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ABSTRACT

The adoption of alternative fuels is vital for meeting maritime decarbonisation targets. While various options
exist, liquefied natural gas (LNG) is the leading choice, with methanol gaining ground. Integrating LNG and
methanol in hybrid propulsion systems (HPSs) improves operational efficiency and ensures compliance with
energy efficiency standards. This study explores the environmental benefits of HPSs using a scenario-based
approach in which the existing propulsion system of a Ro-Ro (Roll-on/Roll-off) cargo ship is replaced with HPSs
powered by LNG, methanol, or conventional fuels. Results demonstrate that implementing HPS alone on the
vessel reduces fuel consumption by up to 21% across all scenarios by managing power fluctuations in the main
engines. The LNG-HPS scenario lowers the attained Carbon Intensity Indicator (Cll) by 36% to 4.13, keeping
the Cll rating at level A until the end of 2026. The methanol-HPS scenario achieves a fuel reduction of up to
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22%, yet none of the scenarios meets the Energy Efficiency Design Index (EEDI) Phase Ill threshold of 7.65. To «n
surpass this threshold, vessel speed reduction applications with alternative fuel utilisation, are evaluated. This
integration improves the case ship’s EEDI to 6.2 for LNG and 7.3 for methanol scenarios, exceeding threshold

values for energy efficiency metrics.

List of abbreviations

B Breadth LNG Liquefied Natural Gas
y rea Lyp Length between perpendiculars
Cr Carbon Factor MCR Maximum Continuous Ratin
Crak Cr of the Fuel Used for Auxiliary Engine MDO Marine diesel oil &
CrME Cr of the Fuel Used for Main Engines MGO Marine oas oil
ClI Carbon Intensity Indicator P Auxili & Enine P o
DE Dual fuel AE uxiliary Engine Power Output
d S load line d ht Py 75% of the Installed Power for Each Usage Technology
DSWT Duer:é?veerig?li toeragzaug Used for The Propulsion of The Ship
EEDI Energy Efficiency Design Index ﬁME En;gln; lla’ower Qutgut for Each P I
EEXI Energy Efficiency Existing Ship Index PTI 75% of Enterprise Power for Each Power Input System
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fegr Correction Factor Used If Technologies Are Available SHagl(E)Li SEa ft Power Limitatioﬁ ME
fi Capacity correction factor for ice-class ships v Ship Reference Speed
fi Correction Factor for Ships with Special Design Fea- ref P rence op
J tures V Volumetric displacement
fi Factor for general cargo ships equipped with cranes and .
other cargo-related gear 1. Introduction
fm Factor for ice-classed ships capable of navigating chal-  The rise in global warming and the depletion of fossil fuels have
lenging ice conditions with icebreaker assistance. accelerated research on energy efficiency and alternative energy sys-
fw The factor of speed decrease at sea tems worldwide.(Igbal et al. 2024; Van Rheenen et al. 2024). The
g Gravitational acceleration shipping industry has experienced this trend, which is a signifi-
HPS Hybrid propulsion system cant point since global trade vastly relies on marine vessels (Fang
IMO International Maritime Organisation et al. 2020; Karatug et al. 2023). The main trends for the emission
LCV Lower calorific value reduction strategies of the shipping industry have been categorised
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as technological, operational, and market-based approaches These
include advancements in vessel design, optimised operations, and
economic measures like carbon taxes and emissions trading schemes
to promote sustainability (Huang et al. 2015).

International Maritime Organisation (IMO) has enforced the
Energy Efficiency Existing Ship Index (EEXI) and Carbon Inten-
sity Indicator (CII) to decrease the technical and operational carbon
dioxide (CO;) emission from commercial ships (Bayraktar and Yuk-
sel 2023). The main goal of EEXI and EEDI is to inspect whether
the existing and newly built ships meet energy efficiency reference
values calculated based on ship types and capacity (Ivanova 2021).
It shows the CO, emissions (in g) of a ship for every tonne of cargo
handled across a one-nautical mile radius (ClassNK 2021b; Yuksel
2023). Similarly, CII focuses on the freight and total CO; emissions
per navigated distance and sets a rating for the vessel as an energy
efficiency indicator (ClassNK 2021a). The range of CII rating varies
between A to E and marine vessels, having a D or below for three
consecutive years must increase their energy efficiency performance
(IMO 2023).

In light of these new and mandatory measures, enhancing energy
efficiency on board has become a crucial concern for both existing
and newly built vessels (Bayraktar et al. 2024; Yuksel 2025). Vari-
ous applications have been proposed to improve energy efficiency
and ensure compliance with regulations. The hull cleaning, energy-
saving devices, alternative fuels, propulsion system enhancements,
speed, and route optimisation can be listed as examples of these
approaches (Bayraktar and Yuksel 2023; Goksu et al. 2024; IMO
2022c).

A prominent option for increased energy efficiency and decreased
CO; emissions is a hybrid propulsion system (HPS). This approach
is particularly advantageous for passenger and cruise ships, as it
reduces fuel consumption, vibration, and noise levels. Additional
benefits of the system include its quick response to load changes
and enhanced reliability, which together result in a reduced require-
ment for spare parts (Inal et al. 2022). The system operates based
on an integrated configuration comprising load-sharing generators,
electric motors, and potentially batteries.

The electric motors have been used in the HPS offering signif-
icantly higher efficiency across various operational ranges. Power
generation is facilitated by generator sets (gensets), with the flexi-
bility to adjust the number of active generators based on demand.
Additionally, batteries play a critical role in stabilising power out-
put, balancing the load, and providing supplemental power when
required (Hansen et al. 2001).

1.1. Literature review

Various studies have assessed the implementation of HPS and poten-
tial alternative marine fuels on different marine vessel types, con-
sidering economic, environmental, and energy efficiency aspects.
Within the framework of these studies, Jeong et al. (2018) con-
ducted a study utilising a decision-making framework to evaluate
various propulsion options involving gensets, reckoning with eco-
nomic, environmental, and safety concerns. The HPS was identified
as environmentally friendly and more reliable for the reference vessel.
Despite its high installation cost, the HPS proved to be cost-effective
due to its enhanced energy efficiency and reduced maintenance
requirements.

Zaccone et al. (2021) performed a genetic algorithm-based opti-
misation framework for an HPS. The algorithm identified the opti-
mal HPS design and optimised load sharing based on the vessel’s
energy demands, achieving significant energy savings.

Zwierzewicz et al. (2022) developed two control strategies for
permanent magnet synchronous motors utilised in HPS. Results

demonstrated that these strategies have the potential to enhance the
HPS’s energy management performance.

Elkafas and Shouman (2022) investigated the emission reduction
and energy efficiency increment potentials of an HPS on a passen-
ger vessel and compared it with the conventional system. The CO,
reduction was calculated at 10%, while the sulphur oxides (SOy) and
nitrous oxides (NOy) were lowered at 88% and 21% respectively. The
system additionally offered benefits by meeting the criteria set forth
by the Energy Efficiency Design Index (EEDI).

Gospi¢ et al. (2022) identified slow steaming and gas injection
engines as effective short-term measures for decreasing fuel con-
sumption in marine vessels. Their findings showed that slow steam-
ing on container ships could lower CO, emissions by 22 kilotonnes
annually. However, severe sea states increased resistance, necessitat-
ing higher power consumption for equivalent operations.

Farkas et al. (2022) highlighted that marine vessels built before
2016 often fail to meet increasingly stringent EEXI regulations. While
slow steaming can reduce fuel consumption and support short-term
EEXI compliance, it may lead to suboptimal engine loads, disrupting
operations and reducing engine lifespan. The study argued that over-
reliance on slow steaming delays the shift to alternative and renew-
able fuels, impeding the maritime sector’s 2050 carbon neutrality
objectives.

Farkas et al. (2023) noted that the advantages of implementing
slow steaming differ notably subject to the liner ship routes and
operating area where diverse sea conditions are encountered.

Zincir (2023) demonstrated that slow steaming is effective in
meeting 2030 emission targets by reducing CO;, CHy, N0, and
black carbon emissions that contribute to global warming. How-
ever, it increases operating costs, offsetting savings from reduced fuel
consumption due to longer operating times.

Kalajdzi¢ et al. (2023) emphasised that slow steaming strategies
were not limited to ocean-going vessels but can also be implemented
to enhance energy efficiency in inland shipping operations. However,
energy efficiency gains were significantly altered by the nature and
features of the rivers they voyage on.

Ammar et al. (2023) analysed the cost-benefit trade-offs and the
EEXI decrease of HPS incorporating dual-fuel (DF) engines and fuel
cells on liquefied natural gas (LNG) carriers. Their scenario-based
analysis also included the impact of engine power limitation (EPL).
The study found that the EEXI could be reduced by up to 17%. While
the initial capital costs of HPS were lower compared to conventional
LNG systems, operational costs were higher.

Acanfora et al. (2023) proposed an energy storage solution and
a control method for HPS to optimise performance under heavy
weather conditions. The model results demonstrated the proposed
design’s effectiveness in managing power demand fluctuations dur-
ing operation.

Tuswan et al. (2023) highlighted LNG’s potential as a marine
fuel to meet IMO decarbonisation targets presenting considerable
reductions in NOy, SOx, and particulate matter (PM) emissions in
an economically viable manner. Key factors for LNG-fuelled ves-
sels included compliant engine and equipment placement, existing
bunkering infrastructure, and adherence to crew requirements set by
maritime authorities.

Pang et al. (2024) implemented an optimised control method
for an LNG-powered HPS, incorporating battery degradation mod-
elling. The proposed strategy achieved a 12.28% CO, reduction and
cost savings of $305,286 over a decade, with a 12% loss in battery
health.

Wang et al. (2024) explored a multi-faceted design optimisation
approach for a small cruise ship with hybrid electric propulsion.
The findings highlighted the advantages of the tri-optimal design
method.



Hong et al. (2024) developed a control framework and optimi-
sation method using dynamic programming to enhance the energy
efficiency of an HPS. The presented approach achieved fuel savings
of up to 9%.

The HPS usage on marine vessels is a contemporary topic, with
most research emerging in the past five years. Economic factors,
including initial investment, operating, and maintenance costs, have
been analysed to address uncertainties in HPS adoption. From
an environmental perspective, studies have highlighted the advan-
tages of HPS in reducing CO,, PM, SOy, and NOy, emissions, and
meeting stringent maritime regulations. Studies have also explored
algorithm development, control strategies, engine load optimisation,
slow steaming, and alternative fuels to improve energy efficiency
under EEDI and EEXI frameworks. Additionally, safety-focused
papers have aimed to ensure smooth HPS operations.

1.2. Research gap and motivation

Despite extensive research on the energy efficiency, environmental,
and economic benefits of HPS in marine vessels, few studies address
its advantages in meeting IMO regulations. The novelty of this article
is highlighted in the following points:

e Limited research focuses on ship compatibility with EEDI and
EEXI. This study extends the analysis to include the CII and its
rating.

e The compliance of HPS installation, alternative fuel use, and EPL
application both separately and combined with these indices is
evaluated, filling a gap in the literature.

e A novel contribution is the selection of optimal engine power
output via EPL for HPS. This addresses the effectiveness of slow
steaming measures, such as EPL, under various marine fuel sce-
narios, aligning with IMO’s short-, medium-, and long-term
goals.

e While existing research primarily targets passenger ships, cruise
vessels, and cargo ships, there is a significant lack of studies
focused on Ro-Ro (Roll-on/Roll-off) cargo ships. This study aims
to fill that gap by analysing the noon report data of a Ro-Ro vessel.

e Unlike prior studies that examine alternative, renewable, or con-
ventional fuels separately or in combination, this study uses
dual-fuel engines capable of operating on LNG, methanol, and
conventional fuels to assess compliance with energy efficiency
indices.

e Resolution MEPC.364(79) implies that EEDI and EEXI formu-
las may not apply directly to ships with diesel-electric, turbine,
or hybrid propulsion systems. This study’s outcomes present
valuable insights for maritime stakeholders and authorities for
updating guidelines and formulas.

This research aims to analyse HPS utilisation in Ro-Ro cargo
ships, incorporating both DF engines and EPL applications. Energy
efficiency measures, including EEDI, EEXI, CII, and CII ratings, have
been calculated and compared with reference values set by the IMO.
Ship-specific design elements have been considered in the EEDI
and EEXT calculations. The CII and CII ratings have been evaluated
through 2026, following MEPC.338(76) and MEPC.354(78) guide-
lines. All indexes have been calculated for both conventional and DF
engine applications. Alternative and conventional fuel usage within
the hybrid propulsion system aims to minimise load fluctuations and
ensure a smooth operation. LNG and methanol have been utilised in
the selected DF engines, with LNG being the most used marine alter-
native fuel and methanol gaining popularity in new builds. Given
the significant fuel savings from slow steaming, EPL application is
essential for compliance with future regulations. This study aims
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to support sustainable development goals and enhance the body of
literature on energy efficiency in maritime transport by presenting
practical solutions.

2. Method

The section is divided into two subsections: ‘System Description” and
‘Mathematical Background.” Figure 1 provides a detailed illustration
of the stages of analysis.

The data collection from the reference Ro-Ro cargo ship initi-
ates the analysis. The operational data has been gathered from the
noon reports while the technical data has been found from the clas-
sification society records of the vessel. The data related to engines
has been obtained from the manufacturers’ datasheets. After the data
collection and the decision on the engine types, the EEDI, EEXI, CII
and the CII rating calculations have been performed for three differ-
ent marine engines running on conventional and alternative marine
fuels. The assessments related to results and the discussions about the
potential precautions for the upcoming decarbonisation targets have
been provided.

2.1. System Description

Ro-ro cargo shipping plays a substantial part in maritime transport
as it is specifically designed to transport of high-value goods such
as wheeled vehicles with built-in ramps on their bow or stern. The
built-in ramps enable vehicles to load and unload independently,
reducing the risks associated with cargo handling. This enhances per-
sonnel safety and minimises the time required for port operations
(TransGlory 2021). Table 1 demonstrates the specifications of the
investigated Ro-Ro Cargo ship working under a liner charter in the
Mediterranean Sea.

The ship’s build date is critical for determining the EED], as it
affects the application of a reduction factor to the EEDI reference
line (EEDIRg.f), which varies according to the ship type and capac-
ity. Since the case study ship was built in 2019, it is evaluated within
the scope of the EEDI Phase I restrictions, where a 5% reduction fac-
tor is applied as described in Resolution MEPC.328(76). In addition
to the main ship particulars, the technical specifications of the main
and auxiliary engines are essential for calculating the EEDI and EEXI.
Table 2 provides details on the power outputs, specific fuel consump-
tion (SFC), quantities, and transmission efficiencies of the main and
auxiliary engines currently installed on the ship.

Conventional fuels are used in the marine engines, as detailed
in Table 2, to meet both propulsion and hotel load requirements
throughout the ship’s operation. The fuel type is crucial for com-
puting EEDI, EEXI, CII, and the CII rating, directly impacting
compatibility with these indices essential for sustainable maritime
transportation. Consequently, the lower calorific values (LCVs), car-
bon contents, and carbon factors (Cr) are provided in Table 3, based
on referenced sources.

Only the technical and chemical properties of MDO and HFO
fuels are used to assess the Ro-Ro Cargo Ship’s compliance
with energy efficiency indices. Conversely, HFO, LFO, LNG, and
methanol fuels, along with their respective properties, are consid-
ered in the developed HPS scenarios. In addition to fuel types and
properties, the ship’s speed is a key factor, particularly in calculat-
ing technical energy efficiency indices. The reference ship speed is
directly linked to its installed power, with the required power vary-
ing based on the vessel’s total resistance at the desired speeds, which
depend on the ship’s function and type. Figure 2 illustrates the speed-
power curve of the case study ship, which is used in the EEDI and
EEXI calculation processes.
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The Ro-Ro Cargo Ship data
encompassing technical
specifications and dimensional
measures has been gathered from the
classification society.

—

The power output, SFC, and the used
fuel types have been achieved from
the engine catalog.

\2
-%

EEDI and EEXI have been
calculated using the technical data of ——>
the ship

CII values and CII rating have been
calculated using operational data of the
ship gathered from noon reports.

v

Since the average load on the ship is well
below the installed power, the number of
generator sets in the proposed systems is
reduced and EEDI and EEXI are
recalculated.

Figure 1. provides a detailed illustration of the stages of analysis.

Table 1. Ship particulars.

Evaluations have been
performed by presenting the
results between the existing

system and the developed
systems regarding energy
efficieny metrics.

—

Table 2. The technical features of the main and auxiliary engines.

Specifications Value/Classification Units Technical Data Value/Classification Units
Type of Ship Ro-Ro Cargo Ship - The main engine power @100% MCR 11800 kw
Year of Build 2019 year The number of main engines 2 Set
Length overall 237.4 m Fuel type Diesel/Gas Oil

Length between perpendiculars 232 m SFC@ 75 % MCR 162.61 g/kWh
Moulded Breadth 33 m The auxiliary engine power @100% MCR 1980 kw
Draught (Summer Load Line) 7.1 m Fuel Type Diesel/Gas Oil

Deadweight (DWT) 17183.45 t SFC at 50 % MCR 198 g/kWh
Lightweight 17990.45 t Alternator Efficiency 0.974

Gross Tonnage 60465 t The number of auxiliary engines 2 Set
Ship Speed 20.97 kn The power output of the shaft generator 2350 kw
Displacement Volume 34302 m3 The number of shaft generator 2 Set

Based on the technical catalogue and measurements, the ship has
been operated at a service speed of 20.97 kn with a power output
of approximately 16,860 kW which is highlighted as the blue line in
Figure 2. It also clearly reveals that small changes in service speed
significantly reduce the required power installation of the ship.

This study proposes that the implementation of EPL will reduce
power by approximately 30% to 40%, due to a decrease in the num-
ber of gensets used in the propulsion system, in line with energy

efficiency measures. The red line in Figure 2 represents the refer-
ence speed/power output for the EPL application. The SFC values in
Table 2 correspond to the lowest SFC at optimal load. As engine load
decreases, SFC increases, particularly impacting the CII calculation,
which is a key operational energy efficiency measure. To minimise
the impact of load fluctuations on the indices, SFC rates and the load
curve are developed based on noon reports, sea trials, engine tests
(Bayraktar and Nuran 2022), and machinery catalogues. Figure 3
shows the SFC/Engine load curve and the corresponding formula.



Table 3. Details of marine fuels analysed in the study.

CF (t-
Fuel type Reference LCV (kJ/kg)  Carbon content  CO2/t-Fuel)
MDO/MGO (IS0 2017) 42,700 0.8744 3.206
HFO (1ISO 2017) 40,200 0.8493 3.114
Light Fuel Oil (LFO) (IS0 2017) 41,200 0.8594 3.151
LNG (IMO 2022b) 48,000 0.7500 2.750
Methanol (IMO 2022b) 19,900 0.3750 1.375

The SFC versus engine load curve is modelled using a third-
degree polynomial function, allowing for the calculation of SFC rates
at various load levels. To explore scenarios utilising LNG, methanol,
and conventional fuels, the implementation of new main engines
or gensets is necessary. Consequently, three distinct marine engines
have been selected to evaluate the impact of HPS on the Ro-Ro
cargo ship across eight scenarios. The technical specifications of these
selected marine engines are detailed in Table 4.

The Ro-Ro cargo ship, equipped with two main engines, has a
total installed Maximum Continuous Rating (MCR) of 23,600 kW.
This power output is considered in the selection of main engines for
the developed scenarios. Within the framework of existing installed

24000
22000
20000
18000

(kW]
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power, three different marine engines are chosen, considering both
commercially available products and the number of generators on
vessels utilising HPSs.

Engines I and II investigated the effect of both load distribu-
tions and alternative fuels under different operational conditions.
The power outputs of Engine I, and II are 3360, and 2880 kW respec-
tively and they are DF engines. In addition to conventional fuels,
Engines I and II can use LNG and methanol.

Engine IIT operated with HFO and LFO fuels is only selected to
assess load distributions under different operational conditions.

The number of units to be installed in the ship is seven, eight, and
eight for main engines I, II, and III respectively.

These selections enable an in-depth analysis of HPSs utilising
different engines on the ship, facilitating a comprehensive compar-
ison of SFC rates, and emission profiles within the context of the
energy efficiency measures. The simplified layout scheme of the HPS
is illustrated in Figure 4.

Gensets, as prime movers, provide mechanical energy to the
electrical generator, which produces electrical power. This power is
transmitted to the main switchboard, a control unit through which all
energy flows. Transformers are used to enhance the system’s power-
carrying capacity or to meet the voltage requirements of various

2 16000
14000
12000
10000

Power

19.7

180

160

SFC [¢/kWh]

140

30 40 60

20.1

20.5
Speed[kn]

209

e
‘e
L)
‘e
L)
ea,
Soe

y =0.0003x3 - 0.0356x> - 0.5188x + 277.72

R?=0.8954

70 80 90 100

Engine Load (%)

Figure 3. The curve fitting of engine load — SFC for the reference vessel.
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Table 4. The specifications of engines and scenarios (Wartsild 2024).

Scenario

Engine Cylinders Engine Speed (rpm) Engine Output (kW) Fuel Type SFC (g/kWh) or Specific Energy Consumption (kJ/kWh)

Engine Load 100% 85% 75% 50%

| | 6 720 3360 HFO 185 1855 185.8 196

Il LFO 186.9 184.7 184.9 192.7

I Methanol 7800 7830 7890 8290

\% Il 6 720 2880 HFO 186.2 183.4 183.3 191.6

' LFO 188.1 1853 185.2 193.5

VI LNG 7460 7620 7850 8590

Vi 1] 9 900 2925 HFO 191 190.6 193.9 203.2

Vil LFO 192 191.5 194.9 204.2

(1) Diesel Generators, (2) AC Eleetrical Network, (3) Transformers, (1)
Frequencey Converter, (5) Auxilary Loads & Electrie Motors, (6) Propellers

Figure 4. Simplified layout scheme of HPS.

equipment. The frequency converter is a key system component that
converts alternating current (AC) to direct current (DC) or vice
versa, enabling control of motor drives. Electric motors are pow-
ered by variable frequency drives fed by transformers. Additionally,
energy storage devices can be integrated into the system for load bal-
ancing, energy backup, or to supply power to loads during periods of
low demand (Geertsma et al. 2017; Morales Vasquez 2016).

2.2. Mathematical background

This section outlines the mathematical formulas employed in the
analysis. Descriptions of the abbreviations used in the equations are
available in the abbreviation list. Based on the technical catalogue
and measurements, the ship operates at a service speed of 20.97 kn
with a power output of approximately 16,860 kW. Small adjustments



in service speed can significantly affect the required power installa-
tion for the ship. Consequently, CII scenarios have been evaluated by
varying the service speed by approximately 5%. The key parameters
considered include main and auxiliary engine power, ship capacity,
service speed, SFC, and the fuel carbon factor, which are essential
for assessing compliance with the EEXI. Equation 1 calculates the
EEXI and can also be utilised to compute the EEDI, applying differ-
ent phase reduction factors as needed (IMO 2022b, 2022a; Bayraktar
and Yuksel 2023).

EEXI & EEDI

n nME
=T1s (Z Pie(i)XCrmEe(i) xSF CME(i))
=1

i—1
+ (PAEXCrApxSFCap+)

n nPTI neff
+ ([ [16x D Pericy — D foprXPakefiy | CraexSFCak

j=1 i=1 i=1

neff

— | D_ fefiXPefi(y*CrrnipxSFCpye+
i=1

/(fixfexfixCapacity fu X Ve Xfm)
(1)
The general formula consists of four basic parts. The first part focuses
on carbon emissions of the main engines based on power output and
SEC where:

e The engine or equipment type is designated by the subscript i,
while the ship type is represented by the subscript j.

e Py is the main engine power (kW),

e SFCyg is the specific fuel consumption of main engines (g/kWh),
Crue is the carbon emission factor of utilised marine fuels such
as HFO, LNG, and MDO in main engines,

e f; represents a correction factor that is based on specific design
elements unique to the ship.

In the second part, emissions from auxiliary engines during
power generation are addressed:

e P4 refers the total nominal power of auxiliary engines (kW),

e SFCyp+ is the specific fuel consumption of auxiliary engines
(g/kWh).

e Cpg is the carbon emission factor of marine fuels used in auxil-
iary engines.

The third part considers the impact of innovative systems within
the framework of energy efficiency factors and emission reductions.

Ppry is a power provided by shaft motor,

Ppro is a power used by shaft generator,

fegr is the factor of each advanced energy efficiency technology,
Py and is Pageq the advanced mechanical energy-efficient tech-
nology for the main and auxiliary engine respectively.

In the last part of the EEXI formulation:

fi is the capacity factor accounting for technical or regulatory
limitations,

e f.is the cubic capacity correction factor,

fiis the factor for general cargo ships fitted with cranes and cargo-
related gear,
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e f, is a non-dimensional coefficient representing the speed
reduction due to environmental conditions encompassing wave
height/frequency, and wind speed,

e fu is the factor for ice-classed ships capable of navigating chal-
lenging ice conditions with assistance from icebreakers when
necessary.,

Vyer is the ship speed, measured in nautical miles per hour (kn),
Capacity is DWT for Ro-Ro cargo ships.

EEDI and EEXI are distinct metrics utilised to assess the energy
efficiency of maritime vessels. The primary distinction between these
indices lies in their application: EEDI pertains to newly constructed
ships, whereas EEXI is relevant to existing vessels. Both indices
share fundamental calculation methodologies, and their respective
formulas exhibit considerable similarity (IMO 2022a).

The EEDIRef is tailored to each vessel based on its capacity, and
various reduction factors corresponding to phases I, II, and III are
applied depending on the year of construction and the type of ship.
The EEXI is specifically designed for older vessels and incorporates
a single reduction factor that varies according to the ship’s capacity
and type. For example, the reduction factor for cargo ships exceeding
2,000 DWT is typically set at 5%, while for cargo ships under 2,000
DWT, it ranges from 0% to 5% (IMO 2022a).

When calculating the EEXI for Ro-Ro cargo and passenger ves-
sels, a correction factor (firoro,) must be employed. Equation 2
demonstrates the formula for the firor, (IMO 2022b).

1
ijoRo = 5

Loy \ 7 7 (L
o) (2) (1)

If firoro > 1 then fj =1

2

where,

Lypis the length between perpendicular of the ship,
B is the breadth of the ship,

d; is the summer load line draught,

g is the gravitational acceleration.

The coefficients in the Equation 2 for a Ro-Ro cargo ship are as
follows: o is 2, B is 0.5, y is 0.75, and ¢ is 1. The Froude number
(Fp;) in Equation 2 can be computed by employing Equation 3 (IMO
2022b).

0.5144xV
Fy, = ————
VEppxg
Capacity correction factor (f;) accounting for technical/regulatory
restrictions on capacity has been used in the EEDI and EEXI cal-

culation phase on different ship types. Equation 4 is the formula for
computing f;.

3)

fi :fi(ice class)xficb (4)

For ship types other than tankers, general cargo or bulk carriers, the
correction factor, fic, for improved ice-going capability is assumed
to be 1. On the other hand, fi(iceciass) has differentiated to the ice class
category. The formula for the ship in the ice class (IC) category is
expressed in Equation 5 (IMO 2022b). IC category allows the ship
to navigate in easy ice conditions in which ice thickness ranges from
0.15 to 0.30 meters (Sjofartsverket 2024).

58.5
(IC) = 1.0041 _— 5
fil0) + SWT (5)

The EEDIges for the Ro-Ro vessel can be calculated by using
Equation 6. The reduction factor for Ro-Ro cargo ships having a
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capacity larger than 2,000 DWT has been determined regarding the
built year (El Geneidy et al. 2018). Phase I covers the dates between
01 January 2015 and 31 December 2019 and a 5% reduction factor
has been applied. Phase II requires a 20% reduction and includes the
vessels built between 01 January 2020 and 31 December 2024. Finally,
Phase III involves the ships after 01 January 2025 and a 30% reduc-
tion has been employed for these vessels” reference lines (ClassNk
2021c). Since our vessel was built in 2019, Phase I conditions have
been valid, and a 5% reduction has been applied to the reference line
in the calculations.

EEDI,s = 1405.15 x DWT 4% (6)

Ships require electrical energy, generated by auxiliary engines, to
meet their hotel load and cargo operation needs. This power can
be produced by gensets, shaft generators, waste heat recovery sys-
tems, and other onboard systems (Konur et al. 2023; Yuksel and
Koseoglu 2023). Depending on the capacity of the shaft generator,
it can significantly meet the electricity demands during navigation,
often reducing or eliminating the reliance on gensets (Sarigiannidis
etal. 2015).

The vessel is equipped with a shaft generator within its propul-
sion system, which is driven by the main engine and functions to
generate electricity during operation. This system can meet a sub-
stantial proportion of the ship’s electricity requirements. Conversely,
vessels not equipped with shaft generators utilise conventional diesel
generators to fulfil their electrical requirements. Therefore, the main
engine and auxiliary engine effects for the EEDI and EEXI calcu-
lations should be updated in accordance with IMO MEPC.364(79)
guidelines where Ppro(;) is 75% of the electrical power of each shaft
generator MCRpro(;) described in Equation 7.

There are two options to calculate the effect of shaft generators
on the main and auxiliary engines within the framework of EEDI
and EEXI calculations. The maximum allowable Ppro(;) reduction
should not surpass P4g/0.75. In this case, Zg{E Par( is defined in
Equation 8 which is highlighted IMO (2022b) as Option I. For vessels
with a total propulsion power of 10,000 kW or greater, P4g is denotes
the necessary auxiliary engine power allocated for propulsion and
accommodation purposes. This value excludes the power consumed
by other systems not directly involved in propulsion activities and is
defined in Equation 9 (IMO 2022b).

Ppro@y = 0.75xMCRpr0() (7)

nME

Z Ppea) = 0.75x Z MCRpME@) — 0.75x z Pproi) & Z Pprog)
i=1

< 8
< 0 (8)
nME PTI
21 Perigy
0.025 MCR L=l 700
( X (Z ME() + 075
+ 250kW 9

Considering Equations 7, 8, and 9, the final formulation of EEXI
and EEDI is addressed in Equation 10 (ClassNK 2021b; IMO 2022b).
In addition, since the required electrical power is obtained from the
shaft generator, the type of fuel used in the main engine and its car-
bon factor are used in the EEXI and EEDI calculation stage (IMO

2023).

n

1

H 0.5144xVyer N (Lop\ P v (1)’

ey e
Lprg s s v§

X X ((0.75x Z MCRMEG) — 0~75xZPPTO(i))

x xCpME(i)X SFCME(,'))

EEXI =

~+ (((0.025xMCRyE) + ZSOkW)X(CFME(,') X SFCME(i)))

(((vo0s1+ ) )

x xfexfixCapacityxfyx V,efxfm) (10)

The steps to be followed in the EEXI and EEDI calculation phase are
as follows:

e As fj is a correction factor, the f; value is computed regarding
the vessel type in the first step using Equations 2 and 3 where
Lyps Bs, ds are dimensional measures and they are obtained from
classification society.

e MCRyE and Ppro are acquired from ship particulars. Moreover,
SECyg are getting from from the records of engines certified
according to the NOx Technical Code 2008.

e Based on the ship’s noon reports and IMO MEPC.364(79) guide-
lines, fuel types and their Crpg are calculated.

e Since the ship does not have an PTI system, the PTI-related parts
in the Equation 1 are not considered in the calculation.

® feff> PaEe> and Py are not considered because advanced energy
efficiency technologies are not existed ship onboard.

e fo, fi, fw, and f,, are calculated as 1 based on IMO MEPC.364(79)
guidelines and f; is calculated based on Equation 4 and 5.
Ship capacity is used as DWT and ficp is acquired from IMO
MEPC.364(79) guidelines.

e Within the IMO MEPC.364(79) guidelines framework, DWT is
taken as the capacity measure.

o Vs is the vessel reference speed and is measured in kn deter-
mined based on 75% of total installed propulsion power.

The calculation steps for Equation 10 are elucidated in a step-by-
step manner using an example presented in Appendix. During the
the required EEXI computation, the EEDI reference line value is used
and a reduction factor (Y) at 5% according to the vessel type and
capacity is applied as described in Equation 11 (IMO 2022a).

Attained EEXI < Required EEXI

Y
= (1 - m) x EEDI reference line value ~ (11)

The attained CII calculated employing Equation 12, is the rate of
the total CO2 mass (M) to the total transport work (W) carried out
within a specific calendar year (IMO 2021a).

M FC; x Cg;
Attained CIl = = — — I~ ~H

= 12
w Cth ( )

Where j is the fuel type and FC; is the fuel consumed in ship
machinery systems, reported to the IMO DCS. The ship capacity
is represented by C, and gross tonnage (GT) should be used as the
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Figure 6. Exp (d;) values and rating bands for the Ro-ro cargo ships (IMO 2022a).

capacity indicator for Ro-Ro vessels. It is reccommended that GT be
determined in accordance with the 1969 International Convention
on Tonnage Measurement of Ships. The total travelled distance in
nautical miles is represented by D; (ClassNK 2021a). Equation 13
computes the reference CII (CII,ef) (IMO 2021a).
Cll,ys = axCapacity™* (13)
The coeflicients a and ¢ have been 1967 and 0.485. The required CII
is calculated by employing Equation 14 (ClassNK 2021a).
Required CII = (1 — Z/100)x CIl,f (14)
The attained CII is identified as a reliable metric for assessing the
operational carbon intensity of a vessel. The CII reference value,
which represents the threshold for 2019 and is calculated for each
ship type, is used for assessment purposes. A systematic reduction
factor has been applied to this CII reference value, considering the
vessel capacity and type. This systematic application of a continu-
ously escalating reduction factor is crucial for ensuring sustainable
maritime transport and eliminating greenhouse gases, with CO2
serving as the reference. Comparatively, the reduction rate for 2024 is
set at 7%, increasing to 11% by 2026, irrespective of vessel types and
capacities. By 2027 and in the years that follow, the reduction rate
is anticipated to pose unprecedented challenges. This expectation is
underpinned by the exponential growth of the reduction factor, as
depicted in Figure 5 (Bayraktar and Yuksel 2023).

The reduction factors for the CII reference lines have risen and are
expected to continue increasing in the coming years. For example, a
tanker with a capacity of 100,000 DWT had a CII reference value of
4.67 in 2019. By 2024, this reference value is projected to decrease
to 4.3431, indicating an applied reduction factor of 7%. Additionally,
this reference value is expected to become even more stringent in
subsequent years, highlighting the growing pressure on the shipping
industry to improve its carbon efficiency.

Five grades, ranging from A to E, have been established to
assess the ship’s operational carbon intensity within the framework
of energy efficiency boundaries. These boundaries are depicted in
Figure 6 with the coefficient of boundaries for the Ro-Ro cargo ship.

1a
«

‘-

The expressions used to determine each boundary are expressed in
Equation 15 (IMO 2021a).

Superior Boundary = exp (d)x Required CII
Lower Boundary = exp (d)x Required CII (15)

Upper Boundary = exp (d3)x Required CII

Inferior Boundary = exp (d4)x Required CII

In 2019, boundaries were determined based on the CII distributions
of each ship. The middle 30% of individual ships within the fleet are
to be assigned a rating of C, upper 20% and further upper 15% of
individuals are ranked D and E respectively. The remaining bound-
aries which are lower at 20% and further lower at 15% are also ranked
B and A respectively (Bayraktar et al. 2023; Yuksel 2023).

The boundaries for evaluating carbon intensity are established
based on the required CII calculated using reduction factors. This
implies that operations performed by a ship in 2019 that achieved an
‘A’ rating in terms of CII may result in a lower rating, such as ‘C’ or
below if the same operational profile is maintained in 2026. Conse-
quently, as time progresses and ship types evolve, the boundaries and
rating thresholds will also change. Maintaining A and B ratings will
become increasingly challenging for vessels (Bayraktar and Yuksel
2023).

3. Findings and discussions

The coeflicients for the reference Ro-Ro ship type utilised in the
EEDI and EEXI calculations are derived from the formulas estab-
lished in the mathematical modelling phase. The calculated coef-
ficients, along with the remaining coefficients taken as one are
presented in Table 5.

The main parameters required for EEDI and EEXI calculations,
along with their respective values for the Ro-Ro ships, are presented
in Table 6.

Since the ship was constructed in 2019, it meets the Phase I EEDI
requirements. The EEDI Phase I reference value for the case study
vessel aligns with the required EEXI value, as a 5% reduction factor
is applied to the EEDI Phase 0 for Ro-ro vessels as outlined in IMO
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Table 5. Coefficients of the case study ship for EEDI and EEXI calculation.

Parameters Value References

firoRo 0.3264 IMO (2022b) and Equations 2—3
fi 1.008 IMO (2022b) and Equations 4-5
fe 1 IMO (2022b)

fw 1

f 1

fm 1

Table 6. The main parameters of EEDI and EEXI calculations.

Parameters Value Unit References

CO2 Emission 3,306,601.119 g/h IMO (2022a) and Equation 1-10
Transport Work ~ 363,219.6421 tnm/h

EEDI & EEXI 9.10359 gCO2/tnm IMO (2022b)

Required EEDI 10.3839 gCO2/tnm  IMO (2021b) and Equations 6 and 11
Required EEXI 10.3839 gC02/tnm

(2021b) (MEPC.328(76)). The threshold values for Phases 0, I, II, and
III of the 17,183.5 DWT Ro-Ro cargo ship are illustrated in Figure 7.

For a Ro-Ro cargo ship with a 17,183.5 DWT capacity constructed
between January 1, 2020, and December 31, 2024, the EEDI Phase
II value is set at 8.74. From January 1, 2025, onwards, the Phase III
value will decrease to 7.65. Figure 8 illustrates the compatibility of
the proposed models for the Ro-Ro cargo ship with EEDI Phases II
and IIL.

The EEDI values for scenarios I, II, IV, V, VII, and VIII, where
conventional fuels such as HFO and LFO are used, range from 9.74
to 10.64. While all these values meet Phase 0 standards, none com-
ply with Phases II or III. Scenarios I, II, IV, and V align with Phase
I requirements. Among the conventional fuel scenarios, Scenario IV
(using HFO) performs the best, while Scenario VIII (using LFO) per-
forms the worst. For alternative fuels, the EEDI values are 9.48 for
Scenario III (methanol) and 7.67 for Scenario IV (LNG). Although

neR RNy
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EEDI reference
lines for
17183.5 DWT
Ro-Ro cargo ship

factors

based on reduction

Scenario V approaches the Phase III limit, it only satisfies Phase II
criteria, whereas Scenario III fails to exceed Phase I standards.

To reduce the attained EEDI and EEXI values and achieve com-
pliance with Phases II and III limits using specified conventional
and alternative fuels, either EPL or installed power must be adjusted
within permissible boundaries. Figure 9 illustrates the impact of
reducing installed power based on the optimal scenarios highlighted
in Figure 8 for each conventional and alternative fuel. Considering
the ship’s average monthly engine loads, 5, 6, and 6 generator sets
will suffice for engines 1, 2, and 3, respectively, under a 30%-40%
EPL application.

These applications, which could disrupt the ship’s operations
during sudden load demands, must be implemented with preci-
sion. While scenarios V and IV, utilising LFO and HFO respectively,
approach the Phase III threshold of 7.65, they fail to surpass it.
Scenario VI, which was initially close to Phase III without power
reduction, easily exceeds the threshold following power reduction
measures. Similarly, Scenario III, previously meeting only Phase
I requirements, now complies with EEDI Phase III due to power
reduction applications. Table 7 details the ship’s monthly CII val-
ues alongside the updated CII values derived from the proposed
scenarios.

As indicated in the Figure 5, meeting the CII,.s value will become
more challenging because, by 2026, a total 11% reduction factor will
be applied on CII, values set for 2019. CII reference values and CII
rating boundaries of the ship between 2023 and 2026 are expressed
in Table 8 and Figure 10.

As shown in Figure 5, meeting the Cll,.¢ value will become
increasingly challenging due to applying an 11% reduction factor on
the Cll,f values established for 2019 by 2026. The ClII,¢ values and
CII rating boundaries for the ship from 2023 to 2026 are detailed in
Table 8 and illustrated in Figure 10.

Superiorities and weaknesses of the existing system and each
scenario applied in the ship have been listed:

— Phase III (7.65)

Phase II (8.74)
yPhase I & Required

™" EEXT Reference L. (10.38)
Phase 0 (10.93)

___’Attamed EEDI (9.10)
Attained EEXI

Figure 7. The EEDI Phases and EEXI reference value of a Ro-ro cargo ship with 17183.5 DWT capacity together with the attained EEDI and EEXI value of the ship.
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Figure 9. EEXI values for EPL-applied scenarios.

Table 7. Monthly Cll values of scenarios.

JOURNAL OF MARINE ENGINEERING & TECHNOLOGY 1

> Sce VIII(10.67)

e VII(10- Sce VIII(10.67)
———* SceII(10.14) Sce VII(10.46)
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Phase II (8.74)
Phase III (7.65)

- > Sce v(3.06)
8-> Sce IV(7.88)

......... ..... » Sce VI(621)

Table 8. Cll reference values and Boundaries of the ship based on the years.

Month Existing | 1] 1] v Vv Vi VI VI Superior Lower Upper Inferior

1 6.5 534 536 505 52 531 413 545 551 Year Cllef Boundary Boundary Boundary Boundary

2 6.71 6 6.03 566 59 6.03 457 6.3 6.2 2023 8.96 6.81 7.98 9.68 11.38

3 7.16 6.76  6.81 635 669 683 526 7.02 7.1 2024 8.78 6.67 7.81 9.48 11.14

4 7.18 714 719 674 706 722 564 747 756 2025 8.59 6.53 7.64 927 10.90

5 7.11 6.9 693 651 675 69 526 7.05 713 2026 8.40 6.38 7.47 9.07 10.67

6 6.86 629 633 592 622 636 49 658 6.66

7 7.3 6.9 693 651 675 689 526 705 7.14

8 7.07 653 658 615 645 659 514 682 69

9 7.32 6.81 6.86 6.41 6.73 688 536 7.1 7.18

10 7.09 6.55 6.6 6.17 647 661 515 684 692

1 71 66 665 621 652 666 517 688 696 e Scenario I achieves an A-grade CII rating for some operations
12 7.42 697 7.02 656 689 7.04 546 724 732 until 2026, with the rest at grade B, and no instances of a C grade

e Theship maintains CII ratings of A and B through 2026 with

are observed.
e Scenario II shows slightly lower CII values than Scenario I but
maintains similar ratings throughout the specified period.

its existing propulsion system and voyage performance, and it e Scenario III, using methanol as fuel, largely sustains an A-grade

avoids a C grade under all operational conditions even after 2026.

rating until 2026, with only a few months at grade B.
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Figure 10. Cll Ratings of scenarios.

e Scenarios IV, V, VII, and VIII, which utilise conventional fuels,
generally result in B-grade ratings, similar to Scenarios I and II.
However, Scenario VIII drops to a C grade in the fourth month of
operation. Among these, Scenario IV achieves the best CII values
but does not significantly outperform others in terms of ratings.

e Scenario VI, operated with LNG fuel, performs the best, consis-
tently achieving an A-grade CII rating through 2026 and beyond.

Theapplicability challenges and limitations of the developed
approach are highlighted in the context of utilising HPS and alter-
native marine fuels on a Ro-Ro cargo ship. These challenges stem
from persistent technical, economic, and regulatory barriers associ-
ated with replacing conventional propulsion systems with HPS and
adopting methanol or LNG as alternatives to conventional fuels.

Sce VIl

—-—-—-2025 —--_-2026

C D mEEEE—— E

e Methanol’s energy density is lower than conventional and LNG

fuels, necessitating larger fuel tanks, which reduce the ship’s
cargo capacity and potential earnings The presence of bunker-
ing facilities is inevitable for the alternative fuel usage on ships
(Svanberg et al. 2018).

The availability of bunkering facilities is critical for adopting
alternative fuels. While LNG bunkering facilities are gradually
expanding, with 172 facilities worldwide (DNV 2024), methanol
bunkering infrastructure remains limited, with only 120 facili-
ties globally (Olufsen 2023). To promote alternative fuel usage
globally, investments in bunkering infrastructure must increase.
Fuel costs, accounting for 40-67% of marine vessel operating
expenses, are pivotal in fuel selection (Ollila et al. 2024). LNG is
currently the most expensive at $852/MT, compared to IFO380



and methanol at $473/MT and $433/MT, respectively (Shipand-
Bunker 2024). Methanol’s low energy density and LNG’s high
costs hinder widespread adoption, especially in regions with
minimal environmental regulations.

e Reducing well-to-tank emissions is as crucial as minimis-
ing tank-to-wake emissions for sustainable maritime transport.
Although green production methods for LNG and methanol
reduce lifecycle emissions, they significantly increase costs
(Olufsen 2023).

e Methanol’s toxic and corrosive properties necessitate stringent
safety measures and crew training to ensure safe and efficient
operations (Deniz and Zincir 2016).

e While LNG engines offer advantages in reducing EEDI, EEXI,
and CII values due to lower CO; emissions, they emit CH4 hav-
ing a global warming potential 27-30 times greater than CO;
(IMO 2024). As indicated by EU ETS measures, this is likely to
attract future regulatory scrutiny.

e HPS systems are more complex than conventional propulsion
systems, leading to higher initial investment costs and increased
operational complexity, which places additional responsibility on
the crew.

e Alternative-fuel engines are available with power outputs compa-
rable to conventional engines but lack the extensive diversity of
power ratings seen in traditional systems (MAN 2024; Wiartsild
2024).

e Integrating batteries into HPS systems can further reduce
emissions. However, current battery technology lacks sufficient
energy density for large-scale marine vessels. While increas-
ing the number of batteries can meet energy demands, it adds
weight and reduces onboard space. Recent advancements, such
as lithium nickel manganese cobalt oxide (Li-NMC) pouch cells,
show promise with energy densities of up to 450 Wh/kg (Liu
2023).

To facilitate the widespread adoption of HPS and alternative fuels
in maritime transportation, it is essential to systematically elimi-
nate existing shortcomings. Consequently, maritime stakeholders are
intensifying their efforts to tackle these challenges.

e Technological advancements are driving down the costs of
HPS installation and equipment, thereby attracting previ-
ously hesitant ship owners and operators to adopt these
systems.

e Technological advancements are driving down the costs of HPS
installation and equipment, thereby attracting previously hesi-
tant ship owners and operators to adopt these systems.

e Significant progress has been made in reducing reliance on fos-
sil fuels, transitioning to sustainable alternatives, and upgrading
from conventional propulsion systems to advanced technologies.
These developments are crucial for overcoming barriers to HPS
and alternative marine fuels.

e Although alternative fuels currently have a higher unit price
compared to conventional fuels, increasing reserves and innova-
tions in production methods are lowering utilisation thresholds.

e The current bunkering facilities for alternative fuels, particularly
LNG and methanol, are limited. However, many new facilities
are being planned or discussed, which could enhance global
accessibility.

e The IMO is advocating for the transition to more efficient sys-
tems by implementing energy efficiency regulations complicat-
ing conventional marine fuel usage.

In summary, these systems, along with various initiatives focused
on enhancing energy efficiency and reducing carbon emissions, will
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be pivotal in advancing the IMO’s short-, medium-, and long-term
strategies.

4, Conclusion

A transition to alternative fuels and advanced propulsion systems
on board is quite noteworthy to achieve sustainable maritime trans-
portation and decarbonisation strategies. This study outlined the
benefits derived from implementing an HPS using diverse marine
engines on a Ro-Ro cargo vessel, emphasising advancements in
fuel consumption savings and reductions in carbon emissions. The
conclusions drawn from this study are as follows:

e Although transitioning from conventional propulsion systems to
HPS using conventional fuels could lead to emissions reductions,
these reductions did not exceed a certain threshold. This limi-
tation arose because the carbon factors of HFO and LFO were
higher than those of methanol and LNG.

e Despite its low carbon factor, the lower heating value of methanol
presented a disadvantage, resulting in reduced energy output
per unit volume compared to conventional marine fuels. Conse-
quently, the low carbon factor of methanol contributed to emis-
sion reductions only when utilised in methanol-fuelled engines
within HPS.

e LNG ranked between methanol and conventional fuels in terms
of carbon factor but consistently outperformed diesel HPS sce-
narios due to its higher LCV.

e HPS integration minimised main engine load fluctuations by dis-
tributing loads across multiple engines, particularly in vessels
that experience significant load variations during operations.

e HPSreduced fuel consumption while enhancing machinery lifes-
pan and decreasing vibration and noise levels. Thus, HPS offered
an innovative approach to sustainable maritime transportation.

e HPS powered by alternative fuels could be effectively imple-
mented in various vessel types, such as tugboats and offshore
supply vessels to adhere to energy efficiency standards These ves-
sels often experience high load fluctuations and operate at low
loads, making them suitable candidates for such technologies.

This study evaluated the advantages of HPS utilising traditional
fuels, methanol, and LNG on Ro-Ro cargo ships. It addresses a sig-
nificant research gap by comprehensively exploring the integration of
HPS and alternative marine fuels concerning fuel consumption and
carbon emissions while considering energy efficiency indices.

While these fuels and innovations in marine engines and HPS
present substantial benefits for meeting EEDI, EEXI, and CII require-
ments, energy efficiency measures are becoming increasingly strin-
gent. This trend suggests that reliance solely on these advancements
may not suffice. Future research could provide valuable insights by
investigating the use of ammonia or hydrogen in marine engines
integrated with HPS. Although engines designed for direct ammo-
nia and hydrogen use are still in early development, their adoption
is essential for achieving carbon neutrality targets by 2050. Addi-
tionally, various after-treatment systems, such as carbon capture and
storage, could serve as interim solutions until zero-emission fuels
gain widespread acceptance by 2050.
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