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Abstract. The article aims to identify key trends, prospects, and features of international
hydrogen trade, focusing on new barriers and challenges to global cooperation. It is determined that
the current growth of interest in hydrogen is associated with incentives in developed countries to
reduce greenhouse gas emissions and combat global warming. It is argued that international
hydrogen trade is becoming an important factor in countries' energy and economic transformation,
and the hydrogen energy global market will be actively developed and supported. Still, it will have to
overcome technical limitations to achieve significant success. Based on theoretical and empirical
generalizations, the author concludes that hydrogen has significant explicit and latent potential for
international trade and sustainable development of global energy and is a key factor in achieving
global decarbonization goals. Still, the main challenges remain high production and transportation
costs and the need to invest in innovative technologies. The study emphasizes that the oil refining and
fertilizer industries mainly generate the demand for hydrogen. However, experts argue that in the
future, sectors that are heavily dependent on fossil fuels, such as heavy industry, long-haul
transportation, and air transport, may benefit most from hydrogen energy. Currently, the largest
importers of hydrogen are Asian countries, driven by the region's demand for chemicals and the
transportation, iron, and steel sectors in China and India. The main exporters of hydrogen in the
future may be the countries of Oceania, North America, and the Middle East. The main barriers and
challenges in international hydrogen trade are identified, which can be classified into economic,
political, technical and infrastructural. It is emphasized that different regions of the world use unique
strategies to develop the hydrogen market, and some cases are presented. The study concludes that
the prospects for international hydrogen trade and the future introduction of hydrogen into the global
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economy will depend on the factors that affect a country's ability to produce and export hydrogen,
which is multifaceted and interdisciplinary and covers many areas. For example, a country's
hydrogen production may be limited by its oil resources, renewable energy potential, water
resources, or land area, and difficulties in producing or exporting hydrogen due to its infrastructure,
financial capacity, political climate, and government policies.

Keywords: hydrogen, hydrogen economy, decarbonization, sustainable development, green
transition, circular economy, green investments, innovations in hydrogen production technologies,
international trade, barriers and challenges, global cooperation, emissions trading system,
regulation, strategic interests, economic interests, the strategy of using hydrogen for energy, country
strategies.

Anomayin. Memoto cmammi € 6U3HAYEHHA KIIOYO8UX MEHOeHYill, NepCneKmug ma
ocobnueocmetl MIidNCHaApPOOHOI MOpeieNi 80OHeM 3 AKYeHMOM Ha HO6l Oap'epu ma BUKIUKU
2nobanvHomy cnispobimuuymaey. Busnaueno, o HUHIWHE 3pOCMAaHHs iHmepecy 00 800HIO0 NO8 s3aHe
31 CIUMYIAMU 8 PO3BUHEHUX KPAiHaX 00 CKOPOYEHHs BUKUOI8 NAPHUKOBUX 2d3i8 i bopomvoOu 3
enobanvHum nomenyinuam. Cmeeporicyemucs, uwo MiHCHAPOOHA MOP2i6/isl BOOHEM CIAE BANCIUBUM
Gpaxmopom enepeemuunoi ma eKOHOMIUHOI mpancgopmayii Kpain, a 600Hesull eHepeemuyHuUlL
2N00aNbHUll PUHOK AKMUBHO PO3BUSAMUMEMbCA Ma NIOMPUMYEMCbA, Nnpome 0/ O00CACHEeHHs
3HAYHO20 YCRIXY oMY 008e0embCsi NOOOAAMU MEeXHIUHI 00MedHceHHs. 3pobieHo 8UCHOBOK HA OCHOGI
MmeopemuyHux i enpipudHuUx y3a2albHeHb, Wo 600eHb MA€ 3HAYHUL A6HUL | TAMeHMHUN nomenyian
0151 MIJCHAPOOHOI MOP2iGNi i CMano2o po3sUMKY 2100AIbHOI eHepeemUKU i € KI0408UM Gakmopom
0151 O0CSICHEeHHsl 2NI00ANbHUX Yineli OeKapOOoHi3ayii, npome OCHOBHUMU GUKIUKAMU JTUULAIOMbCA!
8UCOKA 8apmicmb 8UPOOHUYMBA, MPAHCHOPMYBAHH MA He0OXIOHICMb [HeecmMUYill 8 IHHOBAYIUHI
mexHonoeii. B Oocniddcenni niokpecieno, wo nonum HA 600€Hb 6 OCHOBHOMY CMBOPIOEMbCA
HaghmonepepoOHOI0 NpoMUCTIO8icMIO MA 8UPOOHUYMEOM 000pus. [Ipome excnepmu cmeepoxcyiono,
Wo y MaubymHboMy 2any3i, sKi 3HAYHOIO MIPOIO 3a1excams 8i0 8UKONHO20 NANUBd, MAKI AK 8ANCKA
NPOMUCTIOBICID | OAIEKOMALICIMPATbHI Nepede3eHH s, agiayiliHull MpaHCnoOpm, MOXCYIMb OMPUMAmu
HauobinbuLy U200y 8i0 800Hes0I enepeemuxu. Hapas3i, naubinouwumu imnopmepamu 60010 € KpaiHu
A3ii, wo 06yM0o81eHO NONUMOM Pe2iOHY HA XIMIUHI PeUOBUHU, A MAKONC MPAHCHOPIMHUMU, 3ATI3HUMU
i cmanenusapuumu cekmopamu ¢ Kumai ma Inoii. I'onosHumu excnopmepamu 600110 y nepcnekmusi
moxcymo cmamu kpainu Okeanii, Ilieniunoi Amepuxu ma bnuzvkozo Cxo0y. Ioemmughikosano
OCHOBHI O6ap'epu i GUKIUKU Y MIDICHAPOOHIU MOP2Ii6li B0OHEM, WO MONHCYMb OYMU K1ACUDIKOBAHI HA
eKOHOMIYHI, NONIMUYHI, MexXHIYHI ma Hpacmpykmypui. AKyeHmosano ysacy, wjo pisHi pecioHu
C8IMYy BUKOPUCMOBYIOMb VHIKAIbHI cmpamezii 01 pO36UMKY 800HEB020 PUHKY, HABEOeHi OKpeMi
Keticu. B Oocnidoicenti 3poOneHo GUCHOBOK, WO NEPCNeKmuu MI*CHAPOOHOI mopeieni 800HeM i
MAUOYMHE BNPOBAONCEHHSI BOOHIO 8 2100ANbHY EKOHOMIKY 3aledcamumyms 6i0 ¢hakmopis, sKi
BNIUBAIOMb HA 30AMHICMb KPAiHU 6UPOOIAMU Ul eKCNOPMYSAmMU 800€Hb, AKI € bazamoepanHumu ma
MIACOUCYUNTTHAPHUMU MA 0XONTomb bazamo cghep. Hanpuxnao, eupobnuymeo 6o0HI0 8 Kpaii
Modice bymu obmediceHe il Haghmosumu pecypcamu, nOMeHYiaiom iOHOBI08AHOT eHepaii, 600HUMU
pecypcamu abo niowero 3emii, mpyoHoOwWamu y supoOHuymei abo excnopmi 600HI0 uepe3 CE0H
iHppacmpykmypy, (iHaHCO8Y CNPOMONCHICMb, NOTTMUYHULL KIIMAM | 0EPHCABHY NOAIMUK) .

Knrouoei cnosa: sooenv, 600Hesa ekoOHOMIKA, OeKapOOHI3ayis, cmanuil po36Umox, 3eleHull
nepexio, YUpKyIapHa eKOHOMIKA, 3eleHl iHeecmuyii, iHHO8ayii' y MexHON02IsAX 8UPOOHUYMEA 800HIO,
MidCHapoOHa mopeiens, Oap’epu i GUKIUKU, 2100albHe CRIBPOOIMHUYMEO, cucmema Mmopeieii
BUKUOAMU, Pe2YNI08AHHS, CMPAameiyHi iHmepecu, eKOHOMIYHI IHmepecu, cmpamezis UKOPUCTAHHSA
B00HI0 OJIs1 eHep2emuKuy, cmpamezii KpaiH.

Introduction. Fuel has always been a driving force behind human technological progress, from
the wood fire that was first used for cooking to fossil fuels that fueled the Industrial Revolution and
enabled the modernization of the global economy. (What is hydrogen energy, 2024; Yatsenko O,
Panchenko V., Ivashchenko O., 2024). One of the problems that needs to be solved for the future of



humanity is related to energy, global warming, and the depletion of fossil fuels. Therefore, the use of
fossil fuels has come under scrutiny for its role in climate change

The current growth of interest in green hydrogen is primarily due to the stimulating initiatives
of developed countries to reduce greenhouse gas emissions and combat global warming. For example,
the European Union actively supports the development of hydrogen energy by promoting the creation
of infrastructure for producing «green» hydrogen using renewable energy sources. European
countries are introducing decarbonization and clean air regulations, which indirectly increase the
competitiveness of hydrogen as a fuel cell. Developed countries also help attract investment and
create demand for this gas (Low-emission hydrogen, 2024; Duginets & Panchenkoet al., 2024;
Yatsenko et al., 2024; Osaulenko O., Reznikova N. et al., 2020).

International hydrogen trade is gradually becoming a key element of global energy markets. As
the world moves towards decarbonizing its economies, hydrogen is a potential solution to meet energy
needs while reducing carbon dioxide emissions. However, the formation of a global hydrogen market
requires the transformation of both trade and environmental policies at the international level.

A study of the potential of hydrogen for sustainable global energy development points to the
need to create infrastructure for hydrogen production, storage, and transportation, which contributes
to the formation of new markets, especially in Europe, Asia, and North America. The main challenges
include the high cost of production and the need for significant investment in innovative technologies.
Nevertheless, with the development of technologies, such as electrolysis based on renewable energy
(wind and solar), the cost is expected to decrease gradually, especially after production is scaled up
(Werner Antweiler, David Schlund, 2024).

The purpose of the article is to identify key trends, prospects, and specifics of international
hydrogen trade with a focus on new barriers and challenges to global cooperation.

Literature review. Hydrogen is today enjoying unprecedented momentum. The world should
not miss this unique chance to make hydrogen an important part of our clean and secure energy future.
Hydrogen and energy have a long-shared history — powering the first internal combustion engines
over 200 years ago to becoming an integral part of the modern refining industry. It is light, storable,
energy-dense, and produces no direct emissions of pollutants or greenhouse gases. But for hydrogen
to contribute significantly to clean energy transitions, it needs to be adopted in sectors where it is
almost completely absent, such as transport, buildings and power generation. The Future of Hydrogen
provides an extensive and independent survey of hydrogen that lays out where things stand now, how
hydrogen can help achieve a clean, secure, and affordable energy future, and how we can realize its
potential (Fatih Birol, 2019).

Some scientists see hydrogen as the next step in energy production. Hydrogen energy can be a
cleaner and more efficient way to power our world. After all, hydrogen and other energy sources can
potentially replace natural gas in an environmentally friendly way. The analysis of the hydrogen
economy is reflected in the studies of many domestic and foreign scholars. Over the past decades, the
hydrogen economy has become one of the priority areas for reducing dependence on fossil energy
sources and their environmental challenges (Enabling the European Hydrogen Economy, 2021).

The WTO Report (WTO report, 2022) emphasizes the importance of standardization in
hydrogen trade. One of the key aspects is the creation of common international standards for the
production and transportation of hydrogen, which will simplify trade barriers between countries. It
also emphasizes integrating hydrogen markets with existing energy networks and ensuring
technology compatibility.

The World Bank report (2023) emphasizes that the hydrogen economy can become a driving
force for the economic development of many countries, in particular those with rich resources for
renewable energy (World Bank Report, 2023). However, at the initial stages, government subsidies
to support hydrogen production and transportation remain important. The hydrogen economy can
have a significant impact on the labor market, creating new jobs in the areas of hydrogen production,
transportation, and storage. This is especially important for countries seeking to modernize their
economies and move towards sustainable development.



The European Union is one of the leaders in shaping hydrogen policy. The Hydrogen Insights
2024 report (Hydrogen-Insights-2024, 2024) states that the EU plans to increase the production of
green hydrogen and help reduce carbon emissions. This includes subsidies for hydrogen production
from renewable sources and support for cross-border hydrogen trade. Importantly, hydrogen is seen
as a strategic resource for the EU's energy security. Changes in environmental policy, in particular
the adoption of the Paris Climate Agreement, are stimulating the development of the hydrogen
economy. It is emphasized that in order to achieve the 2050 climate goals, it is necessary to
significantly reduce the use of fossil energy sources and make hydrogen available to a wide range of
industries, from industry to transportation (Dawood Hijeij, Yusuf Bicer, Mohammed bin Saleh Al-
Sada, Muammer Kog, 2023).

At the request of the government of Japan under its G20 presidency, the International Energy
Agency produced a landmark report to analyze the current state of play for hydrogen and to offer
guidance on its future development (IEA, 2019). The report finds that clean hydrogen is enjoying
unprecedented political and business momentum, with the number of policies and projects worldwide
expanding rapidly. It concludes that now is the time to scale up technologies and reduce costs to allow
hydrogen to become widely used. The pragmatic and actionable recommendations to governments
and industry that are provided will make it possible to take full advantage of this increasing
momentum. In contrast to renewable energy sources such as wind, solar, and biogas, the hydrogen
economy has become popular and widely used due to its positive image in the media and social
communications. However, the hydrogen economy is still less studied and not fully understood on a
social level (Hydrogen isn't the fuel of the future, 2019). This is despite the importance of the
hydrogen economy. The benefits include a clean environment and the possibility of ensuring the
country's energy independence.

It should be noted that this problem has an economic and political dimension, as resource
extraction is often used as an instrument of political pressure and blackmail, posing a threat to
international security (Oil Embargo, 1973-1974, n.d.). A striking example is the Arab oil embargo
of 1973-74, which led to major economic turmoil.

The Hydrogen Insights 2023 study indicates that hydrogen can be a key element for
decarbonizing industries such as sustainable steel production, chemicals, and power generation.
These sectors are the main consumers of fossil fuels and sources of significant CO. emissions. Hence,
using hydrogen as a clean energy source is key to achieving greenhouse gas emission reduction
targets. However, this requires a significant transformation of existing production processes and the
introduction of innovative technologies, such as electrolysis, which helps reduce CO2 emissions
(Hydrogen Insights 2023, 2023).

Long-distance transportation of hydrogen remains a major trade challenge. The article by van
Wijk et al. analyzes the prospects for creating an international infrastructure for thydrogen
transportationby pipelines and in the form of liquefied hydrogen (Ad van Wijk, Frank Wouters, 2021).
It is noted that hydrogen transportation prices are significantly higher than for natural gas, as
hydrogen is a very low molecular weight gas that can penetrate the walls of conventional pipes,
causing their degradation. Therefore, hydrogen transportation requires pipelines using more durable
and specialized materials, which in turn limits its competitiveness in international markets.

Foreign research usually focuses on technological innovations, economic models, and
successful cases of hydrogen technology implementation in different countries, which is useful for
adaptation to the national conditions of other countries.

The scientific work of domestic researchers is aimed at studying the potential of hydrogen
energy in Ukrainian conditions, including environmental and economic aspects. In their works,
domestic scientists highlight two key elements of developing the hydrogen economy in Ukraine
(Reznikova N., Grod M., 2024; Shkvarylyuk, S., 2024; Repkin A., 2020; Onysiuk, S., 2024; Zelenko
0.0, Gutsan T. G., Osmirko 1. V., 2022; Dmitriieva, O., 2024; Khalatur, S., 2024). On the one hand,
they note favorable climatic conditions that make hydrogen production using “green” technologies
possible and profitable. On the other hand, they emphasize that the potential for cooperation with
European initiatives, such as integration into the ENTSO-E energy system, is highlighted, which
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opens up new opportunities for developing hydrogen energy. However, Ukrainian researchers also
highlight some challenges facing the country's energy system. They emphasize the unpreparedness
of the energy infrastructure for the large-scale introduction of hydrogen technologies and the overall
complexity of the transition to renewable energy.

Ukraine's task is to create effective mechanisms to facilitate the integration of hydrogen
technologies into the national energy system, which involves research and development and a national
strategy that considers the economic interests of large energy companies and the state. It is also
necessary to minimize social tensions related to the transition to new technologies in the country. It
is important to create the conditions for integrating the hydrogen economy in Ukraine to be gradual,
gentle, and without adversely affecting employment and economic stability.

Main results of the research. Hydrogen (H>) is considered a promising future energy carrier
due to its versatility, similar to fossil fuels. It can be transported in gaseous and liquefied form, similar
to natural gas, and as ammonia (NHs), which requires less cooling (-33 °C compared to -252 °C for
liquefied water). Hydrogen can be mixed with natural gas, burned in gas turbines to generate
electricity, and used in fuel cells to produce electricity (Hydrogen chemical element, n.d.). In addition,
as an alternative to conventional batteries, hydrogen can store energy for long periods of time at
minimal cost. These advantages have prompted many countries to actively pursue hydrogen
production, use, storage, and transportation strategies.

With the development of hydrogen energy as an important energy carrier, international
hydrogen trade is expected to increase significantly, and countries will begin to exploit their
comparative advantages in hydrogen production. Since this new market will develop with multiple
firms entering the market simultaneously in each period (with considerable heterogeneity and
stochasticity), the resulting complexity defies closed-form analytical solutions. Long-term contracts
are expected to dominate the first few decades of the hydrogen market (Werner Antweiler, David
Schlund, 2024; Dawood Hjeij, Yusuf Bicer, Mohammed bin Saleh Al-Sada, Muammer Kog¢, 2023,
Krzysztof Urbaniec, Anton Friedl, Donald Huisingh, Pieternel Claassen, 2010).

International trade makes hydrogen more available and cheaper than without trade, creating
opportunities to capitalize on comparative advantage. Since hydrogen is a pathway to decarbonize
emissions-intensive industries, international trade has a potentially positive environmental impact.

The current growth of interest in green hydrogen is primarily due to the stimulating initiatives
of developed countries to reduce greenhouse gas emissions and combat global warming. For example,
the European Union actively supports the development of hydrogen energy by promoting the creation
of infrastructure for producing “green” hydrogen using renewable energy sources. European countries
are introducing decarbonization and clean air regulations, which indirectly increase the
competitiveness of hydrogen as a fuel cell. Developed countries also help attract investment and
create demand for this gas (Hydrogen, iea50, n.d.). The Circular Economy Action Plan is one
example. The circular economy involves a radical change in the organization of production and
consumption — from a linear growth model (extract, produce, dispose) to one where waste becomes
a sustainable alternative to resources (recover, reuse, recycle, share).

Hydrogen is the most abundant element in the universe, but it is practically not found on Earth
in its pure form. Under normal conditions, hydrogen is a colorless, odorless, and tasteless gas with a
density of 0.08987 g/l (c.v.), a boiling point of -252.76 °C, and a calorific value of 142.9 kJ/kg. In its
liquefied state, hydrogen exists in a very narrow temperature range from -252.76 to -259.2 °C. At 253
°C, its density is about 70.8 g/1. In other words, this element has a high energy density per unit mass,
which makes it an extremely efficient fuel. However, it is very inefficient in terms of storage and
transportation. For example, natural gas has a calorific value of up to 16-34 kJ/kg and a density of
0.7 g/l (dry gaseous) or 400 g/I> at 160 °C (liquid) (Hydrogen chemical element, n.d.). That is,
according to a rough calculation, one imaginary 10-liter cylinder can hold (0.0708*10*142.9 =
101.17) 101.17 kJ of energy if hydrogen in a liquefied state is collected there, and (0.4*10*25 = 100)
100 kJ if it contains natural gas of average quality.

Therefore, the energy indicators are equal for the same volume. However, the costs associated
with creating the conditions for international trade are different due to the possibility of long-distance



hydrogen transportation. And herein lies the main disadvantage of hydrogen: its boiling point, or
liquefaction, which reaches -253 °C. This is a very low temperature, one of the lowest boiling points
among all chemical elements, only 20 °C warmer than absolute zero. This makes transporting
hydrogen by pipeline or ship difficult over land or sea. When transported, it must either be liquid or
converted to ammonia. Both processes are costly and require the creation of appropriate
infrastructure, such as high-powered refrigeration units that would be capable of liquefying industrial
volumes of hydrogen. For comparison, natural gas is liquefied at a temperature of 160°C. While a
hydrogen refrigeration unit has to reduce the temperature to a much lower level. Of course, the
difference should be offset by the price of hydrogen. The only question is whether, after
transportation, it will become uncompetitive against other environmentally friendly fuel substitutes,
such as biogas or biofuels.

This is why hydrogen's share in the global energy balance is currently quite modest. However,
experts estimate its potential as enormous: hydrogen can become the basis for achieving carbon
neutrality by 2050. Instead, the transportation problem is planned to be solved by building hydrogen
pipelines. In his research, Michael A. Semeraro found that for distances of 1000 miles with 2030
technology, a hydrogen pipeline could be an economically competitive method of transmitting
renewable energy (Michael A. Semeraro 1l1., 2021). However, the same article emphasizes that the
methods need further research.

The international hydrogen energy market will be actively developed and supported, but it must
overcome technical limitations to achieve significant success.

Hydrogen demand is mainly generated by the oil refining and fertilizer industries. However,
experts argue that in the future, industries that are heavily dependent on fossil fuels, such as heavy
industry long-haul transportation and air transport, may benefit most from hydrogen energy (What is
hydrogen energy, 2024). Hydrogen, as a clean fuel, can significantly reduce carbon emissions in these
sectors, which is a key factor in achieving global decarbonization goals.

Supplying hydrogen to industrial users is now a major business around the world. Demand for
hydrogen (figure 1), which has grown more than threefold since 1975, continues to rise — almost
entirely supplied by fossil fuels, with 6% of global natural gas and 2% of global coal going to
hydrogen production. As a consequence, the production of hydrogen is responsible for CO2 emissions
of around 830 million tons of carbon dioxide per year, equivalent to the CO2 emissions of the United
Kingdom and Indonesia combined.
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Figure 1. Global demand for pure hydrogen, 1975-2018 (IEA, 2019)



Today, the largest importers of hydrogen are Asian countries (Figure 2). This is primarily due
to the region's demand for chemicals and the transportation, iron, and steel sectors in China and India
(What is Hydrogen Energy, 2024). This trend is expected to continue until 2050. However, in Japan
and South Korea, a significant share of hydrogen demand is expected to come from electricity
generation, as these countries are actively investing in hydrogen infrastructure to support their
national energy strategies.

The main exporters of hydrogen in the future may be the countries of Oceania, North America,
and the Middle East (What is hydrogen energy, 2024). Currently, Saudi Arabia and the United Arab
Emirates are already developing plans to use solar energy to produce hydrogen for export. Australia
also looks promising, as it could become a leader in the production of green hydrogen due to its vast
renewable resources.
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Figure 2. Key regions of global hydrogen trade (Here's how global trade will be key, 2023)

The number of countries with policies that directly support investment in hydrogen
technologies is increasing, along with the number of sectors they target (figure 3). Around 50 targets,
mandates, and policy incentives are in place today that directly support hydrogen, with the majority
focused on transport. Over the past few years, global spending on hydrogen energy research,
development, and demonstration by national governments has risen, although it remains lower than
the peak in 2008.
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Figure 3. Current policy support for hydrogen deployment, 2018 (IEA, 2019)

Current trends in international hydrogen trade demonstrate significant progress in the
development of both infrastructure and policy support aimed at boosting the hydrogen economy.
Hydrogen is turning into a commodity of strategic importance, and global energy chains are adapting
to the new reality. One of the key trends is the development of partnerships between exporting
countries rich in renewable energy sources and importing countries with a high level of demand for
clean energy. For example, in 2021, Australia announced several international hydrogen export
agreements with Japan and South Korea, which include both joint infrastructure investments and
long-term supply agreements.

Another important trend is the emergence of new technologies in hydrogen production, storage,
and transportation. A key factor is the reduction in the cost of water electrolysis, which allows for the
production of green hydrogen from renewable energy sources at lower prices. According to a
BloombergNEF report (Kamala Schelling, 2023), the cost of producing green hydrogen is expected
to fall by 85% by 2030, making it competitive with hydrogen produced from natural gas. In addition,
new storage technologies, such as using ammonia as a transportation carrier for hydrogen, can reduce
transportation costs and increase the economic efficiency of international hydrogen trade.

Governments of different countries also actively support hydrogen infrastructure development
at the international level. The European Union, for example, has launched a strategy for developing
the hydrogen economy, which envisages the creation of a trans-European network for the
transportation of hydrogen and its integration into the general energy market. In addition, the
International Energy Agency (IEA, 2019) has set up special groups to develop recommendations to
stimulate international hydrogen trade.

Another important trend is the growing role of the private sector in developing international
hydrogen trade. Global corporations such as Shell, Siemens, and Toyota actively invest in hydrogen
projects and create partnerships with governments to develop international supply chains. This shows
that the hydrogen economy is becoming not only a political but also an economic priority.

It is important to note the issue of barriers and challenges to international hydrogen trade.
Although international hydrogen trade has great potential, it faces several significant barriers and
challenges that could delay its development. These challenges can be categorized into economic,
political, technical, and infrastructural. Economic and political barriers are of primary importance.
One of the main economic barriers is the high cost of hydrogen production, storage, and
transportation. For example, the cost of producing green hydrogen remains high due to the cost of
electrolyzers and renewable energy sources. Despite the decline in prices, they are projected to
become competitive with traditional hydrogen production methods only by 2030. This may reduce
investor interest in financing hydrogen projects (IEA, 2021).

Political barriers can also significantly impact the development of international hydrogen trade.
The absence of harmonized international standards and regulations governing the production and



transportation of hydrogen creates obstacles to trade relations between countries. Countries may have
different approaches to safety, environmental standards, and licensing, making it difficult to do
business internationally. As a result, companies may avoid investing in projects due to concerns about
legal risks. In addition, political changes can lead to instability in the financing of hydrogen projects.
For example, changes in governments or political regimes may lead to canceling government
programs to support the hydrogen economy's development. These risks make investments
unprofitable.

Technical and infrastructure challenges are also very significant. Technical challenges related
to hydrogen production, storage, and transportation also play an important role in the development of
international trade. One of the main problems is the reliability and efficiency of existing technologies.
Hydrogen storage systems that operate at high pressure or in liquid form require significant
investment in development and testing. Many of these technologies are not yet ready for mass
deployment, making it difficult to access hydrogen on the market (IEA, 2021). In addition, the
infrastructure needed to transport hydrogen is still underdeveloped. Many countries lack appropriate
pipelines or terminals for hydrogen storage and transportation, which can be a serious obstacle to
international trade. For example, negotiations are underway in Europe and North America to create
hydrogen corridors, but their implementation will take time and significant investment. Additionally,
safety technologies for hydrogen transportation have not yet reached the required level, which is a
concern among investors and government agencies. Genuine leaks or accidents could significantly
damage the image of the hydrogen economy, reducing confidence in the industry.

Taken together, all these barriers and challenges can slow down the development of
international hydrogen trade. However, given the global trend toward renewable energy sources and
reduced greenhouse gas emissions, it is important that governments and companies work together to
overcome these challenges. Cooperation between countries and investors can help create a stable legal
and economic environment for the development of the hydrogen economy, which in turn will
strengthen international hydrogen trade.

Different regions of the world have unique strategies for the development of the hydrogen
market (IEA, 2019) For example, Australia is actively developing the production of “green”
hydrogen, using its abundant renewable energy resources, in particular solar and wind energy. The
country's main strategy is to export hydrogen to countries needing alternative energy sources, such as
Japan and South Korea. These countries are limited in domestic renewable energy production due to
geography and high population density, so they are looking to import hydrogen as part of their energy
strategies to reduce emissions and improve energy security. Australia is already in talks with these
countries and actively invests in infrastructure for hydrogen production, liquefaction, and
transportation. While Saudi Arabia, in particular through its large-scale NEOM project, is also
making great strides in developing the hydrogen economy. The country is focusing on using its
natural resources to create giant solar and wind farms that will be used to produce green hydrogen.
Saudi Arabia’s strategy is to reduce its dependence on oil and develop clean energy, which will help
diversify its economy. This project has already attracted significant foreign investment, and Saudi
Arabia plans to become a key supplier of hydrogen to Europe and Asia.

France plans to become a global leader in the production of clean hydrogen by 2030, investing
€7 billion. The government's strategy includes three main areas: development of hydrogen production
through electrolysis, decarbonization of heavy transport (including hydrogen trucks and zero-
emission aircraft by 2035), and support for innovation and research in the field of hydrogen energy.
Total and Engie are jointly building France's largest green hydrogen plant, which will produce 5 tons
of hydrogen daily using solar energy (Green hydrogen: a new step in the energy, 2024).

An interesting strategy for using hydrogen for energy is the strategy of mixing hydrogen with
natural gas. This approach, for example, is planned to be used by New Zealand (Hydrogen blending:
A step, 2022). The decision is based on the fact that the gradual introduction of hydrogen to the private
sector and industry would reduce the number of harmful emissions from domestic and industrial
consumption. Hydrogen blending starts small. The first step is to inject small amounts of hydrogen
into the existing natural gas network. Subsequently, the amount of hydrogen can be increased to about



20% by using the existing gas infrastructure to supply homes and businesses. Natural gas currently
provides over 20% of New Zealand's primary energy supply.

To summarize, we can conclude that the trends in international hydrogen trade are well-
established:

1. Unique strategies of countries for the development of the hydrogen market.

2. Innovations in hydrogen production technologies. It is worth noting that one of the
most promising areas is the use of artificial intelligence.

3. The hydrogen economy will become a driving force for the economic development of

countries. The hydrogen economy can have a significant impact on the labor market, creating new
jobs in the areas of hydrogen production, transportation, and storage.

Innovations in hydrogen production technologies are a key factor in developing the global
hydrogen economy and its trade. According to an article by ACS Publications (2021), one of the most
promising areas is the use of artificial intelligence (Al) to optimize electrolysis processes, a
technology that allows the production of green hydrogen from water using electricity generated from
renewable energy sources such as solar or wind power. Al is able to analyze huge amounts of data in
real-time, optimizing the operation of electrolyzers to maximize efficiency and reduce energy losses
(Pedro J. Megia Arturo J. Vizcaino José A. Calles Alicia Carrero, 2021). This is achieved by
precisely controlling various process parameters such as temperature, pressure, reagent concentration,
and electric current intensity. This reduces energy consumption for hydrogen production, which
significantly reduces its cost. The article also notes that machine learning methods are used to predict
the optimal operating conditions of electrolyzers based on historical data and their subsequent
correction in real-time. This makes it possible to dynamically adapt hydrogen production processes
to changing conditions, such as changes in the power of renewable energy sources (for example, when
solar insolation or wind fluctuates). This flexibility ensures stable and cost-effective hydrogen
production.

In the context of environmental policy, it is important to integrate hydrogen into sustainable
development strategies. Hydrogen can contribute to the achievement of several Sustainable
Development Goals, including providing access to clean energy (Goal 7), promoting economic
growth (Goal 8), and reducing greenhouse gas emissions (Goal 13). It is emphasized that hydrogen
can significantly reduce the impact of climate change, but this requires support from governments
and international organizations such as the UN to harmonize the regulatory framework. Governments
should provide funding for research and innovation in hydrogen technology. Investments are needed
to build infrastructure that supports the production and use of hydrogen, such as electrolyzers,
pipelines, and refueling stations (Flavio Pinheiro Martins, Sofia De-Leon Almaraz, Amilton Barbosa
Botelho Junior, Catherine Azzaro-Pantel, Priti Parikh, 2024). Governments of different countries
should cooperate to share experiences and technologies. International agreements and partnerships
can facilitate the development of joint projects in the hydrogen economy.

It is considered that hydrogen is a key element for decarbonization. In order to dynamize
international trade, it is necessary, first of all, to ensure the transportation of hydrogen over long
distances:

- Pipelines. Existing gas pipelines can be repurposed or new ones built to transport hydrogen.

- Delivery. Hydrogen can be transported in liquid form by sea, enabling global trade.

- Road transportation. Hydrogen can be transported by road in specialized trucks, particularly
for regional distribution.

Changes in environmental policy also set a number of trends:

- Carbon pricing. Carbon taxes and emissions trading schemes encourage the adoption of
cleaner technologies such as hydrogen.

- Renewable energy mandates. Renewable energy policies create a favorable environment for
hydrogen production from renewable electricity.

- Support for hydrogen infrastructure. Government subsidies and incentives promote the
development of hydrogen production, storage, and distribution networks.

The importance of standardization in hydrogen trading should also be noted:



- Quality control. Standardization ensures consistent hydrogen quality, which is crucial for
compatibility with different programs and infrastructures in different countries.

- Interoperability. Common standards allow for seamless integration of hydrogen infrastructure
across regions and countries.

- Market development. Standardization builds market confidence and facilitates investment by
providing clear guidelines and considering specific conditions.

The prospects for international hydrogen trade and the future introduction of hydrogen into the
global economy will depend on factors that affect a country's ability to produce and export hydrogen,
which is multifaceted and interdisciplinary, covering many areas. A country's hydrogen production
may be limited by its oil resources, renewable energy potential, water resources, or land area. These
factors are physical constraints that can be assessed for each country. On the other hand, a country
may face challenges in producing or exporting hydrogen due to its infrastructure, financial capacity,
political climate, and government policies.

Conclusions. Thus, the international hydrogen energy market will be actively developed and
supported, but it must overcome technical limitations to achieve significant success. Theoretical and
empirical studies show that hydrogen has significant potential for sustainable development of global
energy, but the main challenges remain high production costs and the need to invest in innovative
technologies.

International hydrogen trade is becoming an important factor in energy and economic
transformation. The development of the hydrogen economy requires comprehensive changes in trade
and environmental policies, including standardization, infrastructure projects, and support for
innovation. In addition, environmental policy should be focused on reducing greenhouse gas
emissions through the use of green hydrogen.

Hydrogen energy has significant potential for development, and international hydrogen trade
will grow with it. Demand for hydrogen is growing as it plays a key role in reducing greenhouse gas
emissions, especially in heavy industry, transportation, and energy systems. However, this market's
development faces several technical challenges, including the high cost of producing green hydrogen,
technical difficulties with the infrastructure for its transportation and storage due to its low density,
and the need to create large-scale infrastructure.

Despite these obstacles, the initiatives of developed countries such as France, New Zealand, the
UAE, Japan, and South Korea, and the growing number of investments in innovative technologies,
indicate ambitious plans for developing this sector. Therefore, the hydrogen market will face a
difficult path involving technical and economic issues. However, thanks to the support of
governments and private investors, the sector has a great chance to become a key player in the future
energy landscape, playing an important role in the decarbonization of the global economy.
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