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Hydrogen is commonly perceived as the key player in the transition towards a low-carbon future. Nevertheless,
Hs low energy density hinders its easy storage and transportation. To address this issue, different alternatives
(liquefied hydrogen, ammonia and liquid organic hydrogen carriers) are explored as hydrogen vectors. The
techno-economic assessment of Hy transport through these carriers is strongly dependent on the basis of design
adopted, such that it is difficult to draw general conclusions. In this respect, this work is aimed at performing a
sensitivity analysis on the hypotheses introduced in the layout of Hy value chains. Different scenarios are dis-
cussed, depending on harbour-to-harbour distances, cost of utilities and raw materials and Hy application to the
industrial or mobility sector. The most cost-effective carrier is selected for each case-study: NHs is the most

advantageous for industrial sector, while LH, holds promises for mobility. Critical issues are pointed out for

future large-scale applications.

1. Introduction

Several countries around the world have expressed the intention to
decrease humankind’s dependency on non-renewable and polluting
energy sources such as coal, oil, and gas [1-3]. In this respect, political
actions take place to favour the decarbonization target [4-6]. For
instance, the Energy Union (2015) established the five main aims of
European energy policy, which are [5]:

1. Diversify Europe’s sources of energy, guaranteeing cooperation be-
tween EU countries;

2. Ensure a fully integrated internal energy market, enabling adequate
infrastructure for the free flow of energy through Europe;

3. Improve energy efficiency and reduce dependence on energy
imports;

4. Decarbonise the economy, in line with the Paris Agreement,
increasing the share of renewable energies in energy consumption;

5. Promote research in low-carbon and clean energy technologies.

The distribution of local potential for renewable energy is not
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homogeneous across different regions of the globe, resulting in a
mismatch between energy consumption levels (which depend on pop-
ulation and industrialization density) and the availability of renewable
energy sources. While some regions have abundant potentiality in terms
of sources of green power, others may have limited access. This creates a
need for a more diverse mix of renewable energy sources and technol-
ogies to ensure that the energy demand can be met across different re-
gions. Furthermore, the implementation of renewable energy
technologies and infrastructure requires significant investments in
research, development and deployment, which will necessitate collab-
oration and support from both governments and industry [6]. The
Renewable Energy Directive (EU) 2018/2001, substantially revised in
2018, established a minimum 32% share of renewable energy sources in
the EU’s final energy consumption by 2030.

In this framework, a special role is played by hydrogen. Hy com-
bustion produces no emissions such as COx, NOy and SOy, being an
extremely clean fuel. Its outstanding gravimetric energy storage density,
with each kilogram containing approximately 33 kWh of energy, makes
it be perceived as the key player in the transition towards a low-carbon
future, also considering its various applications in transportation,

Received 17 May 2024; Received in revised form 11 July 2024; Accepted 15 July 2024

Available online 26 July 2024

0360-3199/© 2024 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:elvira.spatolisano@polimi.it
www.sciencedirect.com/science/journal/03603199
https://www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2024.07.241
https://doi.org/10.1016/j.ijhydene.2024.07.241
https://doi.org/10.1016/j.ijhydene.2024.07.241
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2024.07.241&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E. Spatolisano et al.

industrial processes, and power generation [7].

The hydrogen strategy (COM/2020/301) aims to install at least 6
GW of renewable hydrogen electrolysers by 2024 and 40 GW by 2030. It
sets renewable hydrogen production targets of 10 million tonnes for
European domestic production and of 10 million tonnes for imports by
2030. The key element that will impact the economic viability of
hydrogen imports is whether factors such as scale, technologies, and
other efficiencies can counterbalance the expenses associated with
transporting hydrogen from regions where production costs are low to
areas with high demand. To ensure cost-effectiveness in international
trade, the production cost of green hydrogen in the exporting region
must be significantly lower than that in the importing region, enough to
cover the transportation expenses. This cost differential is expected to
widen with the expansion of projects and advancements in technology
aimed at reducing transport costs. According to the report by IRENA,
hydrogen trade will develop largely in regional markets. North Africa
and the Middle East are expected to be the primary trading partners for
Europe, while Australia is poised to primarily supply the Asian market.
Latin America’s intra-regional market is projected to be substantial, with
some exports directed towards Europe. Despite the significant political
actions towards hydrogen implementation on a large scale, hydrogen-
driven economy still suffers from important technical and economic
challenges.

On the one hand, as opposite to traditional fossil fuels, which can be
used whenever needed, any energy system that relies extensively on
renewables must deal with their intermittent nature. Consequently,
energy storage systems are of paramount importance to adjust the sto-
chastic production pattern, to meet energy requirements.

On the other hand, hydrogen low energy density hinders its easy
storage and transportation [8]. To face these issues, research is focused
on providing long term and energy effective Hy storage and trans-
portation concepts, which are discussed in the following section.

2. Hydrogen storage and transportation concepts

Under ambient conditions, a single litre of gaseous hydrogen can
store only 3 Wh of energy. This extremely low density makes Hy storage
and transportation difficult without high levels of compression or
liquefaction. The appropriate storage method depends on size and
duration.

For small scales, up to 1000 kg, hydrogen is typically stored as a
compressed gas in carbon-fibre overwrapped pressure vessels at pres-
sures ranging from 350 to 950 bar. For medium scales, below 20 tonnes,
gaseous hydrogen can be stored in underground Type-1 pipe facilities at
pressures lower than 100 bar [9]. An insulated, cryogenic spherical tank
located above ground can store up to 250 tonnes of liquefied hydrogen,
depending on the intended application [9-11]. For extremely large-scale
storage, ranging from 100 to 3000 tonnes, underground geologic storage
in salt caverns or lined rock caverns is typically the preferred method
[12,13]. Nonetheless, finding appropriate locations for these types of
caverns can be challenging due to geological limitations, and they may
not always be available where they are required [14].

When dealing with hydrogen transportation, extremely high pres-
sures are needed because of its low volumetric storage density, i.e., 700
bar in existing technical applications. In this case, Hj is referred to as
Compressed Gaseous Hydrogen (CGH2) [15]. This concept implies huge
compression costs, both in terms of capital expenditures and energy
requirements. Alternatively, the preferred route for Hj is the transport in
its liquid state, which requires temperatures below —253 °C. In this case,
it is called Liquefied Hydrogen (LH2) [16]. Vacuum-insulated liquid
tankers allow for the transportation of hydrogen in larger quantities (up
to 4300 kg) and over longer distances [17,18].

The pilot project HySTRA [19] will demonstrate brown coal gasifi-
cation and hydrogen refining at Latrobe Valley in Australia, hydrogen
liquefaction and storage of liquefied hydrogen at Hastings, marine
transportation of liquefied hydrogen from Australia to Japan and

1425

International Journal of Hydrogen Energy 80 (2024) 1424-1431

unloading of liquefied hydrogen in Japan.

Nonetheless, the process of liquefying hydrogen demands a signifi-
cant amount of energy, even more than 10 kWh per kg of hydrogen,
equivalent to more than 30% of its energy content, in addition to losses
due to boil-off during transportation [20,21]. These two mentioned
transportation concepts are intricate in terms of technology, entail a
critical emphasis on safety, and require a significant financial invest-
ment for establishing a distribution infrastructure on a large scale.
Recently, together with LH2 and CGH2, also solid hydrogen storage is
under evaluation, despite still in an early development phase [22]. As a
general remark, solid media can be susceptible to mechanical stress and
abrasion, whereas these issues are minimized with liquid storage media.

As a result of the above-mentioned challenges, scientists are
exploring alternative approaches for the transportation and storage of
hydrogen, focusing on chemically bounded forms. These molecules can
undergo a catalytic hydrogenation reaction, exploiting green hydrogen
produced where renewable energy is extensively available. Then, they
can be easily transported to the spot of energy demand and, upon
arrival, dehydrogenated to favour Hj release. The hydrogen thus pro-
duced can be used either to serve industrial or mobility sector. In this
way, large quantities of energy can be stored and transported over
extended periods of time.

Among all the available hydrogen carriers, ammonia is one of the
most studied and well-established [23]. With a global production
exceeding 200 million tons per year and a market value exceeding USD
$60 billion, ammonia is the second-largest chemical produced world-
wide [24]. Although scarcely used as an energy vector presently, it has
the potential to serve as a renewable fuel in fuel cells, internal com-
bustion engines, or gas turbines with almost zero carbon footprint [25].
When thinking of NH3 application as hydrogen carrier, NH3 main benefit
lies in its high Hj content, about 17.8 wt%, which is significantly greater
than other carriers, together with its high volumetric hydrogen density
(121 kg-Hy/m® at atmospheric pressure and 240 K, surpassing the
densities of liquid hydrogen, of about 70.8 kg-Hy/m® at atmospheric
pressure and 20K [26]). Moreover, ammonia can be produced using
renewable hydrogen and nitrogen from the air by means of electric
energy, without the need of involving carbon species during the syn-
thesis process. These attributes make ammonia a convenient option as a
carrier for renewable energy.

While producing ammonia for transportation purposes and con-
verting it back into hydrogen requires a significant amount of energy,
the infrastructure for handling and shipping ammonia is already avail-
able. It remains in a liquid state at room temperature under around 10
bar pressure, with a vapor pressure similar to propane. NH3 can be
stored in tanks or transported through pipelines, ships, or trucks [27,
28].

ARENHA (Advanced materials and Reactors for Energy storage
tHrough Ammonia) [29] will demonstrate the feasibility of ammonia as
a dispatchable form of large-scale energy storage, enabling the inte-
gration of renewable electricity in Europe and creating global green
energy corridors for Europe energy import diversification.

NEOM Green Hydrogen Company (NGHC) is an equal joint venture
by ACWA Power, Air Products and NEOM. NGHC’s mega-plant will
integrate up to 4 GW of solar and wind energy to produce up to 600
tonnes per day of carbon-free hydrogen by the end of 2026, in the form
of green ammonia as a cost-effective solution for the transportation and
industrial sectors globally.

However, there are also some challenges associated with the use of
ammonia as a hydrogen carrier. One of the major challenges is the safety
issue, as ammonia is a toxic and corrosive chemical. Therefore, special
safety measures need to be taken to prevent any accidental release of
ammonia into the atmosphere. Nonetheless, with the development of
more efficient and low-cost technologies, the storage and transportation
of green hydrogen via ammonia vector could become effective and
economically viable.

A potential substitute for conventional storage methods is the
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Table 1
Summary of the main features of the H, carriers.
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carrier H, density [kg/ cost of raw infrastructure H, conversion to carrier carrier reconversion to Hy sustainability issues
L] material
[€/kg]
Liquefied 0.071 @ Pgm”, - not yet available liquefaction is high energy regassification is quite established can be produced
hydrogen T=-253°C intensive, so very costly and releases a significant energy exploiting
(LH3) content renewables only
ammonia 0.12 @ P, - already established NHj synthesis is well established on NHj cracking is high energy can be produced
(NH3) T=-33°C (LPG® products) large scale. Process intensification intensive and established in exploiting
is needed for downscaling metallurgic industry, at very small renewables only
scale only.
methanol/ 0.05-0.15 @ 0.03 already established  production processes already it releases CO, can be produced from
formic Pam’s Tom (LPG® products) established on large scale CO,
acid/
LOHC (fossil- 0.047-0.056 0.4 (TOL) — already established high energy intensive fossil-based
based) @ Paims Tam’ 4 (DBT) (oil products) substances
LOHC (bio- - already established  not yet studied (low TRL) not yet studied (low TRL®) can be produced from
based) (oil products) biomass

? Pgm: atmospheric pressure.

b Tam: atmospheric temperature.

¢ LPG: Liquefied Petroleum Gas.

4 Total hydrogen density of the hydrogenated compound.
¢ TRL: Technology Readiness Level.

technology based on Liquid Organic Hydrogen Carriers (LOHCs). LOHCs
are organic molecules in which hydrogen is covalently bonded through
hydrogenation, while, during periods of energy demand, can be dehy-
drogenated to release hydrogen. Meanwhile, the energy-deficient com-
pound is recycled back to the hydrogenation hub. Thanks to these
features, LOHCs allow for a decoupling of energy production and energy
consumption in both spatial and temporal terms. As for the catalysts, the
LOHC compound undergoes a cyclic process of hydrogen loading and
release, rather than being consumed. This approach of energy storage
and distribution may be nearly carbon-neutral, allowing for zero CO5
emissions, if the value chain is properly designed.

The majority of LOHCs remain in a liquid state under normal at-
mospheric conditions and possess physical characteristics that closely
resemble those of diesel. As a result, they can guarantee an easy and safe
handling, and enable to exploit the widely available diesel distribution
network.

Several substances have been proposed as potential LOHC molecule
candidates, including methanol [30], formic acid [31], toluene [32],
various cycloalkanes [33-36], and ammonia borane-based systems [37,
38]. Methanol and formic acid are not liquid organic hydrogen carriers
strictly speaking, because they are converted to CO, during the dehy-
drogenation process, such that they cannot be recycled back to the
loading terminal and the cycle cannot be closed.

Toluene is currently the most widely established molecule as liquid
organic hydrogen carrier. The toluene (TOL)/methylcyclohexane (MCH)
system has already been the subject of research, and a patent has been
issued by Chiyoda Corporation [32]. The AHEAD project is the first
small-scale demonstration of intercontinental hydrogen transport via
LOHC. In this project, 210 tonnes of hydrogen are transported from
Brunei to Japan [39]. While the costs of the project are estimated to be
several billion yen, the cost of the delivered hydrogen has not been
disclosed. Toluene is mainly synthesized through the catalytic conver-
sion of petroleum products and the aromatization of aliphatic hydro-
carbons. Toluene is primarily utilized as a precursor to a variety of
chemicals, such as benzene, phenol, and toluene diisocyanate, which
account for around 50% of its industrial usage. It is also a widely used
solvent for paints and coatings (10%) and is utilized as an octane booster
in gasoline (3%) [40]. It was projected that worldwide toluene pro-
duction would experience only modest growth from an estimated 13
million tonnes in 2012.

In 2014, dibenzyltoluene (DBT), used as a heat transfer oil for many
years, was suggested as a potential LOHC. Since then, the dibenzylto-
luene (HO-DBT)/perhydro-dibenzyltoluene (H18-DBT) combination has
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attracted the attention of many researchers. Compared to other LOHC
systems, it has numerous advantages such as a relatively high hydrogen
storage capacity (6.2 wt%), exceptional thermal stability, a high boiling
point (390 °C), low toxicity, and a low melting point (—39/-34 °C) [41].
These characteristics enable the hydrogenation and dehydrogenation of
dibenzyltoluene and perhydro-dibenzyltoluene to take place in a liquid
state, and the pairs can be easily stored or transported at ambient tem-
perature. The technology based on dibenzyltoluene pair is commer-
cialized by “Hydrogenious LOHC Technologies GmbH”, a company
founded in 2013 [42].

Together with the abovementioned species, the use of oxygen-
containing rings is attracting the research attention because they can
be easily obtained from biomass and sustainable resources. However,
their implementation is largely more challenging than the use of their
nitrogenated counterparts, because of their lower maturity [43].

All the characteristics of the discussed hydrogen carriers are sum-
marized in Table 1.

There are several studies in literature devoted to discussing the
economic viability of hydrogen transportation by different carriers.

However, results are strongly dependent on the introduced hypoth-
eses, on the considered basis of design and on the adopted methodology,
so it is difficult to draw general conclusions. For this reason, it is more
meaningful to focus on the technical assessment of the cost drivers of the
overall value chain (ie., Hy conversion to the carrier and carrier
reconversion to Hy), rather than put the stress on its economics. To
promote the industrialization of hydrogen transport through Hj carriers,
hydrogenation and dehydrogenation stages are of paramount impor-
tance. From the engineering point of view, the accurate design of these
stages allows for the identification of weaknesses that require process
intensification. Once these stages have been analysed and the layout of
the overall value chain is clearly pointed out, a sensitivity study on the
introduced hypotheses can be useful to understand their impact on re-
sults. Depending on the presented scenario and considering Table 1,
excluding carriers that involve the CO5 direct emissions, the best alter-
native for hydrogen transport can be identified. In this respect, this work
is aimed at analysing and comparing the most promising Hy carriers:
liquefied hydrogen, ammonia and LOHCs (considering toluene and
dibenzyltoluene as representative carriers).

Details for the technical analysis of each of them, as well as the
simulation of hydrogenation and dehydrogenation stages in Aspen Plus
V11®, have been already discussed elsewhere [44-46] and will be not
reported in this work. In the following, a sensitivity analysis on the
introduced hypotheses is presented, to evaluate the impact of each of
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Table 3
Specific raw materials costs for the “present” and “future” scenarios.

Table 2

Specific utility costs for the “present” and “future” scenarios [47].
Utility Units “present” “future”

(2022) (2027)
Electricity €/MWh 500 220
Cooling Water (CW - 30 to 40 °C) €/GJ 0.3583 0.3583
Refrigerated Water (RW -15 to €/GJ 32.3408 14.4768
25°QC)

Boiler feed water (BFW) €/t 1.15 1.20
IFO 380 1%S €/t 580 450
Diesel €/1 1.8155 1.8155
CO, emissions €/t 90 105

them on the outcomes of the techno-economic assessment. In this way,
results are rationalized and the most cost-effective option is identified
according to the discussed scenario.

3. Basis of design and methodology for hydrogen value chains

The main hypotheses to be considered to define the layout of a
hydrogen supply chain include.

1. Production rate of green Hj to be fed to the system. Green hydrogen
is, in most cases, produced by electrolysers driven by renewable
sources, as wind or solar. Renewable sources are characterized by a
power density several orders of magnitude lower than fossil fuels.
The transition pathways towards sustainability must consider both
the limitations of available land and the specific geophysical condi-
tions as to wind and solar power [25]. In this respect, tuning the
plant size according to the land requirement of renewables is crucial
for the assessment of realistic scenarios. Understanding the extent of
land needs allows to put the feasible scale of green hydrogen pro-
duction into perspective. Taking into account these considerations,
in the present analysis, flat Hy production of 20000 Nm®/h is sup-
posed via 100 MW alkaline electrolysers, available at 20 bar and
25 °C [45].

. Loading and unloading terminal location and, consequently, distance
to be covered for Hy transport. Different scenarios can be inferred, as
the long-distance harbour-to-harbour hydrogen transport, which
involves the Hy seaborne transport or the short distance hydrogen
transport, that implies the road or pipeline hydrogen transport [44].
In the present case study, harbour-to-harbour H, transport is
assumed, varying the distance covered via ship transport in the range
2500-10000 km.

. Hy utilization and its application in industry or in the mobility sector.
According to the industrial scenario, the produced Hj is conveyed
into a power plant for green electricity production. In this case, less
stringent specifications on Hj purity are needed, likely. On the other
hand, for the Hj utilization in the mobility sector, Hy has to be
distributed to several hydrogen refuelling stations. Thus, high Hj
purity is necessary. The selection of the type of scenario also affects
the process design of the whole value chain and, consequently, the
operating conditions of the delivered hydrogen (i.e., temperature and
pressure of discharge at the end user, together with required purity)
[46]. In the present study, both applications are considered for each
carrier. In the first case, hydrogen product is released at 30 bar and
with a purity of 99.9 mol%, while in the second case, each Hy
Refuelling Stations (HRS) has a Hp demand of 500 kg/d each
(required Hy purity of 99.97 mol%, according to standard ISO
14687:2019 Hydrogen fuel quality - Product specification), and the
pressure of the Hy delivered is set at 900 bar (the required pressure
level for the Hy application to the mobility sector is 700 bar, thus a
sufficient AP is required as driving force to fill the car tanks).

Together with the above-mentioned aspects, also raw materials and
utilities costs can affect results. These are strongly dependent on
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“present” (2022) “future” (2027)

Toluene €/t 1300 850
Dibenzyltoluene €/t 5000 3000
Nitrogen €/Nm® 0.20 0.15

geopolitical and economic issues, according to the period the economic
assessment refers to. For this reason, two temporal scenarios will be
discussed, the present one and the future one, varying utilities and raw
materials costs, as reported in Table 2 and Table 3, respectively. In the
present scenario, the economic evaluations are referred to the year
2022, while the future one takes into account a cost reduction within the
next 4-5 years due to the significant inflation experienced last year,
which affected the electricity price, mostly.

The utility consumption is calculated through the energy balance
retrieved from process simulations.

The overall hydrogen value chain for the three different analysed
carriers is depicted in Fig. 1. System’s boundaries are marked by the
dashed red line. In the present evaluation, green hydrogen production
cost is not included, since the aim is to compare different methods for Hy
transport.

The H; value chain of Fig. 1 includes:

. Green Hj; conversion into the selected carrier at the loading terminal;

2. Carrier storage at the loading terminal;

. Seaborne transport of the selected carrier, covering the distance D
variable in the range 2500-10000 km;

. Carrier storage at the unloading terminal and its subsequent road
distribution via trucks. A distance of 100 km is assumed from the
unloading terminal to the hydrogen end user, to be covered via road
transport;

. Carrier reconversion to favour Hy release. Hydrogen is released at
variable specifications and operating conditions, according to the
two different applications considered (i.e., industrial or mobility
sector).

With reference to the value chain depicted in Fig. 1, an economic
assessment is carried out, evaluating the Levelized Cost of Hydrogen
Transport (LCoHT) according to Eq. (1). The cost of hydrogen transport
for the carrier considered is the sum of the cost of each step of the value
chain disclosed in Fig. 1 [48].

N-1
CAPEX,+OPEX,
= (1+WACC)*
LCoHT =—

N-1

(€3]

Py out

(1+WACC)

In Eq. (1), Pz out is the annual hydrogen productivity, WACC is the
weighted average cost of capital, t is the year to which CAPEX (capital
expenditures) and OPEX (operating expenditures) are referred to (t =
0 is the current year and N-1 is the end year). The financial assumptions
considered in the present work are summarized in Table 4.

CAPEX and OPEX of Eq. (1) are calculated according to the Turton
methodology [51], for the carrier conversion and reconversion stages.
Specifically, the fixed costs are evaluated starting from the Aspen Plus
process simulations detailed in previous works [44-46]. As for the
operating costs, raw materials, utilities and labour costs have been
accounted for, considering both present and future scenarios. The
following assumptions have been introduced in the evaluation of the
carrier conversion and reconversion costs, for all the hydrogen value
chains discussed in this analysis:

- No spare units have been included when estimating capital costs.
- Costs associated with catalysts have been omitted, both initial cat-
alysts costs and subsequent costs for replenishment. The rationale for
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Fig. 1. H, value chain for the different carriers analysed.

this decision stems from preliminary estimations which demonstrate

Table 4 that the costs associated with noble metal catalyst replenishment do
Financial assumptions. not significantly impact the overall assessment.
Item Value - Costs related to harbour infrastructures at both loading and
WACC =% unloading terminals—including pipelines, jetties, and flares—have
Base year (t = 0) 2022 been neglected.
Project lifetime 25y
Construction period 3y (CAPEX breakdown: 40%, 30%, 30%) As regards storage, seaborne transport and road transport, both

Decommission cost
Plant availability (Heq)
Exchange rate (2022)

5% CAPEX [49]
8000 h/y
0.951 €/US-$ [50]

capital and operating expenditures have been estimated, as well.
Reference is made to what available in literature regarding oil products,

a)

b)

100%

80%

60%

LCOHT [%]

40%

20%

0%

100%

80%

60%

LCOHT [%]

40%

20%

0%

ammonia or liquefied hydrogen tanks and tankers. Fixed costs are due to
the item purchase and depend on its size, adjusted to the 2022 year
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liquid carrier
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LH2 NH3 TOL DBT | LH2 NH3 TOL DBT | LH2 NH3 TOL DBT
2500 km 5000 km 10000 km

Initial loading
m Conversion

= Storage

o7 "7 o m Maritime transport

m Road transport of the
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Fig. 2. Comparison between the different hydrogen transport value chains for its industrial application (H; valley), as a function of the distance D covered by
seaborne transport, for the scenario: a) present and b) future.
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Fig. 3. Comparison between the different hydrogen transport value chains for its mobility sector application (H, refuelling stations), as a function of the distance D

covered by seaborne transport, for the scenario: a) present and b) future.

through the CEPCI and attributed to the actual capacity through the
Hill’s law. Operating costs for both ship and road transport include la-
bour cost, fuel cost and CO5 emissions cost. Tankers are assumed to be
driven by conventional fossil-based fuels (Intermediate Fuel Oil - IFO
380 1%S), while trucks are assumed to be diesel based. As a consequence
of the usage of a fossil-based fuel, carbon dioxide is emitted during both
seaborne and road transport. For this reason, additional costs associated
with CO3 emissions have also been taken into account, according to the
cost items reported in Table 2. No other CO, emissions rather than the
direct ones have been accounted for.

For both tankers and storage operating costs, a 10% CAPEX is
assumed to take into account for maintenance and insurance.

Moreover, in the case of NH3 and LH,, also losses due to boil-off
phenomenon during ship transport have been estimated.

In addition, for the case of hydrogen transport through liquid organic
hydrogen carriers, the fixed cost of the initial LOHC loading has also
been introduced. This initial loading volume is considered to be equiv-
alent to the combined capacity of three storage tanks (one at the loading
terminal, one at the unloading terminal and one at the reconversion
site). Essentially, it represents the initial carrier volume necessary to
kickstart the hydrogen distribution process, acting as a foundational
input to set the LOHC cycle in motion.

Finally, the small amount of by-products formed during LOHC
dehydrogenation is burned, together with part of the Hy, to provide the
necessary heat for the reaction to occur (see Ref. [44] for further de-
tails). Thus, no cost associated to by-products is introduced in the eco-
nomic assessment.
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4. Results and discussion
4.1. Hydrogen application to the industrial sector (Hz valley)

Fig. 2 shows the results of the technical-economic evaluations car-
ried out, as a function of the distance D covered via ship, for both the
present and future scenarios. As a consequence of the different Hy
conversion and reconversion processes, for each carrier different Hy flow
rates are delivered to the H, valley. For a distance covered via ship
transport of 2500 km, the delivered H; is: 42.8 ton/d for liquefied
hydrogen, 34.2 ton/d for ammonia, 26.4 ton/d for toluene, 27.8 ton/
d for dibenzyltoluene.

The cost driver of the LOHCs value chain is the dehydrogenation of
the carrier to produce hydrogen. To reduce the costs associated with the
transport of hydrogen via LOHC, therefore, a process intensification for
the dehydrogenation section is necessary.

The most significant cost item for the ammonia value chain is NH;
synthesis. For the application of ammonia as a hydrogen carrier, this
section should be intensified to reduce its costs on a small scale.

For the liquefied hydrogen value chain, the highest cost comes from
liquefaction. A process optimization is required to reduce electricity
consumption.

Referring to the present scenario (Fig. 2a), for the distance D of 2500
km, ammonia and LOHCs (dibenzyltoluene and toluene) are the most
cost-effective alternatives for transporting and storing hydrogen, while
for a distance of 5000 km, ammonia is more cost-effective as a carrier of
hydrogen. This reversal of trend is due to the fact that, as the seaborne
transport distance increases, the initial loading of organic carriers in-
creases, too, the cost of which, at the moment, is far from negligible. This
is particularly true for dibenzyltoluene, as shown in Fig. 2a. Toluene
shows lower hydrogen transport costs than dibenzyltoluene, due to the
lower dehydrogenation enthalpy, together with the lower raw material
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cost.

The contribution of the initial loading of organic carriers is so high
that, at a distance of 10000 km, the costs of hydrogen transport through
dibenzyltoluene almost equal the costs of liquefied hydrogen. Liquefied
hydrogen remains the most expensive alternative as Hy carrier for in-
dustrial applications, as a consequence of the particularly high lique-
faction costs.

In the future scenario (Fig. 2b), the calculated cost of hydrogen
transport varies more or less significantly depending on the analysed
carrier. In particular, for the liquefied hydrogen value chain, liquefac-
tion costs are significantly reduced, since the energy consumption of the
process is, almost entirely, electric. The trend of comparison remains
unchanged.

The cost of transporting hydrogen also appears lower for the LOHC
value chain compared to the current scenario, considering the important
cost reduction of dibenzyltoluene.

4.2. Hydrogen application to the mobility sector (Hz refuelling stations)

When hydrogen is intended to be applied to the mobility sector, it has
to be distributed to a number of end users, whose Hy demand is 500 kg/
day each. In this case, two different alternatives arise for the carrier
reconversion. As a matter of fact, the hydrogen vector can be either
converted to hydrogen at the unloading terminal, involving subsequent
compressed gaseous hydrogen distribution via truck, or converted to
hydrogen at each end user, delivering the carrier via road transport from
the unloading terminal to the end user (100 km far, as from the basis of
design of this analysis). For liquid organic hydrogen carriers value chain,
considering that the dehydrogenated organic molecule has to be routed
back to the loading terminal via ship transport, the carrier reconversion
stage for Hy release has been assumed to be at the harbour.

For liquefied hydrogen, it is more cost-effective to decentralize
conversion at the end user. In fact, hydrogen arrives at the user in its
liquid state and can be pumped up to 900 bar to save compression work
downstream of regasification, as demonstrated in a previous work [46].

In a similar fashion, both centralized and decentralized reconversion
stages have been compared for ammonia as hydrogen carrier. Results
revealed that, the centralized cracking at unloading terminal, the dis-
tribution of compressed hydrogen gas and its subsequent recompression
at the individual user is the best choice. As a matter of fact, the cost of
small-scale, electrically powered NHj cracking is higher than the sum of
centralized compression up to 320 bar (considering that the pressure
required by compressed hydrogen trucks is 250 bar) and decentralized
compression from 15 to 900 bar (15 bar is assumed to be the pressure
required to empty the truck).

Having identified the best alternative for centralized/decentralized
carrier reconversion, Fig. 3 shows the results of the technical-economic
evaluations carried out, as a function of the distance D covered via
seaborne transport and for both the present and future scenarios, when
hydrogen application is the mobility sector.

According to the present scenario, in all cases, liquefied hydrogen is
the most cost-effective alternative for transporting and storing com-
pressed hydrogen, followed by ammonia and LOHC. The sensitivity
analysis as a function of distance did not reveal any reversal of the trend
in this respect.

Liquefied hydrogen is the best carrier when hydrogen at 900 bar is
required by small end users. This is due to the convenience in trans-
porting hydrogen in liquid state and, therefore, in the possibility of
pumping the liquid to save part of the compression work. Ammonia
shows a lower cost than both dibenzyltoluene and toluene.

On the other hand, in the future scenario, the cost difference between
the different carriers is more evident because, as the price of electricity
falls, the costs for compression become less significant. Liquefied
hydrogen is still the best alternative, while ammonia and LOHC show
about the same cost.
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Table 5
Pros/cons of the hydrogen carriers analysed.
carrier  pros cons
LH, v Electric energy required, only, x Significant H; leakages (10-14%
for the liquefaction process; as from Air Liquide estimations),
which cannot be released in the
atmosphere because of
environmental and safety issues;
v most cost-effective Hy carrier x most expensive H, carrier for
for mobility sector (in partic- industrial applications — process
ular, according to the future intensification of the liquefaction
scenario). process needed;
x no infrastructure for storage and
distribution available.
NH; v Most advantageous H, carrier x Toxicity issues;
for industrial applications, also ~ x low TRL for cracking on large
considering high harbour-to- scale;
harbour distances; x synthesis costs should be reduced
on small scale.
v highly flexible and versatile
(can be used as both H, carrier
and carbon-free energy vector);
v global commodity already
transported worldwide via
ships or pipelines.
LOHC v Cost-effective H, carrier for Hy x Low TRL for other molecules

transport at reduced harbour-
to-harbour distances, consid-
ering the hydrogen industrial
application;

effective in hydrogen storage at
ambient temperature and
pressure without leakages due
to boil-off;

already existing infrastructure
for oil products can be
exploited.

rather than toluene;
high dehydrogenation operating
costs;

x

x

high cost of the raw material (in
particular for DBT) and
uncertainties in the market of
DBT.

5. Conclusions

The technical-economic analysis carried out on different hydrogen
carriers, coupled with the sensitivity analysis, highlights potential and
weaknesses of hydrogen transport through ammonia, liquefied
hydrogen and liquid organic hydrogen carriers as Hy vectors. Each stage
of the Hj value chain has been deepened, to pave the way for future
process intensification, in view of cost reductions. The application of the
produced hydrogen to both the industrial sector (H; valley case) and the
mobility sector (Hydrogen Refuelling Station case) is discussed. As a
general remark, H, application to the industrial sector shows the lowest
costs in the present scenario. On the other hand, Hy application to the
mobility sector is affected by the high impact of compression costs. In
addition, safety issues related to the management of hydrogen gas
should be addressed in this case.

The comparison between the different carriers is shown in Table 5,
together with pros/cons of each of them.

Considering the high flexibility and versality, together with its
maturity and the already existing infrastructures, ammonia turns out to
be the most promising hydrogen and energy carrier to achieve the
decarbonization target.
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