power generation can be grid
connected or stand-alone or off-grid where grid connection is
not feasible or cost-effective.” To address intermittency in solar
energy production, especially during periods of low sunlight,
energy storage solutions like batteries may be integrated®
which add operation cost to the entire production process.
Therefore the efficiency and reliability of this process contribute
significantly to the overall sustainability and viability of using
solar energy for hydrogen production.*

The installed capacity for hydrogen production via PV elec-
trolysis is currently limited but growing. As of recent data, the
global installed capacity is estimated to be in the range of tens
to hundreds of megawatts. Hydrogen production from PV
electrolysis currently covers a small fraction of the global
hydrogen market, less than 1%. Hydrogen produced via PV
electrolysis is nearly carbon-free, as the primary emissions
come from the production and installation of PV panels and
electrolyzers. Producing 1 kg of hydrogen through PV electrol-
ysis can prevent the emission of approximately 10-12 kg of CO,
compared to conventional hydrogen production methods.>* The
hydrogen produced from PV electrolysis typically has a high
purity level, often exceeding 99.99%. This high purity is
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essential for various applications, particularly for fuel cells and
industrial processes such as fuel cells production, or electronics
and pharmaceuticals.??

Once the hydrogen is produced, it is necessary a purification
step. The hydrogen produced through electrolysis may contain
impurities such as water vapor, traces of oxygen, and other
gases. Purification processes are employed to remove these
impurities and achieve high-purity hydrogen. According to
several works, several purification techniques may be applied
for hydrogen purification highlighting Pressure Swing Adsorp-
tion (PSA), membrane separation, cryogenic eistillation, and
combined purification systems.*

2.1.5 Wind-based electrolysis. In wind-based electrolysis
the electricity needed in the electrolyzer is generated by wind
turbines. So the first step in this process is the wind power
generation.* Wind turbines are often installed in locations with
consistent and strong wind resources, such as onshore or
offshore wind farms. Before installing wind turbines,
a comprehensive assessment of the wind resource at a specific
location is conducted. Advanced tools like anemometers and
meteorological towers are employed to gather accurate data.’*
This involves measuring wind speeds, directions, and variations
over an extended period these assessment is needed to select
the appropriate turbine hub height and turbine orientation for
optimal energy capture. Taking all these aspects into consid-
eration it is possible to estimate the amount of power that can
be extracted from the wind.** Based on the wind resource
assessment, suitable sites for wind power generation are
selected which can include onshore locations, where wind
turbines are installed on land, or offshore locations, where
turbines are situated in bodies of water. Offshore wind farms
are often chosen for their more consistent and stronger winds.
The design of the turbine and its operation play a key role in the
entire production process.*®

Modern wind turbines are equipped with sensors that
continuously monitor wind conditions to adjust the turbine's
operation to optimize energy capture.*” Many wind farms utilize
remote monitoring and control systems that allow operators to
oversee multiple turbines from a centralized location.*® Some
wind farms incorporate energy storage systems, such as
batteries, to store excess electricity during periods of high wind
and release it when demand is high or wind conditions are
suboptimal. This helps enhance grid stability and enables
better utilization of the generated energy.

Once the electricity is generated by the wind turbines is then
used in the electrolysis process. The integration of wind-based
electrolysis into the energy infrastructure allows for the utili-
zation of excess electricity generated during periods of high
wind availability. This helps address the intermittent nature of
wind energy production by converting surplus electricity into
storable hydrogen, which can be used when energy demand is
high or when the wind isn't blowing.*

As of recent data, the installed capacity for hydrogen
production via wind-based electrolysis is estimated to be in the
range of hundreds of megawatts globally. This includes both
pilot projects and a few commercial-scale operations. For
instance, some notable projects include the NortH, project in
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the Netherlands and the REFHYNE project in Germany.
Hydrogen production from wind-based electrolysis currently
covers a small fraction of the global hydrogen market, estimated
at less than 1%. However, hydrogen production by this means is
interesting, if a wind-based electrolysis plant produces 1000
tons of hydrogen annually, it can save 10 000-12 000 tons of CO,
emissions per year. Hydrogen produced from wind-based elec-
trolysis typically has a high purity level, often exceeding 99.99%,
this high purity is suitable for various applications as
mentioned above.*

Hydrogen production by electrolysis, encompassing water
electrolysis, photovoltaic (PV) electrolysis, and wind-based
electrolysis, holds significant potential for advancing sustain-
able energy systems. However, this potential is accompanied by
various challenges and opportunities summarize in Table 1 that
need to be addressed to maximize the impact and efficiency of
these technologies.

2.2 Bioethanol steam reforming

Green hydrogen production through the wet ethanol reforming
process stands as a notable and environmentally conscious
method within the expansive realm of hydrogen generation and
presents a transformative pathway towards sustainable
energy.” This process involves the conversion of ethanol,
arenewable and bio-derived alcohol, into hydrogen gas through
a sequence of chemical reactions conducted under high-
temperature steam reforming conditions'"** (Fig. 4).

Liquid ethanol, sourced from renewable feedstocks like
biomass or bioethanol production processes, serves as the
primary feedstock for the wet ethanol reforming process. The
heart of the process lies within a furnace, a controlled envi-
ronment where the ethanol undergoes reforming reactions. A
catalyst, commonly composed of transition metals such as
nickel, plays a pivotal role in facilitating the reactions. The
catalyst promotes the breakdown of ethanol into hydrogen and
carbon monoxide.

The initial reaction involves the steam reforming of ethanol,
where ethanol reacts with water to produce hydrogen and
carbon monoxide.

C,HsOH + H,O < 4H, + 2CO (9)
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The subsequent water-gas shift reaction enhances hydrogen
production and converts carbon monoxide into additional
hydrogen and carbon dioxide.

CO + H,O < H, + CO, (10)

The purity of hydrogen produced via ethanol reforming can
vary based on the specific process and catalyst used, typically,
the hydrogen purity ranges from 98% to 99.9%. The primary
byproducts of the process are carbon dioxide (CO,) and trace of
other gases. However, the produced hydrogen can be further
purified to achieve the desired purity levels for various appli-
cations. The integration potential with established ethanol
facilities streamlines the adoption of this green hydrogen
production method, potentially repurposing existing assets for
a dual role in both ethanol and hydrogen production.*” The CO,
released during the reforming process is offset by the CO,
absorbed by the plants during their growth.** On average,
producing 1 kg of hydrogen from ethanol reforming can prevent
the emission of approximately 10-12 kg of CO, compared to
conventional SMR.*

Despite its promise, challenges persist in the wet ethanol
reforming process, necessitating ongoing research and devel-
opment efforts. Efficient catalysts are crucial to enhance reac-
tion rates and selectivity, while strategies for managing carbon
deposition on the catalyst surface require further exploration.
Continued optimization of process parameters and the

Bioethano gf Ca

REFORMING
PROCESS

WATER GAS
SHIFT
REACTION

Fig. 4 Wet ethanol reforming for hydrogen production.

Table 1 Challenges and opportunities for hydrogen production by electrolysis processes

Category Challenges Opportunities

Technological solutions Actions needed

Electrolyzer efficiency Improve catalysts and
electrolytes

Renewable intermittency Advanced energy storage

optimization
Cost competitiveness

Reduce operating costs

Scaling infrastructure Modular and standardized

Integrate Al for real-time

Electrolysis adaptable to
renewable energy

Scale production and
automate processes

New business models for H,

New catalysts and
membrane designs
Smart grids and Al-based

R&D investment, scaling
pilot projects
Integrate smart grids,

forecasting regulatory incentives
Automation and process Industry-research
control collaboration, targeted

funding

Digital twins, predictive Strategic investment, public-

systems maintenance private partnerships
Material durability Resist corrosion and New catalysts and Advanced materials and Interdisciplinary
degradation membranes coatings collaboration, pilot projects
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exploration of innovative catalyst materials are essential for
enhancing the overall efficiency and sustainability of this
technology. Currently, both decentralized and centralized
models of ethanol production coexist, with a tendency towards
increasing centralization. However, determining the optimal
approach requires a thorough evaluation within the context of
a supply chain framework. This assessment should take into
account the logistics, economic factors, and environmental
impacts of each model to identify which configuration offers the
most efficient and sustainable solution for large-scale hydrogen
production (Table 2).

The journey towards widespread adoption of green hydrogen
through bioethanol wet reforming requires a strategic focus on
overcoming challenges while harnessing emerging opportuni-
ties. As advancements in catalyst design, process optimization,
and renewable feedstock utilization progress, green hydrogen
produced via ethanol wet reforming is poised to play a pivotal
role in shaping a sustainable and decarbonized energy future.

2.3 Biomass gasification

Biomass gasification is a thermochemical process that converts
biomass, such as wood, agricultural residues, or organic waste,
into a gaseous mixture known as syngas or synthesis gas. This
process occurs in a controlled environment with limited oxygen,
preventing complete combustion. The resulting syngas is
a combination of carbon monoxide (CO), hydrogen (H,),
methane (CH,), carbon dioxide (CO,), and other trace gases.*
Biomass gasification offers several advantages, including the
utilization of renewable feedstocks, potential carbon neutrality,
and the ability to produce a versatile syngas that can be used for
heat, power, and hydrogen production (Fig. 5).

The International Energy Agency (IEA), the U.S. Department
of Energy (DOE), and other similar institutions may provide
insights into the current status and trends in hydrogen
production from biomass gasification.** The entire process
includes several stages, drying, pyrolysis, gasification, water-gas
shift reaction (post-gasification), and tar and soot formation
(Fig. 5). The main gasification technologies include fixed-bed
gasifiers, fluidized-bed gasifiers, entrained-flow gasifiers,
plasma gasifiers, dual-fluidized bed (DFB) gasifiers, supercrit-
ical water gasification, and hybrid gasifiers.
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Fixed-bed gasifiers are one of the simplest types, where
biomass is introduced from the top, and air or oxygen is
introduced from either the bottom or the sides. In an updraft
gasifier, the syngas exits from the top while char and ash are
removed from the bottom, but this design tends to produce
a syngas that is rich in tars. The downdraft gasifier, on the other
hand, mitigates tar production by allowing syngas to exit from
the bottom, which also facilitates the removal of char and ash.
Although these designs are relatively simple, they are more
suitable for small-scale applications.

Fluidized-bed gasifiers, particularly suited for large-scale
operations, offer flexibility and efficiency by introducing
biomass into a hot bed of inert material like sand, enabling
uniform temperature distribution and effective mixing.
Bubbling fluidized-bed (BFB) gasifiers provide this mixing,
while circulating fluidized-bed (CFB) gasifiers further enhance
efficiency through higher gas velocities. Entrained-flow gasifiers
operate at very high temperatures (above 1200 °C) to produce
a clean syngas, though they require finely prepared feedstocks.
Plasma gasifiers use extreme heat from plasma torches (up to
5000 °C) to break down biomass into clean syngas, making
them versatile but energy-intensive. Dual-fluidized bed (DFB)
gasifiers separate gasification and combustion into two reac-
tors, allowing for better syngas control and reduced by-

products, making them ideal for hydrogen-rich syngas

BIOMASS H,0

----- > &1

DRYING PROCESS

Oréa‘ﬁwc H,.,C
waste  “of

GASIFICATION

v

WATER GAS

( .....

SYNGAS

Fig. 5 Hydrogen production through biomass gasification.

Table 2 Challenges and opportunities for hydrogen production by bioethanol steam reforming

Aspect Challenge Opportunity

Technological solutions Actions needed

Process efficiency Maximize efficiency, heat
management issues
optimization
Renewable feedstock
integration

Feedstock variability

Technological integration = Retrofit existing

infrastructure
Decentralized applications Logistics and regulatory

hurdles distribution

© 2025 The Author(s). Published by the Royal Society of Chemistry

Process intensification,
thermodynamic

Standardized sourcing, pre-
treatment innovation

Modular reactor designs,
advanced control systems

Innovative storage and

Advanced catalysts, thermal R&D investment, pilot
management, innovative projects, industry

reactors collaboration
Pre-treatment technologies, Collaboration with biofuel
real-time monitoring, industries, guidelines,
standardization protocols  infrastructure investment
Modular reactors, advanced Public-private partnerships,
control, shared resource regulatory support, industry
optimization collaboration

On-site electrolysis, mobile Supportive regulations,
storage, advanced storage  infrastructure investment,
solutions storage innovation
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production. Supercritical water gasification, an experimental
technology, uses supercritical water conditions to convert wet
biomass into hydrogen-rich syngas, but faces challenges with its
high operational pressures and temperatures. Finally, hybrid
gasifiers combine different technologies to optimize perfor-
mance, such as integrating fluidized-bed and plasma gasifica-
tion to enhance syngas quality and reduce tar content.*”*®

Drying is a crucial initial step in the biomass gasification
process, serving to remove moisture from the feedstock before
subsequent stages. The drying stage is important because
excessive moisture content can hinder the efficiency of the
overall gasification process, since it impedes the efficiency of
subsequent thermal processes by absorbing heat and requiring
additional energy for vaporization. In order to reduce moisture,
conventionally two methods are employed, natural drying and
forced-air drying. In natural drying step, the biomass is left in
the open air to naturally reduce moisture content through
exposure to sunlight and air circulation. This method is cost-
effective but weather-dependent. On the other hand, forced-
air drying Biomass is subject to forced air using fans or
blowers to accelerate the removal of moisture. This method
allows for more control over drying conditions. During drying,
an important variable is temperature, which is typically in the
range from 50 °C to 100 °C, and duration varies based on factors
such as biomass type, initial moisture content, and drying
method. However, high temperatures must be avoided to
prevent thermal degradation of biomass components.** The
choice of drying method, temperature control, and attention to
biomass characteristics are all vital aspects in achieving effec-
tive moisture reduction. Researchers and engineers continually
explore innovations in drying technologies to enhance the
overall sustainability and efficiency of biomass gasification
systems.>®

The second step is the pyrolysis which is a thermochemical
process within the biomass gasification sequence, where the
dried biomass undergoes thermal decomposition for the
generation of valuable products such as solid char, liquid bio-
oil, and gases in the absence of oxygen to prevent the forma-
tion of combustion products like CO,.

The complex organic compounds in biomass break down
into simpler molecules through various chemical reactions.
Cellulose, hemicellulose, and lignin are major components of
biomass, and their decomposition leads to the formation of
volatile compounds. Considering as case base the decomposi-
tion of cellulose, the summarized chemical reaction can be
expressed as follows:

Ce¢H,06 — char + bio-oil + gases (11)

The breakdown of cellulose, a complex sugar in biomass,
results in the formation of solid char, liquid bio-oil, and gases.
As seen in eqn (11), volatile components released during
pyrolysis condense to form bio-oil, a complex mixture of
oxygenated hydrocarbons. In the same reaction, undesirable
tars may form during pyrolysis, and their presence can
complicate downstream processes. Strategies for tar removal or
reduction are ongoing research areas. Bio-oil composition
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depends on factors like temperature, heating rate, and biomass
type. Also, several gases are produced, including carbon
monoxide (CO), hydrogen (H,), methane (CH,), and other
volatile organic compounds. These gases contribute to the
overall syngas composition in the subsequent gasification
stage. Regarding operative conditions, pyrolysis is typically
carried out at temperatures ranging from 500 to 800 °C. Higher
temperatures favor gas production, while lower temperatures
favor bio-oil formation. The rate at which temperature is
increased influences product distribution. Rapid heating often
leads to more gas production.®

Going forward in the process, it follows gasification that
transforms solid biomass into a gaseous mixture known as
syngas (synthesis gas). The primary goal of gasification is to
convert solid char produced during pyrolysis into a gaseous
mixture containing carbon monoxide (CO), hydrogen (H,),
carbon dioxide (CO,), methane (CH,), and other gases. This
mixture is versatile and can be used for various applications,
including hydrogen production, power generation, and the
synthesis of chemicals. Gasification involves several chemical
reactions, primarily between carbon (in the form of solid char)
and oxygen or steam. In brief, those chemical reactions can be
expressed as follows:

C+ 02 - C02 (12)

C +H,0 — CO + H, (13)
where eqn (12) is the partial combustion of carbon with oxygen
and reaction 13 represents the water gas shift reaction
producing carbon monoxide and hydrogen. Additional reac-
tions may lead to the formation of methane and other trace
gases. Gasification is typically conducted at elevated tempera-
tures, typically in the range of 700 to 1500 °C, higher tempera-
tures generally favor greater gas production. Also, gasification
can occur under various pressure conditions, and pressurized
gasification is explored for specific applications. Note that
incomplete reactions during gasification may lead to the
formation of tars and particulates. These can be problematic in
downstream processes and may require cleanup steps. Even if
eqn (12), consider oxygen within reaction, gasification can be
carried out with different agents, including oxygen (O,), air, or
steam (H,0). The choice of agent influences the composition of
the final gas mixture. The composition of the resultant gas
depends on factors such as the type of biomass, gasification
conditions, and the choice of gasification agent. Desired
composition for specific applications, such as hydrogen
production, may require specific gasification conditions and
control strategies. Thus, resultant gas from biomass gasifica-
tion can be used for heat and power generation, hydrogen
production, and as a precursor for the synthesis of various
chemicals and biofuels.>

After gasification it may happens Water-Gas Shift Reaction
(WGSR) in order to increase hydrogen composition. After the
main gasification process, the syngas produced often contains
carbon monoxide (CO), which needs to be further processed to
increase the hydrogen content and reduce the CO concentration
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(eqn (14)). The WGS reaction plays a central role in achieving
this transformation.*
CO + H,O0 — CO + H, (14)

Tar and soot formation during biomass gasification repre-
sent challenges that can affect the efficiency and reliability of
the process. Tar consists of complex hydrocarbons and other
organic compounds that are formed during incomplete
combustion and pyrolysis reactions in the gasification process.
Tar can condense on the surfaces of equipment, pipes, and heat
exchangers, causing fouling and reducing the efficiency of the
gasification system. In order to control tar formation, it may be
necessary to consider some strategies; tar removal methods
include using catalysts, thermal cracking, and filtration.** Also,
integrated gas cleaning systems, such as hot gas filtration and
catalytic tar reforming, are employed to minimize tar content.
On the other hand, soot consists of fine carbon particles that
result from incomplete combustion and pyrolysis reactions
during the gasification process. High-temperature conditions
and insufficient residence time can contribute to soot forma-
tion. Similar to tar formation, some strategies may be consid-
ered for soot control such as optimizing gasification conditions,
ensuring sufficient residence time, and implementing effective
combustion in the gasifier, downstream filtration and particu-
late removal systems are employed to minimize the presence of
soot in the syngas.>

The current global capacity for hydrogen production via
biomass gasification is relatively low compared to other
methods such as steam methane reforming (SMR) and elec-
trolysis. Most projects are still in the pilot or demonstration
phase, with a few commercial-scale plants. The installed
capacity is estimated to be in the range of tens of megawatts,
with ongoing research and development aimed at scaling up the
technology. Hydrogen production from biomass gasification
currently covers a very small percentage of the global hydrogen
market, less than 1%. The majority of hydrogen is still produced
from natural gas through SMR. The CO, released during gasi-
fication is offset by the CO, absorbed by the plants during their
growth. On average, producing 1 kg of hydrogen via biomass
gasification can prevent the emission of approximately 10-12 kg
of CO, compared to hydrogen produced from fossil fuels.?

Hydrogen produced from biomass gasification typically has
a purity range of 99% to 99.9%, depending on the gas cleanup
and purification methods used. Advanced purification tech-
niques, such as pressure swing adsorption (PSA) and membrane
separation, can achieve higher purities suitable for various
applications. Hydrogen with a purity of 99% is adequate for
many industrial processes, including chemical manufacturing
and refining.**

In this way, as summary, biomass gasification offers several
advantages, including the utilization of renewable feedstocks,
potential carbon neutrality, and the ability to produce a versatile
syngas that can be used for heat, power, and hydrogen
production. However, challenges include feedstock variability,
technical complexity, and economic considerations, which
researchers and engineers continually address to enhance the
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efficiency and feasibility of biomass gasification processes.
Ongoing research aims to optimize this technology for cleaner
and more sustainable energy production. Challenges and
opportunities may be expressed as follow (Table 3).

2.4 High-temperature thermochemical processes

High-temperature thermochemical processes being
explored as potential methods for green hydrogen production.
These processes involve the use of heat to drive chemical reac-
tions that result in the production of hydrogen (Fig. 6). Many
alternatives could be highlighted, sulfur-iodine cycle, hybrid
sulfur cycle, cerium oxide-based thermochemical cycle, and
ferrite-based thermochemical cycle.*®

2.4.1 Sulfur-iodine cycle. Initially, the Sulfur-Iodine (SI)
cycle is a thermochemical process that involves several chem-
ical reactions to produce hydrogen from water. It typically
utilizes high-temperature heat sources, such as nuclear or
concentrated solar energy. The process involves the decompo-
sition of sulfuric acid (H,SO,) into sulfur dioxide (SO,) and
oxygen, followed by the reaction of SO, with iodine to produce
hydrogen iodide (HI). The cycle is closed by splitting hydrogen
iodide into hydrogen and iodine.>®

The initial step of this process is decomposition stage.

are

HzSO4 - SOz + H20 + 1/202 (15)

In the first stage, sulfuric acid is decomposed into sulfur
dioxide, water, and oxygen using high-temperature heat. This
reaction typically occurs at temperatures above 830 °C. This is
why the sulfur-iodine cycle is often integrated with a high-
temperature heat source, such as a nuclear reactor or concen-
trated solar power. This heat source provides the energy
required for the thermochemical reactions in the cycle. The
second step is Bunsen reaction that could be detailed as follows.

SOZ + 212 — 2HI + stO4 (16)

HzSO4 + 2HI — 2H20 + SOZ + 12 (17)
The Bunsen reaction in the reactor, where sulfur dioxide
reacts with iodine to form hydrogen iodide and sulfuric acid.
This stage involves several chemical reactions to regenerate
iodine and continue the cycle. The final step is hydrogen
production stage where hydrogen iodide is decomposed into
hydrogen and iodine, releasing the desired hydrogen product.
The detailed equation is:
2HI — H2 + 12 (18)
It must be considered that the sulfur-iodine cycle is often
considered as a high-temperature thermochemical process
suitable for integration with nuclear reactors or concentrated
solar power. Given the corrosive nature of the chemicals
involved and the high temperatures, materials compatibility is
a crucial consideration. The construction materials for the
reactors and associated components must withstand the harsh
conditions over extended periods. The cycle doesn't directly
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Table 3 Challenges and opportunities for hydrogen production by biomass gasification

Aspect Challenges Opportunities

Technological solutions Actions needed

Tar and soot formation Tar and soot affect system
reliability

mitigation
Feedstock Feedstock variability and
standardization

use
Cost-effective biomass

gasification

Economic viability

solutions
Hydrogen purity Ensuring high hydrogen
purity applications
Modular and scalable

systems

Decentralized production

logistics costs

Integration with carbon Carbon-negative hydrogen

capture production
Water H 2
> idation - GREEN
- > Oxidation > GREEN ~EN

{leO & MeO
THERMOCHEMICAL
CYCLE OF WATER
SPLITTING Thermal
reduction

e

A | =
Heat

Fig. 6 Hydrogen production through thermochemical processes.

involve water electrolysis, which is an advantage in terms of
avoiding high-temperature electrolysis challenges. One of the
challenges is the need for materials that can withstand the
harsh chemical environment and high temperatures associated
with the reactions. The overall efficiency and economic viability
of the sulfur-iodine cycle depend on advancements in materials
science, reactor design, and heat transfer optimization.

2.4.2 Hybrid sulfur cycle. The Hybrid Sulfur Cycle (HSC) is
another thermochemical process designed for green hydrogen
production. Similar to the sulfur-iodine cycle, the hybrid sulfur
cycle aims to use high-temperature heat sources, such as
nuclear or concentrated solar energy, to drive a series of
chemical reactions that result in the production of hydrogen.
The “hybrid” aspect refers to the integration of both high-
temperature thermochemical reactions and lower-temperature
electrolysis.”” Initially happens the sulfuric acid decomposi-
tion stage that can be described as follows:

144 | RSC Sustainability, 2025, 3, 134-157

Improved system reliability
through advanced

Maximized resource
utilization, reduced landfill

Market development
through cost-effective

Broad compatibility across
Localized hydrogen
production, reduced

Reduced carbon footprint,
enhanced sustainability

Advanced filtration, catalytic Pilot projects, regulatory
reforming, plasma-assisted standards

removal

Flexible gasification, Standardized protocols,
advanced sensors, adaptable adaptive control, biomass
reactors databases

Process optimization, Economic assessments,
advanced catalysts, cost- pilot projects, policy support
effective reactors
Advanced purification,
membrane separation,
adsorption systems
Compact gasification

R&D investment, field trials,
industry standards

Decentralized projects, local
systems, localized engagement, supportive
integration regulations

Advanced CCS technologies, R&D investment, pilot
optimized integration projects, CCS policies

H,S04 — SO, + H,0 + 120, (19)
Similar to the sulfur-iodine cycle, the process begins with
the thermal decomposition of sulfuric acid at high tempera-
tures to produce sulfur dioxide, water, and oxygen. The second
step is the sulfur dioxide depolarization. In this step, sulfur
dioxide (SO,) is reacted with hydrogen sulfide (H,S) to produce
elemental sulfur (S) and water (H,O). The sulfur dioxide depo-
larization reaction can be expressed as:
250, + 2H,S — 3S + 2H,0 (20)
The third step is water splitting reaction. Here the elemental
sulfur produced in the depolarization reaction is then reacted
with water to produce hydrogen sulfide (H,S) and sulfuric acid
(H,SO,). The water splitting reaction is given by:
S + Hzo - HzSO4 + HQS (21)
The overall reaction for the hybrid sulfur cycle is obtained by
combining the sulfuric acid decomposition reaction, the sulfur
dioxide depolarization reaction, and the water splitting reac-
tion. By cycling through these reactions, the sulfur compounds
are regenerated, and the net result is the decomposition of
water into hydrogen and oxygen. The hybrid sulfur cycle has
advantages such as the ability to operate at moderate temper-
atures compared to some other thermochemical cycles, making
it suitable for integration with various heat sources, including
solar energy and advanced nuclear reactors. However, chal-
lenges related to materials, corrosion, and overall system effi-
ciency need to be addressed for practical implementation.®”
2.4.3 Cerium oxide-based thermochemical cycle. The
cerium oxide-based thermochemical cycle involves a series of
chemical reactions that are typically carried out in specific
devices or reactors. The cycle requires careful engineering of
these components to facilitate the redox reactions of cerium
oxide (CeO,) and ensure the efficient and continuous operation
of the process. Next, some key aspects and considerations for
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implementing the cerium oxide-based thermochemical cycle
are shown.

Initially, in the oxidation stage, cerium oxide (CeO,) is
exposed to oxygen at high temperatures. This causes cerium
oxide to undergo oxidation, releasing oxygen and absorbing
heat. The second stage is hydrogen production. In the hydrogen
production stage, cerium oxide, now in the oxidized state, is
subjected to high temperatures in the presence of a reducing
agent or heat source AH. This results in the reduction of cerium
oxide, releasing oxygen and producing hydrogen gas. Finally,
the oxygen separation and recirculation where the oxygen
released in both the oxidation and reduction stages can be
separated and recirculated back to the system. This closed-loop
process ensures the continuous regeneration of cerium oxide
for multiple cycles.”®

The cerium oxide-based thermochemical cycle relies on
concentrated solar energy or nuclear heat as a high-temperature
heat source. This allows for the utilization of abundant and
sustainable energy resources. Cerium oxide is chosen for its
ability to undergo reversible redox reactions, transitioning
between the oxidized (CeO,) and reduced states. This redox
reactivity is central to the cyclic nature of the process. The cycle
operates in a closed-loop system, with oxygen being recircu-
lated. This feature enhances the overall efficiency of the process
by minimizing the need for additional inputs. The absorption
and release of heat during the oxidation and reduction stages,
respectively, can be exploited for thermal energy storage. This
feature contributes to the system's flexibility and ability to
operate continuously, even in the absence of sunlight or during
periods of low heat availability. Ensuring the durability of
materials in the presence of high temperatures and reactive
chemicals is a challenge that requires ongoing research. Mate-
rials must withstand cyclic oxidation and reduction without
significant degradation.

2.4.4 Ferrite-based thermochemical cycle. While ferrite-
based thermochemical cycles for hydrogen production are less
well-established compared to some other methods, there have
been studies and research exploring the potential of this
approach. Ferrites, which are compounds containing iron
oxide, have the capability to undergo redox reactions, and this
property is harnessed in thermochemical cycles for green
hydrogen production.®® The details of ferrite-based thermo-
chemical cycles can vary, but here's a general overview.

Initially happens the oxidation stage:

Fe;O; — 2FeO + 1/20, (22)
In this stage ferric oxide undergoes oxidation to produce
ferrous oxide and release oxygen when exposed to high
temperatures. As second stage, the hydrogen is produced
according to the next equation.
2FeO + HzO i F6203 + H2 (23)
Ferrous oxide reacts with water to produce ferric oxide and
release hydrogen gas. This reaction is often facilitated by a heat
source. Finally, the oxygen separation and recirculation. Oxygen
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released during the oxidation stage (reaction 16) needs to be
separated, and a recirculation system is employed to reintro-
duce oxygen into the system, ensuring a closed-loop cycle.

Ferrites, particularly iron oxide-based compounds, exhibit
reversible redox reactions, allowing for the cyclic nature of the
thermochemical cycle. Note that, iron is abundant and rela-
tively inexpensive, making ferrites potentially cost-effective
materials for hydrogen production. Similar to other thermo-
chemical cycles, the ferrite-based cycle operates in a closed-loop
system, minimizing the need for additional inputs and
enhancing overall efficiency.® The installed capacity for ther-
mochemical hydrogen production is currently limited,
primarily existing at the pilot and experimental stage. Large-
scale commercial deployment is still in development, and
exact figures are difficult to quantify. Given that these technol-
ogies are mostly in the pilot or early commercial stages, the
market coverage is minimal, representing a small fraction of the
global hydrogen market. Hydrogen produced from thermo-
chemical processes typically achieves high purity levels, often
exceeding 99%.>* Thus, in general terms, the challenges and
opportunities  about  high-temperature = thermochemical
processes are described next (Table 4):

Ongoing research and development are addressing chal-
lenges, leading to innovations in materials, reactor designs, and
overall system optimization, all these advancements contribute
to the improvement of high-temperature thermochemical
processes and continued research, technological innovation,
and integration with renewable energy sources will play key
roles in unlocking the full potential of these processes.

2.5 H, standards and purification

Since there are several methods for hydrogen production, there
is a need to establish standards for the quality of the hydrogen
produced so it can be used in subsequent processes. In 2012,
the International Organization for Standardization (ISO) intro-
duced the ISO 14687-2:2012 standard, while the Society of
Automotive Engineers (SAE) issued the SAE J2719-201511 stan-
dard in 2015. Both standards established uniform criteria for
assessing hydrogen (H,) quality in Proton Exchange Membrane
Fuel Cells (PEMFCs). Until 2019, China adhered to the GB/T
3634.2-2011 standard, which was focused on industrial H,
applications but lacked specific regulations on certain impuri-
ties affecting fuel cell performance.

Recognizing this limitation, China introduced the GB/T
37244-2018 standard by the end of 2018, aligning with the ISO
14687-2:2012 and SAE J2719-201511 standards. This standard
meticulously regulated the concentration of fourteen impuri-
ties, such as water (H,0), total hydrocarbon (HC) (by methane),
oxygen (0,), helium (He), nitrogen (N,), argon (Ar), carbon
dioxide (CO,), carbon monoxide (CO), total sulfide (by H,S),
formaldehyde (HCHO), formic acid (HCOOH), ammonia (NHj;),
total halide (by halide ions), and maximum particulate matter.
In this standard there are three types of hydrogen in terms of
purity, pure hydrogen, high pure H,, and ultra-pure H, with
a required purity of 99.99%, 99.999%, and 99.9999% respec-
tively. The remaining impurities shall not exceed 95 ppm,
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Table 4 Challenges and opportunities for hydrogen production by high-temperature thermochemical processes

Aspect

Challenges

Opportunities

Technological solutions

Actions needed

Materials durability

Cost of high-temperature
reactors
Energy efficiency

Reaction kinetics

Integration with renewable
energy

Corrosive environments,
thermal cycling

High construction and
maintenance costs

High energy conversion
efficiency

Slow reaction rates limit
hydrogen production
Intermittency of renewable
sources

Advanced alloys, ceramics,
coatings

Cost-effective designs,
scalable reactors

Use of excess heat, thermal
storage

Catalyst development,
temperature management
Flexibility with solar and
waste heat

Durable materials, 3D
printing for tailored
properties

Optimized reactor
manufacturing techniques
Advanced heat exchangers,
heat recovery systems
Advanced catalysts, reactor
optimization

Smart grid technologies,
energy storage

Increased R&D investment

Policy support, financial
incentives

Infrastructure development,
pilot projects

Collaborative R&D efforts

Policy support, integration
projects

22 ppm, and 2.3 ppm for pure H,, high pure H,, and ultra-pure
H, respectively.

Advancements in PEMFC technology, including reduced
platinum (Pt) usage, thinner electrolyte membranes, higher
operating electric current density, and lower humidity, neces-
sitated a reevaluation of previously established impurity limits
in H,. Consequently, the ISO technical committee for hydrogen
energy, I0S/TC 197, released the ISO 14687:2019 standard in
November 2019, consolidating and revising three existing H,
fuel cell-related standards. ISO 14687:2019 requires H, purities
of at least 99.97% with impurities no greater than 714.2 ppm.

Simultaneously, following the ISO 14687:2019 standard, SAE
issued the SAE ]J2719 202003 standard in March 2020, extending
the permissible limits for CHy, N,, Ar, and HCHO impurities.
ISO 14687:2019 requires H, purities of at least 99.97% with
impurities no greater than 1312 ppm.

Nevertheless, the concentration of impurities is rigorously
regulated, influenced by the structure and operational traits of
fuel cells. Notably, even minimal carbon monoxide (CO) levels
can induce irreversible harm to the efficiency and longevity of
fuel cells. The influence of impurities has been reported
according to the type of compound. For example, an excess of
water (H,O) has the capability to carry water-soluble impurities
like Na" and K, leading to a reduction in membrane proton
conductivity. Additionally, an excess of water can cause corro-
sion in metal components. Regarding HC, most hydrocarbons
(HCs) adsorbed onto the catalyst layer will diminish catalytic
efficiency. While methane itself does not contaminate fuel cells,
its presence dilutes hydrogen (H,) and impedes overall perfor-
mance. Carbon dioxide (CO,) exerts a diluting influence on
hydrogen (H,). Elevated concentrations of CO, may undergo
a reverse water gas shift reaction, transforming into carbon
monoxide (CO), consequently resulting in catalyst poisoning.
Carbon monoxide (CO) strongly associates with the active sites
of platinum (Pt) catalysts, reducing the effective electrochemical
surface area available for the adsorption and oxidation of
hydrogen (H,). The attachment of sulfides to the active catalyst
sites obstructs the adsorption of hydrogen (H,) on the catalyst
surface. These adsorbed sulfides undergo reactions with plat-
inum (Pt) catalysts, resulting in the formation of stable Pt
sulfides, causing irreversible degradation of fuel cell perfor-
mance. Formaldehyde (HCHO) and formic acid (HCOOH)
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adhere to catalysts, generating carbon monoxide (CO) in the
process, ultimately resulting in catalyst poisoning. Ammonium
ions (NH,') have the potential to diminish the proton conduc-
tivity of the ionic polymer. Additionally, ammonia (NHj)
adsorbed onto the catalyst's surface obstructs the active sites.
The electric potential of fuel cells is diminished by the dilution
and diffusion of helium (He), argon (Ar), and nitrogen (N,)
within hydrogen (H,). Adsorption of halides on the catalyst layer
diminishes the catalysts' surface area. Chloride ions are
deposited into the fuel cell membrane, creating soluble chlo-
rides and resulting in the dissolution of the platinum (Pt)
catalyst. Particulate matter adhering to the active sites of fuel
cell catalysts obstructs the adsorption of hydrogen (H,) on the
catalyst surface, thereby impeding the filter and causing
damage to the overall cell components.®*

The purification of hydrogen (H,) holds pivotal significance
in the entire H, production-to-utilization chain. The establish-
ment of stable, reliable, and cost-effective H, sources forms the
foundation for the widespread integration of fuel cell vehicles.
Consequently, the development of highly efficient and energy
efficient H, purification technologies for fuel cell vehicles plays
an integral role in advancing the H, energy industry.

The optimal functioning of a fuel cell power system is
contingent upon the provision of high-quality H,. H, derived
from coal gasification, natural gas reforming, by-product H,, or
water electrolysis is collectively termed as crude hydrogen.
Without purification in accordance with existing standards,
crude hydrogen cannot be directly utilized in fuel cell vehicles.
The composition of various crude H, types may vary according
with its source. It is possible to obtain an average composition
of 25-35, 70-75, 75-80, 45-60, 70-80, 60-75, 25-35 for coal
gasification, natural gas reforming, methanol reforming, coke
oven gas, methanol purge gas, synthetic ammonia tail gas,
biomass gasification, respectively.®*~%*

H, purification methods fall into two main categories:
physical methods (including adsorption methods like PSA,
temperature swing adsorption, and vacuum adsorption; low-
temperature separation methods such as cryogenic distillation
and low-temperature adsorption; and membrane separation
methods involving inorganic and organic membranes) and
chemical methods (encompassing metal hydride separation
and catalysis).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The selection of an appropriate H, purification method is
intricately linked to the hydrogen supply mode and gas source.
In the case of H, production through centralized large-scale
coal gasification and natural gas reforming with an H, supply
exceeding 10000 Nm® h™", PSA purification is predominantly
employed after transformation, desulfurization, and decar-
bonization. Despite the longstanding presence of PSA tech-
nology characterized by low operational costs and a prolonged
service life, the H, produced for fuel cell vehicles through
traditional PSA may exhibit a decreased recovery rate and yield
due to standard impurity content. Cryogenic distillation, suit-
able for large-scale production, yields H, purity between 85%
and 99%, falling short of application requirements.®

For H, production in a centralized by-product mode with an
H, supply ranging from 1000 to 10000 Nm® h™", versatile
processes are necessitated to enhance H, recovery efficiency
based on different impurities. In scenarios involving small-scale
on-site distributed H, production with an H, supply of 1000
Nm® h™" or less, and for vehicle H, supply, traditional PSA
separation proves disadvantageous in terms of large floor area,
inflexibility, and low adaptability. Consequently, low-
temperature adsorption, metal hydride, and metal membrane
separations emerge as viable processes based on the types and
quantities of impurities. While low-temperature adsorption
effectively eliminates multiple impurities, such as sulfide,
formaldehyde (HCHO), and formic acid (HCOOH), it entails
high energy consumption and is best suited for specific small-
scale and cold source applications.®”

Metal hydride separation and palladium (Pd) membrane
separation methods demonstrate reasonable efficacy in sepa-
rating gas sources with a high content of inert components.
However, their inherent disadvantage lies in the reaction of
purified materials with impure gas during H, recovery, leading
to a reduction in purification efficiency. Novel membrane
technologies like carbon molecular sieve membranes (CMSMs),
ionic liquid membranes, and electrochemical H, pump
membranes are currently prominent areas of scientific
research, although their industrial-scale implementation
remains challenging.®®

Thus, hydrogen purification after the aforementioned
production processes is crucial to obtain high-purity gas suit-
able for various industrial and commercial applications (Table
5)'69—71
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2.6 Hydrogen transportation

As hydrogen production scales up, the need for an efficient and
cost-effective hydrogen transportation infrastructure becomes
increasingly urgent. One potential solution that has garnered
significant interest is the repurposing of existing natural gas
pipelines for hydrogen transport. This approach presents
several compelling advantages that justify its consideration as
a viable option in the hydrogen economy.”

One of the primary justifications for using natural gas
pipelines to transport hydrogen is the ability to leverage existing
infrastructure. The extensive network of natural gas pipelines
already in place provides a ready-made solution for hydrogen
transport, potentially avoiding the high capital costs associated
with constructing new hydrogen-specific pipelines. Repurpos-
ing existing pipelines for hydrogen transport could significantly
reduce the time and financial investment required to establish
a hydrogen distribution network, thereby accelerating the
deployment of hydrogen as a clean energy carrier.

The reuse of natural gas pipelines also offers a strategic
advantage in terms of geographic reach. The existing pipeline
network spans vast regions, including both urban and rural
areas, providing a widespread and accessible means of trans-
porting hydrogen from production sites to end-users. This
widespread coverage is particularly beneficial for integrating
hydrogen into the energy mix in regions where building new
infrastructure would be challenging or cost-prohibitive.”

The technical feasibility of using natural gas pipelines to
transport hydrogen has been the subject of extensive research
and development. Hydrogen, being a smaller and lighter
molecule than methane, exhibits different physical and chem-
ical properties that must be considered when repurposing
natural gas pipelines. Key considerations include hydrogen's
higher diffusivity, which can lead to increased leakage rates,
and its potential to cause embrittlement in certain pipeline
materials, particularly high-strength steels.”

Despite these challenges, studies have shown that with
appropriate modifications and adaptations, many existing
natural gas pipelines can be made suitable for hydrogen
transport. These adaptations may include the use of advanced
materials and coatings to mitigate embrittlement, as well as
enhanced monitoring and maintenance practices to prevent
and detect leaks. Additionally, blending hydrogen with natural
gas in certain proportions (e.g., up to 20% by volume) has been
demonstrated as a feasible interim solution, allowing for the

Table 5 Challenges and opportunities for the standardization and purification of green hydrogen

Production process Challenges Opportunities

Technological solutions Actions needed

Water electrolysis Energy consumption,

membrane durability
Biomass gasification Diverse impurities,
environmental impact

High-temperature
thermochemical processes

High temperatures,
corrosion, by-product

management corrosion

© 2025 The Author(s). Published by the Royal Society of Chemistry

Improved efficiency, longer Ion exchange membranes,
membrane lifespan

Cleaner syngas, sustainable
waste management

Efficient by-product
utilization, reduced

R&D for energy-efficient
technologies, robust
membranes

Advanced filtration systems,
sustainable residue
management

High-temp resistant
membranes, by-product
recovery methods

molecular sieves, PSA

Filtration, washing,
absorption systems

Permeation membranes,

corrosion-resistant
materials
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gradual introduction of hydrogen into the natural gas grid while
minimizing the need for immediate and extensive infrastruc-
ture upgrades.

Ongoing pilot projects and field tests are providing valuable
insights into the practical aspects of hydrogen transport via
natural gas pipelines. These initiatives are helping to identify
best practices for pipeline adaptation and are contributing to
the development of industry standards and regulations that will
ensure the safe and efficient transport of hydrogen.

The economic viability of using natural gas pipelines for
hydrogen transport is another key justification for this
approach. By repurposing existing infrastructure, the costs
associated with building new hydrogen-specific pipelines can
be substantially reduced. This cost savings can play a critical
role in making hydrogen more competitive with other energy
carriers, particularly in the early stages of market
development.”

Moreover, the integration of hydrogen into the existing
natural gas grid can help to optimize the utilization of the
pipeline network, thereby improving the overall economic effi-
ciency of the energy system. This integration can also create new
revenue streams for pipeline operators and provide a pathway
for the gradual decarbonization of the natural gas sector.”®

Furthermore, the use of natural gas pipelines for hydrogen
transport aligns with broader economic and policy objectives
related to energy security and diversification. By facilitating the
transport of domestically produced hydrogen, this approach
can reduce dependence on imported fossil fuels, support the
development of local hydrogen industries, and contribute to job
creation in the energy sector.

The environmental benefits of using natural gas pipelines to
transport hydrogen are closely linked to the broader goals of
reducing greenhouse gas emissions and transitioning to a low-
carbon energy system. Hydrogen, when produced from renew-
able sources such as water electrolysis or biogas reforming, has
the potential to serve as a zero-emission energy carrier. By
utilizing existing natural gas pipelines for hydrogen transport,
the carbon footprint associated with building new infrastruc-
ture can be minimized, thereby contributing to overall emission
reductions.”

In addition to environmental benefits, this approach is also
supported by evolving energy policies and regulations that aim
to promote the use of hydrogen as a clean energy source. Many
governments and regulatory bodies are developing frameworks
to support the integration of hydrogen into the natural gas grid,
including incentives for pipeline adaptation, safety standards,
and targets for hydrogen blending.

The alignment of hydrogen transport via natural gas pipe-
lines with policy goals related to energy transition and decar-
bonization further strengthens the justification for this
approach. As governments and industries work towards
achieving net-zero emissions, the repurposing of natural gas
pipelines offers a pragmatic and cost-effective pathway for
scaling up hydrogen infrastructure in a timely manner.

While the justification for using natural gas pipelines to
transport hydrogen is strong, further research and development
are needed to fully realize this potential. Areas for future
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research include the long-term effects of hydrogen on pipeline
materials, the development of advanced sensors and moni-
toring systems for leak detection, and the optimization of
hydrogen blending strategies.

Collaboration between industry, academia, and government
agencies will be essential to address these challenges and to
develop the necessary technical standards and regulatory
frameworks. Continued investment in pilot projects and large-
scale demonstrations will also be critical for building confi-
dence in the safety and reliability of hydrogen transport via
natural gas pipelines.

Thus, the possibility of using natural gas pipelines to
transport hydrogen presents a compelling opportunity to
accelerate the transition to a hydrogen-based energy system. By
leveraging existing infrastructure, addressing technical chal-
lenges, and aligning with economic and policy objectives, this
approach offers a pragmatic solution for the large-scale distri-
bution of hydrogen, contributing to the broader goals of energy
sustainability and decarbonisation (Table 6).72747%78

Thus, addressing the challenges of hydrogen transport
through pipeline adaptation, regulatory development, and
public engagement is crucial. However, the opportunities for
accelerating the hydrogen economy, fostering innovation,
creating jobs, and achieving environmental sustainability are
vast. Coordinated actions across industry, government, and
society are needed to realize these benefits.

3. Technology readiness levels of
hydrogen production technologies

The pursuit of sustainable hydrogen production has led to the
advancement of various technologies, each at different stages of
maturity. Understanding the Technology Readiness Level (TRL)
helps stakeholders recognize which technologies are commer-
cially viable and which need further research (Fig. 7).

Water Electrolysis technologies, including Proton Exchange
Membrane (PEM), alkaline, and solid oxide electrolyzers, are
highly mature and ready for large-scale deployment. Ethanol
steam reforming and high-temperature thermochemical
processes are in earlier development stages, with ongoing lab
and pilot projects. Biomass gasification and photovoltaic (PV)
electrolysis are more advanced but remain in the demonstration
phase. Wind-based electrolysis is nearing commercial-scale
implementation, and hydrogen purification technologies like
Pressure Swing Adsorption (PSA) and membrane separation are
well-established and widely used.

Overall, this section emphasizes the varying readiness and
ongoing development of these hydrogen production methods,
highlighting examples of current implementations and future
potential.

The development and deployment of hydrogen production
technologies are critical for transitioning towards a sustainable
energy future. These technologies face a spectrum of challenges
and opportunities, each closely tied to their Technology Read-
iness Levels (TRLs).
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Table 6 Challenges and opportunities for the transportation of green hydrogen

Aspect Challenges Opportunities

Technological solutions Actions needed

Pipeline adaptation Material compatibility,
embrittlement

High costs of modification

pipelines
Infrastructure investment
to reduce costs

Regulatory uncertainty Inconsistent policies
investment

Geopolitical and public

Repurposing natural gas

Use existing infrastructure

Clear standards can boost

Geopolitical tensions, safety Global hydrogen alignment

Advanced coatings, leak
detection systems
Reinforced pipelines,
hydrogen-compatible

R&D in materials, industry-
academia collaboration
Funding incentives, public-
private partnerships

storage
Regulatory frameworks and Establish regulations,
standardization international collaboration

Public awareness Diplomatic efforts, public

acceptance concerns technologies, safety systems awareness campaigns
Environmental challenges  High carbon footprint of =~ Green hydrogen aligns with Electrolysis and renewable Invest in renewables,
grey hydrogen decarbonization energy integration support green hydrogen
transition

Economic growth Job creation and industry

New job opportunities in

Hydrogen infrastructure Workforce development,

revitalization hydrogen sector development educational initiatives
Technology innovation Material and safety tech Cross-sector benefits for Monitoring and control Promote research, cross-
advancements energy carriers technologies sector collaboration

Water Electrolysis

Ethanol Steam Reforming - 4.5

Biomass Gasification =

>
o
Q
o Photovoltaic Electrolysis = 6
S
@
Wind-Based Electrolysis
High-Temperature Thermochemical - 45
H2 Purification
TRL Level
Fig. 7 Technology Readiness Level (TRL) of hydrogen production.

4. Policies supporting green
hydrogen production technologies

Policies from various organizations supporting the deployment
of green hydrogen technologies are multifaceted, aiming to
address the technological and economic challenges associated
with green hydrogen production (Fig. 8). These policies gener-
ally promote research, development, and adoption through
funding, incentives, and specific regulatory frameworks. Below
is a detailed analysis of key policies implemented by different
regions and institutions, focusing on the various production
technologies for green hydrogen, and the associated challenges
and opportunities for meeting the 2030 agenda.”
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4.1 European Union (EU)

The European Commission, through the European Green Deal,
aims to make Europe the first climate-neutral continent by
2050. Green hydrogen is a pivotal element in decarbonizing
various industrial sectors, with a particular focus on electrolysis
technologies. The EU Hydrogen Strategy outlines plans to
install at least 6 GW of renewable hydrogen electrolyzers by
2024 and 40 GW by 2030. This includes both alkaline electrol-
ysis (AEL) and proton exchange membrane (PEM) electrolysis,
which are currently the most mature technologies for green
hydrogen production.®® Additionally, the innovation fund
provides financial support for innovative low-carbon technolo-
gies, including solid oxide electrolysis (SOE) projects, which
have the potential for higher efficiency but are currently less
developed.
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Water Electrolysis X X

Ethanol Reforming X X

Technology

Biomass Gasification

SDG 7 (Affordable and Clean Energy) -

SDG 9 (Industry, Innovation and Infrastructure) -

Fig. 8 Technologies for hydrogen production and its impact on SDG.

4.2 United States

In the United States, the Hydrogen and Fuel Cell Technologies
Office (HFTO), part of the Department of Energy (DOE),
supports R&D in a variety of hydrogen production technologies.
The DOE's Hydrogen Program Plan focuses on reducing the cost
of hydrogen production from renewable resources to $2 per kg
by 2025, emphasizing PEM and AEL electrolysis technologies.
The Infrastructure Investment and Jobs Act includes significant
funding for clean hydrogen projects, emphasizing the estab-
lishment of regional hydrogen hubs and advancing technolo-
gies like PEM electrolysis and advanced AEL.*' Additionally, the
DOE is exploring next-generation technologies such as high-
temperature steam electrolysis (HTSE) using SOE and innova-
tive methods like photocatalytic water splitting.

4.3 Japan

Japan, through its basic hydrogen strategy, aims to establish
a “hydrogen society” by promoting the use of hydrogen in power
generation, transportation, and industrial processes. This
strategy includes specific targets for hydrogen production,
storage, and infrastructure development, with a strong focus on
PEM and AEL electrolysis. Additionally, Japan's Green Innova-
tion Fund allocates around $19 billion over ten years to support
innovative technologies, including developments in SOE and
photocatalytic water splitting, aiming to enhance the efficiency
and reduce the costs of hydrogen production.
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SDG 13 (Climate Action) -
SDG 15 (Life on Land) -

SDG 17 (Partnerships for the Goals) -

SDG 12 (Responsible Consumption and Production) -

China has set ambitious goals through its Hydrogen Industry
Development Plan (2021-2035), focusing on expanding
production capacity and establishing comprehensive hydrogen
infrastructure. By 2030, China aims to have one million
hydrogen fuel cell vehicles and a robust network of hydrogen
refueling stations. The plan emphasizes the development and
deployment of AEL and PEM electrolysis technologies, while
also investing in advanced research for SOE and novel hydrogen
production methods such as biological water splitting using
algae or bacteria.®” China's Five-Year Plans emphasize the
importance of green hydrogen in achieving carbon neutrality by
2060, supporting R&D and pilot projects for these emerging
technologies.

4.4 Australia

Australia's National Hydrogen Strategy aims to position the
country as a major global player in hydrogen production and
export, leveraging its abundant renewable energy resources.
This strategy includes measures to develop hydrogen hubs,
enhance regulatory frameworks, and promote international
cooperation, with a particular focus on AEL and PEM electrol-
ysis technologies. The Australian Renewable Energy Agency
(ARENA) provides grants and funding to support green
hydrogen projects, concentrating on reducing production costs
and scaling up technologies. Additionally, ARENA is investing
in innovative production methods such as solar-to-hydrogen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(photovoltaic-driven electrolysis) and exploring the potential of
biomass gasification for hydrogen production.

4.5 International organizations

The International Energy Agency's (IEA) Hydrogen Technology
Collaboration Programme supports international R&D cooper-
ation to advance hydrogen technologies. This program provides
comprehensive analysis and recommendations to policymakers
on the deployment of various hydrogen production technolo-
gies, including AEL, PEM, SOE, and emerging methods such as
photocatalytic and biological water splitting. The Hydrogen
Council, a global initiative of leading energy, transport, and
industry companies, works to accelerate the adoption of
hydrogen solutions worldwide, advocating for policies and
investments that support the development of a sustainable
hydrogen economy*’

4.6 Key policy mechanisms

4.6.1 Incentives and subsidies. Many governments offer
financial incentives, such as grants, subsidies, and tax credits,
to lower the cost of green hydrogen projects and make them
more economically viable. These incentives are crucial for
advancing AEL, PEM, and SOE electrolysis technologies.

4.6.2 Regulatory frameworks. Developing clear
supportive regulatory environments facilitates the permitting
and development of hydrogen infrastructure. These frameworks
are particularly important for the deployment of large-scale
electrolysis plants and the integration of hydrogen production
with renewable energy sources.

4.6.3 Research and development support. Funding R&D is
essential to improve the efficiency and reduce the costs of green
hydrogen production technologies. This includes advancing
AEL and PEM electrolysis, as well as exploring high-potential
technologies like SOE, photocatalytic water splitting, and bio-
logical hydrogen production methods.

4.6.4 Public-private partnerships. Encouraging collabora-
tion between public entities and private companies leverages
expertise, shares risks, and mobilizes investments. These part-
nerships are vital for the demonstration and scaling of inno-
vative hydrogen production technologies.

Collectively, these policies aim to overcome current barriers
to green hydrogen deployment, such as high production costs,
lack of infrastructure, and market uncertainty. By focusing on
advanced electrolysis technologies and emerging production
methods, these initiatives drive the transition towards a more
sustainable energy system and address the challenges of the
2030 agenda.

and

5. Green hydrogen and power-to-
gas: technological advancements and
research contributions

Power-to-Gas (PtG) is an innovative technology that enables the

conversion of electrical power, primarily from renewable sources,
into hydrogen or synthetic natural gas (SNG) through electrolysis
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and subsequent methanation processes. This technology serves
as a means to store excess energy, thereby enhancing grid
stability and contributing to the decarbonization of various
sectors. Over the past decade, numerous research groups from
prestigious institutions such as ETH Zurich, RWTH Aachen
University, Carnegie Mellon University (CMU), and the University
of Salamanca (USAL) have significantly contributed to the
development and optimization of PtG systems.”

ETH Zurich has been at the forefront of PtG research,
focusing on the efficiency and integration of electrolysis tech-
nologies with renewable energy sources. Their studies have
explored the dynamics of coupling electrolysis with fluctuating
power supplies, optimizing the operational strategies to maxi-
mize hydrogen production efficiency. Additionally, ETH Zurich
has investigated the potential of using PtG systems to provide
ancillary services to the grid, enhancing overall energy system
flexibility.**

RWTH Aachen University has made substantial contribu-
tions to the field, particularly in the area of methanation
processes. Their research includes the development of
advanced catalysts for the Sabatier reaction, which converts
hydrogen and carbon dioxide into methane. Aachen's work also
extends to the techno-economic analysis of PtG systems,
assessing the feasibility and scalability of these technologies for
large-scale energy storage and grid balancing applications.”

Carnegie Mellon University (CMU) has focused on the
modeling and simulation of PtG systems, providing insights
into the optimal design and operation of these technologies.
CMU's research has emphasized the integration of PtG with
existing natural gas infrastructure, exploring pathways for the
utilization of hydrogen-enriched natural gas in various indus-
trial and residential applications. Their work also addresses the
life cycle assessment of PtG systems, evaluating their environ-
mental impacts and sustainability metrics.*®

The University of Salamanca (USAL) has contributed to the
understanding of PtG within the context of smart grids and
renewable energy integration. USAL's research includes the
development of control algorithms for the dynamic operation of
PtG systems, ensuring efficient energy storage and retrieval.
Additionally, their studies have investigated the socio-economic
implications of PtG deployment, considering factors such as
market readiness and policy frameworks.?**”

Collectively, these research efforts have advanced the state-
of-the-art in PtG technologies, addressing critical challenges
such as efficiency, scalability, and integration with renewable
energy sources. The ongoing work by these and other institu-
tions continues to push the boundaries of PtG, making it
a viable solution for energy storage and a key enabler of the
transition to a sustainable and resilient energy system.

6. Future perspectives for the
implementation of green hydrogen
production

Within the contextual framework of the United Nations' Agenda
2030, circular economy principles and Industry 4.0, the
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implementation of green hydrogen production is as promising
as it is challenging. This paper discussed the barriers that
impede the integration of green hydrogen into the broader
sustainability agenda, which go beyond technical complexities
and dives into the geopolitical, economic, and socio-
environmental dimensions.*® Looking forward, the perspec-
tives outlined here envision a future where green hydrogen
becomes a key player in global energy trade.* This will require
an advance in policies, maturing of available technologies as
well as proposing new and more competitive alternatives.
Achieving the necessary infrastructure deployment on a global
scale requires collaboration between nations and industries,
overcoming regulatory hurdles and ensuring a coherent global
framework. Although economies of scale are anticipated, initial
investment costs and ongoing operating expenses remain high,
so it is important to develop efficient technologies and
processes that minimize energy losses and improve the overall
efficiency of production processes. It is crucial to develop
aresilient and secure supply chain for critical components such
as electrolyzers and catalysts. Dependence on certain regions
for raw materials can create vulnerabilities that affect the reli-
ability of green hydrogen production.

In the context of the 2030 Agenda and the Sustainable
Development Goals, the integration of carbon capture and
utilization technologies with green hydrogen production
represents a significant advancement in achieving environ-
mental sustainability. By capturing CO, emissions and utilizing
them in downstream processes or converting them into valu-
able products, such as synthetic fuels or chemicals, green
hydrogen production becomes part of a circular economy
approach, minimizing environmental impact and enhancing
resource efficiency.

Advancements in hydrogen storage technologies are equally
crucial. Novel materials for high-density storage and innovative
liquid carriers ensure efficient storage, enhancing the avail-
ability and flexibility of green hydrogen for diverse applications.
These solutions are pivotal in enabling the widespread adoption
of green hydrogen across various sectors, supporting sustain-
able development goals related to clean energy access (SDG 7),
industry innovation (SDG 9), and climate action (SDG 13).

Moreover, green hydrogen holds the potential to emerge as
a significant energy export commodity, particularly for coun-
tries blessed with abundant renewable resources. This not only
supports economic growth but also strengthens international
partnerships centered on sustainable energy solutions, aligning
with SDG 17 (partnerships for the goals).

In the midst of global energy transformation, green
hydrogen emerges as a cornerstone, blending advanced tech-
nology with geopolitical strategies and the imperative of
sustainability. Challenges such as developing scalable infra-
structure and optimizing energy efficiency underscore the
complexities of transitioning to a hydrogen-based future.
Nevertheless, green hydrogen remains steadfast in its promise
to decarbonize industries, reshape global trade dynamics, and
stimulate economic development.®

The convergence of strategic investments, international
collaboration, and forward-thinking policies accelerates progress
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towards a future where green hydrogen not only surmounts
obstacles but also redefines global energy landscapes. Its inte-
gration into the energy mix promises resilient, decarbonized, and
interconnected systems, paving the way for an environmentally
friendly future aligned with the aspirations of the 2030 Agenda.

7. Impact of hydrogen production on
the sustainable development goals
(SDGs)

Green hydrogen production plays a critical role in advancing the
Sustainable Development Goals (SDGs) of the 2030 Agenda for
Sustainable Development. The various methods of hydrogen
production, such as water electrolysis, ethanol steam reform-
ing, biomass gasification, high-temperature thermochemical
processes, and H, standards and purification, collectively
contribute to achieving SDGs by promoting affordable and
clean energy, sustainable industrial innovation, and climate
action (see Table 2).

7.1 SDG 7: affordable and clean energy

Water electrolysis, ethanol steam reforming, biomass gasifica-
tion and thermochemical processes enhance energy efficiency
and reduces energy consumption, making green hydrogen more
economically viable and ensuring a sustainable and reliable
energy supply through the integration of renewable energy
sources.

7.2 SDG 9: industry, innovation, and infrastructure

Innovation in water electrolysis, including electrolyzer design
and performance, supports sustainable industrial practices and
infrastructure development, optimizing energy use and storage
through smart grid solutions. Ethanol steam reforming inte-
grates renewable feedstocks and technological advancements,
lowering operational costs and improving competitiveness,
which supports sustainable industrial practices. Biomass gasi-
fication fosters innovation and infrastructure development by
promoting sustainable industrialization through the research
and development of advanced gasification technologies. High-
temperature thermochemical processes drive industrial inno-
vation, infrastructure development, and economic growth,
promoting inclusive and sustainable industrialization.

7.3 SDG 13: climate action

Technological advancements in water electrolysis reduce the
carbon intensity of hydrogen production, supporting global
efforts to mitigate climate change by lowering overall carbon
emissions and reducing dependency on fossil fuels. Increased
efficiency and the use of durable materials in ethanol steam
reforming reduce energy consumption and CO, emissions per
unit of hydrogen produced, reinforcing climate mitigation
efforts. Biomass gasification, particularly when integrated with
carbon capture and storage (CCS) technologies, reduces green-
house gas emissions, promoting carbon-negative processes and
supporting  global climate goals. High-temperature

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Water electrolysis Ethanol reforming

Biomass gasification Thermochemical processes

SDG 7 X X
SDG 9 X X
SDG 13 X X
SDG 12
SDG 15
SDG 17

thermochemical processes reduce greenhouse gas emissions
and fossil fuel dependency, aligning with global climate goals
and supporting climate change mitigation and resilience
efforts.

7.4 SDG 12: responsible consumption and production

Biomass gasification promotes a circular economy by utilizing
biomass and waste materials for hydrogen production, con-
verting waste into valuable energy resources, and reducing
environmental impact. This method supports responsible
consumption and production patterns by integrating sustain-
able practices into the hydrogen production process.

7.5 SDG 15: life on land

Biomass gasification supports the conservation and sustainable
use of terrestrial ecosystems by ensuring sustainable sourcing
and management of biomass feedstocks. This approach
contributes to the sustainable use of land resources and
biodiversity conservation.

7.6 SDG 17: partnerships for the goals

Achieving the full potential of biomass gasification for
hydrogen production requires strong partnerships between
governments, the private sector, academia, and civil society.
These collaborations enhance the means of implementation
and revitalize global partnerships for sustainable development,
fostering a cooperative approach to advancing the SDGs.

Thus, the strategic implementation of green hydrogen
production technologies significantly advances the sustainable
development goals. By providing affordable and clean energy,
driving sustainable industrial practices, fostering innovation,
and supporting climate action, green hydrogen production
offers a transformative pathway towards global sustainability
and prosperity (Table 7).

8. Conclusions

This study has thoroughly explored the implications and stra-
tegic opportunities associated with green hydrogen production,
focusing on addressing technical challenges and capitalizing on
opportunities to achieve the goals of the 2030 Agenda. Through
detailed analysis of various green hydrogen production
methods, a complex yet promising landscape for integration
into the global energy future has been identified.

© 2025 The Author(s). Published by the Royal Society of Chemistry

X
X
X

X X X X X X

Emerging technologies such as renewable-powered water
electrolysis and high-temperature thermochemical processes
represent significant advancements toward a more sustainable
and resilient energy system. These methods promise not only to
reduce carbon emissions and enhance energy efficiency but also
offer opportunities for decentralized energy production and
strengthened global energy security.

A highlight of our analysis has been the integration of carbon
capture and utilization technologies with green hydrogen
production, further enhancing environmental benefits by
promoting a circular and sustainable approach. CO, capture
and utilization in downstream processes, such as synthetic fuel
production or chemical manufacturing, illustrate an innovative
approach to maximizing resource efficiency and minimizing
environmental impact.

Furthermore, ongoing developments in hydrogen storage
technologies, including innovative materials and liquid
carriers, are crucial for ensuring the availability and flexibility of
green hydrogen across various industrial and commercial
applications. These solutions support goals related to clean
energy access (SDG 7), industrial innovation (SDG 9), and
climate action (SDG 13), while also offering favorable economic
prospects by facilitating international trade in sustainable
energy.

In conclusion, the strategic implementation of green
hydrogen production not only addresses complex technical
challenges such as optimizing energy efficiency and scaling up
infrastructure but also presents significant opportunities to
transform energy systems toward sustainability. By leveraging
strategic investments, international collaboration, and
progressive policies, we can advance toward a future where
green hydrogen not only meets the sustainable development
goals of the 2030 Agenda but also catalyzes a transition to more
resilient, decarbonized, and interconnected global energy
systems.
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