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Abstract: Shipping is a critical component of international hydrogen (H2) supply chains, and H2 can be
transported in various forms or media, including liquid hydrogen (LH2), ammonia, methanol, dibenzyl
toluene (DBT), and methylcyclohexane (MCH). To compare the costs associated with shipping H2 in
different forms or media, this study develops an evaluation model to assess the H2 shipping costs on nine
potential international shipping routes. The results indicated that the Australia-East/Southeast Asia, West
Africa-Europe, and Middle East-Europe routes have more competitive H2 shipping costs when compared to
the Australia-Europe and Middle East-East Asia routes. Additionally, methanol has the lowest shipping cost
among all H2 forms or media, followed by ammonia, DBT, MCH, and LH2. However, it is important to note
that the higher cost of producing methanol may offset this advantage when considering the pricing of H2 for
end users.
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1. Introduction

The Paris Agreement signatories have submitted their Nationally Determined Contributions (NDC) to
address climate change. According to the online database “Net zero Tracker” [1], as of May 2023, 128 countries
had set or proposed net-zero greenhouse gas (GHG) emissions targets. Most countries set targets to achieve net-
zero by 2050 or 2060. To this end, the use of hydrogen (H2) is expected to be one of the key deep
decarbonisation options. The main reason is that H2 is an excellent carrier of renewable energy, such as wind,
solar and hydropower, which can be released as heat through combustion, or as electricity using fuel cells, in
both cases the only other input needed is oxygen, and the only by-product is water. Therefore, H2 has the
potential to replace fossil fuels in several scenarios. Many countries issued their H2 strategies, for example,
sixteen out of the top 20 GHG emission countries, responsible for 78.11% of global emissions [2], have clearly
raised H2 to the level of national energy strategies and have formulated relatively straightforward timetables
and roadmaps. According to the predictions, H2 could account for 10-18% of the global energy consumption
mix by 2050 [3-5].

The worldwide H2 demand, the renewable energy resource endowments, unbalanced H2 production costs,
and geopolitical factors drive the formation of international H2 trade [6, 7]. Therefore, the potential of the
international H2 supply chain is vast, and it is expected to form a new international energy supply pattern. The
main pillars of the H2 supply chain are production, storage, transportation, and utilisation. The H2 supply chain
is more complicated than others because of numerous permutations of how H2 being produced, stored,
transported, and utilised, all of which differ in technology, infrastructure, and safety.

Ports and shipping are essential in the international H2 supply chain. Some ports in such countries as
Australia, Japan, South Korea, Singapore, and the Netherlands are preparing for international H2 trade. The
previous study by the authors identified twenty possible early H2 ports, including twelve exporting and eight
importing ports [8]. The H2 shipping routes could appear between these ports. H2 shipping cost, being a costly
part of the supply chains [9], will be a key factor in determining each route’s competitiveness. The H2 shipping
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cost varies depending on the H2 media used. Liquid hydrogen (LH2), ammonia, methanol, and liquid organic
hydrogen carriers (LOHCs), including dibenzyl toluene (DBT) and methylcyclohexane (MCH), are considered
suitable H2 international transportation forms or media. This paper aims to evaluate H2 shipping costs on
different potential international H2 shipping routes considering different H2 forms and media.

2. Methodology and Data

2.1 Methodology

Figure 1 illustrates the scope of the H2 shipping cost evaluation, which encompasses the costs of H2
storage and loading at the exporting port, as well as sea transport cost. The outcome of the evaluation is the
levelised shipping cost of H2 prior to unloading at the importing port. To facilitate this evaluation, this study
develops a cost estimation model in Figure 2. The levelised cost of H2 shipping is calculated by dividing the
total annual cost by the annual quantity of H2 delivered. The total annual cost is comprised of both annualised
capital expenditure (CAPEX) and operational expenditure (OPEX). The annual quantity of H2 delivered is
determined by a range of factors, including the chosen H2 form or media, ship capacity, shipping route, and
number of annual trips. The currency unit used in this study is US dollars ($).
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Figure 1. Hydrogen shipping cost evaluation scope.
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Figure 2. Hydrogen shipping cost evaluation model.

2.2 Data

This study compared the H2 shipping costs using different H2 forms and media, including LH2, ammonia,
methanol, DBT, and MCH, across different shipping routes. Based on the identification of 20 potential early
H2 ports in the previous study by the authors [8], nine potential H2 routes representing Australia-East/Southeast
Asia, West Africa-Europe, the Middle East-Europe, and the Middle East-East Asia were selected to compare
the costs. They are Hastings to Kobe, Townsville to Ulsan, Hedland to Singapore, Bonython to Rotterdam, San
Antonio to Rotterdam, Nouadhibou to Rotterdam, Yanbu to Onahama, and Yanbu to Rotterdam. Figure 3
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provides the information on these H2 shipping routes. Table 1 presents the basic input data for the evaluation.
To ensure comparability of results, the following basic assumptions were made for the input data:

e The net cargo volume of the ships is assumed to be 100,000 m>.

e The capacity of the port tank is also assumed to be 100,000 m? to match the ship's capacity.

e The ship's effective operating time is 330 days per year.

e The ships for transport H2 forms or media use marine gas oil (MGO) as a fuel.

e The economic lifespan of the ship and infrastructure is conservatively considered to be 20 years
for the purpose of evaluating the annualised CAPEX.

e The discount rate is conservatively considered to be 8% in calculating annualised CAPEX.
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Figure 3. Nine hydrogen shipping corridors.

Table 1. Basic input data for the evaluation.

{Australial

Bonyttion e

Item Value Ref.
Ship capacity / terminal tank capacity (m?) 100,000/100,000 /
Ship main engine power (kW) PME = 0.709*DWT — 1963, for DWT < 60,000 tons  [10]
PME =0.328*DWT + 27596, for DWT > 60,000 tons
Ship speed (kn) 16 /
Ship operation days per year 330 /
LH2 ship building cost ($/m?) 1355 [11]
Ammonia ship building cost ($/m?) 1016 [11]
Methanol ship building cost ($/m?) 750 [11]
LOHC ship building cost ($/m?) 0 (using existing chemical tankers) /
Fuel consumption (g/kWh) 190 /
MGO fuel cost ($/ton) 500 /
Canal fee ($/transit) * 25,000 (LH2); 50,000 (Ammonia, methanol, /
LOHCs)
LH2 terminal tank building cost ($/m?) ** 800 /
Ammonia terminal tank building cost ($/m*) ** 600 /
Methanol terminal tank building cost ($/m¥)** 440 /
LOHC terminal tank building cost ($/m?) 0 (using existing infrastructures) /
Loading costs: LH2 /ammonia /Methanol 0.054/0.00303/0.00303/0.0045/0.0045 [12]
/DBT /MCH ($/m?) ***
BOG rate of LH2 (%/day) **** 0.5 [13
BOG rate of ammonia (%/day) 0.05 [14]
BOG rates of methanol, DBT, and MCH 0 /
(%/day)
Carbon price ($/ton) 50 [15]
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Note: * The LH2 ship has low DWT, resulting in low canal fees; ™ The data was obtained from an interview; ™" The loading costs include

the CAPEX of the loading facilities. ™" The BOG rate of LH2 tank was estimated based on the findings of the literature.

Table 2 lists the physical and chemical characteristics parameters of the H2 forms and media used in the
cost evaluation process.

Table 2. Basic properties of hydrogen forms and media.

LH2 Ammonia  Methanol LOHC (DBT) LOHC (MCH)

Composition Hz NH3 CH3;0H C21H3s C7Hi4
Molecular weight (g/mol) 2.0 17.0 32.04 290 98.2
Boiling point (°C) -253.15 -33.15 64.5 353.85 100.85
Density (g/cm?) 0.071 0.682 0.792 0.91 0.769
Hydrogen density by volume (kg/m?) 71 121 99 56.4 473
Hydrogen density by weight (wt%) 100 17.8 12.1 6.21 6.16
Energy density (MJ/kg) 120 18.6 19.9 / /
3. Results

Figure 4 illustrates the levelised shipping cost per kilogram of H2, influenced by the shipping distance.
The Hedland-Singapore route presents the lowest cost, whereas the Bonython-Rotterdam route is the most
expensive. When comparing different H2 transport options, methanol has the lowest shipping cost, followed by
ammonia, DBT, MCH, and LH2. The cost of LH2 shipping ranges from 2.7 to 3.7 times higher than that of
methanol shipping, and 2.1 to 2.6 times, 1.9 to 2.5 times and 1.6 to 2.1 times higher than that of ammonia, DBT
and MCH, respectively.
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Figure 4. Levelised hydrogen shipping cost per kilogram of H2.

In contrast to DBT and MCH, the benefits of using ammonia and methanol as H2 transport media are that
they can be used directly as fuels. If there are ammonia or methanol users at the receiving port, there is no need
to extract H2 from these media. Table 2 demonstrates that their energy densities are acceptable, despite being
significantly lower than that of LH2. Figure 5 depicts the levelised shipping cost per Gigajoule (GJ) for energy
delivery comparison purposes. Methanol has the lowest shipping cost, followed by ammonia and LH2. In terms
of delivered energy amount, the cost of LH2 shipping is 3.8 to 5.0 times higher than that of methanol shipping
and 1.8 to 2.3 times higher than that of ammonia shipping.

Overall, the H2 shipping costs in the Australia-East/Southeast Asia ($0.28-2.35/kgH?2), West Africa-
Europe ($0.40-1.13/kgH2), and Middle East-Europe ($0.60-1.76/kgH2) corridors are comparatively more
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competitive than those in the Australia-Europe ($1.63-5.96/kgH2) and Middle East-East Asia ($1.14-3.73/kgH2)
corridors.
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Figure 5. Levelised hydrogen shipping cost per Gigajoule of energy.

4. Discussion

Production, conversion (liquification, chemical compounding, hydrogenation/dehydrogenation), storage,
shipping, and distribution costs should be considered when pricing H2 for end-users. However, the cost analysis
in this study is limited to H2 storage and loading costs at the exporting port and sea transportation costs.
Methanol is found to have the lowest shipping cost, but its higher conversion cost due to higher electricity
consumption may offset this advantage. The H2 liquefaction process requires power of 11.11-27.78 kWh/kgH2
[16]. Ammonia production via Haber-Bosch process needs 8 MWh/ton ammonia, equivalent to 44.94
kWh/kgH2 [17]. Although exothermic hydrogenation process of LOHCs needs tiny energy, the endothermic
dehydrogenation at the destination requires about 9 kWh/kgH2 [18]. While methanol synthesis using H2 and
carbon dioxide requires 10-11 MWh/ton methanol, or 82.6-90.9 kWh/kgH2 [19], which is about 3-8 times, 2
times, and 10 times higher than conversion electricity consumptions for LH2, ammonia, and LOHCs
respectively. High electricity consumption implies high cost. In H2 exporting countries with expensive
electricity, such as Australia, the drawbacks of utilising high-energy-consumption H2 transport media become
apparent.

Projected cost reductions in H2 production from renewable sources, driven by falling costs of wind and
solar power and water electrolysers, have the potential to significantly lower H2 production costs.
BloombergNEF estimated that green H2 production costs could be as low as $0.7 to $1.6/kg in most countries
by 2050, with potential exporters achieving costs as low as $1.5/kg by 2030 [20]. In H2 importing countries,
by 2030, the production costs could be around €3/kg ($3.07/kg) in European countries [21], $3/kg in Japan [22],
$3/kg in South Korea [23]. Therefore, imported green H2 is more expensive than domestic supply considering
production, conversion and port storage and shipping costs. However, given that the domestic renewable energy
sources are limited in major H2 demand countries, global H2 trading still has considerable potential.

5. Conclusion

This paper adopts the levelised cost approach to assess the H2 shipping costs on nine potential international
shipping routes. The main findings show that the shipping costs for H2 in the Australia-East/Southeast Asia,
West Africa-Europe, and Middle East-Europe corridors are comparatively more competitive than those in the
Australia-Europe and Middle East-East Asia corridors. Besides, methanol has the lowest shipping cost among
all H2 forms and media, followed by ammonia, DBT, MCH, and LH2. However, it is worth noting that the
higher cost of producing methanol offsets this advantage when considering pricing H2 for end-users.

The present study is constrained by its exclusive focus on the costs associated with H2 port storage, loading,
and shipping. To address this limitation, the next phase of the research will involve extending the model to
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account for the costs associated with H2 production, conversion, and overland transportation. Such an expanded
model would permit a comprehensive analysis of H2 costs across the entire supply chain, thus providing
decision-makers with valuable support for pricing H2 commodities.
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