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Abstract. The study aimed to assess the environmental impacts of alternative fuels in the maritime
sector, particularly their potential for global warming, ocean acidification, eutrophication and marine
toxicity. To this end, a comparative analysis of different fuels was conducted, including liquefied natural
gas, green methanol products,ammonia, biofuels and traditional heavy fuel oil. The results showed that
liquefied natural gas, despite its lower CO, emissions, had a high climate impact due to methane leaks,
with a global warming potential of 0.18 to 0.22 kg CO,-eq/MJ. Green biofuels, particularly methanol,
had the lowest global warming potential (0.016-0.020 kg CO,-eg/MJ), but their direct CO, emissions
during combustion remained high. Ammonia, as a carbon-free fuel, reduced CO, emissions but produced
significant amounts of nitrous oxide (N.O), which has a significant impact on the climate balance.
The ocean acidification potential for heavy fuel oil was 0.18 kg SO,-eq/MJ, and for ammonia, 0.10 kg
SO, eq/Ml. Eutrophication analysis showed that ammonia and nitrous oxide emissions significantly
increase nitrogen levels in marine ecosystems, which can cause algae growth. The toxicity of different
fuels showed that ammonia has the greatest potential to harm marine organisms, even at low
concentrations. The practical significance of the results is determined by the need for a comprehensive
assessment of the environmental impact of the transition to alternative fuels in shipping, which can
be used by maritime transport authorities, environmental agencies, seaports, and companies involved
in the development and implementation of technologies for decarbonising shipping and reducing the
environmental impact of maritime activities
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Introduction

Maritime transport is one of the main sources of
global greenhouse gas emissions, which signifi-
cantly affects the planet’s climate stability. It con-
tributes not only to increased CO, concentrations
in the atmosphere, but also to the release of other
harmful substances such as nitrogen oxides (NO,),
sulphur (SO,) and particulate matter (PM), which
negatively affect air quality and marine ecosys-
tems. In addition, water pollution and ocean acid-
ification are among the main factors disrupting
biogeochemical cycles, particularly the carbon
and nitrogen cycles, which threaten marine life.
This necessitates the urgent adaptation of the
maritime industry to new environmental stand-
ards, in particular the decarbonisation of the mar-
itime sector. Under these conditions, a review of
the literature was used to compare the results of
different research approaches and derive consist-
ent guidelines for practice.

D.M. Reshetkov & N.L. Pavlova (2022a) re-
viewed key initiatives to reduce greenhouse gas
emissions in seaports. The study noted the signif-
icance of renewable energy sources and alterna-
tive fuels in reducing the environmental impact
of maritime transport. The study examined initia-
tives involving the installation of technologies to
reduce CO, emissions and the transition to more
sustainable energy sources. In another paper,
D.M. Reshetkov & N.L. Pavlova (2022b) examined
global initiatives related to the decarbonisation
of maritime transport, in particular the introduc-
tion of alternative fuels such as liquefied natural
gas (LNG) and biofuels, and their role in reducing
greenhouse gas emissions. The study noted that
national and international organisations are al-
ready working to create a regulatory framework
for such initiatives. The significance of digitalisa-
tion and automation of processes in the maritime
sector for effective decarbonisation was consid-
ered by B. Kormych & T. Averochkina (2024). The
study noted that the use of digital technologies
can be used for the effective management of sea-
ports and the reduction of CO, emissions, which is
a substantial step in the decarbonisation process.
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A systematic review of technological and op-
erational measures in shipping aimed at achiev-
ing the International Maritime Organisation’s
2050 targets was conducted by G. Mallouppas &
E.A. Yfantis (2021). The study examined in detail
alternative fuel technologies, such as methanol
and ammonia, as well as innovative technologies,
including rotary sails and wind-assisted propul-
sion, to reduce CO, emissions and other pollut-
ants. E. Kostidi & D. Lyridis (2024) emphasised
ports as substantial elements of maritime decar-
bonisation. The study conducted a bibliometric
review that identified promising areas for reduc-
ing emissions in ports, such as the use of renew-
able energy sources and technologies to optimise
energy consumption. An overview of the role of
alternative fuels in the maritime industry, high-
lighting opportunities and technological limita-
tions (e.g., methane leaks in LNG), was provided by
V.A.dos Santos et al. (2022). The study emphasised
the potential of biofuels and ammonia as fuels in
shipping, as well as their ability to reduce green-
house gas emissions compared to traditional fuels.

R. Bhattacharyya et al. (2023) examined the
role of nuclear energy in the decarbonisation of
the maritime industry. The study analysed the
possibility of using nuclear energy to reduce CO,
emissions in maritime transport and outlined
the prospects and challenges for its integration
into modern ships. Studying port decarbonisa-
tion strategies, A. Raihan et al. (2025) noted that
one of the main trends is the use of low-carbon
technologies, including hybrid systems and wind
assistance, to reduce CO, emissions in port areas.
The study noted the relevance of the integration
of these technologies with modern port manage-
ment systems. T.Ma et al. (2025) analysed modern
research trends in decarbonisation of the mari-
time industry, focusing on emerging technologies
such as the use of hydrogen fuels, biofuels and
electrification of maritime transport. The scien-
tists also proposed a structural analysis of decar-
bonisation trends, in particular, the use of various
types of alternative fuels. A bibliometric study by
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G.Xiao et al. (2025), which covered the use of dig-
ital technologies in shipping for decarbonisation,
revealed a significant increase in publications on
digital twins, blockchain systems and the Internet
of Things (loT). The study noted that despite the
high interest in digital tools, their impact on actu-
al CO, emissions remains rather limited.

Decarbonisation of the maritime sector is an
integral part of combating climate change and
achieving sustainable development. A review of
research and initiatives has shown that decarbon-
ising maritime transport requires a comprehen-
sive approach that includes the use of alternative
fuels, the introduction of innovative technologies
such as wind-assisted propulsion and hybrid sys-
tems, and the application of digital technologies
for energy management and emissions reduction.
These initiatives have the potential to reduce the
negative impact of maritime transport on the cli-
mate, ocean acidification and marine ecosystems,
as well as to improve the maritime industry’s re-
silience to environmental challenges.

The study aimed to analyse the main direc-
tions of decarbonisation of maritime transport
using alternative fuels and innovative technolo-
gies, in particular their impact on ecosystems and
climate change. To achieve this goal, the follow-
ing tasks were set: to analyse the environmental
effects of using various alternative fuels on glob-
al warming, ocean acidity and biogeochemical cy-
cles; to investigate the toxic effects of new fuels
on marine organisms, in particular fish, shrimp
and phytoplankton; to assess the risks associated
with the environmental and climate impacts of
new technologies in maritime transport.

Materials and Methods
A study of the environmental impact of using al-
ternative fuels in the global maritime industry
was conducted for the period 2000-2025 using
several environmental assessment methods to
determine the impact of different types of fuel
on the environment and marine ecosystems. To
achieve this goal, Life Cycle Assessment (LCA) and
Ecological Risk Assessment (ERA) methods were

used, as well as methods that assess the impact
on marine ecosystems. All methods were aimed
at a comparative analysis of the environmental
characteristics of fuels such as liquefied natural
gas (LNG), methanol, ammonia, biofuels and tra-
ditional heavy fuel oil.

To assess the environmental impact of al-
ternative fuels, the LCA method was used, which
made it possible to determine the overall en-
vironmental impact of fuel at all stages of its
life cycle, from raw material extraction to fuel
use on board a ship. For each type of fuel, the
boundaries of the system were defined, covering
the stages of extraction, transportation, storage,
consumption and emissions associated with its
combustion. One MJ of energy obtained from fuel
combustion was chosen as the unit of operation.
The inventory collected data on greenhouse gas
emissions such as CO,, CH,, NO,, SO,, NH;, as well
as particulate matter (PM). Primary data on emis-
sions from liquefied natural gas and traditional
fuels were obtained from SEA\LNG Limited &
Society for Gas as a Marine Fuel Limited (2019),
N. Pavlenko et al. (2020). The analysis of emis-
sions from green methanol and ammonia was
based on data from H. Gileroglu & Z. Yumurt-
aci (2025) and O. Guyon et al. (2025). Additional
information on the pollutant profile is provided
by studies by J. Hansson et al. (2019), R. Laursen et
al. (2022), and V. Duliere et al. (2020). These data
assessed the impact of different types of fuel on
environmental categories such as global warm-
ing (GWP100), ocean acidification, eutrophication,
toxicity to biota, and climate change.The environ-
mental impact assessment was conducted using
specialised SimaPro software, which was used to
model the fuel life cycle and calculate the total
impact on the environment.

The acidification potential of the ocean
was assessed based on modelling the transfor-
mation and atmospheric deposition of the main
acid-forming compounds, sulphur oxides (SO,)
and nitrogen oxides (NO,). For each type of fuel,
the contribution to acidification was calculated
based on SO, emissions (for heavy fuel oil and
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other carbon fuels) and NO, emissions (for am-
monia and fuels with high combustion temper-
atures). The quantitative assessment of acidifica-
tion potential was expressed in SO, equivalents
per unit of energy (kg SO,-eq/MJ) according to
standard LCA protocols (Hansson et al., 2019;
Campbell et al., 2021). The direct impact on sea-
water pH from the discharge of alkaline effluents
from exhaust gas treatment systems (scrubbers)
was assessed separately, using monitoring and
modelling data on the chemical composition of
effluents (Stripple & Zhang, 2019).

The ERA method was used to analyse the
toxicity of fuel and its combustion products, such
as nitrous oxide (N,0) for ammonia and metha-
nol, and methane for LNG. ERA involved identify-
ing hazards arising from fuel use and determining
the impact of toxic substances on marine eco-
systems, particularly plankton, fish and benthic
organisms. The pathways of exposure were de-
termined through emissions to the atmosphere,
which enter the ocean and biota through the dep-
osition of toxic compounds. The ERA also includ-
ed determining the probability of environmental
impacts such as changes in ocean pH, toxicity
to organisms and disruption of biodiversity. As a
result, pollution levels for different types of fuel
were calculated, and the potential threat to ma-
rine ecosystems was assessed.

Various methods were used to assess the im-
pact of alternative fuels on marine ecosystems, in-
cluding monitoring changes in water pH, toxic ef-
fects on marine organisms (plankton, fish, benthic
organisms), and assessment of the impact on bio-
diversity. pH change was assessed based on ocean
acidification potential, which was determined
through SO, emissions for heavy fuel oil and NO,
emissions for ammonia (Campbell et al, 2021).
The impact of emission cleaning technologies, in
particular scrubbers, on the marine environment
was analysed separately, with data obtained from
the source (Stripple & Zhang, 2019). For each fuel
type, the analysis examined how emissions of
these pollutants alter ocean acidity and how this
affects marine ecosystems. The toxic effects on
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marine organisms were also assessed using LC;,
(lethal concentration for 50% of organisms) and
EC,, (concentration at which 50% of organisms
experience development or growth) indicators.
The effects on fish, shrimp, oysters and other ma-
rine organisms were assessed, as well as the con-
sequences for phytoplankton (Miller et al., 1990).
In addition, secondary pollutants such as nitrates
formed as a result of ammonia combustion, which
have a chronic impact on marine ecosystems, in
particular on algae growth and biodiversity de-
cline, were studied (Wang et al., 2022).

Standard statistical analysis was used to
process the data obtained, in particular t-tests to
compare the average values between different
types of fuel and their environmental impacts.
The level of statistical significance was assessed
using p-values, where the significance level o
was set at 0.05. To analyse variations and com-
pare environmental effects depending on fuel
type, appropriate statistical methods were used
to accurately assess the difference in impacts and
identify the most environmentally efficient fuels
for the maritime industry.

Results
Global warming potential (GWP100)
of different types of fuel
An analysis of the global warming potential of
alternative marine fuels revealed significant dif-
ferences between fuels due to the specific nature
of their emissions throughout their entire life cy-
cle. For LNG, the study determined that despite
lower direct carbon dioxide emissions during
combustion compared to traditional fuel oil, the
climate advantage was largely offset by methane
leaks. The global warming potential over a 100-
year horizon (GWP100) for LNG ranged from 0.18
to 0.22 kg CO,-eg/MJ. This range was due to the
high global warming potential of methane, which
is 28-36 times higher than that of CO,, and varied
depending on the level of leaks during produc-
tion, transportation and use (SEA\LNG Limited &
Society for Gas as a Marine Fuel Limited, 2019;
Pavlenko et al., 2020).
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The “Green” methanol, obtained from renewa-
ble raw materials, showed significantly lower val-
ues.|ts GWP100 was estimated to range from 0.016
to 0.020 kg CO,-eq/MJ for methanol produced
from renewable energy sources such as wind or
solar energy. However, direct CO, emissions from
fuel combustion in marine engines remained high,
indicating the need for compensation through a
closed carbon cycle to achieve climate neutrality
(Glleroglu & Yumurtaci, 2025; Guyon et al., 2025).

Ammonia, being a carbon-free fuel, was char-
acterised by zero direct CO, emissions. However,
the study identified a key problem related to in-
complete combustion, which led to the formation
of nitrous oxide (N,O). Since the global warming
potential of N,O exceeds that of CO, by 265-298
times, even minor emissions have a significant
impact on the overall balance. In the absence of
optimised engines and exhaust gas cleaning sys-
tems, the total GWP100 for ammonia could reach
0.16-0.20 kg CO,-eq/MJ. As for biodiesel (HVO) and
other biofuels, their net CO, balance was close to
zero, as confirmed by life cycle analysis data. How-
ever, GWP100 values showed a significant range
from 0.02 to 0.30 kg CO,-eq/MJ (Guyon et al., 2025).
This variability was directly related to the type of
feedstock used for production and the effects of in-
direct land use changes, which could significantly
increase the overall greenhouse footprint (Fig. 1).
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methanol Bjodiesel
Minimum Maximum
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Figure 1. Comparison of average GWP100

values for different alternative marine fuels
Source: compiled by the author based on N.Pavlenko et
al. (2020), O. Guyon et al. (2025), H. Gileroglu &
Z.Yumurtaci (2025)

Thus, the analysis of global warming poten-
tial (GWP100) for promising types of marine fuel
revealed significant heterogeneity in their cli-
mate impact. Despite the rejection of carbon, all
alternative fuels showed significant compromis-
es. For LNG, methane leaks were the main factor;
for ammonia, it was nitrous oxide formation; and
for biofuels, it was high dependence on the raw
material base and the consequences of land use
changes. Even ‘green” methanol, which had the
lowest scores, required further consideration of
direct CO, emissions. The results confirmed that
switching to any of the fuels considered is not an
unconditional solution for mitigating the climate
impact of shipping and requires a comprehensive
assessment of all greenhouse gases throughout
the entire life cycle.

Acidification potential of the ocean

and eutrophication potential

A detailed analysis of the potential for ocean
acidification revealed complex interactions be-
tween various pollutants produced by different
types of fuel and technologies. For traditional
heavy fuel oil with high sulphur content, the main
mechanism of acidification was emissions of sul-
phur oxides (SO,). As a result of photochemical
reactions in the atmosphere, SO, was oxidised
to sulphur trioxide (SO;), which, interacting with
atmospheric moisture, formed sulphuric acid
aerosols (H,SO,). Further atmospheric leaching
of these aerosols by rainfall led to the entry of
hydrogen ions (H*) and sulphate ions (SO,%) into
the surface layers of the ocean, lowering their pH.
The quantitative assessment of the acidification
potential for heavy fuel oil was 0.18 kg SO,-eq/
MJ, confirming its significant contribution to glob-
al acidification (Hansson et al., 2019).

When using carbon-free fuels, in particu-
lar ammonia, the profile of pollutants changed
significantly. Although SO, emissions were com-
pletely absent, the main driver of acidification
was nitrogen oxide (NO,) emissions, which were
formed during high-temperature combustion in
internal combustion engines. In the atmosphere,

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2025. Vol. 21, No. 6



NO, oxidised to nitrogen dioxide (NO,), which
reacted with hydroxyl radicals (OHe) to form ni-
tric acid (HNO,). This acid, settling on the ocean
surface, dissociated with the release of H* ions
and nitrate ions (NO;). Calculations showed that
the acidification potential for ammonia reached
0.10 kg SO,-eq/MJ, which rendered it comparable
in impact to low-sulphur fuels, but with a differ-
ent chemical mechanism (Laursen et al., 2022).
The impact of scrubber technology (ex-
haust gas cleaning systems) was studied sepa-
rately. The study determined that when an open
scrubber system was used to remove SO, from
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flue gases, pollutants were transferred from the
gas phase to the water phase. The discharge of
these alkaline effluents, containing sulphites,
sulphates and heavy metals, directly into the
marine environment caused sharp local changes
in pH. In contrast to the global phenomenon of
acidification from atmospheric deposition, this
effect was localised, creating areas of chemical
stress in port waters and shipping lanes where
massive discharges of wastewater occurred. The
concentration of pollutants in effluents could
exceed background values by tens of times
(Duliere et al., 2020) (Table 1).

Table 1. Comparative indicators of acidification potential and main chemical mechanisms of impact

Influence source | Primary chemical agent

Reaction product

Acidification potential (kg SO,-eq/MJ)

Heavy fuel oil SO, H,SO, 0.18
Ammonia NO, HNO, 0.10
Scrubbers Alkaline effluents Not measured in SO,-eq. (direct

Sulphites/Sulphates

(drains)

(local pH increase)

chemical pollution)

Source: compiled by the author based on H. Stripple & Y. Zhang (2019), V. Duliére et al. (2020), M. Campbell et

al. (2021)

The assessment showed that the potential
for ocean acidification from maritime activities
was shaped by several interrelated pathways.
Traditional fuel oil remained the main source of
acidification through SO, emissions, while the
transition to ammonia shifted this impact to NO,
emissions with similar harmful effects. At the
same time, scrubber technology used to reduce
atmospheric emissions created an additional bur-
den on the marine environment through the di-
rect discharge of chemically active effluents. Thus,
various options for decarbonising ship energy did
not eliminate the problem of acidification, but
only transformed its manifestations, creating both
global and localised threats to marine ecosystems.

A detailed analysis of the eutrophication
potential of marine activities revealed complex
dynamics of nutrient inputs into marine ecosys-
tems, particularly using new types of fuel. The
most significant source of nitrogen pollution was
found to be direct emissions of ammonia (NH,)
when used as a primary fuel. Unreacted ammonia

entered the atmosphere, where it underwent
transformation and transport over long distanc-
es. Further dry and wet deposition of nitrogen
compounds on the ocean surface led to excessive
input of bioavailable nitrogen into the marine
environment. A quantitative assessment within
the life cycle analysis showed that the eutroph-
ication potential for ammonia was 0.065 kg PO,-
eg/MJ, which exceeded similar indicators for tra-
ditional carbon fuels. An additional contribution
to eutrophication processes was made by gase-
ous emissions of nitrous oxide (N,0), which was
formed as a by-product of ammonia combustion
in ship engines. After entering the atmosphere,
N,O underwent photochemical transformations
to form nitrate compounds, which subsequently
settled on the ocean surface. This process posed
a particular threat to open water areas where
the natural nutrient content was a limiting fac-
tor for phytoplankton growth. Extrapolation of
the data showed that even at a concentration of
N,O in emissions of 0.3% of the total volume, its
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contribution to the overall eutrophication poten-
tial could reach 15-20% (Miller et al., 1990).

A systematic study of the impact of ship dis-
charges revealed their role as a significant source
of local pollution. Analysis of ballast water compo-
sition showed the presence of nitrogen compounds
in concentrations of 2.5-4.8 mg/l and phosphorus
in concentrations of 0.3-0.7 mg/L. In areas with

intensive shipping, this led to an increase in nitrate
concentrations in coastal waters by 25-40% com-
pared to background values (Miller et al., 1990).
The impact was particularly noticeable in the wa-
ters of large ports, where the accumulation of nu-
trients from effluents stimulated the growth of mi-
croscopic algae, in particular representatives of the
genera Alexandrium and Pseudo-nitzschia (Table 2).

Table 2. Comparative characteristics of eutrophication sources from marine activities

. Primary R . Spatial scale
Influence source Influence mechanism components Eutrophication potential of impact
Ammonia ; A Nitrogen ; Regional (up to
(NH,) emissions Atmospheric precipitation compounds 0.065 kg PO,-eq/MJ 500 km)
Nitrous oxide | Atmospheric transformation Nitrate 0.010-0.015 kg PO,-eq/ Global
(N,0) emissions and precipitation compounds MJ
. N, P organic 3.2-5.8 kg PO,-eq./ Local (ports
Ballast water Direct source compounds | equivalent ballaét water | and coastline)
; : N, B organic 0.8-1.2 kg PO,-eq/day Local (ports
Domestic waste Direct source matter per veséel and coastline)

Source: compiled by the author based on D.C. Miller et al. (1990)

A study of the eutrophication potential of
marine activities revealed the complex nature of
the impact of various sources of nitrogen pollu-
tion. The use of ammonia as an alternative fuel
created stable channels for the entry of bioavail-
able nitrogen into marine ecosystems through
atmospheric deposition. At the same time, nitro-
gen oxide emissions and direct discharge of ship
waste created an additional burden on coastal
and ocean ecosystems. The results showed that
the transition to nitrogen-containing fuels with-
out adequate emission treatment and waste dis-
posal systems could lead to a significant increase
in eutrophication processes, especially in regions
with intensive shipping.

Marine toxicity potential and comparative
analysis of the environmental footprint

of innovative technologies

Research into the marine toxicity potential of
alternative fuels and related emissions has re-
vealed varying levels of threat to marine organ-
isms. Experimental data on the acute toxicity
of methanol to aquatic organisms showed LD,
values for fish species of 2,500-5,000 mg/L over

a 96-hour exposure period. For invertebrates,
particularly shrimp of the genus Artemia, the
LC,, value was 7,800-12,000 mg/L. Calculations
showed that a spill of 100 tonnes of methanol
in the enclosed waters of the port could cre-
ate local concentrations exceeding 1,500 mg/L,
posing a threat to benthic organisms. Ammonia
showed significantly higher toxicity compared to
methanol. For most fish species, lethal LC,, con-
centrations ranged from 0.2 to 2.5 mg/L after 96
hours of exposure. Sensitive invertebrates, such
as crab and oyster larvae, showed lethal effects
at concentrations as low as 0.5-1.2 mg/L. Model-
ling of a large-scale ammonia spill of 500 tonnes
showed that under conditions of limited water
circulation, toxic concentrations could persist in
a 5-metre-thick layer of water for 24-48 hours,
creating a zone of complete marine organism
mortality over an area of up to 5 km2. Atmos-
pheric deposition of nitrate compounds formed
as a result of NO, emissions had toxic effects of
a different type. Chronic exposure to nitrates at
concentrations of 25-40 mg/l caused develop-
mental disorders in fish larvae and a decrease in
phytoplankton diversity. Experiments have shown
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that nitrate concentrations above 50 mg/L inhib-
it the growth of macroalgae and coral polyps.
In areas with intensive shipping, an increase in
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background nitrate concentrations to 15-20 mg/L
was observed, which could cause sublethal effects
in sensitive species (Wang et al., 2022) (Table 3).

Table 3. Toxicity parameters of various pollutants for marine organisms

Contaminant Test organism Toxicity value Value Exposure duration
Methanol Fish (Oncorhynchus mykiss) LCy, 4.500 mg/I 96 hours
Methanol Shrimp (Artemia salina) LC,, 9.500 mg/I 48 hours
Ammonia | Fish (Cyprinodon variegatus) LC,, 0.8 mg/I 96 hours

B Oyster larvae
Ammonia (Crassostrea gigas) LCq, 1.1 mg/I 48 hours
Nitrates Fish larvae (Danio rerio) EC,, (development disorders) | 45 mg/I 72 hours
. Phytoplankton . )
Nitrates (Skeletonema costatum) EC,, (growth impairment) 60 mg/I 96 hours

Source: compiled by the author based on Y. Wang et al. (2022)

The assessment of marine toxicity potential
revealed significant differences in the level of
threat posed by different types of fuel and as-
sociated pollutants. Ammonia proved to be the
most toxic, with a direct lethal effect on marine
organisms even at low concentrations. Methanol
showed moderate toxicity but posed a threat in
large-scale spills. Atmospheric deposition of ni-
trates had a chronic effect, manifested in impaired
development of marine organisms and changes in
the structure of plankton communities. The results
showed that the transition to alternative fuels
required consideration not only of their green-
house characteristics, but also of the potential
consequences for marine ecosystems in the event
of accidents and long-term operational impacts.

Research into the environmental effective-
ness of innovative technologies has demonstrated
significant potential for reducing anthropogenic
pressure on marine ecosystems. The implementa-
tion of aerodynamic and hydrodynamic improve-
ments, in particular Flettner rotors and anti-foul-
ing systems (ALS), has resulted in fuel consumption
reductions of 8-15%, depending on the type of
vessel and operating conditions. On transatlantic
routes, an average reduction in CO, emissions of
12% was recorded, which amounted to approxi-
mately 1,500 tonnes per year for a standard-sized
vessel. SO, emissions were reduced proportionally
by 10-14% and NO, emissions by 8-11%, which

directly affected ocean acidification potential in-
dicators. In addition, there was a 9-13% reduction
in particulate matter (PM) emissions, which is
relevant for maintenance of air quality in coastal
areas. Hybrid energy systems demonstrated high
efficiency in areas with special environmental re-
quirements. When using rechargeable batteries
for manoeuvring within ports and coastal areas,
there was a sharp reduction in NO, emissions by
94-98% compared to traditional diesel engine
operation. Particulate matter emissions (PM2.5
and PM10) were reduced by 89-95%, significant-
ly improving air quality in port cities. Analysis of
data from large container ships showed that the
use of hybrid systems for 1,200 hours per year
prevented emissions of approximately 5.8 tonnes
of NO, and 0.9 tonnes of particulate matter per
ship. In addition, a reduction in underwater noise
levels of 12-15 dB was recorded, which reduced
acoustic stress for marine life (Carjova et al., 2025)
(Table 4). An analysis of the environmental foot-
print of innovative technologies has demonstrat-
ed their significant effectiveness in reducing an-
thropogenic impact on the marine environment.
Aerodynamic and hydrodynamic improvements
have led to an overall reduction in all categories
of emissions through reduced fuel consumption,
while hybrid energy systems have demonstrated
maximum effectiveness in the most vulnerable
coastal areas. The results indicate that combining
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these technologies with low-carbon fuels can pro-
vide a synergistic effect in the decarbonisation

of the maritime industry, minimising several types
of environmental impact simultaneously.

Table 4. Comparative effectiveness of innovative technologies in reducing emissions

Technology co, en_1issi?n NO, emissi?n SO, emissi?n PM emissign Most efficient
reduction (%) reduction (%) reduction (%) reduction (%) area
otors. 1015 812 1014 913 | i Gtable winds
syétlésrns 812 /710 812 811 sail?rigrgts)ﬁgﬁidons
yetems | supply iode 9498 95-99 89-95 coastal areas

Source: compiled by the author based on K. Carjova et al. (2025)

Discussion

The results of the study confirmed the heteroge-
neity of the potential of various alternative fuels
in reducing greenhouse gas emissions, which re-
quires a comprehensive approach to their use in
maritime transport. In particular, the use of lique-
fied natural gas has demonstrated advantages in
reducing CO, emissions compared to traditional
fuel oil, but the significant role of methane leaks,
which greatly increase the potential for global
warming, requires additional measures to mini-
mise this risk. This aspect is consistent with the
findings of V. Koilo (2024), who emphasised the
need to ensure technological excellence in reduc-
ing methane emissions when using LNG to achieve
effective decarbonisation of the maritime industry.

Analysis of ‘green” methanol obtained from
renewable energy sources has shown a signifi-
cantly lower impact on global warming, as con-
firmed by studies such as those by VJ.Jimenez et
al. (2022), highlighting the advantages of renew-
able energy sources in the context of reducing
emissions in maritime transport and improving
the energy efficiency of ships. However, as noted
in the study, the high dependence on CO, emis-
sions from methanol combustion requires further
attention to compensation through a closed car-
bon cycle, which is critical to achieving climate
neutrality. As for ammonia, despite its near-ze-
ro CO, emissions, the presence of nitrous oxide
(N,0) as a combustion by-product significantly
affects its climate potential. This observation is

consistent with the study by E. Ejder et al. (2024),
highlighting the need to develop technologies
that reduce N,O emissions in ammonia engines
for effective decarbonisation of maritime trans-
port. The researchers emphasised that ensuring
proper control of incomplete combustion and
improving the efficiency of dual-fuel engines is
a step towards reducing the negative environ-
mental impact of ammonia. Biofuels, in particular
Hydrotreated Vegetable Oil (HVO), have the least
impact on the climate, but significant variations
in GWP100 from 0.02 to 0.30 kg CO,-eq/MJ indi-
cate that efficiency depends on the type of raw
material. This correlates with the findings of a
study by M. Lind et al. (2023), which noted the
importance of developing standards for assessing
the life cycle of biofuels to reduce their negative
impact on the climate and marine ecosystems.
The study highlighted that the incorporation of
all stages of the biofuel life cycle would reduce
their negative impact.

Decarbonising the maritime sector is a com-
plex and multifaceted process that requires the
integration of innovative technologies and strat-
egies to reduce emissions at all stages, from
fuel production to its consumption in shipping.
Studies such as that by J.M.M. Prados et al. (2024)
highlight the significance of strategies aimed at
reducing CO, emissions and supporting a stable
transition to a sustainable maritime industry by
2050. The results of the study on the potential
of various alternative fuels for decarbonising
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the maritime industry support current scientific
views on the need to develop and apply the latest
technologies in the maritime sector. The study by
D.R. Cunha et al. (2025) highlights the key chal-
lenges for decarbonising ports and the maritime
industry, noting the significance of integrating
renewable energy sources and alternative fuels
into maritime transport to achieve sustainable
development. The authors also highlighted the
need to develop appropriate infrastructure and
legislative support for the successful implemen-
tation of these initiatives.

Y. Wang & L.A. Wright (2021) examined the
economic, technological and political challenges
associated with the introduction of alternative
fuels in the maritime sector. In particular, the
study noted that the use of fuels such as meth-
anol, ammonia and hydrogen has environmental
potential but requires significant investment in
technology and infrastructure. This is consist-
ent with the findings of the current study, which
states that when switching to alternative fuels,
both positive and negative environmental im-
pacts must be considered, including toxic effects
and global warming potential. The use of hydro-
gen technologies for energy conservation in the
maritime sector, which is one of the promising
strategies for decarbonisation, has been studied
by R. Jayabal (2025). The study also emphasised
the significance of developing the appropriate
infrastructure for hydrogen technologies, which
reduces CO, emissions and contributes to the
sustainable development of the industry. Accord-
ing to this, hydrogen is a key element of future
efforts to combat climate change in the maritime
sector, which is consistent with the results of a
study that highlights the importance of hydrogen
fuels in reducing global warming. The study by
A.l. Ibokette et al. (2024) examines the regulato-
ry and operational challenges of implementing
zero-emission technologies in the US maritime
industry. In particular, it highlights the need for
improved legal regulations and government sup-
port to ensure effective decarbonisation. These
results are consistent with conclusions regarding
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the need to improve regulatory aspects for the
integration of new technologies and fuels into
maritime transport, which will ensure a more ef-
ficient decarbonisation process.

The significance of achieving sustainable de-
velopment goals, in particular Goal 13 (climate
action), through decarbonisation of the maritime
sector, was discussed by P.C. Ezinna et al. (2021).
The study emphasised the need to integrate en-
vironmental standards and modern technologies
that will help reduce emissions and improve
the environmental status of marine ecosystems.
This is consistent with the findings of this study,
which highlights the need to develop low-carbon
technologies for maritime transport. Z.Y. Song et
al. (2025) explored the concept of ‘green maritime
logistics corridors” and their potential for decar-
bonising maritime transport. This new solution
involves optimising shipping through the intro-
duction of green technologies and the sharing of
environmental practices. Based on the results of
this study, it is possible to confirm the importance
of developing such initiatives to reduce emissions
and create sustainable logistics routes. Solutions
for decarbonising international shipping, in par-
ticular, policy recommendations and technologi-
cal solutions that can reduce CO, emissions, are
discussed in the study by Z. Wan et al. (2018). The
study emphasised that effective decarbonisation
of maritime transport requires the introduction of
innovative technologies and active cooperation
with international organisations to create stand-
ards and mechanisms for financing such initia-
tives. This is consistent with the findings of the
presented study, which indicate that decarbonisa-
tion of maritime transport requires not only tech-
nical changes but also changes in the regulatory
framework to ensure an effective transition to al-
ternative fuels and reduce emissions.

The study by A. Romano & Z. Yang (2021)
provided an overview of the state of decarboni-
sation in shipping for the period 2000-2020, not-
ing progress in the use of alternative fuels such
as LNG, biofuels and ammonia. The researchers
also emphasise the significance of integrating
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decarbonisation strategies with other aspects
of the maritime economy, such as economic effi-
ciency and safety. This correlates with the results
of this study, which shows that the transition to
alternative fuels must be ensured not only tech-
nologically, but also economically, in terms of re-
ducing the cost of transport services. Initiatives
to improve the energy efficiency of ships and re-
duce CO, emissions were considered in a study
by M. Issa et al. (2022). The researchers empha-
sised the importance of technologies that reduce
the energy consumption of ships, such as energy
recovery systems and efficient energy manage-
ment systems. The results of the presented study
confirm that to achieve a significant reduction in
emissions, it is necessary to use both new types
of fuel and efficient energy systems. An analysis
of the potential for reducing greenhouse gas
emissions using antifouling coatings in mari-
time transport was conducted by A. Farkas et
al. (2021). The researchers noted that these tech-
nologies can reduce water resistance, leading to
lower fuel consumption and, accordingly, lower
CO, emissions. This supports the findings of this
study, which emphasises the need to integrate
various technological innovations, such as the
use of new coatings and rotary sails, to achieve
comprehensive decarbonisation.

In summary, it is possible to state that de-
carbonisation of the maritime sector requires a
comprehensive approach that encompasses both
the introduction of new technologies and the
improvement of the regulatory framework and
infrastructure. The transition to alternative fuels
such as methanol, ammonia and hydrogen, as
well as the integration of green technologies and
digital solutions, are necessary steps to reduce
emissions and improve the environmental health
of marine ecosystems.

Conclusions
Research into the environmental impacts of al-
ternative fuels in the maritime sector has shown
that different fuels have significant impacts on
the environment, including global warming,

ocean acidification, eutrophication and toxicity
to marine ecosystems. An analysis of the global
warming potential (GWP100) for different types
of fuel revealed significant variability: for LNG,
GWP100 ranged from 0.18 to 0.22 kg CO,-eq/
MJ, which was due to methane leaks, which have
a global warming potential 28-36 times higher
than CO,. At the same time, green methanol ob-
tained from renewable energy sources had signif-
icantly lower GWP100 values, ranging from 0.016
to 0.020 kg CO,-eq/MJ, but direct CO, emissions
from its combustion remained high. Ammonia, as
a carbon-free fuel, showed virtually zero direct
CO, emissions, but produced significant amounts
of nitrous oxide (N,0), which increased its global
warming potential to 0.16-0.20 kg CO, eq/MJ.

Regarding ocean acidification, the acidifi-
cation potential for heavy fuel oil was 0.18 kg
S0,-eq/MJ, which was due to sulphur oxide (SO,)
emissions. For ammonia, this figure was lower at
0.10 kg SO,-eg/MJ, but the acidification problem
was offset by NO, emissions, which formed nitric
acid (HNOy). Eutrophication analysis showed that
ammonia emissions caused excessive bioavaila-
ble nitrogen entering marine ecosystems. The eu-
trophication potential for ammonia was 0.065 kg
PO,-eq/MJ, which exceeded similar indicators for
traditional carbon fuels. In terms of toxicity, am-
monia was found to be the most toxic to marine
organisms, with an LC, for fish of 0.8 mg/L and
for oyster larvae of 1.1 mg/L. Methanol, in spills
of 100 tonnes, could create local concentrations
exceeding 1,500 mg/l, posing a threat to benthic
organisms. Innovative technologies such as the
Flettner rotor and hybrid energy systems have
shown significant environmental benefits, includ-
ing a 12% reduction in CO, emissions, a 94-98%
reduction in NO, emissions in port waters, and
an 89-95% reduction in particulate matter emis-
sions. This highlights the significance of the latest
technologies in the reduction of the environmen-
tal footprint of shipping.

The results obtained showed that switching to
alternative fuels in maritime transport is not an un-
conditional solution for mitigating environmental
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AHoTauif. MeTol LOCMIMLKEHHS GYN0 OLiHUTM €KOMOTiYHI HaCiaKM BUKOPUCTAHHS aibTEPHATUBHUX
BM/IB NanMBa B MOPCHKil ranysi, 3okpema ixHill noTeHuian Wwono rnobanbHOro NoTeniHHS, NifAKUCIEHHS
oKeaHiB, eBTpodikaLii Ta MOPCbKOi TOKCUYHOCTI. 114 uporo 6yno npoBeaeHo NopiBHANbHUI aHaNi3 pisHUX
BMAIB ManunBa, BKIOYAOUM 3PiSKEHUI NPUPOLHUIA a3, 3e/1eHy MeTaHO/I0BY NPOAYKLito, aMiak, 6ionanmea
Ta TPagMUiViHUIA BaXKMI MasyT. Pe3ynbTaTM nokasanu, WO 3piOXeHWW MPUPOAHMI Ta3, He3BaXakuu
Ha 3HWxeHi Buknan CO,, MaB BMCOKMI KNiMaTMYHWIA BMAMB 4Yepe3 BWUTOKM METaHy, 3 MOTEeHLianoM
rnobanbHoro notenninnHg Big 0,18 o 0,22 kr CO,-exs./MIx. 3eneni 6ionannea, 30KpemMa MeTaHON, Mann
HaMHWKYMIA noTeHuian rnobansHoro notenniHHg (0,016-0,020 kr CO,-ek./MIx), ane ixHi Npsmi BUKMAM
CO, nif yac cnanoBaHHs 3anMwWwanncs BUCOKMMU. AMMiIak, Ak 6e3ByrneLese NanunBo, 3HMKYBAB BMKMIM
CO,, oaHak yTBOPIOBaB 3Ha4Hi KinbkocTi 3akucy a3oty (N20), Wo CyTTEBO BNAMBAE Ha KNiMaTUYHWM
6anaHc. lNoTeHuian nigKMCNEHHS OKeaHy Ans Baxkoro Mmasyty crtaHosuB 0,18 kr SO,-eks,/MIx, a ans
amiaky - 0,10 kr SO,-ekB./MIx. AHani3 eBTpodikaLii Mokasas, WO BUKMAM aMiaky Ta 3akucy asoTy
3HAYHO NiZABULLYIOTb PiBEHb A30Ty B MOPCbKMX EKOCUCTEMAX, LLO MOXE BUKIMKATU PO3BUTOK BOLOPOCTEN.
TOKCUYHICTb pi3HMX ManMB NPOAEMOHCTPYBanNa, WO aMiak MA€E HaMbiNbliMi noTeHUian Ans WwKoau
MOPCbKMM OpraHi3MaM, HaBiTb 3@ HM3bKMX KOHLEHTpaLii. [pakTMyHa 3HAUMMICTb pe3ynbTaTiB NONArae
B HEOOXIigHOCTi KOMMNAEKCHOI OLLiHKM €KOMOTYHMX HACNiAKIB Npy Nepexoai A0 anbTepHATUBHUX MaNUB y
Cy[HOMNNaBCTBI, WO MoXe ByTW BUKOPUCTaHO OpraHaMu YNpaB/iHHG MOPCbKMM TPAHCMOPTOM, KOOI YHUMU
areHTCTBaMu, MOPCbKMMM MOPTaMM, @ TAKOX KOMMaHisSIMM, SKi 3alMMatoTbCsl pO3poOKOI0 | BNPOBAAXKEHHSIM
TeXHONOriM Ans AekapboHi3aLii CyaAHONNABCTBA Ta 3HMXKEHHS €KOJOTYHOro BNAMBY MOPCHKOI AisIbHOCTI
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