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Abstract: The circular economy and the clean-energy transition are inextricably linked and interde-
pendent. One of the most important areas of the energy transition is the development of hydrogen
energy. This study aims to review and systematize the data available in the literature on the environ-
mental and economic parameters of hydrogen storage and transportation technologies (both mature
and at high technological readiness levels). The study concluded that salt caverns and pipeline
transportation are the most promising methods of hydrogen storage and transportation today in
terms of a combination of all parameters. These methods are the most competitive in terms of price,
especially when transporting hydrogen over short distances. Thus, the average price of storage will
be 0.35 USD/kg, and transportation at a distance of up to 100 km is 0.3 USD/kg. Hydrogen storage
underground in a gaseous state and its transportation by pipelines have the least consequences for
the environment: emissions and leaks are insignificant, and there is no environmental pollution. The
study identifies these methods as particularly viable given their lower environmental impact and
potential for seamless integration into existing energy systems, therefore supporting the transition to
a more sustainable and circular economy.

Keywords: green hydrogen; transport hydrogen; hydrogen storage; environmental safety; store and
transport hydrogen

1. Introduction

The circular economy and the clean-energy transition are inextricably linked and inter-
dependent. The energy transition and the transition to a circular economy are fundamental
to a sustainable future [1]. On the one hand, the transition to a circular economy does
not eliminate the need for energy [2]. Rather, it encourages the efficient use of energy,
the reduction of primary energy consumption, and the use of waste heat and renewable
energy [3]. On the other hand, the energy transition depends on the transition to a circular
economy. With the rapid expansion of renewable energy infrastructure, the demand for
several critical minerals is projected to increase tremendously [4]. Supply shortages are
likely in the coming years. The energy sector cannot afford to use scarce materials just
once [5,6]. Some researchers call this relationship the energy–circular economy nexus [7].

The development of hydrogen energy is now seen as an essential step in the energy-
transition process [8]. The use of hydrogen can make a significant contribution to decar-
bonization [9], especially in those sectors of the economy where the introduction of “clean”
energy sources is most challenging from a technical point of view or requires too many
investment resources (energy-intensive industries or long-distance transportation) [10,11].
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According to the International Energy Agency [12], 40 countries have already adopted
strategies or roadmaps to develop hydrogen production, storage, transport, and end-use
technologies. For example, the Hydrogen and Fuel Cells Program in the United States in
2004, the Hydrogen Industry Development Plan (2021–2035) adopted in 2022 in China, the
Package for the Future—Hydrogen Strategy in 2021 in Germany, Hydrogen Strategy 2030
in 2020 in Portugal, etc. Despite differences in plans, all major economies expect hydrogen
to play a significant role in their decarbonization.

To date, priority is given to so-called “low-carbon hydrogen”, which does not produce
fossil fuels. Electrolysis technologies are well-developed to make “clean” hydrogen using
wind, solar, hydro, or nuclear power. However, their practical application still needs to
be improved due to high production costs [13]. In addition, a significant share of the final
price of hydrogen is associated with its storage and transportation. Although the literature
pays much attention to the problems of reducing production costs [14], the economic and
environmental efficiency of hydrogen storage and transportation processes have yet to
be studied.

Today, issues of transition to hydrogen energy take a significant place in the scientific
literature, but most often, they are not considered in the complex of such problems as cost,
technological readiness, and environmental safety. For best results, great attention should
be paid to the combination of all these aspects of hydrogen storage and transportation.
There is a gap in the scientific literature for such a comprehensive study, which we have
tried to fill in this paper. This study aims to systematize the data available in the literature
on the environmental and economic parameters of hydrogen storage and transportation
technologies (both mature and at high technological readiness levels).

The rest of this paper is organized as follows: Section 2 presents the results of the
literature review; Section 3 describes the methodology and data used to obtain the research
results; Section 4 includes the results of the study, divided into the following parts: options
for storing, transporting hydrogen; in Section 5 there is a discussion of the findings based
on a combination of possible methods of transporting hydrogen depending on the storage
technology, questions related to the environmental consequences of storing and transport-
ing hydrogen occupy a special place; Section 6 concludes the paper with a summary of the
key findings, study limitations, and directions for future work.

2. Literature Review

The transition towards a hydrogen-based energy economy highlights pivotal chal-
lenges and solutions, mainly focusing on the storage, transportation, and associated safety
and environmental impacts of hydrogen. To systematically address these complexities, it
is imperative to scrutinize the existing literature through a structured and detailed lens.
This review is segmented into four distinct but interrelated sections: Methods of Hydro-
gen Storage, Hydrogen Transportation Technology, Hydrogen Transportation Safety, and
Environmental Safety of Hydrogen Storage and Transportation.

Each of these sections delves into specific facets of hydrogen use in the energy tran-
sition, reflecting the breadth of technological intricacies and the depth of safety and en-
vironmental considerations. The Methods of Hydrogen Storage section explores various
technologies and approaches to storing hydrogen effectively and efficiently, highlighting
innovations and their economic implications. Hydrogen Transportation Technology focuses
on the mechanisms and infrastructures necessary for moving hydrogen from production
sites to points of use, which are critical for widespread adoption. Meanwhile, Hydrogen
Transportation Safety and Environmental Safety of Hydrogen Storage and Transportation
deal with the risk-management and mitigation strategies essential to ensure public and
ecological well-being in the face of increasing hydrogen use. This categorical division
not only clarifies existing technologies and issues but also sets the stage for identifying
future research directions essential for advancing the role of hydrogen in sustainable
energy systems.
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2.1. Methods of Hydrogen Storage

One of the primary keys to fully developing the hydrogen economy is safe, compact,
lightweight, and cost-effective hydrogen storage [15]. Development of the hydrogen
economy requires different hydrogen storage systems: mobile and stationary [16]. Typically,
hydrogen can be stored as a compressed gas, a cryogenic liquid, or physically or chemically
bound to a suitable solid-state material [17].

The attractiveness of specific methods of storing and transporting hydrogen depends
on many factors: price, infrastructure readiness, safety, environmental impact, etc. [18]. The
choice of transport method depends on the distance, volume, and urgency of hydrogen
delivery, as well as infrastructure and safety considerations [19].

To enable large-scale hydrogen storage in the renewable energy era, UHS (under-
ground hydrogen storage) has attracted significant attention due to its cost-effectiveness
and scalability [20]. Despite the tremendous opportunities offered by UHS, the maturity
level is considered low [21], and therefore, UHS as a storage method is associated with
a number of uncertainties and challenges [22]. Underground storage is likely to be the
best solution for significant storage needs [23] as it has numerous advantages in terms of
environmental protection, safety, and, above all, capital expenses (CAPEX) for high storage
capacity and operating expenses (OPEX).

In addition, UHS offers security benefits and significant storage capacity, often orders
of magnitude greater than land-based storage methods [24]. Underground hydrogen
storage sites include salt caves, saline aquifers, and depleted hydrocarbon deposits [25].

Depleted hydrocarbon reservoirs are becoming attractive targets for USHS (Under-
ground Seasonal Hydrogen Storage) due to their storage capacity, proven integrity, previous
knowledge of reservoir characteristics, and existing infrastructure (e.g., gas pipeline net-
work). However, their maturity is still considered low, with several uncertainties and
issues [21]. From a geological perspective, underground formations are suitable for storing
hydrogen, which can be used as a chemical energy carrier. They are kept for several months
and recovered for re-electrification when needed [26].

Another underground storage that can be used under certain conditions is salt caverns
as high-pressure gas storage [27]. Many years of operational experience with hydrogen
storage in salt caves provides strong evidence of its feasibility and best practices [28].
Depending on energy storage capacity and release timing, hydrogen storage in salt caves
can provide long-term, utility-scale energy storage to meet market demand. Salt caverns
may hold great promise due to the self-compacting nature of salt and the ability to tune the
size and shape of the caverns [29].

Compared to depleted oil and gas reservoirs, the key advantages of storing hydrogen
in salt caverns are: the salt surrounding the caverns is virtually impervious to leakage since
the only possibility of gas leakage is through leaky wells [29], the salt does not react with
hydrogen [30], and the release of the hydrogen “blow” is very flexible in speed, duration
and volume with less buffer gas requirements to avoid rock failure. Caverns are a mature
and cost-effective storage technology that has been successfully used to store compressed
gases for over 75 years and can potentially expand to USHS. However, the inaccessibility
of salt caves in hydrogen production may become a limiting factor.

Among hydrogen storage systems, metal hydride-based solid-state storage systems
show more potential [31]. Solid-state hydrogen storage is a possible breakthrough in
realizing the unique future of hydrogen as a clean fuel [32]. However, to date, none of the
presented metal hydrides meet all the requirements for the hydrogen economy, mainly due
to low hydrogen storage capacity, sluggish kinetics, and unreasonable hydrogen absorption
(de)sorption temperatures [33,34]. Depleted gas fields, rock caves, and liquid organic H2
carriers may offer economical options but still need to be technologically viable [35].

2.2. Hydrogen Transportation Technology

Hydrogen energy transport technology can be divided into several types: high-
pressure hydrogen gas, liquid hydrogen at low temperatures, hydrogen from solids, organic
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liquid hydrogen, and mixed with natural gas [36]. The most reasonable solution for a cost-
effective supply of hydrogen energy is to transport hydrogen-mixed natural gas using the
existing distribution network or transport pure hydrogen after minor modifications to the
existing natural gas distribution network [37]. The key to limiting the development of
hydrogen energy remains to achieve large-scale, safe, and reliable transportation of hydro-
gen energy with good economic benefits [38]. From the point of view of large-scale and
long-term development of hydrogen energy, methods for transporting gaseous hydrogen at
high pressure and liquid hydrogen at low temperatures have high costs and low efficiency.
Pipeline hydrogen transport will be an inevitable trend in future development. However,
in some countries, the pipeline transportation of pure hydrogen cannot meet the needs of
hydrogen energy development due to its high cost. The hydrogen economy requires an
extensive gas transportation infrastructure. It has been suggested that existing networks of
natural gas pipelines could be used to transport hydrogen [39]. The most sensible solution
for the future of cost-effective, large-scale, and sustainable hydrogen energy supply is to
transport hydrogen-blended natural gas using the existing natural gas distribution network
and infrastructure or to transport pure hydrogen after minor modifications to the existing
natural gas distribution network and infrastructure [40]. Pipelines or tanks can also be used
for above-ground hydrogen storage. These storage systems are more easily deployed than
underground solutions. Still, they are more expensive than underground storage options,
ranging from USD 930 to USD 2200/kg H2 storage [41].

The cost of transporting pure hydrogen through a pipeline is 30–50% higher than
natural gas [42].

The best-known method of transporting hydrogen is by using hydrogen pipelines. An
analysis of studies by various international organizations has shown the following: there is
a consensus on the competitiveness of hydrogen pipelines, but the European Commission
sees them as attractive for transportation distances of up to 3000 km, IRENA for distances
from 3000 to 8000 km, and IEA for up to 8000 km; for distances outside the competitive
zone of hydrogen pipelines, IRENA sees the most attractive solutions using ammonia,
IEA high-molecular-weight hydrocarbons, and the European Commission cryo-transport;
however, it stipulates that at distances over 16,000 km, this method is inferior to ammonia
and high-molecular-weight hydrocarbons [43].

2.3. Hydrogen Transportation Safety

Safety in hydrogen transport is a focus of research worldwide. There are several
serious issues; for example, when interacting with a hydrogen mixture, the interaction of
hydrogen with a pipe leads to the deterioration of mechanical properties such as hardness,
ductility, and toughness, which affects the safety of pipelines [44,45]. Mixing hydrogen with
natural gas significantly increases the flame speed and temperature, resulting in violent
combustion and even explosion [46]. Legally binding vehicle approval and use criteria are
needed to achieve safety in hydrogen transport [47].

Automotive transport for liquid hydrogen has advantages and promise but faces
serious ventilation problems [48]. The effectiveness of the ventilation system for the safety
of hydrogen storage and transportation can be achieved by correctly selecting ventilation
systems for enclosed spaces by adequately selecting the ventilation system in enclosed
spaces [49]. Transmitted hydrogen losses are possible through the pipeline wall due to
diffusion. The main issues that need to be resolved are related to the influence of hydrogen
on the mechanical properties of steels, including those used for the manufacture of pipelines,
as well as justification for the possibility of using existing gas pipelines for transporting
compressed hydrogen [50].

A limitation of the use of hydrogen is its cost during production, storage, and trans-
portation. In addition to the factors determining production costs, the form of hydrogen
storage and the chosen method of transporting it to the consumer also influence the final
price of hydrogen (if necessary). The priorities for today are clean hydrogen, low cost,
efficient, and safe hydrogen delivery and storage. The goals outlined in the US Department



Resources 2024, 13, 92 5 of 24

of Energy’s Hydrogen Program are to reduce the cost of delivering hydrogen to USD
2 per kg. by 2030 [41].

2.4. Environmental Safety of Hydrogen Storage and Transportation

Issues related to the environmental consequences of hydrogen storage and transporta-
tion occupy a special place. Greenhouse gas emissions from hydrogen production, storage,
and transportation are dominated by those associated with capital costs. However, most
researchers believe they should be improved over fossil energy sources and alternatives [51].
Hydrogen emissions from infrastructure can be divided into intentional (ventilation, blow-
down), unintentional (residual hydrogen, boil-off), and leaks from pipelines, equipment,
and diffuse penetration [52].

At the same time, any hydrogen transportation and storage method requires special
attention to safety requirements. Upon contact with air, it forms an explosive mixture—an
explosive gas classified as a substance of a high-hazard class. It raises uncertainty about
the impact of hydrogen on emissions into the atmosphere.

On the one hand, using hydrogen in clean fuel cells reduces emissions of local air pol-
lutants. On the other hand, hydrogen emissions from leaks in its storage and transportation
systems are expected to change its atmospheric concentration and behavior.

It is worth paying attention to the main problems of transport and storage of hydrogen
in comparison with natural gas:

- high “percolation” of liquid hydrogen at temperatures above minus 253 degrees
Celsius due to the small size of its molecules;

- embrittlement and destruction of metals under the influence of atomic hydrogen;
- explosion and fire hazard arising from mixing hydrogen with oxygen.

All these problems give rise to the study of new transportation and storage methods
and the development and application of new technologies and materials.

The report “Atmospheric Consequences of Increased Hydrogen Use” explains that
hydrogen is an indirect greenhouse gas that reacts with other greenhouse gases in the
atmosphere, increasing their global warming potential. The study states that the global
warming potential of hydrogen ranges from 6 to 16, with the average being 11, while
the global warming potential of CO2 is one [53]. All this confirms that it is necessary
to minimize leaks from pipes and equipment since any hydrogen leakage will lead to
indirect global warming, offsetting the reduction in greenhouse gas emissions achieved by
switching from fossil fuels to hydrogen, the study notes.

The report «Fugitive Hydrogen Emissions in the Future Hydrogen Economy» states
that with 99% confidence, electrolytic hydrogen production will result in 9.2% of the
hydrogen produced being released into the atmosphere through “venting and purging.” At
the same time, the maximum hydrogen leakage can occur when transporting it by tankers,
with up to 13.2% of its cargo entering the air. Also, large amounts of hydrogen can enter the
atmosphere from underground compressed gas storage facilities (6.52%), fuel cells (2.64%),
and gas stations [53].

CICERO (Centre for International Climate and Environmental Research) calculated
that the greenhouse effect of hydrogen was almost 12 times stronger than carbon dioxide.
Experts used five models to analyze atmospheric chemistry to determine the impact of
hydrogen interacting with methane, ozone, and water vapor. The authors say the total
amount of emissions (leaks) from existing hydrogen systems is unknown. A 1% leak is a
“best-case scenario”, but in some cases, it can be as high as 10%.

A leak of 1% would add only about 0.025 ◦C to global warming by 2050, but a 5% or
10% leak could raise average global temperatures by more than 0.1 ◦C or 0.4 ◦C, respectively.

Hydrogen is prone to material damage, which may lead to leakage. High-pressure
leaking hydrogen is highly susceptible to spontaneous combustion due to its combustion
characteristics, which may cause jet fire or explosion accidents, resulting in severe casualties
and property damage [46].
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The lack of accurate data to quantify hydrogen leakage across the value chain remains
a significant challenge in understanding the magnitude of the impact; a critical first step is
to develop technologies that can be used in the field to accurately determine the extent of
hydrogen leakage [54].

Thus, the existing literature provides different estimates of the environmental and
environmental impacts of hydrogen storage and transport technologies. The optimal tech-
nological chain has not yet been determined. In addition, many innovative technologies for
storing and transporting hydrogen still need higher technology readiness levels. Therefore,
their economic and environmental parameters can only be assessed roughly.

3. Materials and Methods

The main method of this study is a meta-analysis of data on economic and environ-
mental parameters of existing hydrogen storage and transportation technologies. Various
literature sources, analytical reports, and company data were used as the basis for the
meta-analysis. All data were converted into comparable units to obtain average estimates.
In addition, we considered data on the safety and technological maturity of each of the
technologies studied. For these parameters, however, a simple systematization and sum-
marization of the available information was performed, as there is not enough data for a
full meta-analysis in this case. The data sources are summarized in Table 1.

Table 1. Data sources for meta-analysis of cost, technological readiness, and emissions from hydrogen
storage and transportation.

References Year Data Remarks

[35]
[34]
[55]

2021
2020
2021

Costs of hydrogen storage

[43]
[56]
[57]

2023
2022
2021

Cost of transporting hydrogen

[53]
[41]
[43]

2022
2020
2023

Hydrogen emissions during storage
and transportation

Hydrogen emissions, leaks, and loses
Data calculated by US DOE

[58] 2020 TRL

To identify the prospects for hydrogen energy, we considered not only the current cost
of hydrogen storage and transportation but also the expected cost.

To assess technological readiness, we used the technology readiness level (TRL)
scale offered by IRENA. It is now widely used by research institutes and technology
developers around the world to identify research priorities and develop programs to
support innovation.

The technology path begins with defining its basic principles (TRL 1). As the concept
and application mature, the technology progresses to TRL 2 and reaches TRL 3 when a proof-
of-concept experiment is conducted. The technology then enters a phase where the concept
must be validated, from a prototype developed in a laboratory setting (TRL 4) to testing in
the environment in which it will be deployed (TRL 6). The technology then moves to the
demonstration phase, where it is tested in a real-world environment (TRL 7), eventually
reaching a first-of-its-kind commercial demonstration (TRL 8) on its way to the entire
retail operation in the relevant environment (9 TRL). More than reaching the stage where
technology can be considered commercially available (TRL 9), it must describe its readiness
to meet energy policy objectives, for which scale is often critical. The IEA has expanded
the TRL scale to include two additional readiness levels: one where the technology is
commercial and competitive. However, this requires further innovation efforts to integrate
the technology into energy systems and value chains once it is implemented at scale
(TRL 10) and once the technology achieves predictable growth (TRL 11) [58].
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Next, we conducted a comparative analysis of combinations of possible options for
storing and transporting hydrogen and identified the most competitive ones.

For the overall TRL assessment of a combined hydrogen storage and transportation
method, we assessed availability as low if at least one component of this method was
assessed as low availability.

For ease of perception and meaningful interpretation of the research results, we used
the following notations for methods of storing and transporting hydrogen (Table 2).

Table 2. Accepted designation.

Process Description

Storage

S1. Underground storage
S1.1. Salt cavern storage
S1.2. Depleted gas field storage
S1.3. Aquifer storage
S1.4. Lined hard-rock cavern storage, LRC
S2. Pressure vessel storage (containers)
S3. Ammonia storage
S4. Liquid organic hydrogen carriers (LOHC)
S6. Adsorbents storage
S5. Liquid hydrogen storage
S7. Metal hydrides storage

Transportation

T1. Transportation through pipelines
T1.1. New hydrogen
T1.2. Repurposed natural gas pipelines
T2. Transportation of hydrogen fuel for freight transport
T2.1. Road transport
T2.2. Railway transport
T3. Liquefied hydrogen tanker
T4. Ammonia tanker
T5. Liquid organic hydrogen carrier tanker

Through comprehensive comparative analysis, this study systematically evaluated a
range of hydrogen storage and transportation methods, drawing on a rich ensemble of data
sources and applying a robust meta-analytical framework. Each method was scrutinized for
its potential benefits and constraints, focusing particularly on costs, technological readiness,
and safety measures that are critical for scalable, sustainable deployment.

4. Results
4.1. Hydrogen Storage Options

According to the US Department of Energy classification, hydrogen fuel storage
methods can be divided into two groups.

The first group includes physical methods that use physical processes (mainly com-
pression or liquefaction) to convert hydrogen gas into a compact state. Storing hydrogen
in compressed gas can be in massive stationary systems, including gas holders, under-
ground tanks, gas cylinders, pipelines, and glass microspheres. Liquid hydrogen is stored
in stationery and transportable cryogenic containers.

The second group includes chemical methods in which hydrogen storage is ensured by
physical or chemical processes of its interaction with certain materials. These methods are
characterized by the strong interaction of molecular or atomic hydrogen with the support
material. We can distinguish the following options: reserves of adsorbed hydrogen in
zeolites, related compounds, activated carbon, and hydrocarbon nanomaterials. In practice,
the following types of storage are used: metal hydrides, ammonia, sponge iron, and others.

4.1.1. Underground Storage

Underground storage may be an option for large-scale hydrogen storage, especially
in locations with suitable geoecology. This storage method has been around for quite
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some time. Natural gas fields stored hydrocarbons hermetically for millions of years
before commercial exploitation of the deposits began. In this regard, the same geological
formations can hold hydrogen for seasonal storage and cyclic operation. However, because
hydrogen has a greater diffusivity than methane, it is necessary to assess the scale of its
losses [59].

At the same time, underground storage offers significant economies of scale, high
efficiency (the amount of hydrogen injected divided by the amount that can be recovered),
low operating costs, and low land costs. These characteristics mean they are likely to be
the cheapest hydrogen storage option, even though hydrogen has a low energy density
compared to natural gas.

In turn, porous and fractured media (depleted gas, gas condensate, and oil fields;
aquifers), underground reservoirs in rock salt (salt caverns), and exhausted mine workings
are used as underground storage facilities. Hydrogen can be stored in underground caves
or geological structures in one of four ways [60].

Salt Cavern Storage

The easiest way to store hydrogen is in salt cavern storage. These are artificial cavities
in underground salt formations created by injecting fresh or low-salinity water down a
well down to the salt geologic layer to extract the brine. There are more than 1900 salt
caves worldwide. Creating a 500,000 m3 salt cave takes from six months to two years.
Salt caves are not lined, as the salt acts as a sealant. This type of storage is suitable for
storing hydrogen at extremely high pressures when the salt layer is deep enough. Salt cave
storage is flexible and allows for several cycles of gas injection and withdrawal per year.
The disadvantage of this storage method is that the geographical accessibility of the salt
caves is limited.

Depleted Gas Field Storage

The second underground storage method for large amounts of hydrogen is injecting
pure hydrogen into the porous rock in a depleted gas field storage. Depleted natural gas
reservoirs are underground geological structures that naturally contain hydrocarbons and,
once finished, can be used for gas storage. Hydrogen content can vary from a few percent
to 100 percent. Depleted reservoirs consist of porous, permeable sedimentary rocks located
under an impermeable seal and closed on all sides by impermeable rocks. The share of
buffer gas in pore storage is usually 50–60% of their total gas capacity, which is higher than
in salt caverns.

However, this storage method still needs further study, given the lower viscosity of
hydrogen, as it is more difficult to contain than natural gas. Additional verification and
testing are required in the laboratory and actual underground conditions. The advantages
of depleted gas fields as hydrogen storage are that they are more volumetrically signif-
icant than salt caves, and their geology is already well understood through natural gas
exploitation. Compared to developing new salt caves, they already have an infrastructure
of natural gas wells, some of which could be upgraded or repurposed to produce hydrogen.

Aquifer Storage

Aquifers are similar to natural gas reservoirs in that they are porous sedimentary rock
structures but contain water instead of natural gas. Porous aquifer rocks determine storage
capacity. The main requirements for storage are the presence of a dome-shaped reservoir or
a structural fault that ensures gas capture at the top of the structure, as well as the presence
of a tire over the reservoir consisting of an impermeable layer. All problems identified
for depleted gas fields apply to aquifers, but aquifers present additional challenges. The
aquifers must be better developed and have production wells or surface structures. Because
aquifers contain liquid, water movement can result in significant hydrogen uptake during
hydrogen injection, resulting in hydrogen loss. Compared to salt caves and depleted gas
reservoirs, aquifers have the advantage of being more widely accessible.
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Lined Hard-Rock Cavern Storage

Finally, hydrogen can be stored underground by pumping directly into a Lined hard-
rock cavern storage (LRC). Lined hard-rock caverns are artificial structures created in
metamorphic or igneous rocks in geographic areas where salt or depleted deposits can-
not be developed. These are artificial tunnels and caves built in low-permeability rock
formations. Reliable containment of gases is usually achieved by lining the cave walls
with gas-impermeable material. It may be a form of compressed storage (hydrogen gas) or
cryogenic storage (liquid hydrogen). Storing hydrogen in a lined rock cave involves several
technical difficulties that have yet to be resolved.

Because hard-rock caverns are carefully lined, they are not at risk of contamination and
can be operated at higher pressures than other structures. However, steel embrittlement
due to hydrogen must be avoided. Hard-rock caverns can undergo multiple injection and
withdrawal cycles yearly, making them well-suited to peak loads. They require relatively
small amounts of buffer gas but are expensive to develop. Compared to salt caverns or
depleted deposits, rock caverns are mined at shallower depths (up to several hundred
meters) and require shallow foundation rock, which is only sometimes available.

These four underground hydrogen storage methods differ in technology readiness
level (TRL) and cost.

The only underground storage technology that can be considered commercially avail-
able is storage in salt caverns (Table 3).

Table 3. Technological readiness levels of underground hydrogen storage facilities.

Underground Storage Method. TRL

Salt cavern storage 9–10
Depleted gas field storage 4

Aquifer storage 3
Lined hard-rock cavern storage 5

Source: [61].

According to various estimates, the cheapest underground storage is salt caverns
(Table 4).

Table 4. Costs of hydrogen storage (underground storage), USD/kg.

JPMorgan Chase & Co Bloomberg IEA
Today Best Case Today Possible Future

Salt Cavern 0.6 0.2 0.23 0.11 0.23
Depleted Gas Field 2.4 1.4 1.90 1.07 1.9

Rock Cavern 2.3 0.7 0.71 0.23 0.71
Source: [34,35,55].

Barring new design standards, capital costs for salt caverns and porous hydrogen
reservoirs should remain the same as for underground natural gas storage. Capital costs
for salt caves can range from USD 35 to USD 38/kg H2 stored, depending on storage
pressure. Other underground storage solutions, such as lined rock caves, require higher
costs, ranging from USD 56 to USD 116/kg H2 [62]. Mine cavern solutions will be more
expensive than salt cavern solutions because the drill and blast method cannot compete
with the leaching method of salt mining. Inserts will also require additional costs, both
for purchase and installation. Thus, the cost of a pressurized hydrogen or ammonia LRC
is expected to be 50–100% higher than the cost of an unlined rock cave, while the cost of
a cryogenic hydrogen LRC is expected to be 100% higher than the cost of an LRC with
cryogenic hydrogen. Underground storage in salt caves would be the preferred solution as
it offers significant cost savings and flexibility.

However, hydrogen storage in salt caverns poses several problems that require further
research. In salt caves, hydrogen leaks are possible due to the permeability of the base
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and leaks associated with the process plant at the surface—venting and purging due to
maintenance or malfunction.

Leakage due to salt permeability or pipe/wellhead leakage is predicted to be negligible
and is estimated at 1.76 × 10−11 kg/s per cavern [63]. Most of the releases will come
from the surface treatment facility and include intentional releases from the planned
annual shutdown of the entire plant, annual releases from component maintenance, etc.
According to conversations with industry experts, hydrogen leakage from a typical onshore
installation serving 15–20 caverns would be about 25 tons per year. The above-ground
power plant, serving 17 caverns, will have a total storage capacity of approximately 2.6 TWh
or 65,000 tons annually. Thus, the hydrogen loss is predicted to be about 0.04% [64].

4.1.2. Pressure Vessel Storage (Containers)

Pressurized gas containers are the most common hydrogen storage technology and
involve the physical storage of compressed hydrogen gas in high-pressure tanks for station-
ary or mobile (such as tube trailers) applications. There are different types of containers,
depending on the amount of hydrogen they can hold and the pressure. This storage method
has been used for quite some time and mainly consists of all-steel tanks.

According to the IEA, this method of hydrogen storage is at TRL 11. This technology
has matured; it is widely used, and only minor innovations are expected.

The cost of hydrogen storage is relatively low, where the method is already widely
used. Also, as in the case of salt caverns, the cost of storing H2 in this case, namely in
pressure containers, is <1/kg (Table 5).

Table 5. Costs of hydrogen storage (Pressure vessel storage (containers)), USD/kg.

JPMorgan Bloomberg IEA
Today Best Case Today Possible Future

Pressure
Containers 0.7 0.5 0.19 0.17 0.2

Source: [34,35,55].

This method of hydrogen storage has relatively high storage losses of 1–3% per day.
At the same time, no CO2 emissions [43].

4.1.3. Ammonia Storage

This storage method has been used for approximately 100 years. Hydrogen was
initially stored in pressurized systems, typically with a capacity of about 2000 tons. Today,
atmospheric hydrogen storage tanks store up to 50,000 tons. Low-pressure hydrogen
storage has become widespread because it requires much less capital per unit volume.

According to the IEA, this method of hydrogen storage is at TRL 11. This technology
has matured; it is widely used, and only minor innovations are expected.

However, the cost of storing ammonia is higher than in underground storage and gas
containers (Table 6).

Table 6. Costs of hydrogen storage (Ammonia storage), USD/kg.

JPMorgan Bloomberg IEA
Today Best Case Today Possible Future

Ammonia 2.6 1.6 2.83 0.87 2.8
Source: [34,35,55].

Ammonia is much more expensive and has more stringent safety regulations and
concerns. Storage loss <0.5% per day. At the same time, no CO2 emissions [43].
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4.1.4. Liquid Organic Hydrogen Carriers (LOHC)

Liquid organic hydrogen carriers (LOHC) are organic molecules that can store hy-
drogen through a catalytic exothermic hydrogenation reaction at a certain pressure and
moderate temperature to produce a hydrogen-rich molecule, releasing heat. LOHCs must
provide sufficiently high hydrogen storage capacity (>5.5 wt.%), be safe to handle (non-
toxic, non-flammable, non-explosive), be available in large quantities, and be inexpensive.
However, currently, the hydrogenation and dehydrogenation processes require energy
corresponding to approximately 35–40% of the energy content of stored hydrogen because,
among other things, dehydrogenation temperatures are high.

According to the IEA, this hydrogen storage method is at TRL 6–7, i.e., this technology
is at the testing and demonstration stage. The research aims to improve the overall effi-
ciency of LOHC use by finding improved catalysts that enable dehydrogenation at lower
temperatures (<150 ◦C) with limited use of precious metals, efficient heat management,
and higher hydrogen recovery rates after purification.

Hydrogen storage losses <0.5% per day. This method involves emissions of CO and
CO4 [43]. Today, this is the most expensive method of storing hydrogen (Table 7).

Table 7. Costs of hydrogen storage (LOHC), USD/kg.

JPMorgan Bloomberg
Today Best Case Today Possible Future

LOHC 5.9 2.3 4.50 1.86
Source: [34,35].

4.1.5. Liquid Hydrogen Storage

Large-scale liquid hydrogen storage technology today is similar to that of the 1960s;
however, innovation in design is required to increase tank size further.

The density of pure hydrogen increases due to its liquefaction due to the low boiling
point of hydrogen (−253 ◦C) compared to natural gas (−162 ◦C); cryogenic storage tanks
are designed to minimize flash gas and prevent heat loss. However, liquefaction is an
energy-intensive process compared to compression.

According to the IEA, this method of hydrogen storage is at TRL 8–9. The technology
is heading from commercial demonstration (TRL 8) to entire commercial operation in the
appropriate environment (TRL9). Liquid hydrogen storage has one of the highest costs
(Table 8).

Table 8. Costs of hydrogen storage (Liquid hydrogen storage), USD/kg.

JPMorgan Bloomberg IEA
Today Best Case Today Possible Future

Liquid hydrogen storage 5.6 1.4 4.5 0.95 4.5
Source: [34,35,55].

Storage losses are 0.06–3, an additional 15% when refrigerated per day. At the same
time, no CO2 emissions [43].

4.1.6. Adsorbents Storage

A relatively new chemical method for storing hydrogen is hydrogen adsorption. The
hydrogen capacity of sorbent-based systems is intermediate between compressed gas and
intermetallic compounds (metal hydrides), suggesting the transfer of hydrogen molecules
to the surface of the pores of solid materials due to physical interaction and the subsequent
release of hydrogen, when necessary, by thermal stimulation or other methods.

According to the IEA, this hydrogen storage method is at TRL 2–3. This technology is
experimental and has a long way to go before commercialization.
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Adsorption hydrogen can be transported in special containers or tanks using adsor-
bents to ensure its retention. Special precautions are required to avoid leaks and ensure
safe transport. To date, it is impossible to assess its cost and environmental impact.

4.1.7. Metal Hydrides Storage

It is the chemical storage of hydrogen by absorption/desorption, which involves the
chemical bonding of atomic hydrogen within the structure of a solid material. Hydrogen
from metal hydrides can be released in two ways: mainly by heating (thermolysis) or by
reaction with water (hydrolysis).

According to the IEA, this method of hydrogen storage is at TRL 4–5. The technology is
entering a phase where the concept itself must be proven, from a prototype developed in a
laboratory setting to testing in the conditions in which it will be deployed. Primary research
aims to improve hydrogen absorption/desorption kinetics at moderate temperatures and
high storage capacity by adding catalysts, doping with other elements, and nanostructuring.
Due to low technological readiness, this storage method has yet to have a cost estimate.

Storing hydrogen in metal hydrides does not pose any safety concerns. It is stored
at low pressure, relatively low temperatures are used, and hydrogen is released from
the material only when heated. Storage loss <0.5% per day. At the same time, no CO2
emissions [43]. Thus, today, the most outstanding technological readiness among hydro-
gen storage methods is ammonia storage, pressure containers, salt cavern storage, and
liquid hydrogen storage. Other storage methods still have several stages before they are
commercially viable.

The selection of the most appropriate method will depend on specific conditions and
requirements such as required capacity, availability, cost, security, and other factors. A
comparative analysis of hydrogen storage methods is presented in Table 9.

Table 9. Main advantages and disadvantages of storage methods.

Storage Methods Advantages Disadvantages

Salt cavern storage

Widely known
Low costs
High storage capacity
High safety and tightness

Geographical limitations
Need for preliminary cavity
preparation

Depleted gas field storage
Low costs
High storage capacity
Ability to utilize existing infrastructure

Geographical limitations
Possible leakage problems

Aquifer storage
Low costs
High storage capacity
Wide geographical distribution

Geographical limitations
Need for preliminary cavity
preparation
Possible leakage problems

Lined hard-rock cavern
storage

High storage capacity
Possibility to create in different geological
conditions

High capital costs
Need for careful engineering

Pressure vessel storage
(containers)

Widely recognized
Ease of use
Mobility and flexibility of use
high-pressure storage capability

Low cost but high production and
operating costs
Limited capacity

Ammonia storage
Low costs
High storage capacity
Ability to utilize existing infrastructure

Need for additional processes to
produce hydrogen
Toxicity of ammonia

Liquid organic hydrogen
carriers

High storage capacity
Ability to utilize existing infrastructure

Need for additional processes to
produce hydrogen
Possible security issues

Liquid hydrogen storage High energy density
Developed infrastructure

High liquefaction and storage
costs
High evaporation losses

Adsorbents storage
Relatively low costs
High storage density Need for additional equipment

Limited capacity

Metal hydrides storage High storage density
Safety

High cost
Limited capacity
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Thus, in terms of cost, the cheapest methods are those already using salt cavern storage
and pressure containers. These methods are already well known. From a safety point of view,
the safest methods are underground vision and the most dangerous—ammonia storage.

4.2. Hydrogen Transportation Options

To transport H2, traditional delivery methods for gas raw materials can be used: in
gaseous form using pipelines, as well as in compressed or liquefied form using land (road,
rail) and sea transport using container shipping, as well as in cryogenic tanks or carriers
such as ammonia or metal hydrides.

4.2.1. Transportation through Pipelines

Pipelines remain the primary method of transporting compressed hydrogen. Sev-
eral options exist for pipeline transportation of hydrogen gas: through special hydrogen
pipelines (new hydrogen pipelines) and existing natural gas pipelines, for which they are
being repurposed (repurposed natural gas pipelines).

Repurposing involves converting an existing gas pipeline into a dedicated hydrogen
pipeline. Due to differences in chemical properties, hydrogen can accelerate the deterio-
ration of pipes through a process known as hydrogen embrittlement, in which hydrogen
causes cracks in steel. There are still problems with repurposing offshore gas pipelines since
monitoring the pipeline using current technologies is complex, and sometimes there is a
lack of detailed documentation of the pipeline’s operation over recent years—repurposed
natural gas pipelines—TRL 8.

Although an established technology, the construction of hydrogen pipelines has char-
acteristics that differ from existing hydrogen pipelines compared to those required for new
pipelines. Currently, the largest hydrogen pipelines are 18 inches in diameter, while new
hydrogen pipelines may be up to 36–48 inches in diameter. Low grades of steel are used
(usually below X52), whereas, in new pipelines, higher grades of steel may be preferred to
reduce the amount of steel required without compromising integrity; existing pipelines
operate under static load conditions, while future pipelines must be able to withstand
pressure changes due to cyclic loading and linear packing. In addition, there is no stan-
dard for constructing offshore hydrogen pipelines. Research is underway to determine
criteria that will ensure the highest level of safety while reducing costs—new hydrogen
pipelines—TRL 9. By 2040, experts predict a 23,000 km hydrogen network, 75% of which
will consist of converted gas pipelines.

The use of pipelines has several advantages:

• Highest cost-effectiveness for large volumes of hydrogen;
• There are no thermodynamic limitations to reducing transportation costs;
• Low power consumption;
• Transportation safety;
• Environmentally friendly;
• Use of existing pipeline systems for natural gas and oil.

At the same time, this method of transportation also has several disadvantages,
for example:

• Significant capital investments in the construction of special pipelines;
• Very high transportation costs for small volumes;
• Complex and expensive procedure for obtaining permits for land acquisition, con-

struction, etc.;
• Geographical accessibility.

According to IRENA estimates, capital costs for constructing 20-inch gas pipelines
range from 600,000 to 1,600,000 USD/km, and for completing 40-inch ones, they range
from 1,500,000 to 4,400,000 USD/km.

The cost of transporting hydrogen through 20-inch hydrogen pipelines will be
0.2 USD/kg over a distance of 100 km; 0.2–4.2 USD/kg for a distance from 100 to 2000 km;
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4.2–16 USD/kg for a distance from 2000 to 8000 km. The cost of transporting hydro-
gen through 48-inch hydrogen pipelines will be 0.4 USD/kg over a distance of 100 km;
0.4–1.2 USD/kg for a distance from 100 to 2000 km; and 1.2–3.4 USD/kg for a distance
from 2000 to 8000 km [43]. Thus, for short distances, this method of transportation has no
price competitors.

Many authors propose to solve the problem of preventing leaks and emissions of
hydrogen into the environment by installing highly sensitive automation and many shut-
off valves and fittings capable of shutting off the hydrogen supply in short sections of the
pipe. Hydrogen pipelines pose a particular danger as critical infrastructure facilities that
can be damaged as a result of terrorist attacks or during military operations.

4.2.2. Transportation of Hydrogen Fuel for Freight Transport

The most traditional way to transport hydrogen gas is by truck (Truck transport). It
includes road transport and railway transport.

Hydrogen is transported in special tubes or containers. Trucks that transport hydrogen
gas in steel tubes compress it to a pressure of about 180–250 bar, carrying about 380 kg on
board and limited by the weight of the tubes. However, recently, lightweight composite
storage vessels with a capacity of 560–900 kg of hydrogen per trailer (350–500 bar) have
been increasingly used, significantly increasing transport efficiency per trip. Large volumes
of hydrogen can also be transported in cryogenic vessel trailers, which can carry around
1500–3000 kg of hydrogen per trip. Liquid hydrogen trailers are thermally insulated to
minimize the hydrogen boil-off rate.

Rail transport for the transportation of liquid hydrogen is used quite limitedly due to
the small branching of transport railway lines. In cryogenic railway tanks, hydrogen losses
are approximately the same as in road tanks. With a single cooling in tank trucks, up to
15% of hydrogen is lost, and losses associated with imperfect thermal insulation amount to
0.5% per day of the volume of transported hydrogen.

According to IRENA, the readiness level of this transportation technology is the
highest, 11.

The US Department of Energy estimates the cost of transporting 1 kg of hydro-
gen in a gaseous state by road over a distance of 100 km at 3–5 USD; by rail, it is
2.1–2.4 USD. A hydrogen decompression installation additionally increases the delivery
cost by 0.4–0.8 USD/kg.

Delivery by road transport is more expensive than delivery by pipeline. Also, due
to the low density of hydrogen, a large volume of containers or tanks is required for
transportation, and these are additional costs because a small volume of product is trans-
ported in one cycle. The cost of transporting cylinders with compressed hydrogen will be
0.8–4 USD/kg over a distance of 100 km; 10–50 USD/kg for a distance from 100 to 2000 km;
50–150 USD/kg for a distance from 2000 to 8000 km [43].

The US Department of Energy estimates the cost of hydrogen liquefaction at 2.75 USD/kg
and the regasification of liquid hydrogen at 0.39 USD/kg. Over short distances, liquid
hydrogen is transported, especially in equipped tank trucks or by rail. The costs of such
transportation are comparable to balloons.

Transportation of hydrogen cylinders is carried out with the obligatory presence of
spacers and unique strapping inside the container, which is necessary for safety reasons;
the containers are specially marked.

There are no emissions or leaks of hydrogen from the cylinders themselves, but they
are from freight transport.

Hydrogen-pressurized trailers are effective in meeting the needs of small consumers,
and the lack of waste can offset the high delivery costs. It is currently the easiest method,
especially in areas without pipelines.

There is evidence that hydrogen losses during transportation in cryogenic tanks due
to imperfect thermal insulation amount to approximately 0.5% per day of the volume
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of transported hydrogen. In addition, up to 15% is lost during a single cooling of a
cryogenic tank.

Hydrogen can also be delivered by truck in metal hydrides. However, since the
technologies for storing hydrogen in metal hydrides are in the early stages of readiness,
there are still very few practical assessments of their transportation.

The cost of creating hydride compounds ranges around 1 USD/kg; transportation by
road or rail is estimated to range from 1.5 to 2 USD/kg, 10–30% cheaper than transporting
hydrogen in cylinders.

The method of transporting and storing hydrogen in metal hydrides is relatively safe
since, under normal conditions, hydrogen is not released from compounds and, therefore,
is not explosive. There are no leaks or emissions of hydrogen.

4.2.3. Liquefied Hydrogen Tanker

A liquefied hydrogen tanker is a vessel designed to transport liquefied hydrogen (LH2).
Ships that transport liquid hydrogen are typically purpose-built vessels with specialized
cryogenic tanks and other safety features such as safety valves and leak detection systems.
LH2 ships aim to use stripped hydrogen on busy routes, providing low-emission marine
fuel while preventing emissions.

According to IRENA TRL for Liquefied hydrogen tanker, today it is 7. This technology
is tested in actual conditions.

Cryo-tankers transport liquid hydrogen over long distances by sea, the first of which,
Suiso Frontie, is already operating flights from Australia to Japan. The project participants
do not disclose the cost of freighting an existing hydrogen tanker. The range of estimates of
the cost of transportation in the future is extensive: according to the European Commission,
the cost of transportation for every 100 km will be from 0.012 to 0.07 USD/kg of hydrogen,
IEA—0.04 USD/kg hydrogen, IRENA—0.06 USD/kg hydrogen.

The cost of transporting liquid hydrogen will be 4.2 USD/kg over a distance of 100 km;
4.2–5 USD/kg for a distance from 100 to 2000 km; and 5–7.8 USD/kg for a distance from
2000 to 8000 km [43].

Transporting hydrogen in liquid form reduces the risks of explosion and fire hazards
during transportation. However, given the extremely low temperature at which hydrogen
is transported in cryotanks, there are threats of cold injury.

Just like during transportation by road, there are losses in cryogenic tanks during
transportation. There are no emissions from tanks, but there are emissions from sea tankers.

4.2.4. Ammonia Tanker

Transport of ammonia as a carrier of hydrogen, which is transported in fully refriger-
ated, non-pressurized containers, is often designed to transport liquefied petroleum gas
(LPG) as it has a lower boiling point than ammonia. Conveyors for liquefied petroleum gas
can be used provided that there are no parts containing copper, zinc, or alloys in contact
with the cargo.

It is a mature technology, rated IRENA TRL 11.
The cost of “immersing” hydrogen in ammonia is between 0.2 and 2.1EUR/kg [56].

The indicator is highly sensitive to the initial cost of nitrogen, the specific technology used,
the installation’s tonnage, and the cooling costs. The subsequent release of hydrogen is
from 1.2 to 2 EUR/kg. The cost of freighting a tanker is about 40,000 USD/day.

The cost of transporting ammonia will be 1.4–4.1 USD/kg over a distance of 100 km;
1.43–4.13 USD/kg for a distance from 100 to 2000 km; and 1.6–4.3 USD/kg for a distance
from 2000 to 8000 km [43].

It is important to remember that liquid ammonia itself is also a dangerous substance:
it causes severe burns if it comes into contact with the skin, is easily flammable in the
presence of an open source of fire, can explode when the container is heated, and is toxic
if inhaled.

There are no emissions from ammonia transport, but there are emissions from sea tankers.
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4.2.5. Liquid Organic Hydrogen Carrier Tanker

Liquid organic hydrogen (LOHC) will be transported using existing ships and port
infrastructure. LOHC can be transported in chemical tankers whose tanks are specially
coated with, for example, phenolic epoxy paint, stainless steel, or zinc paint, and they may
have special piping for transporting various cargoes. The type of coating may determine
which chemical can be transported. Product tankers, a kind of oil tanker, carry refined oil,
are often designed to carry chemical cargo, and can also take LOHC. Depending on the
chemicals used as LOHC, the type of tanker that can be used may vary, and there may
also be some size restrictions at ports for safety reasons. This technology is well known; it
is TRL–11.

The cost of producing “organic containers,” depending on the complexity of hydro-
genation and the price of the initial hydrogenated substance, varies from 0.3 USD/kg (for
methanol) to 44 USD/kg for N-ethyl carbazole. The cost of “immersing” hydrogen in such
containers is low—less than 0.5 USD/kg, but the cost of “removing” it ranges from 0.6 to
4 USD/kg [57]. Considering that conventional oil tankers can carry out transportation, it is
inexpensive compared to all other methods.

The cost of transporting LOHC by sea will be 1.1–4.5 (depending on the price of
immersion in LOHC) USD/kg over a distance of 100 km; 1.1–4.7 USD/kg for a distance
from 100 to 2000 km; 1.1–4.7 USD/kg for a distance from 2000 to 8000 km [43]. Thus, the
price practically does not change depending on the distance.

On the consignee’s side, high-tech equipment is required to release hydrogen and
generate harmful emissions. This process requires significant amounts of heat and produces
associated emissions. In terms of safety, this method of transportation is comparable to the
usual transportation of gasoline or diesel fuel.

The main advantages and disadvantages of hydrogen transportation methods are
presented in Table 10.

Table 10. Main advantages and disadvantages of hydrogen transportation methods.

Transportation Methods Advantages Disadvantages

Transportation through
pipelines

Low operating costs High
throughput

High capital costs (for new
pipelines)

Geographical constraints

Transportation of hydrogen
fuel for freight transport

Flexibility
Ability to utilize existing

infrastructure

Higher operating costs
Limited range

Liquefied hydrogen tanker
Possibility of transporting

over long distances
High energy density

High energy costs for
liquefaction

Complexity of storage

Ammonia tanker Developed infrastructure
High energy density

Need for conversion of
hydrogen to ammonia and

vice versa
Liquid organic hydrogen

carrier tanker
Developed infrastructure

High energy density
Need for hydrogen conversion

and carrier regeneration

Thus, the easiest and cheapest method of transportation is to use existing pipelines,
although there are significant geographical limitations.

4.3. Hydrogen Emissions during Storage and Transportation

According to Frazer-Nash Consultancy, hydrogen emissions during storage and trans-
portation can range from 0.04% to 13.2%, depending on the chosen method (Table 11).
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Table 11. Hydrogen emissions during storage and transportation.

Specific Area Predicted Emission Confidence Level
50% 99%

National Transmission System 0.04% 0.48%
Distribution Network 0.26% 0.53%
Underground Storage 0.02% 0.06%

Above-Ground Storage (gas) 2.77% 6.52%
Road Trailering (gas) 0.30% 0.66%

Road Trailering (liquid) 3.76% 13.20%
Source: [53].

It should be kept in mind that most storage systems are not entirely sealed, so there are
values for permissible leakage volumes. Strict standards apply to how hydrogen is stored
and transported. According to US Department of Energy standards, Technical Targets for
Hydrogen Delivery Components should be at most 0.5% [41].

In underground hydrogen storage, leaks occur due to sealing, depressurization, leak-
age, and accidents [65]. There are also risks of natural leakage due to base permeability (pre-
dicted negligible), ventilation, and surface blowing due to maintenance and faults/When
compressed hydrogen gas is stored in containers. Cylinders may leak as the rate depends
on pressure, cylinder and valve material, and cylinder size [64].

Liquid organic hydrogen carriers (LOHC) require significant heat and generate as-
sociated emissions. The most extensive ranges in emission estimates are associated with
liquefaction (0.15–10%), transport and handling of liquid hydrogen (2–20%), and liquid hy-
drogen refilling (2–15%). Moreover, current and future estimates of value chain emissions
vary widely (0.2–20%) [52]. Liquid hydrogen storage tanks, such as those used by NASA,
lose 1–5% of their H2 daily due to boil-off [66].

Most authors think that the impact of the storage of adsorbents on the environment
has yet to be thoroughly studied and requires additional research. When storing hydrogen
in metal hydrides and ammonia, the environmental impact is generally low as they do not
emit pollutants [19]. At the same time, it is necessary to note the highest safety requirements
for ammonia storage.

Dutch researcher Van Ruijven synthesized leakage estimates for different hydrogen
transport methods and obtained interesting results. Estimates include long-haul vessels
(0–2%), long-haul pipelines (0.1–5%), short-haul trucks (2–5.5%), short-haul pipelines
(0.1–5%), airborne storage (0.3–1%), and fuel cells and on-board systems (0.1–1%) [67].

The primary potential H2 emissions associated with hydrogen transport through
pipelines are leakage from pipelines and equipment, as well as operational purging during
maintenance, removal of impurities, and in the event of failure [52].

According to some estimates, hydrogen leaks during pipeline transportation and
storage will be from 1% to 2% by 2050, and when transported by freight transport, they
will be from 2.5% to 5% [68].

Pipelines are the most critical hydrogen delivery systems, including dedicated hydro-
gen pipelines and natural gas blending systems. These systems themselves demonstrate a
low risk of leakage. Weller Z. D., Hamburg S. P., and Von Fischer J. C. [69] and Hormaza
M. and Brouwer J. [70] found that the leakage rate of hydrogen simply passing through
the pipeline was approximately 0.4%. Pipelines have a low carbon footprint and do not
emit pollutants.

5. Discussion

The study results showed the presence of various options for combinations of hydro-
gen storage and transportation, taking into account the type of hydrogen forms and the
consumer’s location. In Figure 1. possible methods of transporting hydrogen are shown
depending on storage technology.
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Figure 1. Hydrogen transportation options depending on storage technology.

The prospects for using storage and transportation technologies depend on technologi-
cal readiness, price, safety issues, etc. The use of the IRENA’s Technological Readiness Level
(TRL) scale proved instrumental in assessing the readiness of each technology, allowing
for a nuanced understanding of their developmental stages. This approach facilitated the
identification of technologies that, despite their nascent stage, exhibit promising potential
due to their innovative characteristics and adaptability to evolving market demands and
energy policies. From the technological readiness level, the most promising storage and
transportation options will be storing compressed hydrogen gas in containers, transporting
it by truck, transporting ammonia by truck, and transporting it in an ammonia tanker
(Table 12). There are also good prospects for transporting hydrogen from salt caves through
pipelines and trucks. Technologies for transporting liquid hydrogen by freight transport
have already been sufficiently mastered. These technologies are on track to, or have already
transitioned to, full commercialization in their respective environments and have achieved
predictable growth.

We want to notice that geographical and geological characteristics limit the use of
salt caverns. The availability of roads or railways often limits transportation by freight
transport. It leads us to believe that it is necessary to expand research and new technological
developments in the field of storing hydrogen in chemical compounds that will remove
dependence on the geological structure of the area, as well as research that has already
begun in the field of transporting hydrogen by other modes of transport, such as air.

The technologies are still at a low technological readiness level and have a long way to
go before full commercial use. Moreover, this path requires significant capital investments
at each stage [71], and it is also necessary to prepare end users to accept the technology [72].
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Storage and transportation costs depend on the method and distance the hydrogen is
transported in most cases; the further the hydrogen needs to be transported, the higher the
price. Table 13 presents average data for hydrogen storage and transportation.

Table 12. Comparative analysis of technological readiness of possible options for storing and
transporting hydrogen.

Storage + Transportation TRL Key Takeaway

S1.1 + T1 TRL 9–10 + TRL 8–9 High technological readiness
S1.2 + T1 TRL 4 + TRL 8–9 Low technological readiness
S1.3 + T1 TRL 3 + TRL 8–9 Low technological readiness
S1.4 + T1 TRL 5 + TRL 8–9 Low technological readiness
S1.1 + T2 TRL 9–10 + TRL 11 High technological readiness
S1.2 + T2 TRL 4 + TRL 11 Low technological readiness
S1.3 + T2 TRL 3 + TRL 11 Low technological readiness
S1.4 + T2 TRL 5 + TRL 11 Low technological readiness
S2 + T2 TRL 11 + TRL 11 High technological readiness
S3 + T2 TRL 11 + TRL 11 High technological readiness
S3 + T4 TRL 11 + TRL 11 High technological readiness
S4 + T2 TRL 6–7 + TRL 11 Medium technological readiness
S4 + T5 TRL 6–7 + TRL 11 Medium technological readiness
S5 + T2 TRL 8–9 + TRL 11 High technological readiness
S5 + T3 TRL 8–9 + TRL8–9 Medium technological readiness
S6 + T2 TRL 2–3 + TRL 11 Low technological readiness
S7 + T2 TRL 4–5 + TRL 11 Low technological readiness

The results show that the most cost-competitive technologies are those for transport-
ing hydrogen through pipelines from underground storage facilities. At the same time,
transportation through 48 mm pipelines is cheaper, as are technologies for transporting
ammonia by special tankers and liquid organic hydrogen carrier tankers. Moreover, the cost
of transporting hydrogen in the form of ammonia and LOCH is practically independent of
the distance.

From a safety and environmental perspective, hydrogen is a flammable gas, and its
release may create a fire or explosion risk, mainly if the release occurs near a spark or open
flame. Hydrogen is burned at shallow threshold explosive concentrations. A hydrogen
leak can create hazardous situations for people near the leak. In this regard, increased
requirements for warehouse and transport vehicles are necessary, and exceptional safety
measures and strict standards must be observed.

Hydrogen released into the natural environment can affect living organisms and
ecosystems. It may depend on the hydrogen concentration and duration of exposure.
Hydrogen leaks during storage and transportation can lead to its accumulation, increasing
the concentration of gases in the greenhouse effect. It could increase global warming.
Transportation by truck has higher emissions of greenhouse gases and air pollutants
than pipelines. At the same time, the use of renewable energy sources in transport can
significantly reduce them.

The study results showed that storing hydrogen in underground storage facilities in a
gaseous state and transporting it through pipelines have the most negligible environmental
impact (Table 14).

From this point of view, adsorbent storage and metal hydride storage have good
prospects. However, these technologies are still at a low stage of readiness, and they still
face numerous tests before full commercialization and significant investments. At the same
time, reductions in emissions and leakages can be expected due to the latest developments
and innovations.
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Table 13. Comparative analysis of the competitiveness of possible options for storing and transporting
hydrogen at average prices.

Storage +
Transportation

Storage Price
(Calculated Average to

Date Based on Available
Data) USD/kg

Transportation
(Including Infrastructure Construction and

Operating Costs for Hydrogen Transportation),
USD per kg, per Distance. Average Value

Calculated

Key Takeaway

100 100–2000 2000–8000

S1.1 + T1 0.35 0.3 1.5 7.2

High competitiveness.
The cheapest option,

especially for
short-distance
transportation

S1.2 + T1 1.93 0.3 1.5 7.2 High competitiveness
S1.3 + T1 - 0.3 1.5 7.2
S1.4 + T1 1.24 0.3 1.5 7.2 High competitiveness
S1.1 + T2 0.35 3.3 30 100
S1.2 + T2 1.93 3.3 30 100
S1.3 + T2 - 3.3 30 100
S1.4 + T2 1.24 3.3 30 100
S2 + T2 0.6 3.3 30 100
S3 + T2 2.74 3.3 30 100

S3 + T4 2.74 2.75 2.78 2.95

High competitiveness.
The price is practically

independent of the
distance

S4 + T2 5.2 3.3 30 100

S4 + T5 5.2 2.8 2.9 2.9

High competitiveness.
The price practically

does not depend on the
distance

S5 + T2 4.87 3.3 30 100
S5 + T3 4.87 4.2 4.6 6.4
S6 + T2 - 3.3 30 100
S7 + T2 - 3.3 30 100

Table 14. Comparative analysis of possible options for combining hydrogen storage and transporta-
tion in terms of environmental impact.

Storage + Transportation Emissions and Leaks Environmental Pollution

S1 + T1 Insignificant No
S1 + T2 Insignificant Yes
S2 + T2 Insignificant Yes
S3 + T2 Insignificant Yes
S3 + T4 Insignificant Yes
S4 + T2 Significant Yes
S4 + T5 Significant Yes
S5 + T2 Significant Yes
S5 + T3 Significant Yes
S6 + T2 Insignificant Yes
S7 + T2 Insignificant Yes

6. Conclusions

The review and meta-analysis of the data available in the literature on the environ-
mental and economic parameters of hydrogen storage and transportation technologies
showed that salt caverns and pipelines are the most promising methods for storing and
transporting hydrogen today. This method has been well studied, is at a high stage of
readiness, is competitive in price, and does not cause significant environmental damage.



Resources 2024, 13, 92 21 of 24

Our data showed that the average storage price in this aggregate method was 0.35 USD/kg.
At the same time, the price of transportation ranges from 0.3 to 7.2 USD/kg, depending on
the distance. This method is attractive because it is already well known and does not have
a negative impact on the environment.

Our findings coincide with the studies of other scientists. Considering the operating
footprint of storage and transportation, gaseous hydrogen transported via a pipeline is a
better alternative from an environmental point of view, and it has a lower energy footprint
(38–85%) than the other options. Storage and transport (without construction) could
have accounted for around 35.5% of the total GHG footprint of a hydrogen value chain
(production, storage, transportation, and losses) if liquidated and transported via road
transport instead of a pipeline [73].

Pipelines are the most economical way to transport hydrogen, but their construction
requires significant investments. Material-based storage technologies are preferred in
application scenarios involving medium to long-term hydrogen storage due to their higher
bulk density, chemical stability, and safety. However, pipelines have significant limitations.
These methods are only competitive where pipelines exist; constructing new pipelines will
involve substantial costs and many procedures related to obtaining construction permits.
Adsorbent and metal hydride storage technologies have good prospects but require further
research and development. At the same time, reductions in emissions and leakages can be
expected due to the latest developments and innovations.

As the main contribution of this study to the existing literature, we can highlight the
obtained estimates of economic, environmental, and safety parameters not of separate tech-
nologies but of the related stages of the hydrogen supply chain: storage and transportation.
Combining the obtained results with detailed studies of hydrogen production technologies,
it is possible to obtain estimates of the complete hydrogen supply chain.

At the same time, our study has some limitations. To obtain the results, we relied
on secondary data obtained from various organizations. Data accounting methods are
constantly updated, including, over time, indicators are updated and supplemented with
retrospective information. The use of such estimates is often controversial and limits
research. It is worth noting that there is a limited amount of data on the impact of hydrogen
energy on the environment, which has recently become increasingly important. Further
research requires a more thorough study of this particular aspect.

In addition, this study only considered carbon emissions as an environmental parame-
ter, whereas in practice, other categories of environmental impacts need to be considered.
Meta-analysis of this type of data will be the next step in the development of this study in
the future.
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