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Abstract. The relevance of the study is conditioned by the need to reduce emissions of harmful substances in
navigation, compliance with international environmental standards, and the search for cost-effective solutions
for fuel supply to the fleet. The purpose of the study was to analyse the technological, environmental, and
economic aspects of the use of liquefied natural gas (LNG) in the marine energy sector to assess its efficiency
and implementation prospects. As a result of the study, it was found that the use of LNG in marine energy is
an effective solution for reducing environmental impacts and meeting international environmental standards.
LNG can significantly reduce emissions of carbon dioxide (CO,), nitrogen oxides (NO ) and sulphur oxides (SO ),
which makes it a competitive fuel for vessels operating in emission control zones. Technologically, LNG provides
high energy efficiency, in particular, through the use of dual-fuel engines, which allow optimising fuel costs and
reducing the negative impact on the environment. Modern marine power plants equipped with cryogenic gas
storage and supply systems confirm the effectiveness of LNG in ensuring stable operation of vessels. Economic
studies have shown that while the transition to LNG requires significant initial investment in ship refurbishment
and infrastructure, in the long run, it can reduce operating costs and the cost of environmental measures, such as
installations to reduce sulphur emissions. The practical significance of the study lies in the fact that it contributes
to the development of theoretical and practical foundations for the use of LNG as an environmentally friendly and
cost-effective fuel in the marine energy sector, which can be used to improve existing technologies and regulations
in the field of navigation
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Introduction

In modern shipping, there is a growing need to adapt
to stringent environmental requirements, which are be-
coming increasingly stringent at the global level. The
introduction of environmentally friendly technologies
in the marine energy sector is one of the key compo-
nents for ensuring the sustainable development of
maritime transport. Liquefied natural gas (LNG) acts
as a promising fuel that can significantly reduce the
negative impact of marine engines on the environ-
ment, responding to the challenges of reducing carbon

dioxide (CO,), nitrogen oxides (NO ) and sulpur (SO)
emissions. The use of LNG as fuel not only helps to
achieve these goals, but also opens up new opportuni-
ties for energy efficiency of marine power plants.

LNG is increasingly considered as a promising fuel
for navigation, but its use is accompanied by a num-
ber of environmental and technical problems that re-
quire additional investigation. The study by J. Deng et
al.(2021) showed that the benefits of using LNG includ-
ed reduced sulphur emissions, which was an important

Suggested Citation:

Verzun, 0. (2025). Liquefied natural gas as a strategic vector for ship energy modernisation. Journal of Kryvyi Rih National
University, 23(1), 68-79. doi: 10.31721/2306-5451-2025-1-23-68-79.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0009-0002-1087-5508
https://journal-knu.com.ua/en

aspect for navigation in emission control zones. LNG
has significantly reduced the negative impact on the
environment compared to conventional fuels. S. Yao et
al.(2023) emphasised that the use of LNG provided a re-
duction in CO, emissions, which significantly improved
the environmental performance of marine engines. This
made LNG a cost-effective choice for carriers looking to
reduce their environmental footprint.

A. Elkafas et al. (2021) noted that marine engines
powered by LNG showed increased energy efficiency,
which allowed them to reduce fuel costs. According to
their research, this made LNG a competitive option for
shipping. Y. Shih et al. (2023) noted that the use of com-
bined dual-fuel engines helped to optimise the energy
costs of ships, ensuring a reduction in operating costs.
This was an important aspect for carriers seeking to re-
duce overall operating costs. L. Palestini & F.Sassu (2021)
argued that cryogenic LNG storage and delivery systems
were a prerequisite for ensuring safe and stable opera-
tion of vessels. They helped to effectively manage fuel
storage and minimise its costs during transportation.

|. Tvedten & S. Bauer (2022) noted that although
the transition to LNG required significant initial invest-
ment, it allowed for reduced fuel costs and environ-
mental measures in the long term. This made LNG a
profitable option for shipping companies. E. Orysiak et
al. (2024) noted that the development of LNG bunker-
ing infrastructure was crucial to support the growing
demand for this fuel. The introduction of new termi-
nals and stations for refuelling ships helped to reduce
costs and ensure a reliable supply. G. Satta et al. (2021)
suggested that the construction of new LNG bunkering
terminals was an important step in expanding the use
of this fuel in shipping. This ensured a stable fuel sup-
ply and compliance with environmental requirements.
S. Barberi et al. (2021) argued that LNG significantly
reduced pollution levels in ports and coastal areas,
which helped to improve the environmental situation.
This was important for shipping companies operating
in such regions. M. Cassar et al. (2021) emphasised that
LNG was a key factor in meeting environmental regu-
lations and standards of international organisations, in
particular, on reducing emissions. The use of this fuel
was an important step towards ensuring the sustaina-
ble development of navigation. Thus, although the is-
sues of using LNG in shipping have been studied and
show significant benefits of this fuel from an environ-
mental and economic standpoint, there are a number
of issues that require further study to achieve the full
implementation of the potential of LNG in shipping.

The purpose of the study was to investigate the po-
tential of LNG for the modernisation of marine energy,
considering the environmental, technological, and eco-
nomic aspects of its use. Research objectives:

1.To consider the impact of LNG use on reducing
harmful gas emissions, and its energy efficiency in ma-
rine engines.
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2.To investigate the economic benefits of switch-
ing to LNG, in particular, the cost of investment in the
relevant infrastructure and the economic efficiency of
this transition.

3.To evaluate the technical aspects related to the
use of cryogenic LNG storage and supply systems.

Materials and Methods

This study focused on the use of LNG as a strategic ener-
gy source for the modernisation of ship power systems.
The study covered the technological and economic as-
pects of LNG implementation in the marine sector,with a
focus on its environmental benefits and energy efficien-
cy. It addressed the issue of switching from conventional
marine fuel to LNG in response to the update of environ-
mental regulations, in particular, the requirements intro-
duced by the International Maritime Organisation in the
work of L. Kirval & U.Y. Caliskan (2022). These upgrades
were aimed at minimising pollution of the oceans and
seas, including discharges, oil and air pollution.

The material basis of the study was data that were
used to compile tables comparing the impact of LNG
use on reducing harmful gas emissions and energy ef-
ficiency of marine engines. In addition, the economic
benefits of switching to LNG were considered. All the
materials shown in the tables were obtained from
sources H.Jang et al. (2021) and B. Jesus et al. (2024).
The research started by analysing the environmental
impact of LNG, comparing it with conventional marine
fuels such as diesel and coal. Special attention was paid
to the potential of LNG to reduce harmful emissions,
such as SO, NO , particulate matter (PM), and CO,. This
aspect highlighted the role of LNG in meeting environ-
mental requirements and ensuring pollution reduction.
Attention was also drawn to its ability to help meet the
sulphur restrictions set by MARPOL Annex VI and the
Act to Prevent Pollution from Ships (2024). In addition,
the study delved into technological challenges and
solutions related to the introduction of LNG in ship-
ping. The infrastructure required for LNG implementa-
tion was also investigated. These technological aspects
were critical to ensuring the safe and efficient opera-
tion of LNG vessels, especially given the need for highly
specialised LNG storage and management equipment.

The study also examined the economic feasibility
of switching to LNG, considering both the initial invest-
ment costs of upgrading ships and building the nec-
essary infrastructure, and long-term operating savings.
The financial benefits of LNG, in particular, the stability
of fuel prices and reduced operating costs, were com-
pared with the instability and rising cost of conven-
tional marine fuel. Special attention was paid to the
economic consequences of LNG introduction in the
shipping industry, in particular, such factors as return
on investment and payback periods.

In addition, the study examined problems related
to the development of LNG bunkering infrastructure.
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The current state of LNG supply networks at key glob-
al shipping hubs, including the role of ports such as
Singapore, Shanghai, and Rotterdam in supporting
LNG-powered vessels, was considered. Graphic mate-
rials were also provided that illustrated the structure
of these networks and their interaction with shipping
routes. The study discussed innovative solutions, such
as floating LNG terminals, that can help to overcome in-
frastructure constraints in remote regions and promote
widespread LNG adoption.

Results

Shipping faces new challenges due to growing envi-
ronmental requirements and the need to reduce emis-
sions of harmful substances. One of the key areas of
the industry’s development is the gradual transition
to cleaner fuels, with LNG attracting particular atten-
tion. The use of this fuel allows shipping companies to
meet international environmental standards, reducing
air pollution, and improving the energy efficiency of
ships. One of the main regulatory documents defin-
ing environmental requirements for shipping is MAR-
POL Annex VI and the Act to Prevent Pollution from
Ships (2024). According to it, from January 1, 2020, the
sulphur content in marine fuel should not exceed 0.5%,
and in emission control zones - only 0.1%. These re-
strictions force ship-owners to abandon conventional
fuel oil, which contains a significant amount of sulphur,
and look for alternative solutions.

LNG offers a number of environmental benefits
that make it an attractive option for shipping. It does
not contain sulphur, which completely eliminates SO_
emissions without using additional cleaning systems,
such as scrubbers. Burning natural gas helps reduce
CO, emissions by 20-25%, which is an important step
in the fight against climate change. In addition, the lev-
el of NO,_ emissions when using LNG was reduced by
85% compared to conventional fuels, and the amount
of PM was reduced to almost zero (Yeo et al.,2022). The
efficiency of LNG-powered engines is usually 5-10%
higher than that of diesel engines. This reduces fuel
costs and reduces operating costs, making LNG more
efficient in terms of energy resources. However, despite
the obvious advantages, the widespread introduction
of LNG in shipping is accompanied by a number of

challenges. One of the main problems is the insuffi-
ciently developed infrastructure for LNG storage and
bunkering. Unlike conventional marine fuel, natural
gas requires special cryogenic tanks capable of main-
taining temperatures of -162°C. This creates addi-
tional technical and financial difficulties, because the
construction of the corresponding terminals requires
significant capital investments. In addition, upgrading
the fleet and equipping ships with LNG storage and
delivery systems requires significant initial investment,
which may be too much for some shipping companies
(Van Biert et al., 2021).

Another important issue is the technical operation
of LNG vessels. Maintenance of cryogenic systems re-
quires highly qualified personnel who can work with
new technologies. This will require additional costs for
crew training and adaptation of operational standards.
But despite these challenges, the prospects for using
LNG in shipping remain extremely high. The infrastruc-
ture for LNG storage and refuelling is actively develop-
ing, and technological progress contributes to reducing
the cost of systems required for its use. Many shipping
companies have already started implementing this
technology, as it not only helps meet environmental
standards, but also allows optimising fuel costs in the
long term (Adekoya et al., 2024).

Thus, LNG is a strategic area for the modernisation
of marine energy. It ensures environmental safety, re-
duces harmful emissions, and promotes the transition
to more sustainable marine logistics. However, for the
full implementation of this technology, it is necessary
to solve the issues of infrastructure development, re-
ducing the cost of fleet modernisation and training
specialists. Despite these challenges, trends in shipping
suggest that the role of LNG will only grow in the com-
ing decades, forming a new environmental standard
for maritime transport. The use of LNG in shipping is
an important step towards improving energy efficiency
and reducing the impact on the environment. Conven-
tional marine power plants are undergoing moderni-
sation to meet modern environmental standards, and
LNG is becoming a key fuel in this transition. Its use can
significantly reduce emissions of harmful substances,
reduce operating costs, and improve the overall perfor-
mance of vessels (Table 1).

Table 1. Impact of LNG use on reducing harmful gas emissions and energy efficiency in marine engines

Parameter LNG Diesel fuel Coal
CO, emissions (t/GWh) 0.185 0.22 0.82
So, emissions (g/kWh) 0 2.1 4
NO, emissions (g/kWh) 0.05 0.25 0.5
PM emissions (g/kWh) 0 0.03 0.15

Energy efficiency Higher efficiency (45-55%)

Average (35-45%) Low (30-40%)

Source: compiled by the author based on H.Jang et al. (2021)
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Modern marine LNG power plants show an in-
creased efficiency factor compared to conventional
diesel engines. This helps to reduce fuel costs and opti-
mise energy consumption. An important area of devel-
opment is the introduction of combined power systems
that allow combining the operation of different types
of engines to achieve maximum efficiency. Such sys-
tems provide the ability to switch between fuel types,
which is especially important in conditions of unstable
prices and regulatory changes. There are several main
types of engines that can run on LNG. Dual-fuel engines
are the most common option, as they can run on both
LNG and diesel fuel. This gives shipping companies ad-
ditional flexibility in choosing their energy source. An-
other option is gas engines with spark ignition, which
operate exclusively on LNG. They provide even lower
emissions, but require specialised fuel supply systems
and some changes to the vessel’s design (Lahde & Gi-
echaskiel, 2021).

LNG storage on board ships is a technologically
complex process. Since LNG is stored at a temperature
of about -162°C, special cryogenic tanks are used for
this purpose. They are equipped with multi-layer insu-
lation and vacuum systems that minimise gas evapo-
ration. This reduces fuel losses and ensures safe op-
eration of the vessel. An important aspect is also the
control of gas evaporation, which allows the use of
evaporated gas in marine power plants, preventing its
loss. Fuel supply systems play a key role in the stable
operation of LNG vessels. The Fuel Gas Supply System
provides control of the fuel supply to engines by regu-
lating its pressure and temperature. This allows avoid-
ing power drops and ensuring efficient operation of
engines in various operating modes. Some systems also
include re-cooling mechanisms that allow some of the
evaporated gas to be returned to a liquid state for later
use (Jeong et al., 2024).
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As of 2025, there are several modern engine mod-
els on the market that are already actively used in
shipping. One of the most efficient is the MAN ME-Gl, a
high-pressure dual-fuel engine that provides minimal
fuel loss and low emissions (Kim et al., 2022). Another
option is the WinGD X-DF, which runs on LNG at low
pressure, which reduces methane emissions and im-
proves the overall environmental friendliness of the
vessel (Domic¢ et al., 2022). Despite the significant ad-
vantages, the introduction of LNG in shipping faces cer-
tain challenges. The main ones are the need to develop
appropriate infrastructure, the high cost of fleet mod-
ernisation, and the need for specialised skills to service
new technologies. However, global trends indicate a
gradual increase in the share of vessels running on this
fuel (Stolz et al., 2022). Thus, the technological devel-
opment of marine energy based on LNG is a strategic
area for the modernisation of the industry. State-of-the-
art engines, efficient fuel supply systems, and upgraded
gas storage methods ensure high energy efficiency and
significant emission reduction. In the future, the use of
LNG will contribute to further greening of shipping, op-
timising costs and ensuring the stable development of
sea transportation. The transition of global shipping to
LNG is one of the most important areas of modernisa-
tion of marine energy. This is due not only to environ-
mental requirements, but also to potential economic
benefits. The use of conventional marine fuels, such
as fuel oil or diesel, is becoming less attractive due to
rising environmental compliance costs and volatile oil
prices. On the other hand, LNG can reduce operating
and environmental costs, get financial incentives, and
improve overall ship efficiency. However, despite these
advantages, the transition to LNG is accompanied by
certain challenges, such as significant initial invest-
ment, the need for infrastructure development, and the
cost of staff training (Table 2).

Table 2. Economic benefits of switching to LNG,
cost of infrastructure investment, and cost-effectiveness of the transition

Parameter

Derivative of switching to LNG

Initial investment (USD million)

50-100 (depending on the type of vessel)

Operating expenses (per year)

Cost reduction by 15-30% (compared to diesel)

LNG cost (per 1 MWh)

40-60 USD/MWh

Operating savings (per year)

5-15% of total expenses

Return on investment

3-6 years depending on the scale of the project

Source: compiled by the author based on B.Jesus et al. (2024)

One of the key economic benefits of using LNG is
reduced operating costs. Prices for conventional pe-
troleum products are subject to fluctuations, which
complicates long-term financial planning for shipping
companies. However, the cost of LNG is more stable,
and in some regions, it is much lower, which makes
it economically attractive (Xiuzhen et al., 2022). Due
to cleaner LNG combustion, engines experience less
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wear, which reduces maintenance costs and increases
their service life.

The transition to LNG is accompanied by a number
of financial and technical challenges. The most signifi-
cant of these is the high cost of the initial investment.
The construction of new LNG-powered vessels or the
conversion of existing vessels to run on this fuel re-
quires significant costs for the installation of cryogenic
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LNG storage systems, modernisation of fuel systems,
and replacement of engines. These costs can be a se-
rious barrier for many shipping companies, especially
those operating in the low-margin cargo segment, such
as general cargo transportation, container transporta-
tion, or raw material transportation.

Another important aspect is the cost of staff train-
ing. Working with LNG requires special knowledge and
skills, as this fuel is stored at ultra-low temperatures
(-162°C) and requires special safety measures. Shipping
companies should invest in training crew and technical
personnel to ensure safe operation of vessels and avoid
the risks associated with the use of cryogenic fuel. It
should also be considered that the infrastructure for
providing LNG vessels is not yet evenly developed in
all regions of the world as of 2025. Although the num-
ber of LNG bunkering terminals is gradually increasing,
their availability remains limited in some seaports. This
can create logistical difficulties for vessels that use
LNG as their main fuel, and require additional planning
of routes and stops to replenish their fuel reserves.

Thus, the cost-effectiveness of switching to LNG is
determined by the balance between initial costs and
long-term benefits. Despite the high initial costs of
implementing LNG, lower operating costs, financial in-
centives, and savings on environmental measures can
make this transition economically feasible in the long
run. However, heavy fuel remains the most cost-effec-
tive option even with a high carbon tax, suggesting that
switching to LNG may not be economically feasible for
many shipping companies at this stage due to high
initial investment and lack of adequate infrastructure
to provide LNG vessels (Sagin & Poberezhny, 2022). In
the long run, global trends to reduce emissions and
strengthen environmental standards will further in-
crease the popularity of LNG in shipping. Infrastruc-
ture development and technology improvements will
ensure its wider adoption, which will contribute to the
sustainable development of the marine industry and in-
crease its economic efficiency.

LNG infrastructure is one of the key aspects that
will determine the future of shipping in the context
of the transition to clean energy sources. The intro-
duction of this fuel at a broad level requires the cre-
ation of an efficient and scalable infrastructure for
LNG storage, transportation, and bunkering. Despite
the successful development of certain infrastructure
elements in some regions, there are still significant
limitations at the global level that make it difficult to
implement large-scale LNG in shipping. These include
the lack of sufficient infrastructure for LNG bunkering,
the high cost of upgrading vessels to use this fuel, and
the uneven development of LNG supply networks in
different parts of the world. In addition, large initial
investments in the installation of the necessary equip-
ment and technologies can be a significant barrier for
many shipping companies, especially those operating

in low-margin segments. In 2023, major international
ports, in particular Rotterdam, Singapore, and Shanghai,
became important hubs for LNG bunkering due to the
presence of developed LNG terminals (Dewiatena &
Bahagia, 2023). These terminals allow efficient storage
and regasification of LNG, ensuring uninterrupted fuel
supply for vessels running on this fuel.

Rotterdam is an important commercial port and the
largest LNG bunkering terminal in Europe (Fig. 1). Due
to its strategic location on the North Sea coast and high
level of infrastructure development, Rotterdam has be-
come a major LNG supply hub for international vessels.
The port provides the ability to bunker LNG of various
types to ships moving between Europe, Africa, and
North America. LNG is a more environmentally friend-
ly fuel, so many shipowners are switching to it due to
strict environmental requirements, such as SO _and NO_
emission reduction standards. Rotterdam is actively de-
veloping infrastructure for LNG bunkering,including the
creation of new LNG processing terminals, investments
in the development of technologies for gas storage and
supply. This makes the port attractive for shipping com-
panies looking to reduce harmful gas emissions and
reduce fuel costs. As Rotterdam is a major transit hub,
this development also contributes to the increased use
of LNG in other parts of Europe (Zannis et al., 2022).

Singapore is one of the largest and most developed
ports in the world, which is actively developing infra-
structure for servicing ships using LNG (Fig. 2). Singa-
pore is considered an important hub for bunkering ves-
sels running on alternative fuels, in particular LNG. This
significantly contributes to an increase in the number
of such vessels in the Southeast Asian region, where
demand for environmentally friendly fuel is increas-
ing due to stricter emissions regulations. Singapore’s
infrastructure includes several terminals for receiving
and storing LNG, and systems that ensure efficient
bunkering of this fuel. In addition, the Singapore gov-
ernment actively supports this process by investing in
new technologies and providing incentives for shipping
companies to switch to LNG. In particular, local port au-
thorities encourage investment in infrastructure, which
reduces overall costs for shipowners and encourages
the spread of LNG in the region (Du & Li, 2023).

Shanghai is an important commercial port and one
of the main centres for the development of LNG infra-
structure in China (Fig. 3). Since China is the largest
consumer of energy resources in the world, and one of
the largest air pollutants, the country is actively work-
ing on switching to cleaner energy sources, in particular
LNG. Shanghai plays a key role in this process through
the development of specialised LNG storage and pro-
cessing terminals. In addition, Shanghai is part of am-
bitious national initiatives to reduce emissions and de-
velop infrastructure for green technologies, including
the introduction of LNG as an alternative to conven-
tional fuels. However, it is worth noting that one of the
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challenges for the wider use of LNG in other parts of infrastructure and high transportation costs. These fac-
China is its availability and cost. Remote regions face  tors create certain barriers to the expansion of LNG use
difficulties in LNG delivery due to the lack of developed in the country (He et al., 2023).

Figure 1. Graphic image of the port of Rotterdam
Source: Port of Rotterdam cargo throughput decreased in 2024 (2025)

Source: Hiteshk (2019)

Figure 3. Graphic image of the port of Shanghai

Source: M. Bruno (2022)
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However, despite the growing number of such ter-
minals, many regions, especially in Africa, South Amer-
ica, and parts of Asia, face a lack of infrastructure to
provide the necessary level of LNG supply (Yin &
Lam, 2022). This limits opportunities for shipping com-
panies seeking to switch their fleets to cleaner energy
sources, as they are forced to plan their routes based on
existing bunkering terminals. As a result, LNG vessels
have limited access to some ports and routes, which
creates additional costs and logistical difficulties.

One solution that helps to reduce these limitations
is the introduction of floating LNG terminals. Floating
terminals are mobile installations that can store, regas-
ify, and supply LNG to ships without the need to build
expensive stationary ground terminals. Floating termi-
nals can provide LNG supplies in remote or insufficient-
ly secured ports, where the construction of stationary
infrastructure is economically unprofitable. This allows
significantly increasing the coverage of regions where
the necessary infrastructure for bunkering is not avail-
able, and reducing dependence on geographical fac-
tors. Floating terminals are particularly useful in cas-
es where fast and cost-effective provision of new LNG
ports is required (Khoiriyah et al., 2023).

Notably, the development of LNG infrastructure is
stimulated by state programmes and international ini-
tiatives. Many countries seeking to reduce greenhouse
gas emissions actively support investment in LNG in-
frastructure development. For example, in the Euro-
pean Union, there is the Connecting Europe Facility
programme, which provides soft loans and grants to
shipping companies and enterprises that invest in the
creation of LNG bunkering terminals and the develop-
ment of infrastructure for its transportation. The terms
of lending and receiving grants include concessional
loans on favourable terms for projects that meet the
programme’s criteria. The application process includes
submitting a detailed business plan and technical doc-
umentation. To receive grants, a company must submit
an application containing a description of the project,
its impact on the environment and economy, and an
implementation plan. Competition for grants is high,
so it is important to prepare high-quality documenta-
tion (Connecting Europe Facility, 2021). Such support
not only encourages infrastructure development, but
also encourages shipping companies to invest in the
transition to cleaner energy sources. In particular, one
example is Norway, which actively supports the use of
LNG in navigation through preferential programmes
and subsidies. Norway, as part of its strategy to reduce
carbon emissions and meet its obligations under the
Paris Agreement, provides financial incentives for com-
panies that switch to using LNG. In particular, Norway
provides tax breaks and subsidies for shipping compa-
nies that upgrade their vessels to use LNG instead of
conventional diesel fuel. As part of the Green Shipping
Programme, the Norwegian government allocates up to

50% of the cost of upgrading ships, including switching
to LNG, and also provides soft loans to finance such in-
itiatives. Through these measures, Norway encourages
shipping companies to reduce their harmful gas emis-
sions and supports the development of LNG bunkering
infrastructure in their ports. According to the Norwe-
gian Maritime Administration, shipping companies can
receive funding of up to NOK 2 million (approximately
EUR 200,000) for a modernisation project that includes
switching to LNG as the main fuel for the ship.

One of the companies that actively invests in the
development of infrastructure for LNG is Maersk, one
of the largest container carriers in the world. Maersk
is actively working to convert its vessels to LNG and
invests in the construction of new bunkering stations
and the expansion of existing infrastructure for the
supply of LNG. As part of its environmental initiatives,
the company plans to operate more than 12 of its new
LNG vessels by 2030. In addition, Maersk is investing in
expanding its network of bunkering terminals around
the world, including ports in Europe and Asia, to ensure
a continuous supply of LNG for its vessels. For example,
in 2021, the company announced cooperation with the
Port of Rotterdam to expand the LNG bunkering infra-
structure, and is also negotiating with other ports to
build additional terminals. Maersk’s investments in the
transfer of the fleet to LNG and infrastructure devel-
opment can amount to hundreds of millions of dollars.
For example, for the construction of one new bunkering
station, a company can spend up to EUR 50 million on
a project. This demonstrates the company’s serious ef-
forts to provide a more sustainable and cost-effective
way of transportation in the shipping industry.

Thus, despite the existing challenges associated
with the development of infrastructure for LNG, the use
of floating terminals, active support from states and
private investors help to solve these problems. In the
future, the development of bunkering infrastructure, in
particular, through floating terminals and the expan-
sion of the network of ports providing services for LNG,
will allow shipping to fully switch to environmentally
friendly energy sources,which will contribute to the sus-
tainable development of the marine industry as a whole.

Discussion

Analysis of the results of the study showed that the in-
troduction of LNG in shipping contributed to a signifi-
cant reduction in harmful emissions. In accordance with
the environmental regulations MARPOL Annex VI and
the Act to Prevent Pollution from Ships (2024), vessels
that used LNG as fuel showed a significant reduction
in SO _and NO_ emissions, and also PM. In addition,
switching to LNG has reduced CO, emissions, which
confirmed its compliance with modern requirements
for decarbonisation of shipping.

This problem was also investigated by A. Singh &
S. Shanthakumar (2022), where the results confirmed

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025




that the MARPOL Annex VI environmental regulations
impose strict restrictions on harmful emissions from
marine transport, in particular, on sulphur in marine
fuel. These regulations significantly reduced the level
of air and ocean pollution, which contributes to the
preservation of the marine ecosystem.As a result, these
measures increase the environmental responsibility
of sea carriers and encourage the introduction of the
latest technologies to reduce emissions. The study by
A. Hoang et al. (2023) also showed that decarbonising
shipping is an important step in combating climate
change by focusing on reducing CO, emissions in this
sector. Switching to alternative fuels such as LNG, hy-
drogen, and ammonia can significantly reduce harmful
gas emissions. This strategy is essential for achieving
the global goals of reducing emissions and ensuring the
sustainable development of the marine industry. The
implementation of environmental regulations is only
part of a broader strategy to reduce pollution from ma-
rine transport. Since these regulations focus on limiting
SO, _and NO_emissions, they do not cover all aspects of
environmental sustainability, such as greenhouse gas
emissions. Therefore, it is important to integrate these
requirements with other international initiatives that
include a broader approach to decarbonising shipping
and using the latest technologies to reduce the envi-
ronmental impact of the industry as a whole.

Technological analysis has shown that modern ma-
rine power plants, in particular, dual-fuel engines and
gas engines with spark ignition, provide increased ef-
ficiency and reduce fuel consumption. In addition, the
use of cryogenic LNG storage systems helped to effec-
tively control the processes of fuel evaporation and
its supply to engines. However, it turned out that such
systems required significant capital investments and
careful monitoring of temperature conditions, which
could complicate their operation. Z. Rony et al. (2023)
concluded that LNG-based marine power plants are be-
coming increasingly popular due to their environmen-
tal benefits, as LNG contributes to reducing SO, NO,
and CO, emissions compared to conventional fuels.
They provide high energy efficiency, since LNG combus-
tion occurs more cleanly, which has a positive effect
on engine efficiency and reduces operating costs. Such
technologies are actively supported by international or-
ganisations as part of their commitments to reduce the
environmental impact of shipping.

R. Ratnakar et al. (2021) found that cryogenic fuel
storage systems are critical to ensuring safe and effi-
cient LNG storage on board ships. These systems help
to maintain the necessary low temperature to preserve
natural gas in a liquid state, minimising losses during
transportation and storage. They not only reduce fuel
evaporation, but also contribute to improving overall
energy efficiency and reducing the cost of LNG trans-
portation. These results support the above study, as
they demonstrate a significant reduction in harmful gas
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emissions and improved energy efficiency when using
marine LNG power plants. In particular, the analysis
showed that the use of LNG as the main fuel on ships
can lead to a reduction in NO_and SO, emissions, which
confirms the high environmental efficiency of this tech-
nology. In addition, the integration of cryogenic storage
systems allows fuel to be stored in optimal conditions,
which contributes to even greater savings and reduces
overall energy costs for shipping.

Economic analysis has shown that despite the long-
term benefits of LNG, such as reduced fuel costs and
lower environmental costs, for many shipping compa-
nies switching to LNG at this stage may not be econom-
ically feasible. High initial investment in ship upgrades
and the need to develop infrastructure for LNG bun-
kering, and the lack of sufficient support to cover these
costs, leave conventional heavy fuel a more profitable
option, even with high carbon taxes. It is necessary to
emphasise the study by S. Al-Sobhi et al. (2021), who
also found that the cost-effectiveness of LNG provides
significant financial benefits for shipping companies
due to its low fuel costs compared to conventional fu-
els. In addition, LNG helps to reduce operating costs by
reducing engine wear and the need for frequent main-
tenance. The use of this fuel also allows companies to
meet environmental standards without the need for ad-
ditional costs for emission cleaning equipment, which
increases their competitiveness in the market.

In turn, H. Ma et al. (2023) concluded that financial
incentives for shipping companies play an important
role in encouraging the transition to environmental-
ly friendly fuels such as LNG. Due to government and
international programmes, including subsidies and tax
incentives, companies receive support in modernising
their fleets, which can significantly reduce the finan-
cial burden. Concessional loans for the purchase of new
vessels or the adaptation of existing vessels to LNG use
provide additional incentives for integrating more sus-
tainable technologies into the industry. These data are
consistent with the theses given in the previous sec-
tion, as they confirm that the economic benefits of LNG
significantly exceed the initial costs of upgrading ma-
rine power plants. In particular, long-term savings on
fuel costs, lower operating costs, and easier compliance
with environmental standards make this transition ben-
eficial for shipping companies. In addition, financial in-
centives provided by the government and international
organisations greatly facilitate the implementation of
this technology, which once again confirms the feasibil-
ity of switching to more environmentally friendly and
cost-effective fuel options.

One of the key limitations in the use of LNG re-
mained an insufficiently developed bunkering infra-
structure. While major ports such as Rotterdam, Sin-
gapore, and Shanghai had LNG terminals, many other
ports were not equipped with the necessary capacity
to store and refuel LNG vessels. The study showed that

A
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the development of floating LNG terminals could be an
effective solution for providing fuel to ships in remote
regions, but this required significant capital investment
and coordination at the international level.

Research conducted by V. Chimshir et al. (2023) con-
firmed the importance of LNG bunkering infrastructure
to ensure a stable LNG supply to ships. This infrastruc-
ture includes specialised ports and gas stations capable
of handling large volumes of fuel, which reduces the
risk of leaks and ensures high safety during refuelling.
Its development reduces ship downtime and increases
the availability of LNG for sea carriers, which signifi-
cantly optimises global logistics. D. Polemis & M. Bovi-
atsis (2023) also found that floating terminals are an ef-
fective solution for countries or regions where there is
no developed infrastructure for natural gas storage and
regasification. These mobile platforms help to quickly
organise the supply of LNG to remote or isolated places
where the construction of stationary terminals is eco-
nomically impractical. Due to their mobility and rap-
id installation capabilities, floating terminals provide
flexibility in managing gas demand, which is essential
for the sustainable development of energy markets in
various regions of the world.

Comparing the data obtained in the course of re-
search, it can be concluded that the introduction of
LNG bunkering infrastructure and the development of
floating terminals are interrelated processes that sig-
nificantly increase the availability of LNG for the ship-
ping industry. These infrastructure elements create an
efficient logistics network that reduces the time spent
on refuelling ships and reduces the risks associated
with fuel shortages in remote regions. In particular,
mobile floating terminals can significantly reduce the
cost of building stationary facilities, making the energy
infrastructure more flexible and adapted to changing
market conditions. The results of the study also showed
that shipping companies that were the first to switch to
using LNG received competitive advantages in the form
of reduced operating costs and compliance with new
environmental standards. However, the overall dynam-
ics of the introduction of this fuel in the industry re-
mained slow due to the high cost of technological tran-
sition and the need to adapt the regulatory framework.

A.Yao et al. (2024) concluded that the competitive
advantages of LNG vessels are becoming increasingly
obvious to shipowners, as these vessels allow them to
meet the requirements of international environmental
regulations, in particular, with regard to greenhouse
gas emissions. The use of LNG also reduces fuel costs,
which contributes to savings in operating costs, in par-
ticular, in the long term. In addition, LNG vessels can
operate in areas with limited emissions, which allows
shipowners to avoid the need to install additional fil-
tration systems, which reduces additional costs. S. Ha et
al.(2022) found that adapting the regulatory framework
is a necessary step to ensure effective implementation

of LNG in the shipping industry. This includes updating
international and national legislation regulating the
use of LNG as fuel, in particular, in terms of safety and
ecology. In addition, standardisation of infrastructure
and training of crews to work with LNG create condi-
tions for the smooth functioning of new technologies
in navigation.

When analysing the results of the study, it is clear
that the transition to the use of LNG in shipping not
only provides significant environmental benefits, but
also has economic potential for shipowners. Given the
reduction in fuel costs and the need for fewer filtration
systems, shipping companies gain additional competi-
tive advantages in the market. However, for the success-
ful implementation of such technologies, it is important
to develop the appropriate infrastructure, update the
regulatory framework, and ensure that crews are qual-
ified to work with new types of fuel. Overall, the study
confirmed that the transition to LNG was a strategically
important step for the modernisation of marine energy.
Its implementation reduced the negative impact on the
environment and also improved the energy efficiency
of ships. However, further investment in infrastructure,
improvements in fuel storage and supply technologies,
and support from governments and international or-
ganisations remained necessary to fully integrate LNG
into global shipping.

Conclusions
LNG has demonstrated significant potential in the
modernisation of marine energy, ensuring compliance
with modern environmental standards, improving en-
ergy efficiency and reducing operating costs. The study
confirmed that the use of LNG as a marine fuel contrib-
utes to a significant reduction in emissions of harmful
substances, including SO, NO, and CO,. From a tech-
nological standpoint, it is established that modern ma-
rine power plants, in particular, dual-fuel engines and
gas engines with spark ignition, provide a high level
of efficiency and safety. Cryogenic LNG storage systems
and fuel supply systems that minimise evaporation and
energy loss were also investigated.

Analysis of economic aspects has shown that al-
though the transition to LNG requires significant initial
investment, in the long run, it can reduce fuel costs and
environmental measures. Financial incentives, such as
subsidies and concessional lending, contribute to the
active adoption of this technology. Infrastructure chal-
lenges remain one of the key barriers to the widespread
use of LNG in shipping. Despite the development of
LNG terminals and bunkering stations, their number
is insufficient in regions such as Africa, South America,
and parts of Asia, where LNG bunkering infrastructure
still requires significant investment and development.
The introduction of floating LNG terminals can partial-
ly solve this problem by ensuring fuel availability for
remote ports.
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In general, the results of the study confirmed that performance of marine power plants and their adapta-
the introduction of LNG is a strategically important area  tion to future alternative fuels.
for the development of marine energy. Further invest-
ment in infrastructure, regulatory improvements, and Acknowledgements
staff training are needed to effectively implement this  None.
transition. A limitation of the study is the lack of anal- .
ysis of specific regional conditions and practical exam- Funding
ples of LNG implementation on certain types of vessels, None.
which limits the universality of the results obtained
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pilleHb AN ManMBHOro 3abesnevyeHHs GnoTy. MeTow AOCNigKEHHS OYNO NMPOBEAEHHS aHani3y TEXHOMOFIYHMX,
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[OTPUMAHHS MXKHAPOAHMX eKonoriyHmux ctanaapti. 311 403BONSE 3HAYHO 3MEHLWNUTU BUKMAMW BYITNEKMCIOrO rasy
(CO,), okemais azoty (NO)) i okcmais cipku (SO ), wo pobuTb MOr0 KOHKYPEHTOCMIPOMOXHMM NAAUBOM ANA CYAEeH,
O NPAaLIOKOTb Y 30HAX KOHTPOSO BUKKAIB. TexHonorivyHo 3[1I 3abe3neyye BUCOKY eHeproedeKTUBHICTb, 30KpeMa
3aBASKM BUKOPUCTAHHIO [OBMUIYHIB MOABIMHOrMO ManuBa, WO A03BONSKTb ONTMMI3yBaTWM BUTPATM Ha MNanuBo |
3MEHLIUTU HeraTMBHUIM BNAMB HA HAaBKONMULIHE cepepoBuule. Cy4yacHi CyaHOBI eHepreTUYHi YCTaHOBKM, OCHALLEHI
KpioreHHMMu cucteMamm 36epiraHHsa Ta Nojadi rasy, NiaTBepaxXyTb epekTuBHICTb 3M1Ty 3abe3neyeHHi cTabinbHoi
pobotu cyaeH. EKOHOMIYHI pocnigkeHHa nokasanu, Wwo xoya nepexig Ha 3MT BUMArae 3Ha4yHMX MOYATKOBUX
iHBECTULIM Yy NnepecbnafgHaHHs CyaeH Ta iHDpaCTPyKTypy, B NEPCMEKTUBI Lie [03BOJIIE 3MEHLUUTU eKCnayaTaliiHi
BMUTPATU Ta BUTPATM Ha €KONOFiYHI 3aX04u, TaKi SIK YCTAHOBKM A1 3HUXKEHHS BUKWUAIB CipKUW. [1pakTUUHE 3HAYeHHS
[OCNIAXKEHHS NONIAra€ B TOMY, WO BOHO CNPUSE PO3BUTKY TEOPETUYHUX | NPAKTUYHMX OCHOB BUKopUcTaHHS 3I1T sk
€KOMOriYHO YMUCTOro Ta eKOHOMIYHO BUTIAHOrO ManvMBa B CYAHOBIN eHepreTuLi, Wo Moxe 6yTM BUKOPUCTAHO Anas
BAOCKOHANIEHHS iCHYYMX TEXHOMOTIM | HOPMATUBHMX aKTiB Y ranysi CyAHONNaBCTBa

KatouoBi cAoBa: eKkoioriuHi CTaHAAPTH; ABUIYHM NOLABIMHOMO NaAMBA; KPiOTEHHI CUCTEMM; eKCNyaTaliiMHi BUTPaTK;
30HU KOHTPOIO BUKUAIB

Journal of Kryvyi Rih National University, Vol. 23, No. 1, 2025 A



https://doi.org/10.1016/j.resourpol.2022.102982
https://doi.org/10.1016/j.trd.2024.104240
https://doi.org/10.1016/j.applthermaleng.2023.120976
https://doi.org/10.1016/j.jclepro.2021.129955
https://doi.org/10.1016/j.energy.2022.123803
https://doi.org/10.3390/en15103638
https://doi.org/10.3390/en15103638
https://orcid.org/0009-0002-1087-5508

