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ABSTRACT

This study conducts a comparative techno-economic assessment on the value chains of ammonia, as a green
energy vector, and Liquefied Natural Gas (LNG), representing the benchmark energy vector, for long-distance
energy transportation from Middle East to Europe. The value chain involves production from resources, con-
version to an energy vector, storage and transport and reconversion of the energy vector to a suitable fuel. For
comparison purposes, an electric power output of 400 MW is assumed to be produced by a power plant that
utilizes either green or fossil fuels delivered to it. The adopted parameter for this comparison is the Levelized Cost
of Energy (LCoE). Greenhouse gas emissions are economically penalized through the Social Cost of Carbon (SCC).
Considering a SCC of 0.100 €/kg, the LCoE of the LNG value chain is 59.19 €/MWh, while that of ammonia is
231.71 €/MWh. Since the cost of producing green hydrogen and purified natural gas strongly affects the results, a
sensitivity analysis is performed to assess the impact of the assumed values. The SCC required to break even the
LCoE of the two value chains is: 0.183 €/MWh when considering the most favorable scenario for the green energy
vector (low green hydrogen and high purified natural gas production costs) and 1.731 €/kg when considering the
most unfavorable one. This study highlights the cost-effectiveness of LNG in the current economic and regulatory
landscape. However, the break-even range for the SCC indicates the potential for green ammonia to gain eco-
nomic viability under higher carbon pricing scenarios.

1. Introduction

The exploitation of renewable energy sources (RES) is playing a key
role in tackling the issues related to climate change and energy security.
There is a general consensus that energy storage is crucial in order to
overcome the inherent variability of RES and enhance their contribution
to overall power generation. Consequently, future energy systems
necessitate effective and affordable techniques for storing energy. To
date, various mechanical, electrical, thermal, and chemical methods
have been devised to store electrical energy for large-scale utility ser-
vices. Storage solutions such as batteries or redox cells are unlikely to
have the required capacity for large-scale energy storage. Pumped hydro
and techniques like compressed gas energy storage encounter limita-
tions due to geological factors that restrict their implementation. The
sole flexible mechanism capable of storing vast amounts of energy over
extended periods, regardless of location, is chemical energy storage. The
storage of energy in chemical form can be accomplished through
hydrogen (Hy), called “green Hy” when it is produced through RES-
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driven water electrolysis, or carbon-neutral hydrogen derivatives, such
as ammonia (NHg), called “green ammonia” when it is synthesized from
green hydrogen. NHj3 is considered a promising energy vector, given its
chemical and physical properties, which are summarized in Table 1.
Moreover, the infrastructure for transporting and storing ammonia is
already established, given its role as the world’s second-largest chemical
commodity. Ammonia serves multiple purposes, including being
employed as an agricultural fertilizer, a feedstock for food production,
an industrial material, a refrigerant, and an additive.

NH; is gaseous under atmospheric conditions of temperature and
pressure. Ammonia liquefaction is usually performed in order to reduce
the storage volume and requires compression to 8.6 bar at room tem-
perature or cooling to — 33.4 °C at atmospheric pressure. Cryogenic
storage at atmospheric pressure is seen as the most cost-effective option
for large capacities. These liquefaction conditions are mild, especially
when compared to methane (CHy4), which has a molecular weight similar
to that of ammonia, and liquefies at — 166 °C and atmospheric pressure.
The higher boiling point of ammonia is due to the strong intermolecular
hydrogen bonds. Thus, shipping ammonia has low investment and
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Nomenclature

Aj Characteristic size of equipment j.

Bij Constants for calculating the bare module factor of
equipmentj (i = 1,2).

Cc Purchased cost.

CAPEX, Capital expenditures at the year t.

Caumj Bare module cost of equipment j.

Cou. i Bare module cost of equipment j constructed with carbon
steel and operating under atmospheric pressure.

Cg J Purchased base cost of equipment j.

Cruel Cost of fuel.

CoL Cost of operating labor.

Consg,e; Fuel consumption rate.

Crew Number of people in a ship’s crew.

Crm Cost of raw material.

Crmj Total module cost of equipment j.

Cyr Cost of utilities.

Cwr Cost of waste treatment.

DMC Direct Manufacturing Costs.

€fuel CO,, emissions per volume of fuel.

Efuel CO,, emissions rate of fuel.

F Energy vector production rate.

Fgj Bare module factor of equipment j.

FMC Fixed Manufacturing Costs.

Fuj Material factor of equipment j.

Fpj Pressure factor cost of equipment j.

Fror Total molar flow rate.

GE General Expenses.

Heq Plant availability.
I Cost Index.
Kij Constants for calculating the purchase equipment cost of

equipment j (i = 1,2,3).
LCoE Levelized Cost of Energy.
LHV Lower Heating Value.
OPEXco> Operating expenditures associated with the CO, emissions.
OPEXp,e) Operating expenditures associated with the fuel

consumption.

OPEXjapor Operating expenditures associated with the operating
labor.

OPEX,  Operating expenditures at the year t.

T Temperature.

Tin Inlet temperature.

Tnpp Normal boiling point temperature.

Tour Outlet temperature.

p Pressure.

Py Inlet pressure.

Poyr Outlet pressure.

r Discount rate.

p Volumetric density.

Scc Social Cost of Carbon.

t Year index.

tioading and unloading Time for loading and unloading operations.
treturn trip Time for the return trip.
tsafety butfer Time to account for potential delays.

tsorage ~ Time in which the energy vector must be stored.
Vstorage ~ Storage tank volume.
Viessel ~ Vessel volume.

operating costs due to the ease of the liquefaction operation and liquid
storage. This feature is of interest for the use of ammonia as a green
hydrogen carrier since it avoids criticalities and high costs related to
pure hydrogen transportation. Indeed, since hydrogen, as methane,
liquefies at cryogenic temperatures, its liquefaction is an energy-
intensive process and its storage and shipping require high-quality
insulation material. Moreover, when hydrogen content is considered,
liquid ammonia has the highest volumetric hydrogen density at atmo-
spheric pressure (121 kgyo/m®, calculated as the product between its
gravimetric hydrogen fraction and its volumetric density) among
commonly considered hydrogen carriers [3-7], as shown in Fig. 1.
Liquefied ammonia (LNH3) volumetric hydrogen density is 1.5 times
higher than that of liquefied hydrogen (LH2) because ammonia is ten
times denser than LHs. In addition, it is more than twice higher as that of
liquid organic hydrogen carriers (LOHC).

The ammonia volumetric energy density is lower, but comparable,
than that of carbon-based fuels, and it is higher than that of liquefied
hydrogen, as reported in Fig. 2.

This property suggests the possibility of using ammonia as fuel.
However, burning pure ammonia is challenging due to its combustion
properties. A comparison with CHy is reported in Table 2. Ammonia
presents low laminar burning velocity, narrow flammability limits and

Table 1

Properties of ammonia [1,2].
Property Value
Molecular weight [kg/kmol] 17.031
Normal boiling point (Txgp) [°C] -33.4
Liquid density at Tygp [kg/m®] 682.6
Vapor pressure at 20 °C [bar] 8.58
Gravimetric hydrogen density [kguo/kgnmsl 0.18
Heat of vaporization at Typp [MJ/kg] 1.371
Lower Heating Value (LHV) [MJ/kg] 18.6

high minimum ignition energy. Thus, combustion needs a high amount
of energy to start and then the flame propagates slowly releasing less
heat than methane flame, as revealed by the difference in the adiabatic
temperature.

Direct use of ammonia in Solid Oxide Fuel Cells (SOFC) is studied by
research groups for small-scale energy production with an efficiency of
40-60% [2]. A temperature above 700 °C is required to generate high
electrical power by the supply of pure ammonia, without any additional
operation but preheating. Among the ongoing projects, Kyoto University
is developing a 1 kW SOFC with a nickel-based catalyst, which is the
most powerful device known [10].

NHj in Internal Combustion engines (ICE) has already been applied
for buses during the Second World War in Belgium, due to the shortage
of fossil fuels. Even if this solution was abandoned as soon as the fossil
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Fig. 1. Comparison of hydrogen carriers’ volumetric hydrogen density
[kg/m3].
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Fig. 2. Comparison of fuel LHV on a volume basis [MWh/m®3].

fuel shortage ended, it showed the potential of ammonia as fuel.
Currently, ammonia-fueled ICE are of interest, especially in the marine
sector. Several naval companies are developing ammonia-powered
motors: for instance, MAN energy solution declares the commerciali-
zation of a two-stroke engine by 2024. A Norwegian consortium led by
Wartsila is developing a four-stroke ammonia engine [11]. Mitsui O.S.K
Lines is constructing a large-scale ammonia carrier powered by
ammonia itself [12]. Japanese companies are investing in the develop-
ment of pure ammonia gas turbines [13]. This technology is advanta-
geous because, as for the SOFC, preheating is the only process needed
once ammonia is transported to the end users. On the other hand, the
need to design and construct new models of gas turbine increases the
investment costs and the commissioning times. Mitsubishi Power has
announced the commercialization of a 40 MW technology by the year
2025 [14]. The IHI Corporation aims to commercialize a 2 MW gas
turbine by the end of 2023 [15]. The SIP energy carrier program is
developing a 100 MW gas turbine, commercially available by 2030 [8].

Researchers are developing methods to enhance ammonia combus-
tion properties and to design suitable burners. The improvement of the
combustion characteristics is usually achieved by blending ammonia
with other fuels. A bench-scale 1.2 MW coal-fired furnace was investi-
gated for ammonia co-firing [16]. The experimental study reveals that
ammonia co-firing is feasible with modifications to the coal combustion
system and leads to a decrease in the carbon dioxide emissions. There-
fore, retrofitting existing coal-fired plants is a possible and advantageous
solution. Furthermore, the same study analyzes pure ammonia firing by
progressively diminishing the coal supply. It results in less power
generated than the co-firing solution, but the combustion proceeds
stably, and NOy emissions were not an issue with proper air-staging
[16].

In addition to blending ammonia with fossil fuels, the possibility of
blending it with hydrogen is being studied. In particular, the partial
cracking of ammonia is considered advantageous because it improves
the properties of ammonia without requiring as much energy as is
needed for the total decomposition. Moreover, as demonstrated exper-
imentally [9], 28% cracked ammonia burns in hydrocarbon-fired gas--
turbine burners, attaining performances comparable to those of fossil

Table 2
Combustion properties of methane, ammonia and 28% cracked ammonia[2,8,9].

Journal of Environmental Chemical Engineering 12 (2024) 111723

fuels, as reported in Table 2. The possibility of exploiting a technology
already present in the market reduces the capital investment and the
time for commercialization. A concern with ammonia combustion is the
NOy emissions due to the nitrogen atoms in the molecule. Nonetheless,
technologies for abatement of NOy emissions, such as selective catalytic
reduction [17], are well-established and commercially available.
Another environmental concern is related to the possible ammonia
leakages, which cause soil acidification and promote the formation of
particulate matter [18]. However, ammonia is a global commodity,
hence, regulations and standards, along with training protocols, have
already been established to ensure safe handling and transport [11].

For the presented reasons, the International Energy Agency (IEA)
discusses ammonia as a future electricity-based fuel in its report [18].
Similarly, the International Renewable Energy Agency (IRENA) defines
ammonia as one of the energy carriers of the 21% century [11] and the
International Maritime Organization (IMO) identifies ammonia as the
green fuel to halve greenhouse gas emissions of the shipping sector by
2050 [13]. Furthermore, Japan’s Natural Resources and Energy Agency
presented a roadmap to be carbon neutral by 2050, in which the
deployment of ammonia for energy production plays a key role [19].
However, the use of ammonia as a fuel still needs to be approved by the
relevant authorities. Currently, neither the IMO nor the fuel regulatory
authorities endorse this ammonia application [11].

Few techno-economic evaluations on the value chain of ammonia as
an energy vector are present in the literature. The work by Song et al.
[20] explores the potential of using offshore wind energy in China to
produce hydrogen and supply it to Japan using three potential transport
mechanisms: LHj, methylcyclohexane (MCH) as a LOHC, and LNHgs. The
authors consider separately the costs associated with the delivery of
ammonia without dehydrogenation at the destination, recognizing that
ammonia could be employed directly as a fuel in power generation.
Wijayanta et al. [21] compare different storage options for hydrogen,
including LHy, MCH, and LNH3. The results highlight that ammonia’s
direct use, as fuel or feedstock, is a promising option for storing and
utilizing hydrogen efficiently in different sectors. The work by Giddey
et al. [22] analyzes four pathways for the ammonia energy chain, two of
which include the ammonia direct use for power generation, either in
Solid Oxide Fuel Cells or blended with diesel, kerosene or methanol in
Internal Combustion Engines. It concludes that the overall efficiency of
the entire ammonia energy chain is higher when it is directly utilized in
SOFC or ICE, despite underlying their low technological maturity. The
authors emphasize the importance of developing efficient and sustain-
able ammonia production methods, as well as the integration of
ammonia into existing energy systems, to support the transition to a
renewable energy future.

Salmon and Banares-Alcantara [23] perform a review study on the
potential of green ammonia as an energy carrier. This work explores the
concept of using renewable energy sources to produce ammonia and
suggests that it can serve as a versatile and scalable spatial energy
vector, enabling the transport and storage of renewable energy across
regions. The article emphasizes the role of green ammonia in supporting
decarbonization efforts and fostering a sustainable energy system.

The review study conducted by Cardoso et al. [24] addresses the
issues related to the utilization of pure ammonia as a fuel, delving into
the fundamental mechanisms necessary for developing the combustion
of pure ammonia within internal combustion engines. While the primary

Fuel Laminar burning velocity [cm/ Flammability Minimum ignition energy Lower heating value [MJ/ Adiabatic flame temperature
s] limits [mJ] kgl [°C]

CHy4 37 0.5-1.7 0.28 50 1,950

NH; 7 0.6-1.4 8 18.6 1,800

28% cracked 30 0.25

NH;
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Fig. 3. LNH; and LNG value chains.

focus is on the operation of pure ammonia and ammonia fuel blends, the
review also extensively explores the issues related to controlling NOy
emissions, the current challenges in understanding ammonia chemistry
in detail, as well as the absence of high-fidelity numerical models. These
factors are discussed in the context of their contribution to facilitating
the widespread adoption of this technology.

Estevez and coauthors’ review [25] focuses on the assessment of
green ammonia’s potential for various energy applications, such as
serving as an energy carrier, an electricity generator, and an E-fuel.
Furthermore, the study explores recent research that proposes the use of
nitrogen-based compounds, like urea, hydrazine, and ammonium ni-
trate, as alternative fuels. It also examines the feasibility of utilizing
other nitrogen-based compounds, thereby providing an updated
perspective on the entire ecosystem surrounding green ammonia, from
production to consumption, including storage and transportation.
Additionally, the review identifies the forthcoming challenges in
achieving a technically and economically feasible energy transition.

The review study by Valera-Medina et al. [26] comprehensively
explores the role of ammonia as an energy vector. It covers all aspects,
from production, distribution, utilization, safety, legal considerations,
and economic aspects in supporting future energy needs. The study also
delves into the fundamentals of combustion and practical cases for
ammonia energy recovery. It outlines the potential of ammonia in
mitigating carbon emissions, considering the advantages and limitations
of its use for energy storage. The review benefits from the latest insights
from experts actively involved in this field, offering insights into the
progress in ammonia’s use as an energy carrier.

To the authors’ knowledge, there is no comparison in the literature
between an energy vector produced from RES, such as liquefied
ammonia, which is a good candidate given its properties and the results
of the cited studies, and a traditional fossil-based energy vector, such as
Liquefied Natural Gas (LNG). Both LNH3 and LNG can be stored in large
quantities and transported across long distances, allowing countries that
lack proper energy resources to access them from remote locations and
diversify their energy supply, enhancing energy security and promoting
economic and geopolitical stability. Currently, LNG is adopted to this
purpose. However, given the increasing concerns about climate change,
other carriers, not originated from fossil resources, have to be investi-
gated to replace LNG.

The present article aims to compare the value chains of LNHg, as a
carbon-free energy vector, and LNG, representing the benchmark energy
vector, from a techno-economic point of view. The value chain consists
of production from resources, conversion to an energy vector, storage
and transport, reconversion of the energy vector to a fuel suitable to be
burned in an ICE. For the LNHj3 value chain, the last step is partial

cracking with a conversion of 30% in order to obtain a mixture of
ammonia, hydrogen and nitrogen (N3) with combustion properties
similar to that of hydrocarbons. A case study of energy delivery from
Middle East to Europe via maritime transport is considered. The main
processes of the value chains, ammonia synthesis and partial cracking
and natural gas liquefaction and regasification, are simulated using the
Aspen Plus® V11 [27] commercial software simulator. The derived
material and energy balances serve as the basis for assessing the capital
and operating expenditures of the process plants. The starting resources
are renewable energy and raw natural gas. The cost of producing green
Hy and purified natural gas strongly depends on assumptions such as
location (onshore/offshore), type of renewable power plant, type of
reservoir. A sensitivity analysis on the production costs of both green H,
and natural gas is performed to assess the impact of the assumed values
on the results. The levelized cost of energy method is used for the eco-
nomic assessment [28]. The Social Cost of Carbon (SCC) required to
break even the levelized cost of energy of the two value chains is
calculated. The novelty of this work lies in the establishment of a
methodology for quantifying the costs associated with energy vectors
used for long-distance energy transport. By accounting for the cost of
greenhouse gas emissions, this methodology makes it possible to esti-
mate the cost gap between green and fossil-based energy vectors. If this
gap were bridged with appropriate policies, green energy vectors would
become cost-competitive, as well as environmentally beneficial, in
comparison to their fossil-based counterparts.

2. Modeling, methods and methodology
2.1. Basis of design

In this study, the energy transportation from a theoretical energy
production site in the Middle East to a theoretical utilization site in
Europe is assumed, spanning a sea distance of 5000 km.

Two value chains are considered: one involving green ammonia as a
carbon-free energy vector and the other involving LNG as a traditional
fossil-based energy vector.

An electric power output of 400 MW is supposed to be produced by a
power plant with an efficiency of 56% [29]. The fuel flow rate is
calculated to satisfy this output.

Green hydrogen is supposed to be produced at a pressure of 20 bar
(typical conditions at the outlet of alkaline electrolyzers [30]) and a
temperature of 25 °C. The value chain of the green energy vector (Fig. 3)
includes: green hydrogen production, ammonia synthesis and liquefac-
tion at atmospheric pressure, storage at the loading terminal, sea ship-
ping, storage at the unloading terminal and partial cracking to obtain a
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Table 3

Assumptions for the economic evaluation.
Item Value
Base year 2022
Project lifetime 25y
Discount rate 5%

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

8,000 h/y

3y (CAPEX breakdown: 40%, 30%, 30%)
5% CAPEX [34]

0.951 €/US-$ [35]

mixture of NHs/Hz/Ny suitable to be burned in a traditional engine.

Purified natural gas is supposed to be available at 40 bar and 25 °C
(typical conditions at the outlet of the acid gas purification section [31,
32]). The value chain of the fossil-based energy vector (Fig. 3) includes:
natural gas production and processing, liquefaction at atmospheric
pressure, storage at the loading terminal, sea shipping, storage at the
unloading terminal and regasification. The product delivered is natural
gas to be burned in a power cycle.

In these value chains, the main process plants are the ammonia
synthesis and partial cracking and the natural gas liquefaction and
regasification. Conducting a comprehensive assessment of their invest-
ment and operating expenses is crucial to ensure a reliable economic
evaluation.

The system boundaries are from the production of the energy vector
to its utilization as fuel in a power generation plant, which is not
included inside the boundaries. The amount of energy transported dif-
fers between the investigated options because of the inherent different
production capacity of hydrogen from RES, which is limited by space
constraints, and of natural gas from reservoirs, which is generally high.
The production capacity of green hydrogen is assumed to be 650 t/d, as
for the large-scale NEOM project [33], while the one of natural gas is
supposed to be 4 Mt/y. To give each value chain its costs and to be able
to compare them, the cost of each block is multiplied by the fraction of
fuel utilized to the total fuel delivered.

2.2. Methodology of techno-economic assessment

The Levelized Cost of Energy (LCoE) [28] is used to evaluate the cost
of the energy vector for both the entire value chain and individual steps,
as outlined in Section 2. Its value is calculated according to Eq. (1):

N-1
CAPEX,+OPEX;
= (1+r)
LCOE = o (@)

Z Fruet.our LHV el
(14r)

=0
where t represents the year (with 0 being the base year and N-1 being the
last year), CAPEX; and OPEX; are respectively the capital and operating
expenditures at the year ¢, r is the discount rate, Ffye ot is the flow rate of
fuel delivered yearly and LHVy,, is its lower heating value. The financial
assumptions are reported in Table 3.

A Social Cost of Carbon (SCC) of 0.100 €/kg-CO- (price of emissions
allowances traded on the European Union’s Emissions Trading System
(ETS), record reached in February 2023 [36]) is assumed in the base case
in order to penalize the direct CO2 emissions. Then, the SCC required to
break even the levelized cost of energy of the two value chains is
calculated as the production costs of green hydrogen and purified nat-
ural gas vary.

2.2.1. Process plants

The Turton methodology [37] is used to evaluate the costs of the
main processes, ammonia synthesis and cracking and natural gas
liquefaction and regasification. This methodology enables a rough
estimation of the plant costs and should be regarded as an initial feasi-
bility study.
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The capital expenditures (CAPEX) of the plant are determined using
the Guthrie method [38]. This method calculates the purchased base
cost (Cg j), for the equipment piece j, as:

log (€5,(2001)) = K1+ Kalog (4) + Ky [logs (4)] ©)

where A; represents a characteristic size of the equipment and the con-
stants Ky, Kj and K3; depend on the type of equipment and are
available in the book by Turton et al. [37]. The Eq. (2) allows for the
evaluation of equipment cost as of the year 2001. To update this cost to
the current timeframe, economic inflation must be considered. This
adjustment can be accomplished using the following formula:

I base

Leurren
Ceurrent = Chaw( Z) 3)

where C represents the purchased cost, I a cost index and the subscripts
indicate different points in time. In this analysis, the Chemical Engi-
neering Plant Cost Index (CEPCI) is used as cost index, with CEPCl001
= 397 and CEPClI5y2 = 816.5.

To account for the impact of construction material and the operating
pressure on equipment cost, the concept of the bare module cost (Cpa;)
is introduced, which is computed as follows:

Ciuy,j :CI?J-FBMJ':CSJ»(B]J+BZJFMJFPJ) (C))

where the bare module factor (Fpy;) is a function of the material factor
(Fum,j), influenced by the choice of construction material, and the pres-
sure factor (Fpj), accounting for the operating pressure of the equip-
ment. The constants By j and B, ; depend on the type of equipment and
are available in [37].

The bare module cost for equipment constructed with carbon steel
and operating under atmospheric pressure, ch,,-, and the bare module
factor for equipment in these conditions, F‘E);M, j» are computed with Fy;
=Fpj=1.

Starting from the bare module cost, the total module cost (Cpy) is
derived using Eq. (5), which factors in a 18% increase for contingency
expenses and fees. The CAPEX accounts for expenses related to site
development, off-sites, auxiliary buildings and utilities (grassroots cost)
by increasing the Cpy as in Eq. (6).

Cry = 118 Cau; 5)
j

CAPEX = Cpy +0.5% Chy,; (6)
i

The operating expenditures (OPEX) are the costs related to the daily
operation of a process plant, calculated as the sum of different cost
items, that fall within three main categories:

m Direct Manufacturing Costs (DMC), which vary with the pro-
duction rate and include the costs of raw materials (Cry),
utilities (Cyr), operating labor (Cpr), waste treatment (Cyr),
direct supervisory and clerical labor, maintenance and repairs,
operating supplies, laboratory charges, patents and royalties;

m Fixed Manufacturing Costs (FMC), which are unaffected by the

production rate and include local taxes, insurance and plant

overhead costs;

General Expenses (GE), which include the costs of administra-

tion, distribution and selling, research and development.

Estimating OPEX necessitates knowledge or, at the least, estimations
of the following costs: CAPEX, cost of raw materials, utilities, operating
labor and waste treatment. Factors for estimating DMC, FMC and GE are
reported in Table 4.

Cru is the cost of chemical feedstocks needed for the process. In the
current analysis, it is neglected as green hydrogen and purified natural
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Table 4
Factors for estimating OPEX [37].

Cost item Calculated as

DMC Cyr+ 1.33:Cop+ 0.069-CAPEX+ 0.03-OPEX
FMC 0.708-Cor+ 0.068-CAPEX

GE 0.177-Cor+ 0.009-CAPEX + 0.21-OPEX
OPEX (DMC+FMC+GE) Cyr+ 2.215-Co+ 0.24-OPEX+ 0.146-CAPEX

gas are the sole feedstocks, with their production costs already consid-
ered in the first block of the value chain. Cyr is the cost related to the
consumption of electricity and cooling water (CW). For this analysis,
specific utility costs of 50 €/MWh for the electric power and 0.015 €/t
for the CW, available at 20 °C, are utilized. Utility consumption is
determined through the energy balance obtained by process simulation.
Coy is the cost of personnel needed for operating the plant. It depends on
the required workforce per shift and on the average annual operator
salary, assumed to be 40,000 €. The calculation of the required
personnel takes into account that an individual operator works an
average of 45 weeks in one year, completing five 8-hour shifts weekly.
The cost of waste treatment is not considered in this analysis.

2.2.2. Sea transport

The maritime transport of the liquefied energy vector involves the
CAPEX associated with the acquisition of the ships and the OPEX asso-
ciated with the labor, fuel and CO, emissions costs, maintenance and
insurance.

The volume to be shipped is computed on the basis of the time in
which the energy vector must be stored (tsiorage) defined as:

tsmrage = lreturn trip + tloading and unloading + tsafely buffer (7)

where treturn trip is the time for the return trip, tipading and unloading is the
time needed for loading and unloading operations, assumed equal to one
day, and tsafety buffer is @ reasonable time to account for potential delays,
assumed to be two days. Given a ship speed of 16 knots (approximately
30 km/h), the required storage time amounts to about 17 days.

Considering that, for safety reasons, a maximum of 98% of the ship’s
capacity can be utilized and that a certain amount of residue, assumed to
be 4% by volume [39], must be retained in the ship’s tanks for cooling
purposes, the calculation of the gross shipping capacity (Vyessel), in m3, is
performed as follows:

F 'tsloragc

Precr(0.98 — 0.04) ®

Viessel =

where F [kg/d] is the energy vector production rate and pyector iS its
volumetric density, equal to 677 kg/m® for liquefied ammonia and
450 kg/m? for LNG.

The investment costs associated with the ship are retrieved from
literature case studies.

The labor cost (OPEXjapor), in M€/y, is computed according to Eq. (9).
It is assumed that two complete crews, each with a size denoted as Crew,
alternate over the course of one year and that the individual operator
receives an annual salary (Ciapor) of 52,000 €/y.

OPEXuhor = Clapor-Crew-2-107° 9

It is assumed that ships are powered by conventional fuel engines
such as IFO 380 (Intermediate Fuel Oil with a sulfur content lower than
3.5%). The fuel cost (Crye1) is assumed to be 580 €/t. The crew size and
the fuel consumption (Consg,e, in t/d) are obtained from technical data
sheets of vessels nearly identical in capacity to the ones considered in
this work. Therefore, the operating cost related to fuel consumption
(OPEXfye)), in M€/y, is computed as follows:

H,

Treturntri e —
OPEXjua = CruaConsp— 021107 (10)
tsmrage 24

Journal of Environmental Chemical Engineering 12 (2024) 111723

Taking into account a value for the CO5 emissions per volume of IFO
(efue]) amounting to 11.24 kgcoa/gallonro [40], the operating cost
related to CO, emissions (OPEX¢q2) in M€/y is computed as:

Iy urntri H, -
OPEXco, = Egye-SCC—2M0 4, 1(=6 an
tslorage 24

where Egye [t/d] represents the CO, emissions rate, computed as:

Conspyer€se1-264.2[gallon /m’)

Piro

Efe = 12)

where pipo represents the volumetric density of IFO, with a value of
990 kg/m>.

2.2.3. Storage

Storage of the energy vector is required at both the loading and
unloading terminals. This involves the CAPEX associated with the
acquisition of the storage tanks and the OPEX related to maintenance
and insurance. The energy vector is stored in liquid form under a pres-
sure of 1.3 bar, inside spherical tanks equipped with a suitable insu-
lation to limit the heat transfer from the surroundings. The boil-off losses
are neglected given the possibility to recondense the boil-off gas at the
loading terminal and to redirect it to the reconversion process at the
unloading terminal.

The investment costs associated with the tanks are retrieved from
literature. For each terminal, the total capacity to be stored (Vsiorage [m®]
in Eq. (13)) is calculated considering the storage of the shipped volume
Vyessel With a 10% increment to accommodate potential delays.

Vitorage = (14 0.1) Viegser 13
The operating costs for storage are calculated as 10% of the CAPEX.

3. Results and discussion

3.1. Green energy vector

Green ammonia is synthesized from hydrogen, which is obtained by
RES-driven water electrolysis. The cost of producing green hydrogen
depends on different factors, including the type of renewable power
plant (wind/solar/...), location (onshore/offshore), the presence of
batteries for electricity storage, or electricity supply from the grid
through a Power Purchase Agreement (PPA) contract with a portfolio of
RES plants, and the electrolyzer technology (alkaline/proton exchange
membrane/solid oxide electrolyzer). A green hydrogen cost of 180
€/MWh is assumed in the base case. This value, equivalent to 6 €/kg, is
the one obtained in Ref. [41] for a green hydrogen plant, based on a
photovoltaic power plant coupled with alkaline electrolyzers and
located in the Center of Italy. The simulation of hydrogen production is
not included due to the high dependence of its cost on the assumptions,
such as the type of electrolyzer and renewable power plant. To maintain
a general approach, a sensitivity analysis on the production costs of
green hydrogen is performed. The investigated range is 60 - 400 €/MWh.
According to Ref. [41], values in the range 120 - 330 €/MWh are realistic
and express the current scenario, while values below 120 €/MWh
represent an optimistic reduction in costs due to higher technologies’
efficiency and lower cost of materials. Values above 330 €/MWh signify
a pessimistic increase in costs, which may be caused by material short-
ages. The techno-economic assessment of the other blocks of LNH3 value
chain, synthesis and liquefaction, maritime transport, storage and par-
tial cracking, is detailed in the following sections.

3.1.1. LNH; - synthesis and liquefaction

The synthesis of NHg starting from green hydrogen necessitates a
supply of N3 to the process. Nitrogen is obtained by air separation. Since
a potential use of the oxygen produced is not conceived in the process,
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Fig. 4. N, separation process.

the separation is driven only toward the nitrogen. Several schemes are
available in the literature to this purpose. In this work, the one proposed
by Agrawal and Thorogood [42] is selected and simulated using Aspen
Plus® V11 [27] to obtain material and energy balances useful for cost
estimation following the procedure reported in Section 2.2.1. The
RKS-BM (Redlich-Kwong-Soave Equation of State [43] with the alpha
function modified as proposed by Boston and Mathias [44]), is selected
as thermodynamic package.

Referring to the process illustrated in Fig. 4, the fed air stream un-
dergoes compression to 8.5 bar in C-100 and C-101. An isentropic effi-
ciency of 0.85 is assumed for the compressors. The minimum
temperature approach inside the intercoolers E-100 and E-101 is 10 °C
and they use CW as cold stream. The compressed air is then cooled to its
dew point within heat exchanger E-102, which is characterized by a
minimum temperature approach of 1 °C, since it operates at cryogenic
temperatures. Subsequently, the cooled stream proceeds to the recti-
fying section of the distillation column (T-100). This column comprises
50 theoretical trays and operates at a high pressure of 8 bar. Its top
product is in vapor phase and consists of pure Ny (residual oxygen
content of few ppm), and its bottom product consists of an approxi-
mately equimolar mixture of oxygen and nitrogen. This mixture is
expanded to 3 bar and directed to the stripping section of the distillation
column (T-101). At the top of this column, a stream resembling air’s
composition is obtained and it is then recycled back to the second
compression stage C-101. Prior to this recycling, it passes through E-102
to cool the feed mixture. An oxygen-rich stream is obtained at the bot-
tom of the same column and, after passing into E-102 as cold stream,
leaves the system. The cooling duty required to condense part of the top
product from T-100, which serves as the column’s reflux, is obtained
through the evaporation of the bottom product of the T-101. The power
needed for the separation is all provided by compression. The resulting
nitrogen stream serves as the feed for the subsequent ammonia synthesis
stage.

Table 5
Streams conditions at the battery limits for the N, separation process (Fig. 4).
Stream AIR 02-rich N2
T [°C] 25 29.3 29.3
14 [bar] 1.01 3.05 8.04
molar fractions
Ny 0.7900 0.4242 1.0000
(o2 0.2100 0.5758 0.0000
Fror [kmol/h] 7,049.4 2,571.1 4,478.3
Table 6
Cooling duties of the N, separation process (Fig. 4).
Equipment Tinv [°C] Tour [°C] Cooling duty [kW]
E-100 156.81 30 7,313.1
E-101 147.03 30 9,947.9
Table 7

Electric power consumptions of the N, separation process (Fig. 4).

Equipment Py [bar] Poyr [bar] Electric power [kW]
C-100 1.01 3.12 7,573.9
C-101 3.12 8.5 9,873.2

In Table 5 the inlet and outlet streams’ conditions for the Nj sepa-
ration process are reported.

Table 6 and Table 7 report the energy balance for this process, de-
tailing the cooling duties and electric power consumptions involved.

The Haber-Bosch NHj3 synthesis process is a well-established and
widely applied large-scale industrial process. It is based on reaction (14)
and its rate is enhanced by the presence of iron-based catalysts.
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Fig. 5. NHj synthesis and liquefaction process [3].

3H, + N,—2NH; 14)

For simulating the ammonia synthesis stage within Aspen Plus® V11
[27] and subsequently estimating its costs, reference is made to the work
by Restelli et al.[3]. The RKS-BM thermodynamic package is selected for
the simulation of this process. All the compressors and expanders are
characterized by an isentropic efficiency of 0.85. The minimum tem-
perature approach in the heat exchangers is 10 °C.

Referring to the ammonia synthesis process scheme, illustrated in
Fig. 5, the nitrogen stream (N2), from the air separation process depicted
in Fig. 4, is at 8 bar and 29 °C. It necessitates compression to 20 bar in C-
100 before being mixed with the hydrogen stream (H2), sourced from
RES-driven water electrolysis. The resulting mixture enters a three-stage
compressor with intercooling (C-101). Downstream of the last post-
cooler, it is at 30 °C and 193 bar and is mixed with the recycled
streams, which are the vapors coming from the separators D-100, D-102
and D-103, after being compressed to 193 bar. Subsequently, this
mixture is compressed to a pressure of 200 bar in C-102 and heated to a
temperature of 347 °C through a series of three process-process heat
exchangers (E-100, E-101 and E-102). These exchangers harness the
high enthalpy content of products exiting the second and third stages of
the reactor. The reaction section is composed of 3 adiabatic beds with
intercooling. The Nielsen model [45] is implemented to describe the
reaction kinetics. The sizing of the beds is optimized to minimize

residence time for each stage, thus minimizing the required catalyst
amount. After the reaction section, the produced NH3 must be separated
from the unreacted H; and N, which are then recycled, while also being
cooled to the temperature needed for NH3 liquefaction under nearly
ambient pressure. The product purity must exceed 99.95 mol%. Down-
stream the reactor, the stream undergoes cooling in E-103 to 109 °C,
providing heat to a steam Rankine cycle for electricity generation.
Further cooling occurs downstream in E-104 using CW. The two-phase
stream exiting E-104 is separated in flash drum D-100: the vapor is
sent back to the reaction section, while the liquid undergoes further
purification in a series of flash drums operating at decreasing pressures.
Specifically, D-101 and D-102 operate at 30 bar, D-103 at 15 bar and
D-104 at the storage pressure of 1.3 bar. The vapor from D-101 is cooled
by exchanging heat in counter-current with the liquid from D-103 with
the aim of condensing NHs, which is then separated in D-102. This step
helps avoid recycling a stream rich in the reaction product, which would
shift the synthesis reaction (Eq. (14)) toward the left. The temperature of
stream 27 at the outlet of E-106 is set to — 18 °C, and to achieve such a
low temperature, a refrigeration cycle is employed with ammonia as
refrigerant.

The inlet and outlet streams’ conditions for the NH3 synthesis and
liquefaction process are reported in Table 8.

Table 9 and Table 10 report respectively the cooling duties and
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Table 8
Streams conditions at the battery limits for the NH3 synthesis and liquefaction
process (Fig. 5).

Stream H2 N2 NH3
T [°C] 25 29.3 -29.0
P [bar] 20 8.04 1.3
molar fractions
H, 1.0000 0.0000 0.0000
Ny 0.0000 1.0000 0.0000
NH3 0.0000 0.0000 1.0000
Fror [kmol/h] 13,435.0 4,478.3 8,956.7
Table 9
Cooling duties of the NH3 synthesis and liquefaction process (Fig. 5).
Equipment Ty [°C] Tour [°C] Cooling duty [kW]
C-101 intercooler(1) 145.1 30 16,874.7
C-101 intercooler(2) 116.5 30 12,842.7
C-101 intercooler(3) 116.7 30 13,160.6
C-103 intercooler(1) 82.8 30 60.6
C-103 intercooler(2) 136.0 30 136.0
C-104 intercooler(1) 60.3 30 5.3
C-104 intercooler(2) 125.0 30 17.0
C-104 intercooler(3) 125.2 30 22.0
C-105 intercooler(1) 68.0 30 142.5
C-105 intercooler(2) 144.7 30 2,314.9
E-104 65.7 25 44,264.3
C-106 intercooler(1) 123.2 30 1,826.6
C-106 intercooler(2) 141.7 30 12,284.5
E-107 40.6 40.6 89,367.7
Table 10

Electric power consumptions of the NHj3 synthesis and liquefaction process
(Fig. 5).

Equipment Py [bar] Poyr [bar] Electric power [kW]
C-100 8.04 20 3,852.0
C-101 20 193 40,011.2
C-102 193 200 1,553.8
C-103 30 193 226.5
C-104 15 193 46.9
C-105 1.3 15 737.6
C-106 1.5 16.32 3,953.4
P-100 0.06 20 97.4
TE-100 20 0.06 -34,387.9

electric power consumptions of such process.
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Table 11. By examining the pie chart within Table 11, it becomes evident
that a substantial portion of the investment costs attributed to the
ammonia synthesis process can be traced back to the reactor, heat ex-
changers and compressors.

It is assumed that 50 operators work in the ammonia synthesis plant.
The OPEX are equal to 166.51 M€/y and their breakdown into DMC,
FMC and GE is reported in Table 12. The utility costs are mainly due to
the cost of the electric power consumed by compressors.

3.1.2. LNH3 — maritime transport

The investment costs associated with the acquisition of the vessel and
the operating costs associated with the crew labor, fuel consumption and
related CO5 emissions costs, maintenance and insurance are considered.

Assuming the purchase of a single ship, its gross capacity (Vyessel) is
computed using Eq. (8) and results equal to 97,800 m>. The cost for an
80,000 m® Liquefied Petroleum Gas (LPG) ship is available from the
literature [46]. To adapt this cost for the desired capacity, a six-tenths
rule is applied, resulting in CAPEX of 94.41 M€ for the present analysis.

The OPEX related to the crew labor, fuel consumption and CO,
emissions are calculated according to Eqgs. (9)-(11), considering a crew
size of 31 people and a fuel consumption rate of 58.1 t/d, as indicated in
the technical data sheet corresponding to a vessel of similar capacity to
the one under study [47]. The total operating costs for the maritime
transport of LNH3 result 26.59 M€/y.

Throughout sea transport, the boil-off phenomenon leads to a loss of
approximately 0.04% per day of ammonia [48,49]. It is assumed that
this lost quantity is directed to a flare.

3.1.3. LNH3 - storage

The liquefied ammonia is at approximately — 30°C at nearly
ambient pressure and it is stored inside tanks coated with polyurethane
foam insulation to minimize losses due to boil-off. The investment costs
associated with the acquisition of the storage tanks and the operating
costs associated with maintenance and insurance are taken into
consideration. Boil-off losses are deemed negligible given the possibility
of recondensing the boil-off gas at the loading terminal and directing it
to the partial cracking process at the unloading terminal.

Table 12
Breakdown of the OPEX [M€/y] for the ammonia synthesis and liquefaction
process.

) . N 3 3 Cost item Units Value
Concerning the ammonia synthesis and liquefaction process
. . . 3 . DMC [ME€/y] 75.54
(including the N; separation section), the economic assessment, per-
formed i d ith the methodology detailed in Secti 1 e e/l 4880
ormed in accordance with the methodology detailed in Section 2.2.1, CE [ME/y] 4217
results in CAPEX of 625.12 M€. A detailed breakdown of the bare OPEX [M€/y] 166.51
module cost into the various equipment categories can be found in
Table 11
Breakdown of the CAPEX [ME€] for the ammonia synthesis and liquefaction process.
Cost item Equipment Units Value
Cem Heat Exchangers [ME€] 120.53 3.12% 2.73%
Reactor [ME€] 207.58 ® Heat Exchangers 0.02% \ ‘ 1.05%
Compressors [M€] 109.27 Reactor et \ 11
Pumps [M€] 011 Compressors
Turbines [ME€] 14.93 Pumps
Vessels [M€] 12.42 p 22.87%
Columns [Me€] 4.76 = Turbines
= Vessels o
= Columns 45.12%
Crym [M€] 554.13
CAPEX [M€] 625.12
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Fig. 6. Ammonia partial cracking process.

For each terminal, the required storage capacity (Vstorage) is calcu-
lated using Eq. (13) and results equal to 107,500 m®. It is considered to
buy two storage tanks per terminal, having unit capacity of 55,000 m>.
The cost of a tank having a capacity of 44,300 m® is available from the
literature [50]. This cost is inflation-adjusted to 2022 using the CEPCI
and scaled for the capacity using the six-tenths rule. The total CAPEX
and OPEX for the four storage tanks are 96.34 M€ and 9.63 M€/y,
respectively.

3.1.4. LNHs - partial cracking

The decomposition of ammonia is an energetically demanding pro-
cess because of the endothermicity of reaction (15). It typically occurs at
high temperatures, which poses a significant challenge for its industrial-
scale implementation.

2NH;—3H, + N, (15)

The simulation of the partial cracking process is developed assuming
the application of thermocatalytic technology, utilizing a nickel-based
catalyst for ammonia decomposition into nitrogen and hydrogen.

The process is modeled using Aspen Plus® V11 [27] and its scheme is
illustrated in Fig. 6. The RKS-BM thermodynamic package is selected for
the simulation of this process.

Referring to the process scheme of Fig. 6, the fed liquid ammonia
(NH3) undergoes pressurization to 10 bar in pump P-100, which is
characterized by an isentropic efficiency of 0.8. It is subsequently pre-
heated first in E-100 using CW, and then further in E-101 exploiting the
high enthalpy of the reaction products. In the process-process heat
exchanger E-101 the hot inlet - cold outlet temperature difference is
30 °C. This preheated stream is then directed to the cracking reactor (R-
100), which is simulated using the RStoic module within Aspen Plus®
V11 [27]. This approach is adopted due to the absence of comprehensive
kinetic data in the current literature, making it challenging to build a
reliable kinetic model. Thus, the heat requirement for the cracking re-
action is calculated assigning the conversion of ammonia, equal to 30%,
pressure and temperature of the reactor, equal to 10 bar and 500 °C,
respectively. The necessary heat duty for the reactor is supplied by
burning a portion of the product mixture, which in turn establishes the
split ratio of SPL-100 between the product used as an internal utility
within the process (stream 6) and the outgoing product (NH3/H2/N2).
This approach eliminates the need for an external heat source. Air,
slightly in excess of the stoichiometric amount to ensure complete
combustion, is utilized as the oxidizer in the cracking furnace. The
outgoing product mixture is then available for combustion in an ICE for
power generation. An overview of the inlet and outlet streams’

10

Table 13
Streams conditions at the battery limits for the ammonia partial cracking process
(Fig. 6).

Stream NH3 FLUE GAS AIR NH3/H2/N2
T [°C] -27.6 140.5 25 35.1
p [bar] 1.3 1.01 1.01 10
molar fractions
NH3 1.0000 0.0000 0.0000 0.5385
H, 0.0000 0.0004 0.0000 0.3461
Ny 0.0000 0.7167 0.7900 0.1154
0, 0.0000 0.0610 0.2100 0.0000
H,0 0.0000 0.2167 0.0000 0.0000
NO 0.0000 0.0052 0.0000 0.0000
NO, 0.0000 0.0000 0.0000 0.0000
N0 0.0000 0.0000 0.0000 0.0000
Fror [kmol/h] 8,928.0 3,583.6 2,934.4 10,932.0
Table 14

Heating duty, provided by CW, and electric power consumption of the ammonia
partial cracking process (Fig. 6).

Equipment Ty [°C] Tour [°Cl] Heating duty [kW]
E-100 -27.5 24.9 54,863.1
Equipment Py [bar] Poyr [bar] Electric power [kW]
P-100 1.3 10 68.0

conditions for the partial cracking process is provided in Table 13.

Furthermore, the energy balance of the process, specifically con-
cerning heating duty and electric power consumption, is detailed in
Table 14.

Regarding the ammonia partial cracking, the CAPEX amount to
129.84 ME. The breakdown of the bare module cost across the different
equipment categories is reported in Table 15. To determine the cost of
the cracker, the equipment cost function of a pyrolysis furnace is used
[37]. From the pie chart within Table 15, it is evident that almost all the
capital expenses are due to the heat exchangers and reactor.

The OPEX of the ammonia partial cracking process are equal to
39.26 M€/y, and their breakdown into DMC, FMC and GE is reported in
Table 16. The plant requires a workforce of 30 operators. Concerning
utilities needed for the process, only the electric power necessary for
pumping ammonia into the process is considered, and its cost is deemed
negligible. Notably, no external fuel is required as the ammonia/
hydrogen/nitrogen mixture is burned together with air to sustain the
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Table 15
Breakdown of the CAPEX [M€] for the ammonia partial cracking process.
Cost item Equipment Units Value
Caum Heat Exchangers [M€] 51.24 0.12%
Reactor [ME€] 33.56
Pump [ME€] 0.10 = Heat Exchangers
Reactor
Pump
Crm [ME] 100.07
CAPEX [ME€] 129.84
bl 50 kg/MWh, which is an average value of the equivalent COy (ac-
Table 16 i i X counting for both hydrocarbons and CO2 emissions) emitted during the
Breakdown of the OPEX [M€/y] for the ammonia partial cracking process. . . . . .
pre-production (exploration, site preparation/construction and well
Cost item Units Value completion), extraction and processing phases [52]. The costs for these
DMC [Mé/y] 16.68 emissions and for those during utilization are accounted using the SCC.
FMC [ME/y] 12.30 The LNG transport chain consists of liquefaction, maritime transport,
GE [ME/y] 10.28 storage and regasification. The techno-economic assessment of these
OPEX [Mé/y] 39.26

endothermicity of the reaction (15). Throughout the economic assess-
ment, the expenses related to NOy emissions resulting from the com-
bustion reaction are neglected, assuming to mitigate them through a
non-catalytic ammonia-based process.

3.2. Fossil-based energy vector

Raw natural gas is extracted from gas or oil and gas reservoirs. The
cost of natural gas production and processing depends on the charac-
teristics of the reservoir (conventional/unconventional), location
(onshore/offshore) and levels of impurities (CO, HyS, mercaptans, ...).
A cost of 13 €/MWh is assumed for the natural gas, suitably purified to
meet the LNG specifications, in the base case. According to the work by
Zou et al. [51], this cost is in line with the upstream unit costs of LNG
projects in the Middle East. A sensitivity analysis on the cost for pro-
duction and purification of natural gas is performed to assess the impact
of the assumed value on the results. The investigated range is 2 - 45
€/MWh. According to Ref. [51], values in the range 2 - 14 are realistic
and reflective of the current scenario for natural gas production costs in
the Middle East, while values as high as 45 €/MWh have been observed
for certain projects in Norway and Australia. These high costs may be
representative of cases involving the development of very sour reser-
voirs or reflect the market price during periods of shortage. The COy
emissions during production and processing are assumed to be
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blocks is detailed in the following sections.

3.2.1. LNG - liquefaction

The liquefaction of natural gas occurs at — 160 °C and atmospheric
pressure. Several process schemes are commonly used in the industry to
this purpose: propane precooled mixed refrigerant (C3MR) process
[53-55], dual mixed refrigerant process [56-58], single mixed refrig-
erant process [59-61] and Phillips Cascade process [62,63] involving
cooling with three pure refrigerant cycles. The most widespread process
is certainly the C3MR cycle. It comprises a precooling cycle that uses
propane as the refrigerant and a liquefaction cycle that uses a mixed
refrigerant. The process, illustrated in Fig. 7, is simulated using Aspen
Plus® V11 [27] to obtain material and energy balances, which are useful
for cost estimation following the procedure outlined in Section 2.2.1.
The GERG2008 [64] thermodynamic package is selected for this simu-
lation due to its high accuracy in predicting the thermodynamic prop-
erties and phase equilibrium of natural gases and other mixtures
consisting of natural gas components. All the compressors are charac-
terized by an isentropic efficiency of 0.85. The minimum temperature
approach in the multi-pass heat exchangers is 3 °C, while in the
process-CW heat exchangers is 10 °C.

Referring to the process in Fig. 7, the natural gas stream (NG) coming
from the dehydration and purification section is the inlet stream to the
liquefaction process. The natural gas feed and the mixed refrigerant are
pre-cooled in a series of four heat exchangers (E-100, E-101, E-102 and
E-103). The precooling cycle consists of propane providing cooling at
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Fig. 7. Natural gas liquefaction process (C3MR process).
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Table 17
Cooling duties of the natural gas liquefaction process (Fig. 7).
Equipment Ty [°C] Tour [°Cl Cooling duty [kW]
E-106 45.4 30 172,532.65
E-107 57.2 30 19,573.37
E-108 104.0 30 64,484.15
Table 18

Electric power consumptions of the natural gas liquefaction process (Fig. 7).

Equipment Py [bar] Poyr [bar] Electric power [kW]
C-100 7.2 10.8 11,429.69
C-101 5.13 7.2 7,503.52
C-102 2.5 5.13 11,851.21
C-103 1.3 2.5 3,623.53
C-104 3.5 8.12 27,192.32
C-105 8.12 18.83 32,531.64
C-106 18.83 53 43,016.14

four evaporating pressures: 7.2 bar in E-100, 5.13 bar in E-101, 2.5 bar
in E-102 and 1.3 bar in E-103. The propane refrigerant is compressed in
four stages to reach a pressure of 10.8 bar, then is cooled using CW and
sent to the train of throttling valves and separators to close the cycle. In
the liquefaction cycle, a mixed refrigerant (consisting of 44 mol%
methane, 41.72 mol% ethane, 8.48 mol% propane and 5.8 mol% ni-
trogen) is used to liquefy the natural gas in two multi-current heat ex-
changers (E-104 and E-105). The mixed refrigerant, which is partially
condensed after precooling, is separated into its vapor and liquid phases.
The liquid- and vapor-phase refrigerants and the natural gas are cooled
in multi-current heat exchanger E-104. The refrigerant vapor (stream
35) is further cooled in a second exchanger E-105 and, upon pressure
reduction to 3.5 bar, provides the final cooling to the natural gas. The
liquid refrigerant (stream 40) is let down in pressure to 3.5 bar and
mixed with the vapor refrigerant leaving E-105, providing cooling in E-
104 as a single stream. The mixed refrigerant is compressed in three
stages with intercooling using CW.

The energy balance of the natural gas liquefaction process is pro-
vided in Table 17 and Table 18, presenting cooling duties and electric
power consumptions, respectively.

The economic assessment conducted on the natural gas liquefaction
process results in CAPEX of 1,676.18 ME€. The detailed breakdown of the
bare module can be found in Table 19, from which it is possible to notice
that the majority of investment costs are attributed to the heat ex-
changers and compressors.

It is assumed that a workforce of 200 operators is required for the
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3.2.2. LNG - maritime transport

The investment costs associated with the acquisition of the ships and
the operating costs associated with the labor, fuel and CO5 emissions
costs, maintenance and insurance are considered.

The gross capacity to be shipped is computed using Eq. (8) and re-
sults equal to 485,800 m®. It is assumed to buy 3 ships, each with a gross
capacity of 162,000 m®, whose investment cost is obtained by interpo-
lating with a power law of Vygse the data available in the literature [67],
and reported in Table 21, after being inflation-adjusted to the year 2022.
The overall CAPEX result equal to 799.25 ME.

The operating costs related to the labor, fuel consumption and CO4
emissions are calculated according to Egs. (9)-(11) by considering a
crew size of 27 people [68] and a fuel consumption of 5.4 t/d [69] for
each ship. The total OPEX for the sea shipping of LNG results
181.45 M€/y.

During sea transport, approximately 0.13% of natural gas is lost daily
due to the boil-off phenomenon [49,70]. While it’s possible to utilize the
boil-off gas for on-board heating or power generation, this analysis as-
sumes that it is not recovered and is instead directed to a flare.

3.2.3. LNG - storage

The LNG is stored at approximately — 166 °C and nearly ambient
pressure, inside tanks coated with perlite insulation to minimize losses
caused by the boil-off phenomenon.

The investment costs associated with the acquisition of the storage
tanks, along with the operating costs related to maintenance and in-
surance are considered. Boil-off losses are neglected given the possibility
of reliquefying the boil-off gas at the loading terminal and sending it to
the regasification process at the unloading terminal.

For each terminal, the capacity to be stored (Vstorage) is calculated
using Eq. (13) and results equal to 534,400 m®. It is assumed to buy 4

Table 20

Breakdown of the OPEX [M€/y] for the natural gas liquefaction process.
Cost item Units Value
bmC [ME€/y] 235.50
FMC [Mé/y] 139.15
GE [ME€/y] 126.65
OPEX [M€/y] 501.30

Table 21

Ship’s gross capacity (Vyessel [m®]), reference CAPEX [M$] and year, referring to
the literature source [67].

) o Vyessel [m® CAPEX [M$ Year
plant’s operation [65,66]. The OPEX, as detailed in Table 20, amount to 1 [m] (M$]
501.30 M€/y. Notably, a significant portion of utility costs is attributed 135,000 170 2014
- . .. 215,000 250 2014
to the electricity required for driving the compressors.
Table 19
Breakdown of the CAPEX [ME€] for the natural gas liquefaction process.
Cost item Equipment Units Value
Cam Heat Exchangers [M€] 787.42 1.07% 2.35%
Compressors [ME€] 375.58 m Heat Exchangers \im
Vessels [ME€] 12.85
Coldboxes [ME€] 28.25 Compressors
Vessels 31.19%
Coldboxes
Crm [M€] 1,420.83
CAPEX [ME€] 1,676.18
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Table 22
Tank’s gross capacity (Viank [m®]), reference CAPEX [M$] and year, referring to
the literature source [71].

Viank [m°] CAPEX [MS$] Year
28,388 60 2013
166,540 135 2013

tanks, having unit capacity of 134,000 m®, per each terminal. The
CAPEX for the LNG tank are taken from literature [71] and reported in
Table 22. These costs are adjusted for inflation to 2022 using the CEPCI
and interpolated with a power law to derive the CAPEX in function of the
tank’s gross volume.

The total CAPEX and OPEX result equal to 1,338.05 M€ and
133.81 M€/y, respectively.

3.2.4. LNG - regasification

The reconversion from liquid to gaseous natural gas consists in
pumping and vaporization. The process diagram of the regasification
process is depicted in Fig. 8. The simulation of the process is carried out
using Aspen Plus® V11 [27] and selecting the GERG2008 as thermo-
dynamic package.

The pump (P-100) discharge pressure is set to 30 bar. It is assumed a
pump efficiency of 0.8 and CW as hot fluid in the vaporizer, consisting of
economizer (E-100), evaporator (E-101) and superheater (E-102). The
minimum approach temperature is achieved at the cold side outlet and is
equal to 10 °C. The water is cooled to 20 °C, while warming the natural
gas.

Table 23 presents the energy balance of the regasification process,
outlining the heating duties and electric power consumption involved.

The regasification process involves CAPEX of 21.60 M€ (Table 24)
and OPEX of 52.60 M€/y (Table 25). The plant requires a workforce of
60 operators.

3.3. Comparison between green and fossil-based energy vectors

The Block Flow Diagram (BFD) of the green and fossil-based energy
vector value chains is reported in Fig. 9.

It is possible to observe that for the same amount of energy delivered,
the moved mass is greater for the green energy vector since its energy
content (heating value) is lower per unit mass with respect to LNG. For
both the energy vectors, mass losses occur as boil-off during maritime
transport. In addition, for the LNHg, part of the fuel delivered is burned
to sustain the endothermicity of the cracking reaction and, hence,
considering also this loss, a greater amount of energy vector must be
produced and transported.

The results in terms of LCoE for each block of the two investigated
value chains are reported in Fig. 10 for the base case.

The cost for ammonia synthesis results higher than for natural gas
liquefaction. This is due to the fact that the ammonia reactor operates at
high pressure (200 bar) to enhance the kinetics of the synthesis reaction.
On the other hand, refrigeration cycles used to liquefy natural gas has a
maximum pressure lower than 20 bar. As regards the maritime transport
cost, the CAPEX per unit volume for LNG vessels are higher than LNH3
due to its thermophysical properties, which require a very low storage
temperature with high-cost insulation materials, while the OPEX are
lower because the capacity of LNG ship is lower due to its higher energy
content (heating value). The environmental cost related to transport is
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due to the released methane as BOG and the fuel burned to power the
ships.

The transportation cost of liquid ammonia is 5.61 €/MWh, while that
of LNG is 4.69 €/MWh. The cost of transporting energy as LNH3 is higher
than LNG in terms of €/MWh because of the lower energy density of
ammonia compared to LNG. On the other hand, the total transportation
cost per unit mass is 0.030 €/kg and 0.065 €/kg for liquid ammonia and
LNG, respectively. Ammonia has a lower cost per unit mass compared to
LNG. Moreover, the total transport cost per unit volume is 20.50 ¢/m®
and 30.63 €/m®, respectively for LNH; and LNG. Therefore, for trans-
porting substantial amounts of energy, liquefied ammonia proves to be
more economically viable, considering the cost per cubic meter.

For the carbon-free energy vector, the overall LCoE is 231.71
€/MWh. Looking at Fig. 10, it is evident that the green hydrogen pro-
duction has the highest impact on the overall cost of energy, followed by
the ammonia synthesis process, while the cost for storage, transport and
partial cracking does not influence the result significantly. The ammonia
synthesis process is already well established due to its widespread use.
However efforts are currently being made for a process intensification of
the Haber-Bosch synthesis to try, by means of removal by absorption of
the ammonia produced, to reduce the pressure level of the reaction [72,
73]. The overall LCoE for the fossil-based energy vector is 59.19 €/MWh.
From Fig. 10 it is possible to notice that the cost for the CO emissions,
related to the social cost of carbon, greatly influences the overall cost of
energy, followed by the cost for natural gas production and processing
and for liquefaction.

For the base case, in which a SCC of 0.100 €/kg is assumed, the
traditional fossil-based energy carrier has a much lower cost with

Table 23
Heating duties, provided by CW, and electric power consumption of the LNG
regasification process (Fig. 8).

Equipment Ty [°C] Tour [°C] Heating duty [kW]
E-100 -157.1 -95.9 34,368.3
E-101 -95.9 -95.9 37,127.1
E-102 -95.9 20 45,251.2
Equipment Py [bar] Poyr [bar] Electric power [kW]
P-100 1.3 30 1,180.3

Table 24

Breakdown of the CAPEX [M€] for the LNG regasification process.
Cost item Equipment Units Value
Cem Heat Exchangers [ME€] 13.51

Pumps [ME€] 0.83

Crum [M€] 16.93
CAPEX [ME€] 21.60

Table 25

Breakdown of the OPEX [M€/y] for the LNG regasification process.
Cost item Units Value
DMC [Mé/y] 18.47
FMC [M€/y] 9.02
GE [ME€/y] 9.95
OPEX [Mé/y] 37.44

E-100 E-101 E-102 [
L\
P-100

Fig. 8. LNG regasification process.
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Fig. 10. LCoE [€/MWHh] in the base case: comparison between the green and
fossil-based energy vectors.

respect to the green energy vector. However, when the SCC is higher,
ammonia can become competitive. In particular, for the base case, a
break-even SCC of 0.797 €/kg is calculated.

The social cost of carbon required to break even the levelized cost of
energy of the two value chains is computed as the production costs of
green hydrogen and purified natural gas vary in the range of 60 - 400
€/MWh and 2 - 45 €/MWh, respectively, and the results are represented
in Fig. 11.

As the SCC increases, the cost of emissions during utilization of
natural gas increases dramatically. This increment favors liquid
ammonia as an energy vector. In particular, when the production cost of
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green hydrogen is optimistically low (i.e. 60 €/MWh) and the cost of
natural gas is high (i.e. 45 €/MWh) a SCC equal to 0.183 €/kg is required
to break even the LCoE of the green and fossil-based energy vectors, as
represented in Fig. 11d. For the sake of comparison, the average value of
the EU ETS (European Emissions Trading System) in 2022 is 0.081 €/kg
[74], about one half of the calculated SCC. On the other hand, when the
most unfavorable scenario for the competitiveness of the green energy
vector is considered (i.e. green hydrogen production cost as high as 400
€/MWh and purified natural gas cost as low as 2 €/MWh) a SCC of 1.731
€/kg is required for the break-even, as represented in Fig. 11a.

These results suggest that in the current scenario the adoption of
ammonia (and of any other green energy vector) as a carbon-free energy
vector is not economically advantageous. However, a combination of
factors such as the cost of natural gas rising due to a period of shortage
and a decrease in the cost of green hydrogen due to technological
progress may occur in the future. This work provides a methodology to
quantify the cost gap between the green ammonia and LNG value chains,
which, if filled with an appropriate penalty that takes into account the
negative impact of CO, emissions, makes the green energy vector
economically, as well as environmentally, advantageous.

4. Conclusions

A comprehensive techno-economic evaluation of two value chains,
namely ammonia as a green energy vector and LNG as a conventional
fossil-based energy vector, has been performed. The aim of this work
was to develop a methodology for comparing the value chains of two
energy vectors, green ammonia and LNG, showing in quantitative terms
what is the gap to be filled in order to make green processes feasible
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Fig. 11. LCoE [€/MWh] of the green and fossil-based energy vectors and break-even SCC [€/kg] for the cases of green hydrogen and purified natural gas production
costs respectively of: a) 400 €/MWh and 2 €/MWh, b) 400 €/MWh and 45 €/MWh, c) 60 €/MWh and 2 €/MWh, d) 60 €/MWh and 45 €/MWh.

from an economic point of view.

The most cost-effective option, while considering the social cost of
carbon, was pointed out, as well as the SCC required to favor the
adoption of the green energy vector.

Considering a social cost of carbon of 0.100 €/kg, the LCoE of the
LNG value chain is 59.19 €/MWh, while that of LNH3 is 231.71 €/MWh.
The overall cost of the LNG value chain, including natural gas produc-
tion and processing, liquefaction, storage, transportation and utilization,
is lower compared to the ammonia value chain, which involves green
hydrogen production, ammonia synthesis and liquefaction, storage,
transportation and partial cracking. This cost advantage stems from the
well-established infrastructure and mature technologies associated with
LNG, making it a highly efficient and cost-effective energy vector.

While the economic analysis favors LNG as the most cost-effective
option at the current social cost of carbon, it is vital to consider other
factors beyond the immediate financial aspects. Environmental consid-
erations and the long-term sustainability of energy production are of
paramount importance. Ammonia, being a green energy vector, offers
significant potential for reducing carbon emissions and promoting a
more sustainable energy future.

The social cost of carbon required to break even the levelized cost of

15

energy of the two value chains has been calculated as the production
costs of green hydrogen and purified natural gas vary. A SCC of 0.183
€/MWh is calculated in the most favorable scenario for the green energy
vector, with a production cost of green hydrogen as low as 60 €/MWh
and a cost of natural gas as high as 45 €/MWh. On the other hand, if the
most unfavorable scenario is considered (i.e. green hydrogen production
cost of 400 €/MWh and purified natural gas cost of 2 €/MWh) a break-
even SCC of 1.731 €/kg is computed.

In conclusion, this techno-economic assessment highlights the cost-
effectiveness of LNG as a conventional fossil-based energy vector in
the current economic and regulatory landscape. However, the break-
even range for the social cost of carbon indicates the potential for
ammonia as a green energy vector to gain economic viability under
higher carbon pricing scenarios. As the transition to a low-carbon
economy progresses, further research and policy support are essential
to unlock the full potential of green energy vectors like ammonia and
ensure a sustainable energy future.
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