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1. Introduction

Abstract

This research provides a detailed study of modern methods of hydrogen transporta-
tion in the context of a forthcoming global hydrogen economy. With rising visibility
as a multi-purpose energy carrier with the capacity to reduce fossil fuel consumption,
viable transport means are now critical for bridging production and consumption lo-
cations. This study compares five major transport options—compressed gaseous hy-
drogen, pipelines, liquid hydrogen, ammonia, and Liquid Organic Hydrogen Carriers
(LOHCs) within a framework considering economic sustainability, technical readi-
ness, and scalability in varying distances and application environments. Findings re-
veal that the best transportation means vary greatly with conditions. Pipelines are the
most economical means for short distances (<500 km), with transport prices for ex-
isting infrastructure starting from $0.1-0.2 USD/kg for routes under 100 km. Chem-
ical carriers like ammonia are favored for overseas transport beyond 5,000 km. Each
method has specific challenges to overcome; material compatibility and hydrogen
embrittlement are universal concerns; liquefaction consumes 30-40% of the hy-
drogen's energy value; and chemical carriers have conversion inefficiencies of 15-
35%. The development of infrastructure is constrained by high capital investment,
geography, and uneven regulation. The research recommends developing inter-
modal transport networks with complementary modes, strategic investment in high-
usage corridors, acceleration in technical research in priority areas, establishment of
harmonized international standards, and application of targeted policy support
measures. These combined actions can address existing challenges and help deliver
effective, economic hydrogen transport networks to achieve worldwide clean energy
objectives. No single transport means can be a panacea; a situation-specific, com-
bined solution has the best possibility to be a leader.

Keywords

Hydrogen transportation; Hydrogen economy; Hydrogen pipelines; Energy carriers;
LOHCs; Ammonia

Hydrogen has emerged as a critical component in the global transition toward sustainable energy systems. As a ver-
satile energy carrier with a current market value of $183 billion as of 2022, hydrogen supports crucial industries,
including agriculture and petrochemicals, while offering significant potential to reduce dependence on fossil fuels
[1]. Furthermore, despite its promising applications, hydrogen's status as the smallest and lightest element in the
universe presents substantial challenges for transportation and delivery systems.
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1.1 Definition of Hydrogen as a Sustainable Fuel

Hydrogen represents a promising sustainable fuel option that produces only water when combusted or used in fuel
cells, making it attractive for clean energy applications. Unlike conventional fossil fuels, hydrogen can be produced
through various methods, including renewable energy sources, positioning it as a key element in future energy sys-
tems [2].

1.1.1 Physical and chemical properties relevant to transport

Hydrogen's physical and chemical properties significantly impact transportation logistics, as studies demonstrate.
Nevertheless, with a density of only 0.09 kg/m? at standard temperature and pressure, hydrogen requires compression,
liquefaction, or chemical bonding to achieve practical energy density for transportation. Its small molecular size leads
to challenges related to material compatibility, as hydrogen molecules can permeate through many conventional ma-
terials, resulting in leakage and potential embrittlement of metals [3].

1.1.2 Green, Blue, and Gray hydrogen classifications
The environmental impact of hydrogen varies based on its production method, reflected in color-based classifications:
Green hydrogen is produced via electrolysis powered by renewable energy sources, resulting in minimal carbon
emissions throughout its lifecycle [4].
Blue hydrogen is derived from natural gas through steam methane reforming, with carbon capture and storage
(CCS) technology to reduce emissions [2].
Gray hydrogen is produced from fossil fuels without carbon capture, representing the most common but environ-
mentally problematic production method [5].

Captiire ™
2020 i i 2030

GREY BLUE
I o, | GREEN o
HYDROGEN K5 HYDROGEN JEEEE HYDROGEN -

ut

COAL REFORMING NATURAL GAS REFORMING WATER ELECTROLYSIS
NATURAL GAS BIOMETHANE  (GASIFICATION)
BIOMETHANE BIOMASS

TRANSPORTATION & STORAGE

o © a Q —

TRANSPORTATION CHEMICAL INDUSTRIES ENERGY &. STORAGE LIQUEFACTION & EXPORT
Figure 1. Visualization of the 3 hydrogen (H:) production routes.

These classifications are critical when evaluating the overall sustainability of hydrogen transportation systems, as
the environmental benefits of clean hydrogen can be diminished if transportation methods are energy-intensive or
inefficient.

1.1.3 Energy density considerations for transportation
Energy density fundamentally impacts transportation economics and practicality. Hydrogen's volumetric energy den-
sity varies dramatically across different states:

Compressed gaseous hydrogen (200 bar): approximately 14.94 kg/m?

Liquid hydrogen: approximately 70.96 kg/m?

Hydrogen bound in carriers like Liquid Organic Hydrogen Carriers (LOHCs): up to 56 kg/m?

Hydrogen in ammonia (assuming 80% recovery): higher density equivalent

These differences in energy density directly influence infrastructure requirements, transportation costs, and overall
system efficiency [6].
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1.2 Importance of Hydrogen Transportation in Renewable Energy Development

1.2.1 Hydrogen as energy vector and storage medium

Hydrogen functions as an energy vector, enabling the conversion of renewable electricity into a storable, transportable
form. This capability addresses the intermittency challenges associated with renewable energy sources like solar and
wind power. As global hydrogen production is projected to reach 240 million metric tons annually by 2040—double
today's production—efficient transportation systems become increasingly critical to connect production sites with
end-users [7].

1.2.2 Role in decarbonizing hard-to-abate sectors

Industries such as steel manufacturing, heavy transportation, and high-temperature industrial processes present sig-
nificant decarbonization challenges. Hydrogen offers one of the few viable pathways to reduce emissions in these
hard-to-abate sectors (i.e., industries where reducing greenhouse gas emissions is technologically difficult or prohib-
itively expensive), particularly when electrification is impractical. Developing cost-effective hydrogen transportation
systems is essential to delivering clean hydrogen to these industries [8].

1.2.3 Enabling international clean energy trade

The geographic disparity between optimal hydrogen production locations (areas with abundant renewable resources)
and major consumption centers necessitates robust international trade networks. As illustrated in Figure 2 from an
IRENA report, we can see how interdependent and interconnected the world's hydrogen imports and exports are. The
longest route of transport on the map is the port of Rotterdam in the Netherlands to Australia that spans 23,957
kilometers, and other shipping routes range between 5,000-7,000 kilometers, highlighting the need for efficient long-
distance transportation solutions [9].
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Figure 2. Bilateral trade announcements for global hydrogen trade until March 2022 [9].
1.3 Research Objective

This research aims to provide a comprehensive analysis of modern hydrogen transportation methods, evaluating their
relative advantages, limitations, and potential applications across various scenarios. By examining current technolo-
gies and emerging solutions, this study seeks to identify the most promising approaches for enabling the global hy-
drogen economy while acknowledging that no single transportation method represents a universal solution.

1.4 Comparison Framework

To effectively assess hydrogen transportation methods, this report employs a structured framework examining three
critical dimensions:
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1.4.1 Economic viability metrics

The economic analysis considers levelized transportation costs ($/kg Hz), infrastructure investment requirements,
operational expenses, and potential future cost reductions through technological learning and economies of scale.
Cost evaluations account for distance-dependent factors, recognizing that optimal transportation methods vary sig-
nificantly across short (<500 km), medium (500-5000 km), and long-distance (>5000 km) applications [10].

1.4.2 Technological readiness assessment

Each transportation method is evaluated based on its technology readiness level (TRL), commercial deployment
status, remaining technical challenges, and projected timeline for widespread implementation. This assessment helps
distinguish between established technologies like compressed gas transport and emerging options such as novel liquid
organic hydrogen carriers [11].

1.4.3 Scalability criteria

Scalability evaluation examines each method's capacity to meet projected hydrogen demand growth, including volu-
metric efficiency, infrastructure expansion potential, material constraints, and compatibility with existing energy
transportation systems. The assessment considers both near-term implementation feasibility and long-term scaling
capabilities to support a mature hydrogen economy [12].

2. Methods of Hydrogen Transportation

Hydrogen, being the smallest and lightest element in the universe, presents unique challenges for transportation and
delivery. Despite regional variations in resources, technology, and infrastructure, millions of metric tons of hydro-
gen are transported globally each year instead of being produced locally [1]. This section examines the primary
methods of hydrogen transportation, evaluating each based on technical specifications, economic viability, techno-
logical readiness, and scalability potential.
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Figure 3. Scope of the modeling framework used for global hydrogen [9].

2.1 Gaseous Hydrogen Transportation
2.1.1 Compressed gaseous hydrogen tanks

2.1.1.1 Technical specifications and storage systems
Compressed gaseous hydrogen represents the most common transportation method in today's market [ 12]. Hydrogen
is typically produced at 20 to 50 bar pressure and must be further compressed to 180 bar or higher for effective
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storage and transportation economics. The primary vehicle for transport is specialized trucks known as tube trailers,
which carry high-pressure cylinders designed to withstand the required pressures while maintaining safety standards.

A standard 42,000-liter tube trailer operating at 200 bar pressure can transport approximately 627.48 kg of hy-
drogen, achieving a volumetric density of 14.94 kg/m? [9]. This relatively low density highlights one of the funda-
mental challenges of gaseous hydrogen transportation—the limited quantity that can be moved per shipment com-
pared to other methods.

2.1.1.2 Economic viability

The economic profile of compressed gaseous hydrogen transportation varies significantly with distance. According
to industry analyses, transportation costs range between 0.1-1 USD/kg for distances up to 100 km, increasing to 1-
2 USD/kg for distances between 100-500 km [11]. This makes compressed hydrogen economically viable primarily
for short to medium distances.

While the operational costs are relatively high compared to pipelines, the initial capital expenditure is signifi-
cantly lower. A hydrogen trailer mounted on a semi-truck typically costs between $50,000-100,000, making it ac-
cessible to smaller operations that cannot afford the substantial infrastructure investments associated with alternative
methods [7].

2.1.1.3 Technological readiness
With a global tube trailer market valued at approximately $276.3 million in 2020, the technology for compressed
gaseous hydrogen transportation is well-established and commercially available [12]. The industry has developed
standardized systems with robust safety features to address the unique challenges of hydrogen's high diffusivity and
wide flammability range.

Current technology development focuses on increasing storage pressures (up to 700 bar for some applications)
and improving composite materials for tank construction to reduce weight while enhancing safety [3].

2.1.1.4 Scalability assessment

The scalability of compressed gaseous hydrogen faces significant limitations, particularly for large-volume or long-
distance transportation needs. The low volumetric density means that substantial quantities require numerous trailer
shipments, quickly rendering the economics unfavorable beyond 500 km [7].

For the emerging global hydrogen economy with transportation distances often exceeding 5,000 km, as illustrated
in IRENA's international trade projections, compressed gaseous transportation becomes prohibitively expensive and
logistically impractical. This limitation has driven the development of alternative transportation methods better
suited for large-scale, long-distance hydrogen movement [6].

2.1.2 Pipeline transportation

2.1.2.1 Technical aspects and infrastructure

Pipeline transportation represents the most established method for continuous, high-volume hydrogen delivery.
Currently, approximately 1,600 miles (2,575 kilometers) of dedicated hydrogen pipelines exist in the United States
and about 13,760 miles (22,145 kilometers) in the European Union, with Germany leading at 2,378 miles (3,827
kilometers) [13].

The world's first industrial hydrogen pipeline was constructed in 1938 in Germany's Rhine-Ruhr region, spanning
240 km. This early system, built from steel pipe with a diameter of 25-30 cm, operated at relatively low pressures
of 10-20 bar [13]. Modern hydrogen pipelines typically operate at higher pressures, between 30-100 bar, to improve
transportation efficiency.

A significant technical challenge for hydrogen pipelines is the phenomenon of hydrogen embrittlement, where
hydrogen molecules penetrate the metal structure, causing reduced ductility and potential premature failure. This
requires specialized pipeline materials or protective coatings to ensure long-term operational safety [3].

2.1.2.2 Economic viability

Pipeline transportation offers the lowest operational costs for hydrogen delivery, particularly for distances under
500 km, where costs can fall below 0.1 USD/kg [11]. However, the economic equation is significantly impacted by
the substantial capital expenditure required for pipeline construction or conversion.
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Retrofitting existing natural gas pipelines for hydrogen service costs between $600,000-$1.2 million per kilome-
ter for onshore transmission, $1.3 to $3.1 million per kilometer for subsea transmission, and $100,000 to $200,000
per kilometer for distribution pipelines. New dedicated hydrogen pipeline construction costs are even higher: $2.4
to $4.5 million per kilometer for onshore transmission, $4.7 to $7.1 million per kilometer for subsea transmission,
and $300,000 to $700,000 per kilometer for distribution networks [13].

These high upfront costs explain why major pipeline projects typically involve billion-dollar investments, requir-
ing substantial long-term volume commitments to achieve economic viability.

Onshore tr ission pipeli Sub. transmission pipeli Distribution pipelines
Description Large, high pressure transmission Large, high pressure transmission Smaller, lower pressure pipelines for
pipelines transporting gas on land pipelines transporting gas through last-mile gas delivery to end users
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Figure 4. Comparing Hydrogen Pipelines.

2.1.2.3 Technological readiness

While hydrogen pipeline technology is mature and commercially deployed, ongoing research focuses on reducing
hydrogen permeation rates and improving containment efficiency. Companies like ADNOC (Abu Dhabi National
Oil Company) are partnering with research institutions to develop advanced coatings for existing pipelines to en-
hance performance for hydrogen service [3].

The environmental implications of hydrogen leakage have gained increased attention following research from the
CICERO Center for International Climate Research, which identified hydrogen as having a GWP100 (Global
Warming Potential over 100 years) of 11.6 + 2.8. This means that one metric ton of hydrogen released into the
atmosphere has a warming effect equivalent to approximately 11.6 metric tons of CO, highlighting the importance
of minimizing leakage from transportation systems [14].

2.1.2.4 Scalability assessment

The scalability of pipeline infrastructure represents both a significant challenge and an opportunity. With over 3
million miles of natural gas pipelines in the United States and over 2 million miles in the European Union, the
potential for repurposing existing infrastructure for hydrogen transport is substantial [13].

However, hydrogen's smaller molecular size compared to methane creates challenges for direct use without mod-
ifications. Current safe blending limits in natural gas pipelines typically range from 5-20% hydrogen by volume,
depending on the specific pipeline characteristics and regulatory environment [15]. Research from UC Riverside
found that a 10% hydrogen blend increases leak flow rates by approximately 5% compared to pure methane, while
a 20% blend increases leak rates by about 10% [3].

For dedicated hydrogen service or higher blend percentages, significant pipeline upgrades are necessary, involv-
ing substantial time and investment. This transition challenge represents one of the primary barriers to rapidly scal-
ing hydrogen pipeline infrastructure to meet projected future demand.
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2.2 Liquid Hydrogen Transportation
2.2.1 Cryogenic liquid hydrogen

2.2.1.1 Technical process and requirements

Cryogenic liquid hydrogen transportation involves cooling hydrogen to its liquefaction temperature of -253°C (-
423°F), just 20 degrees above absolute zero. At this temperature, hydrogen transitions from gas to liquid state,
achieving a volumetric density approximately 800 times greater than ambient gaseous hydrogen [16].

The liquefaction process requires specialized equipment with multiple stages of compression and cooling. Mod-
ern liquefaction plants typically utilize the Claude or modified Claude cycle, employing a combination of compres-
sion, expansion, and heat exchange to achieve the extremely low temperatures required [16].

Transportation of liquid hydrogen requires specialized double-walled, vacuum-insulated tanks to minimize heat
transfer and boil-off. Despite advanced insulation technologies, a typical boil-off rate of 0.3-0.5% per day remains
unavoidable, necessitating venting systems or re-liquefaction capabilities for longer transport durations [17].

2.2.1.2 Economic viability

The economics of liquid hydrogen transportation are significantly influenced by the high energy requirements for
liquefaction. A U.S. Department of Energy study estimated that liquefaction consumes approximately 30-40% of
the hydrogen's energy content, with energy requirements ranging from 10-13 kWh/kg of hydrogen [16].

Liquefaction plant capital costs scale with capacity, ranging from approximately $50 million for a 6,000 kg/day
facility to $800 million for a 200,000 kg/day operation. Once liquefied, transportation costs by specialized trucks
range from 1-2 USD/kg for distances up to 500 km, while shipping costs for distances between 1,000-5,000+ km
often exceed 2 USD/kg [17].

When combined with liquefaction costs of $1.70-1.81 per kg (depending on scale) and the energy losses associ-
ated with the process, liquid hydrogen represents a relatively expensive transportation option. However, for long-
distance, high-volume transport where pipelines are not feasible, it often remains the most practical approach despite
these costs [16].

2.2.1.3 Technological readiness
Cryogenic hydrogen technology is well-established, with commercial-scale liquefaction plants operating worldwide.
Significant technological developments continue to emerge, particularly in the maritime shipping sector. Kawasaki
Heavy Industries has developed specialized cargo containment systems for liquid hydrogen tankers, receiving ap-
proval from classification society ClassNK in 2023 for vessels designed to carry 160,000 m* of liquid hydrogen
(40,000 m? per containment unit) [15].

Research efforts are focused on improving liquefaction efficiency and reducing boil-off rates during transporta-
tion and storage. Advanced insulation materials, active refrigeration systems, and optimized tank designs represent
key areas of ongoing development [16].

2.2.1.4 Scalability assessment

Liquid hydrogen offers substantially improved volumetric density compared to compressed gas, making it more
scalable for large-volume transportation. Studies indicate that the same 42,000-liter trailer that carries 627 kg of
compressed hydrogen (200 bar) can transport approximately 2,980 kg in liquid form, representing a nearly 5-fold
increase in capacity [17]. However, the intensive energy requirements, specialized infrastructure needs, and han-
dling complexities associated with cryogenic temperatures present significant barriers to rapid scaling. The devel-
opment of larger-scale maritime shipping capabilities, exemplified by Kawasaki's projects, will be critical to ena-
bling international liquid hydrogen trade at the volumes projected for future hydrogen economies [16].

2.2.2 Ammonia as a hydrogen carrier

2.2.2.1 Technical process and properties

Ammonia (NHs) represents one of the most promising hydrogen carrier molecules, containing 17.6% hydrogen by
weight. The production of ammonia via the Haber-Bosch process, initially commercialized in the early 20th century,
combines nitrogen from the air with hydrogen under high pressure (150-300 bar) and moderate temperature (400-
500°C) in the presence of an iron catalyst [10].
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Ammonia can be transported as a liquid at modest pressure (8-10 bar) at ambient temperature or refrigerated to -
33°C at atmospheric pressure. Upon reaching its destination, ammonia can be converted back to hydrogen through
catalytic decomposition (cracking) at temperatures of 400-700°C, typically yielding hydrogen with 99.5-99.9% pu-
rity after additional purification steps [14].

The established ammonia production and transportation infrastructure represents a significant advantage, with
approximately 239.4 million metric tons produced globally in 2022, supported by extensive international shipping,
storage, and handling capabilities [10].

2.2.2.2 Economic viability

Ammonia offers compelling economics for long-distance hydrogen transportation when existing infrastructure can
be leveraged. A comparative analysis of transportation costs between Rotterdam and Australia (approximately
10,850 nautical miles) found that ammonia offered the lowest intermediate storage and shipping costs at $0.56/kg
of hydrogen, excluding conversion and reconversion expenses [10].

However, when including all process steps—initial hydrogen production, conversion to ammonia, transportation,
reconversion to hydrogen, and final purification—total costs for distances above 5,000 km often exceed $2 USD/kg
of hydrogen. The conversion and reconversion processes represent approximately 50-60% of this total cost [14].

Industry projections indicate potential for significant cost reductions through scale economies, technological im-
provements in catalysts, and integrated system designs. The International Renewable Energy Agency (IRENA)
forecasts potential ammonia transport cost reductions to below $1 USD/kg for long-distance transportation by 2030,
driven primarily by improved conversion efficiency and larger shipment volumes [10].

Hydrogen transport using ammonia
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Figure 5. Factors contributing to the reduction of ammonia transport cost.

2.2.2.3 Technological readiness
The ammonia production, transportation, and storage technologies are mature and commercially established world-
wide. Maritime shipping capacity continues to expand, with companies like Maersk ordering new 93,000 m? am-
monia tankers capable of carrying the equivalent of 11,160,000 kg of hydrogen (delivery expected by 2026) [14].
The technological development focus has shifted to optimizing the ammonia cracking process for hydrogen re-
covery. Current systems typically operate at 400-700 °C with various catalyst formulations based on ruthenium,
nickel, or iron. Advanced membrane technologies are being developed to improve hydrogen separation and purifi-
cation efficiency after the cracking process [10].

2.2.2.4 Scalability assessment

Ammonia's established global production and distribution infrastructure provides a significant advantage for rapid
scaling of hydrogen transportation. The existing ammonia industry, valued at approximately $205.3 billion, offers
immediately available transportation pathways that can be leveraged without the massive infrastructure investments
required for new hydrogen-specific systems [14].

However, ammonia's toxicity presents a notable challenge for expanded use, particularly in densely populated
areas. Exposure to high concentrations can cause severe respiratory damage, blindness, or death, necessitating ro-
bust safety systems and careful facility siting. Despite these challenges, the combination of existing infrastructure
and high hydrogen density makes ammonia one of the most promising carriers for the global hydrogen trade system
envisioned for the coming decades [10].

DOI: 10.26855/jepes.2025.06.004 35 Journal of Electrical Power & Energy Systems



Badr Al-Mutairi et al.

2.2.3 Liquid Organic Hydrogen Carriers (LOHCs)

2.2.3.1 Technical process and materials

Liquid Organic Hydrogen Carriers (LOHCs) represent an emerging class of hydrogen transportation methods that
utilize reversible hydrogenation of organic compounds. These carrier molecules, typically aromatic hydrocarbons
such as toluene, benzyltoluene, or methylcyclohexane, can absorb and release hydrogen through catalytic reactions
[7].

The hydrogenation process typically occurs at moderate temperatures (150-200 °C) and pressures (25-50 bar) in
the presence of suitable catalysts, often platinum or nickel-based. The resulting hydrogenated carrier is a stable
liquid that can be transported using conventional infrastructure. At the destination, dehydrogenation occurs at ele-
vated temperatures (250-320 °C) and lower pressures (1-3 bar), releasing the stored hydrogen for purification and
use [3].

LOHC:s offer impressive volumetric hydrogen densities—benzyltoluene-based systems can achieve 54-56 kg of
hydrogen per m3, compared to 14.94 kg/m? for 200 bar compressed gas and 70.96 kg/m? for liquid hydrogen [3].

2.2.3.2 Economic viability

The economic profile of LOHC systems is heavily influenced by the energy requirements for hydrogenation and
dehydrogenation processes, as well as the capital costs for the specialized catalytic reactors. Current estimates place
the total cost for long-distance transportation (>5,000 km) between $2-3 USD/kg of hydrogen, with the dehydro-
genation process typically representing the largest cost component [7].

A key economic advantage of Liquid Organic Hydrogen Carriers (LOHCs) is their compatibility with existing
liquid fuel infrastructure. Minimal modifications are required to adapt conventional tanker trucks, vessels, and stor-
age facilities designed for petroleum products, potentially saving billions in infrastructure development costs com-
pared to hydrogen-specific systems [7].

The carrier molecules themselves represent a recurring cost, though their cyclical nature (being reused after de-
hydrogenation) mitigates this expense over multiple transportation cycles. Degradation rates of 0.1-0.5% per cycle
necessitate periodic replenishment, adding marginally to operational costs [3].

2.2.3.3 Technological readiness
While LOHC technology was initially proposed in 1975, commercial development has accelerated significantly in
the past decade. Companies including Hydrogenious (using dibenzyltoluene), Chiyoda Corporation (using methyl-
cyclohexane in their SPERA Hydrogen system), and OCOchem (using formic acid) have developed commercial-
scale systems with varying technical approaches [3].

Current technological development focuses on improving catalyst efficiency and longevity, reducing energy re-
quirements for dehydrogenation, and optimizing system integration. The technology has progressed from laboratory
demonstration to small commercial deployments, with several systems now operating at multi-ton capacities [7].

2.2.3.4 Scalability assessment

LOHC:s offer several advantages for scalability in the emerging hydrogen economy. Their compatibility with exist-
ing petroleum transport infrastructure provides an immediate pathway to expansion without requiring specialized
cryogenic equipment or high-pressure systems. Additionally, many LOHC materials exhibit favorable safety char-
acteristics—dibenzyltoluene, for instance, has a high flash point of 112.5 °C and remains non-explosive even when
loaded with hydrogen. The ambient temperature and pressure transportation conditions eliminate boil-off losses
associated with cryogenic systems and reduce safety concerns compared to high-pressure gas or toxic ammonia.
These characteristics position LOHCs as potentially ideal carriers for hydrogen distribution in populated areas or
for end-user delivery applications [7]. However, the energy intensity of the dehydrogenation process and the re-
quired reactor infrastructure at distribution points represent significant barriers to rapid scaling. Current estimates
suggest that 30-40% of the hydrogen's energy content is consumed in the release process, highlighting the need for
continued efficiency improvements to achieve economic viability at a global scale [3].

2.3 Comparative Matrix of Transportation Methods

2.3.1 Cost comparison across distance ranges
The economic viability of hydrogen transportation methods substantially varies significantly with distance, as illus-
trated in Table 1. Nevertheless, studies indicate that for short distances (<100 km), predominantly pipelines offer
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the lowest cost option when infrastructure exists, while compressed hydrogen provides flexibility despite higher
costs. As distances increase beyond 500 km, liquid carriers like ammonia and LOHCs become increasingly com-
petitive, particularly for international shipping beyond 5,000 km.

Table 1. Approximate Hydrogen Transportation Costs by Method and Distance (USD/kg)

Transportation Method <100 km 100-500 km 500-1000 km 1000-5000 km >5000 km
Pipeline (existing) 0.1-0.2 0.2-0.3 0.3-0.5 0.5-1.0 1.0-2.0
Pipeline (new) 0.3-0.5 0.5-1.0 1.0-2.0 2.0-3.0 >3.0
Compressed Gas (200 bar) 0.1-1.0 1.0-2.0 2.0-3.0 >3.0 Impractical
Liquid Hydrogen 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 >3.0
Ammonia 1.5-2.0 1.5-2.0 1.5-2.0 1.0-2.0 1.0-2.0
LOHCs 1.5-2.0 1.5-2.0 1.5-2.0 1.5-2.5 2.0-3.0

Note: Costs exclude production, conversion, and reconversion expenses where applicable. Actual costs vary based on scale, specific routes, and market
conditions. Data synthesized from multiple sources [7, 10, 11].

2.3.2 Technology readiness level summary
The technological maturity of transportation methods significantly impacts implementation timelines and risk pro-
files. Table 2 summarizes the current technology readiness levels and key development focuses for each method.

Table 2. Technology Readiness Assessment of Hydrogen Transportation Methods

Transportation Method Readiness Level Commercial Deployment Status Key Development Focus Areas
Pineli . Established industrial networks Materials for hydrogen service, Permea-
ipeline High .. . . L
(limited) tion reduction. Blending limits
. . . Higher pressure systems, Composite ma-
Compressed Gas High Widely deployed commercially terials, Weight reduction
Liqui . . . - . Liquefaction efficiency, Boil-off reduc-
iquid Hydrogen Medium-High Industrial scale, Limited shipping . -
tion, Maritime transport
Ammonia High Global production and shipping Cracking efficiency, Catalyst longevity,

Purification systems
Dehydrogenation efficiency, Catalyst de-

LOHCs Medium Early commercial demonstration . .
velopment, System integration

Note: Assessment based on consolidated information from [3, 7, 17].

2.3.3 Scalability potential evaluation

The potential for rapid deployment at a global scale varies substantially between transportation methods, influenced
by factors including existing infrastructure compatibility, energy efficiency, safety characteristics, and technical
complexity. Table 3 evaluates these factors across the primary transportation methods.

Table 3. Scalability Factors for Hydrogen Transportation Methods

Transportation Infrastructure Com- . Volumetric Density Scalability Po-
Method patibility Energy Efficiency  Safety Profile (kg Ha/m?) tential
L Limited (new) / High . . Variable (pressure de- High (re-
Pipel High M :
tpetine (retrofitted) Very Hig edium pendent) gional)
Compressed Gas Medium High Medium-Low 15-40 (pressure de- Low(long-dis-
pendent) tance)
Liquid Hydrogen Low Low-Medium Medium 71 Medium
Ammonia High Medium Low (toxic) 121 (17.6% by weight)  High (global)
LOHCs Very High Low-Medium High 54-36 (dibenzyltolu-  High (inte-
ene) grated)

Note: Evaluation synthesized from [3, 10, 16].
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2.3.4 Optimal application scenarios

Each hydrogen transportation method offers distinct advantages in specific contexts, with optimal applications de-
termined by factors including distance, volume, infrastructure availability, and end-use requirements. Table 4 out-
lines the scenarios where each method demonstrates the maximum comparative advantage.

Table 4. Optimal Application Scenarios for Hydrogen Transportation Methods

Transportation Optimal Distance Preferred Volume Scale Ideal Application Scenario
Method Range
Pipeline <1,000 km (regional) Very high Industrial clusters, Regional hydrogen backbones

Compressed Gas <500 km Low to medium Distribution from hubs, Small-scale supply

Liquid Hydrogen 500-10,000+ km Medium to high International shipping without existing infrastructure

Ammonia 1,000-10,000+ km Very high Intercontinental energy tra@e, Fertilizer industry in-
tegration

LOHCs 500-10,000+ km Medium to high Consumer distribution, Integration with liquid fuels

Note: Scenario recommendations based on [3, 10, 11].

The optimal transportation strategy for specific hydrogen projects will often involve combinations of these meth-
ods in integrated supply chains, with different carriers utilized at various stages from production to end-use. How-
ever, as the global hydrogen economy develops, continued technological advancement and infrastructure investment
will likely shift these comparative advantages, potentially enabling more cost-effective and efficient transportation

across all distance ranges.

Table 5. Hydrogen Transportation Methods of Their Advantages and Disadvantages

Method Advantages Disadvantages
Compressed Gaseous Hydro- Estabhshed technplogy. Expenm_ve. for 10ng-d1stance transport.
Suitable for short distances. Limited capacity per tank.
gen Tanks L . . ) . .
Lower initial capital expenditure. Energy-intensive compression.
High initial investment.

. Most economically viable for short distances. Limited to specific areas.

Pipelines

Cryogenic Transportation

Ammonia as a Carrier

Liquid Organic Hydrogen
Carriers (LOHCs)

Offers consistent transportation.

High density for large-scale transport.

Established infrastructure for production and
shipping.
Potential for low-cost long-distance transport.

High storage capacity per volume.

Compatible with existing infrastructure for oil.

Safer handling
Evolving rapidly.

Challenges with leakage and containment.
Environmental concerns.

High costs due to liquefaction.
Technological challenges with storage and ef-
ficiency.

Specialized handling and infrastructure.
Additional costs for cracking and purification.
Safety and environmental concerns.

Cost competitiveness.

Costly hydrogenation and dehydrogenation.
Requires purification.
Technological challenges.

Limited availability and industry maturity.

3. Current Challenges in Hydrogen Transportation

Despite hydrogen's potential as a sustainable energy carrier, significant challenges impede the development of effi-
cient and economical transportation systems. This section examines the technical limitations, infrastructure devel-
opment barriers, and policy considerations that currently constrain the hydrogen transportation landscape.

3.1 Technical Limitations

3.1.1 Material compatibility and hydrogen embrittlement
One of the foremost technical challenges in hydrogen transportation is the phenomenon of hydrogen embrittlement,
where hydrogen atoms penetrate metal structures, causing increased brittleness and potential structural failure, as
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research indicates [3]. Furthermore, evidence suggests that materials used for containment vessels, pipelines, and
storage tanks must withstand the unique properties of hydrogen, including its small molecular size and high diffu-
sivity, as research indicates. According to Zeng and Liu [13], standard carbon steel pipelines used for natural gas
transportation are susceptible to hydrogen embrittlement, necessitating either dedicated hydrogen-compatible ma-
terials or protective coatings for retrofitted infrastructure, according to the literature.

3.1.2 Energy requirements for phase transformation

The conversion of hydrogen into transportable forms demands substantial energy input. Liquefaction of hydrogen
to -253°C requires approximately 30-40% of hydrogen's energy content, representing a significant efficiency loss
[16]. Similarly, the processes of hydrogenation and dehydrogenation in LOHC systems consume between 25-35%
of the energy content of the transported hydrogen [9]. This energy intensity diminishes the overall efficiency of
hydrogen as an energy vector.

3.1.3 Boil-Off and leakage challenges

Hydrogen's physical properties create containment difficulties across transportation methods. Cryogenic liquid hy-
drogen systems face boil-off rates of 0.3-3% per day, depending on tank design and insulation quality [16]. For
compressed gas transportation, hydrogen's small molecular size leads to higher leakage rates compared to natural
gas, with potential leakage increasing by 5-10% for even modest hydrogen blends in existing pipelines [6]. These
losses compound the economic and environmental challenges of hydrogen transport.

3.1.4 Carrier conversion inefficiencies

Chemical carriers like ammonia and LOHCs present their own technical hurdles. The reconversion process from
ammonia to hydrogen typically achieves only 80-85% recovery rates, while LOHC dehydrogenation efficiency
ranges from 85-95% under optimal conditions [10]. The round-trip efficiency of these transport pathways, which
accounts for the energy consumed during conversion and reconversion processes, dictates the overall energy loss.
These energy loss percentages, derived from efficiency data in recent techno-economic analyses, are presented in
Table 6.

Table 6. Conversion Efficiencies of Hydrogen Transportation Methods

Transportation Method Conversion Process Typical Efficiency (%) Energy Loss (% of H. LHV)
Compressed Gas Compression (200-700 bar) 87-92% 8-13%
Liquid Hydrogen Liquefaction (-253°C) 60-70% 30-40%
Ammonia Synthesis & Cracking 80-85% 15-20%
LOHCs Hydrogenation & Dehydrogenation 65-75% 25-35%
Blended Pipeline Blending & Separation 90-95% 5-10%

Source: Compiled from [9, 10].
3.2 Infrastructure Development Barriers

3.2.1 High capital investment requirements

The development of hydrogen transportation infrastructure demands enormous capital investment. New hydrogen
pipeline construction costs range from $0.3-4.5 million per kilometer, depending on diameter and location [13].
Similarly, establishing liquefaction plants requires investments of $50-800 million for capacities ranging from
6,000-200,000 kg/day [1]. This substantial financial burden creates a significant barrier to entry for potential inves-
tors and slows infrastructure development.

3.2.2 Geographic constraints and network planning

The global hydrogen economy faces geographical challenges in aligning production centers with consumption hubs.
As illustrated in Figure 2 from IRENA's report, potential trade routes span distances up to 23,957 kilometers, ne-
cessitating complex logistical planning and multimodal transportation solutions [12]. The optimization of transpor-
tation networks must balance regional resource availability, technological capabilities, and demand patterns to min-
imize costs and maximize efficiency.
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3.2.3 Technological maturity disparities

The varying technological readiness levels across transportation methods create development imbalances. While
compressed gas and pipeline transportation represent mature technologies, cryogenic shipping and LOHC systems
remain in earlier development stages [S]. This disparity complicates infrastructure planning and investment deci-
sions, as stakeholders must weigh near-term feasibility against long-term optimal solutions.

3.2.4 Existing infrastructure compatibility

The potential to leverage existing natural gas infrastructure for hydrogen transportation offers significant cost ad-
vantages but presents compatibility challenges. Current blending limits in natural gas pipelines typically restrict
hydrogen content to 5-20% by volume, depending on pipeline specifications and regional regulations [11]. Retro-
fitting these systems for higher hydrogen concentrations or pure hydrogen service requires substantial modifications
to address material compatibility, compression requirements, and safety concerns.

3.3 Policy and Regulatory Considerations

3.3.1 Standardization and safety protocols

The absence of globally harmonized standards for hydrogen transportation impedes international trade development.
Safety protocols, equipment specifications, and quality standards vary significantly across regions, creating com-
pliance complexities for cross-border transportation [14]. Standardization efforts must address the unique properties
of hydrogen while ensuring compatibility with existing regulatory frameworks for hazardous materials transporta-
tion.

3.3.2 Market development mechanisms

Current policy frameworks often lack adequate mechanisms to stimulate hydrogen transportation infrastructure de-
velopment. According to Razi and Dincer [4], effective market development requires targeted incentives that ad-
dress the high capital costs and extended payback periods characteristic of hydrogen infrastructure investments.
Government support through grants, tax incentives, and public-private partnerships represents essential components
of a conducive policy environment.

3.3.3 Environmental impact assessment

The environmental implications of hydrogen transportation require careful regulatory consideration. Hydrogen leak-
age during transportation contributes to indirect greenhouse warming potential, with recent research suggesting a
GWP100 of 11.6 + 2.8 relative to CO: [6]. Regulatory frameworks must incorporate these environmental impacts
when assessing transportation options and establishing permitting requirements.

3.3.4 International coordination challenges

The development of global hydrogen supply chains necessitates unprecedented international coordination. Bilateral
agreements, as depicted in Figure 6, demonstrate early efforts to establish hydrogen trade relationships, but com-
prehensive frameworks for international hydrogen markets remain underdeveloped [18].

Co-operative agreements on hydrogen development, 2020-2022

Cooperation
2021
2022

Projects
2021
2022

Technology
2021
2022

008

Figure 6. Bilateral agreements on hydrogen development, 2020-2022 [18].
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Regulatory harmonization, trade standards, and cross-border infrastructure planning require multilateral cooper-
ation to facilitate efficient global hydrogen movement. The challenges outlined in this section highlight the com-
plexity of establishing effective hydrogen transportation systems. Technical limitations constrain efficiency and
increase costs, while infrastructure development barriers impede rapid scaling. Policy and regulatory considerations
further complicate the landscape, requiring coordinated efforts across stakeholders and jurisdictions. Addressing
these challenges demands integrated approaches that combine technological innovation, strategic infrastructure in-
vestment, and supportive policy frameworks to realize hydrogen's potential in the global energy transition.

4. Conclusion

Our analysis indicates that each transportation method has specific advantages in specific situations, with no one
solution applicable in all cases. Pipelines provide the lowest-cost transportation for short distances (<500 km), with
transport prices for existing infrastructure starting from $0.1-0.2 USD/kg for routes under 100 km, as shown in
Table 1. Compressed gaseous hydrogen, despite its low volumetric density, offers local distribution flexibility but
becomes infeasible beyond 500 km.

Liquid hydrogen provides high energy density at the expense of an energy-consuming liquefaction process that
utilizes 30-40% of the hydrogen's value. Chemical carriers—LOHCs and ammonia—are best suited for long-dis-
tance international transport. Ammonia can leverage established worldwide infrastructure and has competitive eco-
nomics for distances longer than 5,000 km, though it faces challenges with conversion inefficiencies and toxicity.
LOHC:s provide good safety and compatibility with conventional fuel infrastructure but have energy-hungry dehy-
drogenation processes.

Persistent technical challenges in each method include material incompatibilities, energy requirements for phase
transformation, and containment issues. These are further exacerbated by infrastructure expansion barriers like high
capital requirements, geographical constraints, and regulatory obstacles.

4.1 Recommendations

First, stakeholders should develop integrated multi-modal transportation networks that leverage each method's
strengths rather than viewing them as competing alternatives. Second, infrastructure investments should target high-
utilization corridors while leveraging existing assets like natural gas pipelines and ammonia shipping routes. Re-
search priorities should address critical technical limitations, particularly materials resistant to hydrogen embrittle-
ment, efficient liquefaction processes, and enhanced catalysts for carrier conversion.

International cooperation must establish harmonized standards and regulations, such as those under development
by the International Organization for Standardization's Technical Committee (ISO/TC 197) on hydrogen technolo-
gies, to reduce compliance complexity while ensuring safety. Moreover, policy support mechanisms should bridge
the gap between technological feasibility and commercial viability through financial incentives, performance stand-
ards, and market-based mechanisms. Finally, comprehensive lifecycle assessment frameworks are needed to accu-
rately evaluate sustainability impacts across transportation methods. The transition to global hydrogen transporta-
tion networks requires coordinated efforts spanning technological development, infrastructure investment, policy
formulation, and international cooperation to enable the clean energy transition.
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