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Abstract: Hydrogen is being included in several decarbonization strategies as a potential contributor
in some hard-to-abate applications. Among other challenges, hydrogen storage represents a critical
aspect to be addressed, either for stationary storage or for transporting hydrogen over long distances.
Ammonia is being proposed as a potential solution for hydrogen storage, as it allows storing hydrogen
as a liquid chemical component at mild conditions. Nevertheless, the use of ammonia instead of pure
hydrogen faces some challenges, including the health and environmental issues of handling ammonia
and the competition with other markets, such as the fertilizer market. In addition, the technical
and economic efficiency of single steps, such as ammonia production by means of the Haber—Bosch
process, ammonia distribution and storage, and possibly the ammonia cracking process to hydrogen,
affects the overall supply chain. The main purpose of this review paper is to shed light on the main
aspects related to the use of ammonia as a hydrogen energy carrier, discussing technical, economic
and environmental perspectives, with the aim of supporting the international debate on the potential
role of ammonia in supporting the development of hydrogen pathways. The analysis also compares
ammonia with alternative solutions for the long-distance transport of hydrogen, including liquefied
hydrogen and other liquid organic carriers such as methanol.

Keywords: ammonia; hydrogen; storage; shipping; pipeline; energy conversion; transport;
energy conversion

1. Introduction

Anthropic activities have unequivocally and globally led to changes in ecosystems,
with an increase in temperatures, a loss of biodiversity, sea level rise and extreme events
such as heat waves, heavy rainfall, droughts and tropical cyclones [1]. Therefore, urgent
measures must be applied to limit greenhouse gas (GHG) emissions that contribute to
climate change, among which is the replacement of fossil fuels with alternative ones.

The European Union supports low- or zero-carbon energy production pathways to
enable a target of carbon neutrality by 2050, in full coherence with the 2015 Paris Agreement,
by means of the implementation of the “Clean energy for all Europeans package” adopted
in 2019 [2], and subsequent initiatives, such as the REPowerEU plan [3]. The ambitious
goal of REPowerEU is twofold: on the one hand, to reduce the EU’s dependence on fossil
fuels, and on the other, to combat climate change. The REPowerEU plan and the EU green
hydrogen strategy aim to support the production, distribution and storage of renewable and
low-carbon hydrogen. Green hydrogen could play a crucial role in reaching a climate-neutral
continent by 2050, especially in hard-to-abate sectors, such as maritime transport, steel making
and fertilizer production.

The EU Council and Parliament have reached a provisional deal on the update of the
Renewable Energy Directive (RED III) [4], including some specific targets on renewable energy
use in transport. Among the different transport targets, the EU has set a minimum requirement
of 1% of renewable fuels of non-biological origin (RFNBOs) in the share of renewable energy

Energies 2023, 16, 6192. https:/ /doi.org/10.3390/en16176192

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16176192
https://doi.org/10.3390/en16176192
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-7624-3947
https://orcid.org/0000-0003-4926-8369
https://orcid.org/0000-0002-1720-7820
https://doi.org/10.3390/en16176192
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16176192?type=check_update&version=1

Energies 2023, 16, 6192

20f19

supplied to the transport sector in 2030. These fuels will require a share of green hydrogen for
their production.

Hydrogen is currently used in several applications, mostly as an intermediate for
chemicals production and in refineries. Other potential applications include its use as input
in the steel-making process, as an energy carrier for transport and in heat and power
production [5]. Some scholars have highlighted that the European Union and UK could
see a hydrogen demand of up to 2300 TWh by 2050 in the highest penetration scenarios,
corresponding to 20-25% of their final energy consumption by 2050 [6]. However, in 2022,
hydrogen contributed to less than 2% of total energy consumption, and was mainly used to
produce fertilizers and plastics, and mostly from fossil fuels [7]. Furthermore, in Europe,
around 2.5 Mt of hydrogen is used annually as a feedstock to produce ammonia, accounting
for almost a third of the total current hydrogen consumption. Since most of the hydrogen
is produced on-site, the ammonia industry is both the largest producer and consumer of
hydrogen, after oil refining [8].

The current global demand for hydrogen is estimated to be around 90 Mt [9]. Almost
all of it is produced from fossil fuels (mainly natural gas and coal), and the electrolysis
process contributes to only 2% of the total, due to the historical maturity of gasification and
reforming processes, and their lower costs. However, given the potential of low-carbon
hydrogen generation via electrolysis when coupled with renewable power generation,
the installed capacity of electrolyzers is expected to quickly grow to meet decarbonization
targets, from 300 MW in 2020 to 54-96 GW in 2030 [10]. However, this capacity would
not even match the current global hydrogen demand, as Mucci et al. [5] estimated that an
installed capacity of around 550 GW would be required.

The EU has developed an official hydrogen strategy aiming at producing up to
10 million tons of renewable hydrogen by 2030 and importing an additional 10 million tons
by the same year [11]. Since there is currently no international hydrogen trade, the scale-up
of imported volumes of green hydrogen to reach those targets is significant, and gov-
ernments are sustaining efforts in order to support international hydrogen markets and
bilateral agreements.

However, despite all the hype surrounding green hydrogen, at present, there are
concerns about the techno-economic feasibility of these targets, including investment and
operational costs for its production, distribution and storage [12]. Another important
point is how to couple electrolysis and power generation from RESs in an effective and
coherent way, since the low average capacity factors of solar and wind power lead to
higher costs for the operation of electrolyzers [13]. The Clean Energy Group [14] has found
that there are several reasons to be concerned about its use, particularly in power plants,
namely: the generation of NOx if the hydrogen is burned (up to six times higher than
methane); the hydrogen embrittlement process when hydrogen is stored and transported
with existing infrastructure; and energy losses in the electrolysis process and more generally
in the entire hydrogen supply chain. Amin et al. [15] clearly stated that, for the successful
utilization of hydrogen, the issues of production, separation and storage should be resolved.
Tashie-Lewis and Nnabuife [16] highlighted practical limitations to a current hydrogen
widespread use, encompassing low volumetric energy density in the gaseous state and high
well-to-wheel costs in comparison with fossil fuel production and distribution, requiring
further research to overcome these issues.

Hydrogen storage and transport remain important aspects to be addressed, in particu-
lar by limiting energy losses and costs associated with these steps of the supply chain. In ad-
dition to directly storing hydrogen in compressed or liquid form, alternative options include
the production of other chemicals, such as ammonia or methanol (that will be addressed in
this analysis), and the absorption-based storage of hydrogen in metal hydrides [17].

The main focus of this review is to investigate the most recent research literature on
the use of ammonia as a chemical storage for hydrogen, highlighting opportunities of
and barriers to this solution. Ammonia can be compressed and liquefied with reduced
operation cost due to its mature production technology and well-developed infrastructure
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in comparison with hydrogen. However, there are some critical issues, mainly due to the
energy losses, the handling, the cost associated with its storage and its competition with
the fertilizers market, that require careful considerations. This paper provides a detailed
description related not only to technological and economic aspects related to the ammonia
production phase, but also to the transportation, storage and final utilization steps, that can
affect the efficiency of the overall supply chain (Figure 1).
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Figure 1. Ammonia pathways considered in this study. Energy efficiency process data from [18-20].

The following sections will address the different steps of the supply chain presented
in Figure 1. Section 1.1 presents a description of the main characteristics of hydrogen and
ammonia, to provide a context for the following analysis. Section 2 includes a discussion
of the main aspects related to ammonia production, dealing with energy consumption,
carbon emissions, and the investment and operational costs of the different technologies.
Ammonia transport and distribution is addressed in Section 3, with a comparison of
shipping and pipelines for long-distance transport, and an analysis of the technical and
economic indicators for ammonia and other hydrogen carriers. Section 4 is devoted to
final energy uses of ammonia, including engine applications, fuel cells and other possible
conversion technologies. Finally, Section 5 will summarize the main open issues that
remain to be addressed for a successful use of ammonia as a hydrogen carrier, including
health and safety issues, environmental impacts and additional potential hurdles. The main
conclusions of this analysis are then presented in Section 6.

1.1. Hydrogen and Ammonia Characteristics

Hydrogen is a non-toxic compound, characterized by a high mass energy content
and a low heating value (LHV) of 119.9 MJ kg ! that is 2.4, 2.8 and 4 times higher than
methane, gasoline and coal, respectively [21]. However, its density at ambient conditions is
low (0.089 kg/m?), with a very low boiling point (—252.7 °C), and it is highly explosive
due to the wide explosion limit in air. Therefore, the large-scale distribution and storage of
hydrogen, in terms of technical and economic feasibility, inextricably plays a crucial role
for the development of the hydrogen-based economy.

In addition to underground storage, hydrogen can be stored directly by increasing its
energy density (compression at 700 bar (4.5 GJ/m?), liquefaction (8.5 GJ /m?), transformed
in organic liquids via chemical reactions (10 GJ/ m?3) [22] or absorbed in the form of hydride
metals (15 GJ/m?3) [23].

These limitations related to hydrogen storage motivate its conversion to energy carriers
with higher volumetric energy density, ideally suitable for the existing infrastructure, such
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as ammonia and methanol. In the perspective of power-to-fuel, the renewable hydrogen
production involves the use of electricity derived from renewable energy (mainly produced
by wind or solar) to operate the electrolysis process, which converts water into hydrogen,
having oxygen as a by-product. Furthermore, green hydrogen can react with nitrogen
produced from air either via a reforming step or by an air separation process for the
production of renewable ammonia, that can be considered an “e-fuel” if used for transport
in different segments (aerial, maritime and terrestrial).

Hydrogen can be combined with nitrogen to generate ammonia, which can be stored at
milder conditions (in comparison with hydrogen), and further dissociated back to hydrogen,
if required. Ammonia is an excellent source of hydrogen in its liquid form, containing twice
as much hydrogen as liquid hydrogen by volume, and it can be used either directly (as a
feedstock for chemicals or as a fuel for power generation and maritime transportation) or
reconverted to hydrogen. However, the dissociation process back to hydrogen and nitrogen
is a catalytic process at high temperatures that requires a significant amount of energy.
In addition, ammonia is hazardous to handle and the health risks associated with ammonia
exposure must be taken into account.

In standard conditions, ammonia is a gas. At atmospheric pressure, ammonia is
liquid at temperatures below —33.3 °C, while at 10 bar the condensation/boiling point
is 25 °C. Thus, ammonia is liquid at room temperature if a slight compression is performed.
Moreover, due to its chemical properties, ammonia contains a high volume of hydrogen
and can be used as a hydrogen storage molecule due to its high energy density. Both
in the form of gas or liquid, ammonia shows a higher density than hydrogen, that is
reflected into a higher LHV and HHYV per unit of volume. Additionally, ammonia has a
narrower flammability range in air in comparison with hydrogen, respectively, 15-28%
against 4-75%. Table 1 summarizes the main physical and chemical properties of hydrogen
and ammonia [24].

Table 1. This table summarizes the chemical properties for hydrogen and ammonia [24].

Hydrogen Ammonia

Boiling point [°C] —252.7 —33.34

Melting point [°C] —259 —77.73
Gas density [kg/m?] 0.089 0.769

Liquid density [kg/L] 0.071 0.6819
LHV [M]/kg] 119.9 18.6
LHYV as liquid [M]/L] 8.5 12.7
HHV [M]/kg] 141.9 225
HHYV as liquid [M]/L] 10.1 15.3
Auto ignition [°C] 585 651

Flammability /air [-] 4-75% 15-28%

2. Ammonia Production

The production of ammonia requires hydrogen and nitrogen as inputs, and the former
represents the highest part of energy consumption, emissions and costs.

2.1. Energy and Emissions

Given its current fossil-based technology, large-scale ammonia production generates
GHG emissions more than other chemical processes [25]. Considering CO, emissions,
the current global ammonia production causes around 450 Mt of direct emissions and
170 Mt of indirect emissions [26]. With a carbon footprint of 2.4 Mt of direct emissions per
each tonne of ammonia, it is one of the most emission-intensive commodities produced by
heavy industry (twice the level of steel and four times the level of cement). Thus, a decrease
in the current emission intensity would already be an important step towards the decar-
bonization of energy systems. To meet the environmental challenges, ammonia production
from renewable energy sources, called ‘green ammonia’, could be a promising pathway.
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The production of green ammonia requires an electrolyzer for renewable hydrogen
generation, an air separation unit for nitrogen and a Haber-Bosch process at around
400-600 °C and 200400 atm for the combination of hydrogen and nitrogen into ammonia.
However, the most energy-intensive process remains the electrolysis: to produce 100 kWh
of hydrogen, 138 kWh of electricity from renewable energy sources is needed for the water
electrolysis in the best conditions [24]. If we consider the overall ammonia synthesis process,
most of the electricity (95%) is used for hydrogen production, with the remaining 5% used
to power the air separation and Haber—Bosch synthesis unit [26]. The electrolysis process
is, hence, highly electricity-demanding with an efficiency of 65-72% on a lower heating
value basis for the electrolyzer [24,27]. It is worth to mention that the production of one
tonne of ammonia requires around 180 kg of hydrogen.

The most diffused technologies for water electrolysis include alkaline, proton-exchange
membrane and solid oxides electrolyzers, with different levels of maturity, conversion effi-
ciencies, current densities, operating temperatures and investment costs [28]. An additional
important point, especially for some technologies, is the need for noble metals as electrocat-
alysts (including Pt, Au, Ru and Ag), which may limit the deployment of electrolyzers at
scale. For this reason, research studies are evaluating other potential materials to substitute
these metals [29,30]. Electrolysis also requires a steady supply of (renewable) electricity
and water as input, and, for this reason, appropriate sites may be preferred. In some areas,
water desalination may be needed if freshwater is not available.

An additional potential route for the production of renewable hydrogen is its gener-
ation from biomass sources, which can be obtained through different thermochemical or
biological routes [31]. Some pathways are still at low technology readiness level, while
others are ready for an immediate market uptake and could constitute a complementing
option to electrolysis. Nevertheless, given the limited availability of feedstock, especially
considering other potential biomass uses, this solution is expected to contribute to a limited
extent to the total green hydrogen supply.

The global average energy intensity of ammonia production today is around
41 GJ/t on a net basis—accounting for the generation of excess steam in modern pro-
cess arrangements—compared with best available technology (BAT) energy performance
levels of 28 GJ/t for natural gas-based production and 36 GJ/t for coal-based production
(please refer to Table 2 for additional details). The adoption of BAT, in combination with
technological improvements and a structural shift in the overall chain, could achieve a
reduction of around 25% in the average energy intensity of ammonia production by 2050 in
the Sustainable Development Scenario and the Net Zero Emissions by 2050 Scenario [26].

Table 2. This table shows the energy demand required for the production of 1 tonne of ammonia,
and CO, direct emissions by means of alternative routes exploiting BAT [26]. SMR = Steam methane
reforming, ATR = auto-thermal reforming, CCS = carbon capture and storage.

) Energy Intensity (GJ/t) t CO,/t

Production Route Feedstock Fuel gly;ctricity ySte]am Gross Net

Natural gas SMR 21.0 111 03 —48 324 276 1.8
Natural gas ATR 25.8 2.1 1.0 0.0 28.9 289 1.6
Coal gasification 18.6 151 3.7 -13 374 36.1 3.2
SMR with CCS 21.0 111 1.0 -3.1 331 30.0 0.1
ATR with CCS 25.8 21 15 0.0 294 294 01
Coal with CCS 18.6 151 49 2.6 38.6 412 02
Electrolysis 0.0 0.0 36.0 -16  36.0 344 00
Biomass gasification 18.6 165 14 0.0 36.5 36.5 0.0

Methane pyrolysis ~ 40.5 00 84 -1.6 489 473 0.0
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2.2. Economic Aspects

The production of ammonia requires additional costs, both energetic and economic,
due to the conversion of hydrogen, in comparison with the hydrogen production itself.
As far as green ammonia is concerned, the additional costs of the Haber-Bosch synthesis
account for around 15% of the total ammonia production costs, while renewable electricity
represents the biggest cost element, accounting for 30-40% of the total ammonia production
costs [9]. In [26], the simplified levelized cost of ammonia (LCOA) production is reported
for commercial processes and near-zero-emission production routes in 2020, including the
contributions for CAPEX, fixed OPEX, fuel, feedstock and carbon capture and storage (CSS),
if present. The lower simplified levelized cost is attributed to steam methane reforming
(less than 500 USD/tnm, ), while for the electrolysis routes, both grid-connected and with a
dedicated renewable energy plant, it is around 900 USD/tnp,. More specifically, in the case
of electrolysis with a dedicated renewable energy plant, the main contribution is related to
CAPEX cost.

However, the green ammonia production cost strongly depends on the price of renew-
able electricity that is expected to fall, as technologies improve in efficiency and benefit
from increased economies of scale. According to [32] by 2050, around two-thirds of the
total energy supply is expected to be generated by RESs, and mainly by solar energy.
For instance, ref. [33] reported that green ammonia could be available in many locations for
less than 400 USD/tny, in 2040 with the potential to be reduced to below 300 USD/tnh,
if electrolyzers achieve optimistic cost reductions, or when more favorable renewable
resources are used to supply a global green ammonia market.

The intermittency and unpredictability related to renewable sources poorly combine
with the Haber-Bosch process, which requires steady-state operation mode—especially
for avoiding the eventual damage of the catalyst—and, hence, the use either of an energy
storage system or a hydrogen buffer. In [34], the combination of photovoltaic (PV) energy
and a battery system was found to be the most optimal plant entailing 6 MW of PV coupled
to 11 MWh of battery capacity with an LCOA of 774 USD/tnn,. In this case, the major
contributors are economically attributed to the battery, the PV plant and electrolyzer,
respectively, with 39%, 33% and 22% of total costs. Additionally, they found out that a
competitive ammonia production cost below 500 USD/typ, can only be achieved with a
50% reduction in the CAPEX of battery storage. Finally, this configuration is predicted
to have a potential cost reduction down to 250 USD/tny, in 2050, and could be feasible
economical in 2030, compared with the conventional fossil-fuel-based processes.

Finally, the IRENA report [35] assessed that the production costs of green ammonia
are expected to be between USD 67-114/MWh by 2050, mainly due to the fallen cost of
hydrogen production.

3. Ammonia Transport and Distribution

The transport infrastructure will represent a pivotal aspect for the economic and
technical viability of ammonia trade, and two routes are feasible: shipping and a pipeline
network. If the imported ammonia is used directly without re-conversion to hydrogen,
the current infrastructure for the trade is well-established, although it may require to be
extended for ensuring more flexibility and account for an upscale of the current global
ammonia trade.

3.1. Shipping Transport

There are around 170 ships worldwide that are able to carry ammonia as a product,
and 40 of them are currently doing that exclusively [36]. Thus, some experts argue that it
should be relatively easy to scale-up the existing infrastructure to transport ammonia in
global markets. At the same time, around 200 ports worldwide are already equipped with
the required infrastructure to transport ammonia [26], although in some cases the available
capacities may not be enough for the expected increase in traded volumes.
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One of the countries that sees an important role for ammonia is Japan, which is
evaluating the possibility of adding ammonia in the fuel mix of existing coal-fired power
plants, to decrease emissions through co-firing. Thanks to pilot projects and agreements
with Australia, Norway and the Middle East, Japan is aiming at developing a supply
chain of 3 Mt per year of ammonia by 2030 [37]. However, Japan is also investing in other
potential options, such as importing liquefied hydrogen produced from coal gasification in
Australia [38].

On the supply side, low-carbon ammonia shipments from the Middle East have
recently being sent to Japan [39], Korea [40] and Germany [41] in the last months. This low-
carbon ammonia is produced from natural gas with carbon dioxide capture and utilization
in some downstream processes. Some industrial sites have been the first in the world to be
certified by an independent company to produce a share of zero-carbon ammonia, thanks to
carbon dioxide capture rates of 6—41%. The captured CO; is used to produce methanol and
urea, and the corresponding share of ammonia is certified as blue ammonia with virtually
no CO, emissions [42,43].

The most common method for ammonia storage and transportation is the use of tanks
in liquid or gaseous forms, and, therefore, with different energy densities. Storage and
transportation are technically feasible even in large quantities in liquid form under mild
conditions. For instance, the equipment employed for ammonia transportation and storage
is similar to that used for propane. According to [44], ammonia is a very good candidate
for a transportation fuel, with a global cost of 261 EUR/MWhyy;,. In the case of power to
ammonia to power, Diaz et al. [24] estimated that the cost for the storage system is in the
range 160-203 EUR/MWhnyp, -

In general, no or low losses of cargo are generated during ammonia transportation
in ships [45]. Considering a typical 30-day shipping duration, including the loading and
unloading phase, the estimated ammonia boil-off remains below 1%, which is lower than a
corresponding 5% figure for LNG [46]. However, a part of these losses could be potentially
recovered if the ships are fuelled with the very same fuel they are transporting (both for
ammonia and LNG).

Nevertheless, if the transport of hydrogen occurs via shipping, energy losses are to
be expected along the chain, and their value depends on the choice of the selected energy
carrier. The most common options that are being studied are liquid hydrogen, ammonia and
liquid organic hydrogen carrier (LOHC). The IEA [18] has evaluated the energy available
after the conversion and transport chain as a hydrogen equivalent for the 2030 scenarios,
establishing the following routes:

¢  Liquid hydrogen: In this case, the hydrogen is liquefied, transported via shipping and
regasified. The residual energy content of hydrogen along the chain compared to the
initial amount is estimated at around 73-79%. The phase with the highest energy loss
is the liquefaction process.

* Ammonia carrier: In this case, the hydrogen is sent to the Haber—Bosch process for
the production of ammonia, which is then transported via shipment and subjected to
the cracking process. The final energy content of hydrogen is estimated to be around
63-64% of the initial amount. The phase with the highest energy loss is the ammonia
cracking process.

e Liquid organic hydrogen carrier (LOHC): Hydrogen is used for the production of
LOHC, which is then shipped and dehydrogenated back to hydrogen. In this case,
the final energy content of hydrogen is estimated to be around 57-59%. The phase
with the highest energy loss is the dehydrogenation process back to hydrogen.

Based on these values, if the desired final form is pure hydrogen, the supply chain with
the least energy losses appears to be liquid hydrogen transport. Alternatively, if we consider
only the supply chain up to transportation, and no further conversions back to hydrogen,
both ammonia and LOHC carriers are preferable to liquid hydrogen, but LOHC carriers
show slightly better performance; the residual energy content of hydrogen along the chain
compared to its initial value results in 92-95% for LOHC, against 85-86% for ammonia.
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As far as the economic aspects are concerned in the case of shipping, since hydrogen
gas must be liquefied or converted into other energy carriers, an additional cost must be
applied to the cost of transmission and storage, and quantified as about 1 USD/kgy, for
hydrogen liquefaction, about 0.5 USD/kgy, for LOHC conversion and about 1 USD/kgy,
for NHj3 conversion. In [9], the total shipping cost for 3000 km (including conversion and
transportation) is about 0.7 USD/kgy, in the case of LOHC, 1.3 USD/kgy, for ammonia
and 2.4 USD/kgy, for liquid hydrogen, taking advantage of longer distances that reduce the
impact of the additional cost of conversion or liquefaction processes. In case the split form
is required for the final application, an additional cost of around 2.4 USD/kgy, and around
0.8 USD/kgp, is required, for the hydrogen conversion of LOHC and NH3, respectively.

A comparison of cost estimations for conversion, long-distance transport via ships
and reconversion from different sources is illustrated in Figure 2. The variability between
minimum and maximum values is related to the specific assumptions of each study, includ-
ing the size of plants, the year of the analysis (either 2020 or 2030), or the centralized or
distributed reconversion facilities. This chart only presents the costs related to long-distance
transport, and no hydrogen production costs nor further distribution to final users have
been included in the total values.

Comparison of hydrogen transport costs by ship
120

—
o
o

80

60

40

Costs (EUR/MWhyy,)

20

min

max

Liquid Hydrogen Ammonia
B Conversion OTransport M Reconversion

10,000 km transport by ship, data from different sources

Figure 2. Comparison of hydrogen transport costs for different technologies, assuming 10,000 km
transport by ship (data sources: [9,47-50]).

3.2. Pipeline Transport

Ammonia can also be transported over long distances by pipeline, and the technology
is mature and has been in operation for decades. Ammonia pipelines in the U.S. currently
connect eleven states, for a total of 4800 km in length, transporting around 2 million tonnes
of ammonia per year [51]. Another notable example is the world’s longest ammonia
pipeline, with a length of about 2470 kilometres and in operation since 1981, connecting an
ammonia production plant in Russia to a port in Odessa. The pipeline has been shut down
since Moscow’s invasion of Ukraine in February 2022 [52].

According to [26], long-distance transportation facilities still need to be developed,
and the pipelines should be built where possible for a better cost-effective transportation.
Furthermore, great interest is shown by governments, especially the European ones, for the
conversion of the current LNG terminals to liquid hydrogen and ammonia. Ammonia may
be a more suitable candidate than hydrogen because it requires less thermal insulation.
In this case, the investment cost for the conversion of the terminal from LNG to ammonia
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would be decreased by 10-20 % compared to the construction of new ones [26]. In addition,
building new pipelines for ammonia would be cheaper than new pipelines for pure hydro-
gen, especially considering also operating costs. However, given the lack of experience,
the investment cost is uncertain.

The comparison between the shipping and pipeline strategies strongly depends on
the distances and on the fluid that is transported [9].

4. Final Energy Uses of Ammonia

Ammonia could be used in different energy applications, directly or after being
reconverted to hydrogen. Today, ammonia is being used as feedstock for different chemical
industries, while its uses as an energy carrier are very limited. The current global production
of ammonia is around 180 Mt (2019 data [53]), and it is produced mainly from natural
gas (72%) and coal (26%), accounting for around 2% (8.6 EJ) of the total final energy
consumption [26]. More than two-thirds of the global production is used for fertilizers,
while other industrial applications include textiles, explosives, pharmaceuticals, polymers
and commercial refrigeration and air conditioning. However, most of the ammonia is
produced on-site, as the trade between countries represents only 20.6 Mt, around 12%
of the global demand. In Europe, there are currently 32 ammonia facilities in operation,
producing, at full capacity, around 17.7 Mt of ammonia per year, mainly located in Germany
and the Netherlands [8].

The first use of ammonia as fuel took place in 1822, when it was applied in a gas
locomotive [54]. Then, during World War 11, it was used as a replacement for conventional
fossil fuels, due to their limited availability. Ammonia can be applied as a fuel in existing
technologies, such as gas turbines [19], internal combustion engines, both compression
ignition (CI) [55] and spark ignition (SI) [56,57] engines, and alkaline [58] and direct
ammonia solid oxide (SO) [59] fuel cells (FCs).

4.1. Ammonia for Engine Applications

Ammonia, even though it has a lower energy density compared to gasoline, has a
higher octane number, improving the SI engine performances. According to [20], at full
load, the efficiency of the SI engine fuelled with pure ammonia was found similar to the
methane engine used as a reference, with an indicated efficiency of about 36%. Instead,
its high autoignition temperature, narrow flammability limits and low flame speed are
disadvantages for CI engines, requiring high compression ratios to increase their compet-
itiveness [54]. If used in both CI and SI combustion engines, ammonia should be mixed
with significant amounts of ignition fuel (e.g., hydrogen, diesel or alcohols) in order to
overcome ignition issues [60]. For instance, Morch at al. [56] stated that SI engines per-
formances were higher if ammonia was mixed with 10% vol of hydrogen. The ignition
of ammonia in aqueous solution was simulated in [61]; the compression ratio required
for the combustion of pure ammonia is 24.8, while it was 26.7 in the case of 25% aqueous
ammonia solution [62]. In the review work conducted in [63] regarding ammonia dual-fuel
combustion, the ammonia addition can contribute to significant CO and CO, reduction,
although causing NOx and un-burnt NH3 emissions. However, the authors found out that
advanced injection strategies can limit these emissions.

Furthermore, similarly to hydrogen, there is no existing framework of regulations, rules
and guidelines regarding the use of ammonia as fuel [64], and since current examples are
missing, its uptake will require the development of specific safety standards. Furthermore,
ammonia is corrosive on metals and this issue must be taken into account in the design of
fuel systems, since it can also damage steel combustion equipment. Although it does not
generate carbon dioxide, ammonia produces NOx emissions, N,O emissions and ammonia
slip. These emissions can be mitigated by optimum combustion strategies and after-treatment
systems, otherwise the resulting air pollution and climate impact would significantly reduce
the benefits of adopting green ammonia as an energy carrier. Scholars reported that ratios of
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ammonia below 60% and 40% in dual-fuel engines reduce NO¢ emissions [65,66], while the
addition of ammonia to diesel can lead to an abatement of 80% [67].

In parallel, NOx emissions could be reduced through the already existing and well-
known NOx reduction technologies used for fossil fuels, like the selective catalytic reduction
(SCR) and exhaust gas recirculation (EGR). If ammonia is used for fuelling a vessel, it is
possible to directly use onboard ammonia for the abatement units, instead of using urea as
the SCR’s reductant [68].

However, it is worth to mention that these end-of-pipe technologies, although having a
significant environmental role, would also increase the cost and complexity of vessel design
compared with vessels utilizing traditional fuels. For instance, Kim et al. [59] found out that
an ammonia-based ship costs 3.5-5.2 times compared to a conventional ship, considering a
total lifecycle perspective.

4.2. Ammonia for Fuel Cell Applications

An alternative to the combustion process is the use of fuel cell (FC) applications, that
directly convert chemical potential energy into electrical energy. Ammonia can directly
fuel alkaline, alkaline membrane and solid oxide fuel cells (SOFCs), or can be used as a
hydrogen source in its split form for proton-exchange membrane (PEM) FCs [58]. FCs
can potentially be a zero-emission energy system, but this depends on the energy carrier
that is used and the source of electricity for its production. Being modular, they can be
scaled up or down according to the energy needs. Among all of the different types of
FCs, efficiency levels vary, on average, between 50% and 60%, but some FCs can achieve
up to 85% overall efficiency if heat recovery is introduced into the system [69]. When
ammonia is used directly in SOFCs, their slow dynamics during the transient operations
require an energy storage system (ESS) that can also be used as cold start energy [59].
In their assessment, Kim at al. [59] also stated that the SOFC power system is the most
eco-friendly alternative (up to 92.1%), even though it requires a higher life-cycle cost than
the other solutions investigated. As reported by Jeerh et al. [70], some challenges remain to
be overcome for a successful application of ammonia fuel cells, including material selection,
NOx emissions, limited power densities and long-term stability.

Fuel-cell-powered vessels are gaining increasing interest, thanks to the possibility of
operating them on hydrogen, ammonia and methanol [35]. Installing a fuel cell requires a
complete overhaul of the engine systems, which is economically significant. In addition,
compared to other alternative sources of shipping fuel, FC volumetric energy density is
much lower [69], and currently they can be used only on short- and medium-range vessels;
however, advances in this technology could lead to efficiency improvements, making FCs
a viable option for large-scale deployment in the shipping industry. Currently, there is
no existing infrastructure for FCs in shipping; thus, significant investment is needed to
become competitive with other alternative fuels.

4.3. Ammonia Used in Other Energy Technologies

While ammonia energy applications are mostly focused on engines and fuel cells,
there are also studies related to its use in gas turbines, although it remains an immature
field compared to the previously mentioned applications [19]. Although ammonia provides
some potentially interesting advantages in terms of performance, the important emissions
of NOx remain an important limitation [71]. Ammonia has also been co-fired in coal power
plants in some trials in Japan, as a solution to decarbonize power generation without
affecting the conversion efficiency [19].

Ammonia can also be applied as a working fluid in thermodynamic cycles for power
generation and for refrigeration applications. Ammonia, mixed with water, is at the basis
of the operation of the Kalina cycle [72], which has been proposed as a more efficient
alternative compared to the Rankine cycle, especially in low-temperature applications such
as power generation from geothermal sources. Ammonia is also considered as a good
refrigerant, especially thanks to its very low global warming potential when compared to
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other fluids that are currently used in the industry. However, the uses of ammonia as a
working fluid will clearly lead to a much lower annual demand when compared with its
use as a fuel.

4.4. Cracking Process of Ammonia

If ammonia needs to be converted back to hydrogen, it is important to account for the
energy costs associated with the cracking process, which can generally be assimilated to the
reverse reaction of its synthesis (2NH3 — N, + 3H;). The endothermic cracking reaction,
in order to have conversion levels higher than 99%, requires process temperatures higher than
400 °C. Although there are emerging processes still being tested, currently the only process
pursued is thermal reforming, which requires 52 GJ/ty, with a conversion rate of 98.5 % [73].

The relatively low maturity of this technology is currently one of the most crucial
bottlenecks for the use of ammonia as a hydrogen energy carrier, requiring the development
of efficient catalysts, hydrogen purification equipment and reactor technology [74].

5. Open Issues

In addition to the technological and economic aspects that have been discussed for the
different steps of the ammonia supply chain, encompassing its production, transport and
final uses, some additional points need to be highlighted. These aspects may not directly
affect the economic domain, but they need to be addressed for an effective use of ammonia
as a hydrogen transport and storage solution.

5.1. Health and Safety Issues

Ammonia is colorless and characterized by a pungent and distinctive odor, perceptible
by humans at low concentrations in the air (20 ppm) [19]. However, thanks to this feature,
even small leaks can be easily detected by sensors in concentrations below the harmful limit.
When ammonia is released accidentally into the atmosphere, although its dissipation is
rapid, it may take enough time to generate a dangerous concentration in the site for human
health and aquatic life. Even in low concentrations, inhalation or contact with ammonia
can cause cough and irritation, and high levels can be even fatal (2000 and 3000 ppm within
half an hour of exposure [19]). Workers must be informed about the risks of exposure to
ammonia.

Given the relatively narrow explosion limit (16-25% in air), the risk of explosions
generated by ammonia is lower than that of other traditional fuels [75]. These safety and
health issues must also be addressed in the case of ammonia-fuelled vessels; as stated
in [64], additional efforts are needed compared to the HFO baseline, requiring necessarily
safer designs for implementation.

Due to its toxicity, appropriate safety precautions must be implemented. On the
other hand, it is worth to mention that the level of maturity of the process for ammonia
production, handling and supply has been optimized for over a century. Finally, community
engagement plans are required in order to achieve public acceptance, thus allowing the
widespread use of ammonia in global energy systems [74].

5.2. Environmental Impacts

Ammonia emissions leakages in the different stages of the supply chain may lead to a
wide range of direct and indirect environmental impacts, as already partially discussed
in the previous sections. In addition to the direct negative effects of NH3 emissions on air
quality, ammonia can also be a precursor of particulate matter, worsening PM;g and PM; 5
concentrations, especially in large urban areas [76].

The combustion of ammonia could also lead to the formation of nitrogen oxides, that
can have an important impact on air quality, and also N,O, which is a strong GHG [77].
For this reason, it is important to use proper abatement measures to limit the formation of
these chemicals in some specific applications.
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The use of ammonia-based fertilizers is also impacting the global nitrogen cycle,
representing an important share of total human impacts on the nitrogen cycle. Around
80% of annual ammonia production is used for agricultural fertilizers, but only 17% of that
nitrogen is consumed by humans in crops or derived products [78]. The remainder leaches
into the soil, air and water, leading to several environmental impacts, including soil and
water acidification, eutrophication of water systems and toxicity issues for living species.

On the other hand, an effective use of fertilizers increases the crop yield, reducing
the need for additional land for agriculture, which in turns can limit deforestation and
land degradation [26]. However, research suggests that human activities had already
significantly altered the natural nitrogen and phosphorus cycles through artificial fertilizers
and other activities [79].

5.3. Competition between E-Fuels and Fertilizers Markets

The main current application of ammonia is its use as feedstock in the fertilizers sector.
Global ammonia demand increased steadily from 1990 to 2019, together with the world
population growth. Ammonia has a traditional role in fertiliser production, in addition to
urea, ammonium nitrate and ammonium phosphate. Between nitrogen-based fertilizers, it
has the highest mass content of nitrogen, which is 82%.

In the IEA’s Stated Policies Scenario, which represents the future baseline scenario,
global ammonia production is estimated to increase by 40% in 2050, driven by population
and economic growth [26]. The increase in demand could be partially mitigated by a
more efficient use of fertilizers. The current efficiency of nitrogen fertilizers is very low,
as it is estimated that up to 80% is lost into the environment when considering the entire
supply chain [80]. The estimated effect of policies and strategies to support a more efficient
nitrogen use allows for a decrease in traditional ammonia uses of 5% by 2030 and 10% by
2050, compared to the Stated Policies Scenario.

If ammonia is intended to fully replace conventional fuel in maritime transportation,
ammonia production should rise by 319% to meet the current demand [81]. Therefore,
the global demand for ammonia covering several sectors can cause scalability issues.
The limited availability for energy purposes must be taken into account.

5.4. Comparison with Other Hydrogen Storage Solutions

The success of ammonia in supporting the development of hydrogen pathways will
also depend on its advantages compared to other hydrogen storage solutions. As already
discussed in this analysis, key indicators include operating temperature and pressures,
as well as the gravimetric and volumetric energy density that can be achieved. A summary
of the main indicators for the different hydrogen storage options is reported in Table 3.
The values confirm that ammonia has among the highest volumetric hydrogen content,
and can be stored at ambient temperature and moderate pressure levels.

Table 3. Comparison of different hydrogen storage solutions. Sources: [17,82]. Metal hydrides
include TiFe, TiMn; and LaNis; complex hydrides include LiBH4 and NaAlHj.

Temperature Pressure gravimetric Volumetric

» Content H, Content

K MPa wt% kWh/dm?

Compressed hydrogen ambient 35 100% 0.8
Compressed hydrogen ambient 70 100% 1.3
Liquefied hydrogen —253 ambient 100% 2.2
Ammonia ambient 1 18% 4.0
Methanol ambient ambient 13% 3.3
Metal hydrides 252-285 0.2-0.8 2% 4-41

Complex hydrides 473-573 na. 8-19% 3241
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Metal hydrides and complex hydrides include different chemicals, and, thus, the
indicators are provided as ranges (values in the table refer to TiFe, TiMn, and LaNis for
metal hydrides, and LiBH4 and NaAlH,; for complex hydrides. For additional details
see [17]). The emergence of a specific technology for hydrogen storage will most likely
depend on its actual operating cost, which is caused by different factors. Operating
conditions and energy density are important factors, but others include the availability
and cost of infrastructure, the conversion efficiency and conditions to and from hydrogen,
and other technical and regulatory aspects.

5.5. Ammonia as an Alternative Maritime Fuel

Currently, the most common fuels for shipping are heavy fuel oil (HFO), marine diesel
oil (MDO) and liquefied natural gas (LNG), although HFO use is the most economical for
long-range shipping. Recently, very-low sulphur fuel oil has been introduced, to limit SOx
emissions, especially nearby coastlines. Given the stringent regulations established by the In-
ternational Maritime Organisation to reduce the ship-related NOx and SOy, and the reduction
of 50% of CO, emissions by 2050, the introduction of alternative maritime fuels derived from
abundant renewable resources has been proposed. As a result, hydrogen, ammonia, biodiesel,
DME, ethanol and methanol are receiving increasing attention to tackle shipping’s contribu-
tion to global climate change [83]. Recently, projects and research works have been advocating
the uptake of ammonia as an alternative maritime fuel [35,84]. According to [85], ammonia-
powered vessels are clearly the preferable fuel option for large, deep-sea and long-distance
vessels, mainly in internal combustion engines, in comparison with hydrogen.

However, the use of ammonia in shipping vessels is not yet commercially available
since the replacement of the traditional ship fossil fuels, such as the residual fuels and
distillate fuels, requires careful considerations regarding energy density, flammability,
storage and production cost. The use of ammonia requires 4.1 times as much space as fossil
fuels and safety and environmental risk measures, due to toxicity. Moreover, the need
to limit the NOx emissions has been widely investigated by means of selective catalytic
reduction (SCR), which is already applied to marine engines in order to comply with IMO
Tier III requirements in designated NOx Emission Control Areas [84].

Together with green ammonia, renewable methanol is the most promising fuel for
decarbonising the shipping sector [35], although methanol, if combusted, generates CO,
emissions. Nevertheless, since methanol is liquid at room temperature, it can benefit from
the simplicity of storage, due to non-pressurised steel tanks that can be easily installed on
old ships [86], and requiring only 2.3 times as much space compared to fossil fuels [62].
In addition, it is characterized by low acute toxicity [87]. Methanol requires the least
amount of biomass and hydrogen in the production process in their fuel categories [83];
for instance, only around 130 kg hydrogen is required as feedstock per tonne of methanol
against 180 kg of hydrogen required for ammonia production. More specifically, Kor-
berg et al. [88] concluded that, for all of the types of ships and voyage lengths investigated
in their analysis, methanol exhibits the lowest total cost, including production, storage
and propulsion costs. Also, Bilgili et at. [62] provided a systematic review on the accep-
tance of alternative maritime fuels, highlighting advantages and disadvantages of several
candidates, among which were also hydrogen, ammonia and methanol.

Finally, in [89], methanol appears more competitive in the short-term, while ammonia
is likely to be more appealing in the long-term. Currently, methanol can easily enter the
market because engines fueled with methanol are already present and ordered by shipping
companies. However, green methanol production is highly dependent on the availability
of carbon dioxide and, at a certain point, it would require the use of direct air capture.
If effective solutions will be implemented to overcome safety and NOx emissions issues,
ammonia utilization could be a more efficient option for the future.

A recent report by DNV [90] evaluated different scenarios for maritime fuel uses by
2050, comparing the ambitions set in the current IMO GHG Strategy (with a 50% reduction
of total GHG emissions in 2050) with a zero-carbon shipping by 2050. A total of 24 scenarios
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have been analyzed, and the distribution of the different fuel shares is reported in Figure 3.
Carbon-neutral ammonia (i.e., either green or blue) is expected to play a limited role in
the case of a 50% GHG emissions reduction, while for a full decarbonization of shipping
its importance increases, reaching up to around 60% of the fuel share in some scenarios.
Methanol has a mostly marginal role in the majority of scenarios, while carbon-neutral
marine gas oil (MGO) and carbon-neutral LNG (both from synthetic or biogenic routes) are
seen as a promising solution to decarbonise shipping.

Shares of maritime fuels in 2050
Distribution of values comparing 24 future scenarios

IMO ambitions Decarbonization by 2050

Fuel Oil - ° —[[I— I
o I |
MGO _ 4
(carbon-neutral)
LNG_ o
(carbon-neutral)

Methanol _ F. | e o

(carbon-neutral)

Ammonia _ .
(carbon-neutral)

1 1 1 1 1 1 1 1
0% 20% 40% 60% 0% 20% 40% 60%
Fuel share distribution

Figure 3. Distribution of fuel shares in 2050 across different scenarios (elaboration of data from [90]).
Ammonia is represented in gold. LNG = liquefied natural gas, MGO = marine gas oil.

6. Conclusions

Given the widely accepted issues related to hydrogen distribution and transportation
systems, and their technological immaturity, ammonia may represent an effective hydrogen
carrier. Ammonia is being increasingly considered as a potential option for decarbonized
energy systems, being a carbon-free energy carrier that could represent a solution to store
hydrogen at mild conditions. Moreover, a notable advantage is represented by the possibility
of exploiting an already well-established infrastructure used for decades in the fertilizers sector.

This review paper has investigated the main opportunities and barriers to the devel-
opment of ammonia as a large-scale hydrogen storage solution, especially for shipping
low-carbon hydrogen over long distances. Technical, economic and environmental aspects
have been discussed, also comparing ammonia to other possible alternatives.

Critical issues remain to be addressed for a successful deployment of ammonia, in-
cluding aspects related to efficiency of the supply chain, energy density, safety and toxicity,
environmental impacts and technical maturity in final applications. Specifically, greater
advantages are expected in the applications that can directly use ammonia, without the
need for further conversion back to hydrogen, due to the low energy efficiency of the
conversion process. Furthermore, similarly to hydrogen, the current lack of rules and
guidelines regarding the use of ammonia as a fuel is seen as an important barrier.

For these reasons, it is important that future research focuses on solutions to improve
energy efficiency and minimize environmental impacts of the different steps of the ammonia
pathway, and not only limit the analysis on its benefits as a carbon-free energy carrier.
Furthermore, technological solutions and best practices to reduce the risk of leakage would
further decrease the potential damage to human health.

Finally, it is worth noting that ammonia currently has a well-established market, es-
pecially for fertilizers, which is also expected to grow in the future. Thus, a possible use
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of ammonia for energy purposes would need to compete with (or complement) other uses,
especially when considering the availability of supply facilities and transport infrastructure.
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Abbreviations

The following abbreviations are used in this manuscript:

ATR auto-thermal reforming
BAT best available technology
CCS carbon capture and storage
CcI compression ignition

EGR exhaust gas recirculation
ESS energy storage system

EU European Union

FC fuel cell

GHG greenhouse gas

HFO heavy fuel oil

HHV high heating value

IEA International Energy Agency

IMO International Maritime Organization
LCOA levelized cost of ammonia

LHV low heating value

LNG liquefied natural gas

LOHC liquid organic hydrogen carrier
MDO maritime diesel oil

MGO marine gas oil

PEM proton exchange membrane

RES renewable energy source

RFNBO renewable fuel of non-biological origin
SCR selective catalytic reduction

SI spark ignition

SMR steam methane reforming

SOFC solid oxide fuel cell

UK United Kingdom
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