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ABSTRACT

Growing international pressure to reduce maritime
propulsion alternatives within the shipping industry’
transatlantic routes, this research analyses 120 real-wor
of conventional fuels including Heavy Fuel Qi

ntainer ships operating
pare the emission profiles

fuel Liquefied Natural Gas (LNG). Da aditional fuels averaged 111.3
tonnes, with nitrogen dioxide (NOx) g8 missions reaching 2,659.9 kg/day
and 1,690.4 kg/day, respectively. LNG usaS@io fced CO2 by up to 32%, NOx by 86%
SOx by 99.95%, and particulate rg Nile improving overall emission intensity.

However, Methane (CHa4) emig [ ) gveraging 354.2 kg/day, highlighting the need

| 4 ThIS research analyses different voyages of sister container
ships on the same ro i and comparable emission values, as well as demonstrating
the impact of ope i g@yésions. Another novelty of this research is the not onIy

ata, the study presents robust ev1dence supportlng LNG’s role as a
g maritime sustainability goals. These insights offer strategic
erators, regulators, and industry stakeholders navigating the pathway to low-
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OZET

Denizcilik sektoriindeki emisyonlarin azaltilmasina yonelik artan uluslararast baski, denizceilik
sektoriinde daha g¢evreci sevk sistemlerinin arayisin1 yogunlastirmaktadir. Transatlantik rotalarda
calisan alti konteyner gemisine odaklanan bu aragtirma, geleneksel yakitlarin (HFO ve MGO)
emisyon profilleri ile alternatif yakitlardan Sivilastirilmis Dogal Gaz (LNG) ile karsilastirmakta ve
bu kapsamda 120 adet sefer verisi analiz edilmektedir. Geleneksel yakitlarin kullanildig: giinliik CO»
emisyonlar1 ortalama 111.3 ton olurken, NOx ve SOx emisyonlari sirastyla 2659,9 kg/giin ve 1690,4
kg/giin olarak hesaplanmistir. LNG kullanim1 genel zararli emisyon yogunlugunu iyilestirirken

CO2'yi %32'ye kadar, NOx'u %86'ya kadar, SOx'u %99,95'e kadar ve parti
iizerinde 6nemli Olclide azaltmistir. Buna kargin LNG kullanimi, CH4 emi
kg/giin ile 6nemli Ol¢iide artarak metan kaymasinin azaltilmasi ihtiyaci
Isinma Potansiyeli (GWP) analizi sonucunda, LNG kullanimi, kiiresel 1

Anahtar sozciikler: Geleneksel deniZya
Zararl1 emisyonlar

1. INTRODUCTION

unit of cargo comga
ship-borne  emissions
environme

on fossl
FO) and Marine Gas Oil

Douri et al., he prediction of UNCTAD
(2023) that globg® maritime trade will grow by
around 2% from 2024 to 2028 also indicates that
ship-related emissions such as sulphur oxides
(SOx), nitrogen oxides (NOx), and carbon
dioxide (COy), and particulate matter (PM) will
increase further if extra regulatory measures are
not taken. Without substantial improvements in
energy efficiency and alternative fuel adoption,
emissions from ships could undermine global
decarbonisation efforts (McCarney, 2020).

il maddeyi %90'in
ortalama 354,2
Vurgulamlstlr Kiiresel

yakit1 olarak roliinii
listik karbonlu yakitlara
er ve sektor paydaslari i¢in

ddition to the environmental impacts of these
issions, they also have negative effects on
humans, such as  premature  deaths,
cardiovascular and respiratory diseases (Chen
and Yang, 2024; de Oliveira et al., 2019; Fu et
al., 2023; Maet al., 2023; Shu et al., 2022; Wang
et al., 2025). Due to growing concerns about
climate change and air pollution, the industry is
under increasing pressure from various parties,
such as authorities and policymakers, to employ
more sustainable measures and develop efficient
emission mitigation strategies (Haque and Ntim,
2018). In particular, the International Maritime
Organisation (IMO) has set ambitious targets to
reduce carbon intensity by at least 40% by 2030
and achieve net-zero GHG emissions by or
around 2050 (Bullock et al., 2024). These targets
necessitate the adoption of low-carbon fuels,
improved  operational efficiency,  and
technological advancements in ship design.

Within the maritime sector, emission reduction
and Emission Control Areas (ECAS) regulations
in the International Convention for the
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Prevention of Pollution from Ships (MARPOL)
and air and water quality in the United Nations
Sustainable Development Goals are the most
important concrete examples of international
regulations (Van Roy et al., 2024; Zhou et al.,
2024). However, the effectiveness of these
regulations depends on compliance, enforcement
mechanisms, and technological feasibility,
particularly for long-haul shipping routes where
fuel alternatives remain limited (Munim et al.,
2023).

Fuel consumption is a primary determinant of
ship-related emissions and is largely influenced
by the vessel’s technical configuration, as well as
the operational characteristics of main and
auxiliary machinery. In addition to these internal
factors, a range of external conditions also
significantly impact fuel efficiency, either
positively or negatively. These include
meteorological variables such as wind direction
and intensity, oceanographic conditions such as
currents and wave patterns, and operational

Sang et al, 2023 Uyanik et aI
addltlon slow steaming, hull coa

emissions. The
ted significant
archers include Liquefied
methanol, biofuels,
monj& (Balcombe et al., 2019;
Xing et al., ¢ Considering these fuels,
biofuels in partigtilar have the potential to be
used without modifying the existing fuel system,
which significantly reduces initial investment
costs. Moreover, given that biofuels can be
derived from a wide range of feedstocks and
methods, their production does not pose a risk of
resource depletion. Additionally, most of
countries and authorities provide incentives in
this regard (Araujo et al., 2017; Bayraktar et al.,
2023). On the other hand, LNG is one of the most

Natural
hydrogen,

widely used in theory and practice. As of 2022,
approximately 5.39% of the vessels employed in
maritime transport based on gross tonnage (GT)
are capable of operating on LNG, and 30.2% of
the vessels on order are either LNG-fueled or
designed to be LNG-ready (DNV, 2022). It is
considered an environmentally friendly fuel and
has long been used as a supplementary energy
source, with its role expanding in recent years to
serve as the primary fuel for hips. LNG can be
utilised directly in spar lean-burn gas
engines and dual-fuel enfines. While LNG offers
low sulphur COz, an

transportation.
m a more mature

ution infrastructure
rnative fuels (Bilgili,
anoglu, 2024).

ntial for ships to meet both their
sustainability obligations and
y compliance requirements. In this
context the present research aims to conduct a
pforehensive examination of the types and
fUuantities of fuels consumed by ships during
voyage operations, alongside the emissions
generated. Furthermore, the study seeks to
estimate the emissions that would result from the
use of alternative fuels. By incorporating real-
world operational data, this research offers a
robust analysis of fuel consumption patterns,
emission intensities, and the potential
environmental benefits associated with the
adoption of alternative fuels in the maritime
sector.
In this research, 20 voyages of six sister container
ships operating along the same voyage line were
examined in the first step. Emissions resulting
from the use of HFO and MGO were analysed
across a total of 120 voyages. In addition to these
fuel-specific emissions, the values of CO2, N0,
and CHas, which are significant GHGs, were
specifically calculated for each ship. In addition,
calculations were performed for harmful
emissions such as carbon monoxide (CO), non-
methane volatile organic compounds (NMVOC),
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PM, fine particulate matter (PM2s), black carbon
(BC), NOx, and SOx emitted by ships.
Furthermore, this study included a comparative
evaluation of emissions under conventional fuel
scenarios and an alternative fuel scenario
involving the use of LNG, thereby highlighting
the potential outcomes in terms of emission
reduction.

Finally, the emission values that would result
from the use of LNG, one of the alternative fuels,
in these ships were calculated, and the Global
Warming Potential (GWP) of LNG was
compared with that of conventional fuels. A
detailed representation of the research process is
provided in Figure 1.

This research adopts a voyage-specific and ship-
specific approach, offering a comprehensive and
realistic analysis of emissions by utilising data
from 20 comparable voyages conducted by six
sister container ships operating along the same
route. This contrasts with previous studies that
typically rely on generic emission factors o
aggregated fleet-level data. It also enabl
observation of the impact of op

Aim of Study

The study aims to evaluate the
operational performance of
container ships on identical

routes by analyzing fuel

consumption, harmful emissions,

GHG, and GWP. Additionally, it
seeks to assess the advantages

PS

»  and limitations of using LNG as
|l an altermative fuel under o

comparable vessel specifications
and operational conditions.

’ Optimization |
The of Fuel Ci
| Fuel Types

’ Sailing Time of Each Turnaround Operation l
Daily GHGs from /

nal fuels on

I)‘ "‘.‘\“AA ”H; an
Lo ) e

aih CO,NMVOC, P\L PMZ 5. BC,NOx, and|
SOy emissions from conventional fuels on
containerships.

differences on emissions in these ships. Another
important novelty of this research is that it
includes the calculation of not only CO: but also
important emissions such as N2O and CHa.
Moreover, this research also includes the

calculation of a wide range of harmful pollutants,
including CO, NMVOC, PM, PM2s, BC, NOx,
and SOx, whose importance is also highlighted
by the IMO. This research combines detailed
mugual

emission calculations, fuel scenario
modelling, and GWP ass S in the context
of real operational procg8ses to present empirical
results on emission i

investment d
a more sustai

ction 3 outlines the
e analysis. Section 4
by providing a discussion
mterpretatlons

Collection Process
Operation data from six-sister container ships
were collected.

a 5\
Technical specifications and dimensional
measures of the container ship
\ >

Lower calorifi Emission GWP factor of
values of fuels || factor of fuels emissions

Results & Conclusion

Comparison of GHG and other
harmful emissions from container ships on
an operational basis

Revealing the GWP impact of greenhouse
gas emissions resulting from the utilization
of both conventional and LNG fuels on
container vessels and comparison of these
values each other.

Analy smg operational variations in fuel

@

‘WP Values for conventional and LNG marine
fuel utilization

p and emissions for container
vessels and identifying the underlying
factors influencing these differences.

Figure 1. Flowchart of research.
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2. METHODOLOGY

Container ships have gained increased
importance in maritime transport in recent years
due to their flexibility, integrated operation with
other transport modes, and numerous other
features. Within the scope of this matter, the
basis of this study is rooted in data obtained from
six container ships. Six container ships have the
same technical specifications and dimensional

Table 1. Technical specifications and dimensional measures of th@container ship

measures and are classified as sister ships.
Comprehensive details are shown in Table 1 for
one of the container ships.

These container ships are primarily deployed on
trans-Atlantic trade routes, where liner shipping
is most concentrated and holds the highest
market share. Twenty sets of data, comprising a
total of 120 voyages, were collected from each
ship operating along this route. A sample dataset
is presented in Table 2.

Parameters Description/Value
Type of ship Container carrier
Capacity 1880
Service speed 19.5
Power of main engine 15820
Generators 3*800
Loa 182.85
Lgp 171
Beam (moulded)
Depth (moulded)
Draft (designed)
Hight (from keel)

Gross tonnage
Net tonnage
Summer DWT
Lightweight
Displacement summer

Tonnes
Tonnes
Tonnes
Tonnes
Tonnes

Average

Operation Distan

HFO Consumption at

MGO Consumption at

peed Sailing Time Sailing Time
No [nm] [tonnes] [tonnes]
38.29 1029.62 109.82
37.23 943.08 92.03
31.93 1031.3 117.3
33.05 1124.9 121
36.03 1294 .4 107.5
35.53 1303.2 128.7
36.61 1409.4 110.7
35.83 1451.9 120.6
[9] 34.29 1204.8 100.8
34.48 1168.2 77.6

[10]

This dataset includes information on distance
travelled, average speed, sailing time, and total
fuel consumption. It is utilised to calculate
emissions and assess their environmental
impacts from container ship operations over a
defined period. Given the current propulsion and
power configurations of container ships, HFO

and MGO are employed as the primary fuels for
both main and auxiliary engines. This study also
evaluates the environmental viability of LNG as
an alternative fuel for container ships.
Accordingly, in addition to HFO and MGO, the
emission factors and lower calorific values for
LNG are provided in Table 3.
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Table 3. Lower calorific values and emission factors of HFO, MGO and LNG (IMO, 2020b, 2022a)

Fuel LCV CO; CHs N2O  NOx CO NMVOC SOx PM PMzs BC
Types  (kJ/kg) (kg pollutant/tonne fuel)

HFO 40200 3114 0.05 018 759 288 3.2 50.83 755 694 026
MGO 42700 3206 0.05 0.18 56.71 2.59 2.4 1.37 0.9 0.83 0.38
LNG 48000 2755 1196 0.1 1344 3.97 1.59 0.03 0.11 0.1 0.019

NOx, SOx, CO, and PM emissions are among
the most critical pollutants in maritime
transportation, and limitations have been
imposed on emission rates and their quantities in
both global regions and ECAs. This study
assesses additional emissions beyond those
critical ones for each fuel type, considering the
factors outlined in Table 3. LNG differs from
conventional marine fuels in terms of pollutant
emission factors while also possessing a

relatively higher Lower Calorific Value (LCV).

Among the emission types outlined in Table 3,
CO2, CHs, and N2O emis§ions cause global
warming. However, it s oted that each
type of emission has a @ifferent adverse impact
on global warming a i global
impact

expressed in

Panel ohCIi

GWP Values

CH4

N2O

The emissions rel
basically calculated o

based basis.

1)
LCViro =Mypo - LCVyypo (2)
on, Ono) 3)

GHG emissi EF €0, *Myco.mpo.ine +
—CH4 * mHFO;MDO;LNG + (4)

EF_Nzo *Myro;mpo;LNG

Total GHG o6 = GWPco, 100y) * Jco, + (5)

GWPCHA(lOOy) *Gen, +GWPNZO(1OOy) *On,0

In these formulas, E is produced energy, m is
amount of fuel consumed, LCV is Lower calorific
value of each fuel, EF is Emission factors for
each fuel, g refers to the emission amounts of

273

issionyntergovernmental Panel on Climate Change
(IPCC),2025).

|/v

fuels (Greenhouse Gas Protocol, 2024; IMO,

2020a).

Energy-based emissions are quantified using the

LCV, corresponding emission factors, and GWP

values, as defined in Table 3 and illustrated in

Figure 2, in accordance with the methodologies

outlined in Equations (1) through (5). In the

calculation of the Total GHG¢p,eq, bOth the
quantities of emission and the GWP factors are
considered.

Beyond the system descriptions aspects outlined

in the methodology section, the assumptions and

limitations made, and the calculations conducted
during the computational phase are detailed step
by step as follows:

» Datasets were obtained from six container
ships, each contributing a minimum of 20
recorded turnaround operation entries,
resulting in a total of 120 data points. From
this comprehensive dataset, the specific data
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required for emission calculations were
extracted. The most essential parameters
included distance travelled, average speed,
sailing time, and the consumption of HFO
and MGO during sailing, as used in both
main and auxiliary engines.

All key parameters were recalibrated based
on the average distance travelled to
strengthen the reliability of comparisons
concerning harmful  emissions, GHG
outputs, and GWP impact. This
standardisation was applied because all the
container ships analysed operate along the
same trans-Atlantic route.

The amounts of GHG-causing gases were
calculated daily based on fuel consumption
amounts, fuel type, sailing time, and
emission coefficients. Subsequently, the
daily emissions of other pollutants, with no
GHG impact, were calculated.

Considering the LCVs of the specified fuels,
the emissions resulting from the same

1 2 3 4 5 6 7 8 9

AN

The Amount of Fuel Consu

s HEO Consumption at Sailing

1800
1600
1400
1200
1000
800
600
400
200

1 2 3 4 5 6 7 8 9

The Amount of Fuel Consumption (t)

sz HEO Consumption at Sailing

100 11 12 13 14 15 16
The number of turnaround operations

w2 MGO Consumption at Sailing

100 11 12 13 14 15 16
The number of turnaround operations

2 MGO Consumption at Sailing

computation of other pollutant emissions.

> In the last stage of the calculations, the
global warming impacts were calculated and
compared by analysing the amounts and
GWP of GHG gases from both conventional
fuels and LNG.

3. RESULTS AND DISCUSSIONS
Fuel consumption values a

for the six container shi
data recorded during e

sailing distances
obtained from
turnaround operation.
ollected,

values are
observed due to

racteristics and
e average distance
rnaround operations is
container ships. Figure 3

Sailing Time

17 18 19 20

et S iling T ime

ersLnBRELEL
Sailing Time (day)

17 18 19 20

el Sailing Time

Figure 3. HFO-MDO Consumption and sailing time of the container ships
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Based on the 20 recorded turnaround operations
of Container Ship I, the average sailing time was
calculated as 35.46 days, with the minimum and
maximum sailing times recorded at 33.14 and
39.17 days, respectively. During these
operations, HFO consumption ranged from
938.54 tonnes to 1466.71 tonnes, with an average
consumption of 1179.55 tonnes. In addition to
HFO, MGO was consumed for auxiliary engine
operations, with recorded values ranging from
76.28 to 133.03 tonnes. The average MGO
consumption across the voyages was 100.36
tonnes.

The analysis of the operational data for Container
Ship Il indicated that the vessel's sailing duration
ranged from 33.01 to 42.40 days. Based on 20
recorded turnaround instances, the average
sailing time was approximately 37 days. During
these operations, the consumption of HFO
ranged between 1042.89 and 1452.89 tonnes,
with an average consumption of 1213.87 tonnes.
Furthermore, the maximum recorded usage of

104.57 tonnes.
In comparison with the operationa

recorded at approximately 15.59%
maximum, and average sailing 8
Container Ship 1l
and 34.78 days,

for Container
ately 56.2%, representing
ng the three vessels.

observed in t ational data of Container
Ship 111 nally, the average MGO
consumption by auxiliary engines during sailing
operations for Container Ship 11l was 97.64
tonnes, with a maximum recorded value of
137.02 tonnes.

For Container Ship VI, where the recorded data
exhibit minimal variation compared to those of
Container Ship 11, the optimised sailing times
ranged from 35.06 to 41.04 days, with an average

duration of 38.37 days. The HFO consumption
during these voyages varied between 995.32 and
1366.07 tonnes, with an average consumption of
1155.81 tonnes. Additionally, the average MGO
consumption by the auxiliary engines was
recorded at 82.69 tonnes.

According to the optimised operational data for
Container Ship V, sailing times ranged from
34.93 to 40.87 days, with an average duration of
36.94 days. The fluctuationyrates in optimised
sailing times for both Cqg
were approximately
second lowest variabil

es of Container Ship VI ranged
36.07 days, based on the analysis
optimised turnaround records. The
fluctuation rate in optimised sailing time was
pfoximately 9.5 percent, representing the
owest variability among all container ships
examined. In contrast, the fluctuation rate of
main engine fuel consumption was not as low as
that of Container Ship V. It was approximately
30.6 percent, which is the second lowest rate
observed. The total HFO consumption during
these operations ranged from 1063.63 to 1389.32
tonnes. The average HFO and MGO
consumptions were recorded as 1209.16 tonnes
and 112.90 tonnes, respectively.

The consumption of HFO and MGO during the
sailing of container ships is critical for supplying
the necessary energy to main and auxiliary
engines; however, it also contributes to the
emission of greenhouse gases. CO2, N.O, and
CHa are the primary emissions associated with
this impact. Figure 4 presents the average daily
greenhouse gas emissions resulting from the use
of conventional marine fuels across the analysed
container ships.
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Figure 4. Daily GHG emissions from conygfitional fuels on containg¥ ships

Since the carbon factor of conventional fuels is
relatively higher than that of alternative marine
fuels, the daily amount of CO2 emissions excg

of CO. emissions with a fluctuation @ averages wey€ 2659.9 kg/day and 1690.4 kg/day,
varied between 100.6 t/day and 120.5 ® puely. These emissions are followed by
25, NMVOC, CO, and BC, and their
age emission rates as kg/day were 252.8,
were 111.3 tonnes/day. Nevert iti 4, 1122, 102, and 9.6, respectively.
to CO. emissions, the amount oT\Ghig Although conventional fuels such as HFO and
MGO are currently the most utilised fuels in
marine vessels, the use of LNG has become quite
widespread in the last decade. If LNG fuel were
utilised instead of conventional fuels in both
main and auxiliary engines, the average daily
20 emissions LNG consumption based on container ship
operations would be 28.18 t/day, 27.64 t/day,
. Inadditionto GHGs, 27.68 t/day, 25.22 t/day, 28.69 t/day, and 29.62
els causes emissions of  t/day, respectively. Based on these consumption
hich are CO, NMVOC, levels, GHG emissions from container ships are
Ox, and SOx, on container presented in Figure 6 on a daily basis.

fuel consumption
their emission coe
compared to CO2. CHs e

other harmfu
PM, PM2s, B
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The LNG utilisation reduced CO2 emissions,
ranging from 28% to 32%, compared to
conventional fuel used on container ships.
However, the daily CHs4 emissions increased
enormously and reached 354.2 kg/day because
1.9 kg/day is the highest one when conventional

(]
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(=]
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=

—
(3]

—
o

111.9 109.7

The Daily Amount of SOy, PM, PM; s and BC Emissions (kg/day)
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6 448 el
4 3.1/ 3-0/3 308
i m o
B o
0 | | |
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385.6
371.5
f i_ 372.0 398.1 400
39.0 350

109.9

fuel is utilised in container ships. N2O emissions
ranged from 2.5 to 3 kg/day, which are relatively
lower than rates obtained from the use of
conventional fuels. The impact of LNG
utilisation on other emissions is represented in
Figure 7.

450
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Figure 7. Daily CO, N

emissions with 99.95%.
emissions i

In addition, the utilisation
jons exceeding 90% in
BC/Zemissions. In terms of
NMVOC emis 7 the reductions are around
60% rates, and 4#.3 kg emissions are generated
per day on container ships. These findings are
consistent with previous studies that have
reported reductions in CO2, NOx, and SOx

PM2.5 (kg) mmmmm BC (kg) ==s==NOX (kg)
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AU 330 3330
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M, PMzJ, EC, NOx, and SOx emissions of LNG.

emissions when LNG is used instead of
conventional marine fuels (Korkmaz et al.,
2023). The observed emission reductions,
particularly in PM and SOx, also align with the
reported  performance of LNG-powered
container ships in comparable operational
scenarios (Heikkild et al., 2024).

The GWP coefficients of the most known GHG
emissions are quite different. Considering these
coefficients, the GWP effects of both
conventional fuels and LNG fuel are calculated
and depicted in Figure 8 with GWP reduction
rates.
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The fuel consumption, fuel types, and their
respective GWP coefficients are considered |

This research aimed to evaluate the operational
performance of six sister container ships
operating along the same route by analysing 120
real voyage records and calculating the emissions
resulting from fuel consumption during these
voyages. Additionally, the GWP values
associated with the use of conventional fuels
were calculated and compared with the projected
GWP values assuming LNG utilisation. Analysis

OPV
111.3
90.1

revealed significant
onsumption levels, both
gt ships and across individual
same ship. As these variations
enced the volume of emissions
, it was essential to identify the factors
ontributing to increased fuel consumption.
fage scenarios in which the ships utilised
G as fuel were conducted to evaluate the fuel
consumption and emissions that would have
occurred if alternative fuels had been used in
place of conventional fuels. The results showed
that LNG significantly reduced emission levels,
especially of CO2, NOx, and SOx. Therefore, it
can be concluded that shipowners and operators
may consider LNG as a viable alternative fuel to
support environmental sustainability in line with
regulatory requirements and corporate social
responsibility. However, to optimise commercial
operations, it is essential to assess both the
advantages and disadvantages of LNG during the
investment decision-making process.

Due to limitations in data availability and time
constraints, this study was restricted to the
analysis of sister container ships. For future
research, it is recommended that emission values
be calculated for ships of varying sizes and types,
to assess differences in their environmental
impacts. Furthermore, as demonstrated in this
study, a detailed examination of fuel
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consumption variations across identical voyages
can inform the development of preventive
measures, which would be beneficial both for
enhancing environmental sustainability and
contributing to the academic literature.
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