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Abstract: This study presents a multidisciplinary and in-depth review of hybrid propulsion technologies in maritime applications,
emphasizing their technical architecture, environmental performance, and economic feasibility. As the maritime sector accelerates ef-
forts to achieve the International Maritime Organization’s (IMO) greenhouse gas (GHG) reduction targets, hybrid systems—which
integrate diesel engines with electric propulsion and battery storage—have emerged as a pivotal transitional solution. Through exten-
sive literature analysis, technical assessment, and real-world case studies including vessels such as MF Ampere, E-Ferry Ellen, Damen
RSD Tug 2513, and Havila Kystruten, the study quantifies performance benefits: fuel consumption reductions of 15-30% and emission
reductions of 20—40% for CO2, NOx, and SOx. Additional advantages include reduced underwater noise, enhanced maneuverability,
and improved operational efficiency. The paper further explores the integration of alternative fuels (e.g., LNG, hydrogen, ammonia),
autonomous energy management systems, and port-side electrification. Comparative evaluations across vessel types confirm the scala-
bility and suitability of hybrid propulsion for short- and mid-range maritime operations. Despite initial capital cost barriers, lifecycle
analyses demonstrate favorable economic returns driven by operational savings and regulatory incentives. Concluding that hybrid
propulsion technologies have moved beyond experimentation to become mature and essential for carbon-resilient maritime futures, the
study highlights key directions for future research including intelligent control systems, advanced batteries, and integration with au-
tonomous vessels.

Keywords: Hybrid propulsion systems, Maritime decarbonization, Energy efficiency, Alternative marine fuels, IMO GHG strategy,

Life cycle emission analysis, Autonomous vessels, Sustainability.

1. Introduction from international shipping by or around 2050. This strategy also

Maritime transport remains the backbone of global trade, ac- sets interim reduction goals of at least 20% by 2030 and 70% by

counting for approximately 80-90% of international cargo vol- 2040, compared to 2008 levels. In addition, mandatory regula-

ume by tonnage. While the sector plays a vital role in sustaining tory tools such as the Energy Efficiency Existing Ship Index

the global economy, its structural dependency on fossil fuels
poses serious challenges to environmental sustainability and cli-
mate targets. Conventional marine propulsion systems, primarily
based on heavy fuel oil (HFO) and marine diesel oil (MDO), are
responsible for significant greenhouse gas (GHG) emissions, in-
cluding carbon dioxide (COz), nitrogen oxides (NOx), sulfur ox-
ides (SOy), and particulate matter. These pollutants contribute to
climate change, acidification, and marine ecosystem degradation,
particularly in densely trafficked coastal and port areas.

In response to these environmental concerns, the International
Maritime Organization (IMO) introduced the Revised GHG

Strategy in 2023, committing to achieve net-zero GHG emissions

(EEXI) and the Carbon Intensity Indicator (CII), effective from
2023 under MARPOL Annex VI, require vessels to demonstrate
ongoing improvements in fuel efficiency and emission perfor-
mance.

Parallel to these global measures, regional initiatives such as
the European Union Emissions Trading System (EU ETS)—
which includes maritime transport as of January 2024—further
emphasize the sector’s shift toward decarbonization. Further-
more, countries like Norway have introduced national policies
mandating zero-emission operations in environmentally sensitive
fjords by 2026, accelerating the adoption of low- and zero-emis-

sion propulsion systems.

+  Corresponding Author (ORCID: https://orcid.org/0000-0002-3746-4445): Professor, Department of Mechanical Engineering (EN), Istanbul Bey-
kent University, Ayazaga, Hadim Koruyolu Cd. No:19 Sariyer/Istanbul, 34398, Turkey, E-mail: abdikukner@beykent.edu.tr, Tel: +90 444 1 997

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0), which permits unrestricted
non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyright © The Korean Society of Marine Engineering


https://crossmark.crossref.org/dialog/?doi=10.5916/jamet.2025.49.6.619&domain=https://e-jamet.org/&uri_scheme=http:&cm_version=v1.5

Abdi Kiikner

Amid this evolving regulatory and technological landscape,
hybrid marine propulsion systems—which integrate conven-
tional diesel generators with battery-based electric propulsion—
have emerged as a promising transitional solution. These systems
offer a synergistic balance between energy efficiency, emission
reduction, and operational reliability. By enabling partial or full-
electric operation during low-speed maneuvers, port stays, or
eco-sensitive zones, hybrid systems can significantly reduce fuel
consumption and pollutant discharge while lowering noise and
vibration levels onboard.

This study aims to provide a comprehensive analysis of hybrid
propulsion technologies in the maritime sector. It evaluates their
technical configurations, environmental performance, economic
feasibility, and implementation challenges across different vessel
types. Drawing upon recent case studies, empirical data, and reg-
ulatory developments, the research explores how hybrid systems
can facilitate a more sustainable and economically resilient trans-
formation of global shipping. The findings support the premise
that hybrid propulsion represents not only a response to current
regulatory requirements but also a strategic component of long-

term maritime decarbonization pathways.

2. Literature Review and Fundamental

Concepts

The transition toward a low-carbon maritime sector has
emerged as a critical priority in response to growing environmen-
tal concerns and international regulatory mandates. The IMO's
Revised Greenhouse Gas Strategy (2023), targeting net-zero
emissions by approximately 2050, has intensified research efforts
into alternative propulsion systems—particularly hybrid-electric
configurations that offer a balance between operational effi-
ciency and emissions reduction [23][11].

Recent studies have substantially expanded the discourse on
maritime decarbonization. For instance, JT van den Akker [3]
conducted an extensive assessment on integrating LNG propul-
sion, hybrid systems, and onboard carbon capture technologies,
underscoring their synergistic potential to lower emissions with-
out compromising vessel performance or economic feasibility.
Similarly, Sui et al. (2020)[8] demonstrated that hybrid propul-
sion modes and fuel choice significantly shape voyage-wide fuel
consumption and emission profiles. Their findings show that PTI
operation reduces NOx and hydrocarbon emissions during close-

to-port maneuvers, while LNG notably lowers CO2 and NOx
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across the full voyage, despite increasing HC. Overall, integrat-
ing hybrid propulsion, LNG, and mission-profile optimization
yields clear improvements in total fuel use and emission perfor-
mance.

Further evidence from the Fourth IMO GHG Study [8] reveals
that maritime activities contribute approximately 2.9% of global
anthropogenic CO: emissions, primarily from diesel-based en-
gines. In this context, Brynolfet al. [40] emphasized that the con-
tinued reliance on heavy fuel oil (HFO) is increasingly incom-
patible with international environmental obligations. Yuan at al.
[48] reviews key alternative marine fuels and finds that, despite
their environmental benefits, their global adoption remains lim-
ited due to technical, economic, and workforce-related chal-
lenges. It highlights the need for further life-cycle-based research
to support their wider implementation.

The environmental scope of hybrid technologies extends be-
yond air pollution. Horizon 2020 CORDIS [38]. measured three
diesel-electric hybrid ferries in hybrid mode (diesel engine pow-
ering a generator) and fully electric battery mode to assess noise
emissions. Results indicate that while on-board diesel engines
contribute little to underwater radiated noise, they remain a sig-
nificant source of low-frequency airborne noise, highlighting the
complex relationship between ship electrification and environ-
mental noise impacts.

On the operational front, Millet, Fidan, and Oz [47] demon-
strated through empirical data that operational practices. The
CO2 emissions of 30 ships were calculated using the EEOI
method and compared with the types of fuel used. The results
show that the choice of fuel is directly related to carbon emis-
sions; speed management and the use of low-emission fuels are
recommended to improve energy efficiency and reduce environ-
mental impact.

Yildirim, Ozbey, and Tikiz [4] provided statistical evidence
linking port infrastructure and logistics planning with localized
emissions, reinforcing the need for system-wide efficiency strat-
egies encompassing both vessels and shore-side operations.
Moreover, regional mechanisms such as the European Union
Emissions Trading System (EU ETS)—extended to maritime
transport in 2024—offer additional regulatory and financial in-
centives for adopting hybrid-electric solutions, particularly for
intra-EU routes. Norway’s zero-emission fjord regulation (effec-
tive 2026) and the restructured NOx Fund provide further mo-

mentum in key maritime regions.
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Despite this growing body of research, existing literature re-
mains fragmented, often addressing isolated components such as
battery performance, fuel type integration, or single-vessel case
studies. There remains a notable gap in system-level evaluations
that synthesize technological innovation with regulatory frame-
works, operational considerations, and environmental impact as-
sessments across diverse vessel categories.

This study aims to address that gap by offering an integrative
review of hybrid marine propulsion systems, focusing on four
key dimensions:

* Engineering configurations and energy management archi-

tectures,

* Quantitative environmental and economic performance

metrics,

» Alignment with evolving IMO, EU, and national policy

frameworks,

» Operational and technical challenges, including battery in-

tegration and thermal management.

By contextualizing hybrid technologies within a comprehen-
sive regulatory, operational, and ecological framework, this study
seeks to provide both scholarly insights and practical guidance
for the maritime sector’s transition to sustainable propulsion sys-

tems.

2.1. Conventional Maritime Propulsion and Emission
Challenges

Early studies on the environmental impact of maritime
transport—particularly those from the 1990s—identified the
shipping sector as a major contributor to global greenhouse gas
(GHG) emissions. However, these initial investigations relied on
limited datasets and lacked consideration of emerging technolog-
ical alternatives. Contemporary research, particularly following
the Fourth IMO GHG Study [21], offers a more comprehensive
and updated understanding of the sector’s emissions profile, op-
erational dynamics, and transition challenges.

According to the latest findings, maritime transport accounts
for approximately 2.89% of global anthropogenic CO: emissions,
primarily from fossil fuel combustion in marine diesel engines.
The typical daily fuel consumption of a large container ship
ranges between 150 to 250 tons, depending on vessel size, load,
and operational conditions [21][13]. This fuel usage translates to
an estimated 470-780 tons of CO: emissions per day, in addition
to substantial emissions of nitrogen oxides (NOx) and sulfur ox-
ides (SOy). These pollutants are particularly concentrated in
coastal zones and port areas, intensifying their impact on human

health and marine ecosystems.
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Table 1: Updated fuel consumption and emission metrics for

conventional ships

Table Row

Value / Description

Primary Source(s)

Fuel Consump-
tion: 150-250

Represents a typical
range for large container
ships under operational

IMO (2020), Fourth
IMO GHG Study

Emissions: High

load conditions emit sig-
nificant levels of NOy
and SO..

tons/day conditions. DNV (2023)
Estimated based on av-

CO: Emissions: |erage CO2 emission fac- IPCC
470-780 tor of ~3.15 tons CO> | (default factors)
tons/day per ton of diesel fuel IMO (2020)

burned.
Conventional diesel en-
NO, and S0, | &inesunderstandard ‘| oo 0022

Xie et al. (2023)

Emission Share
(Global):
~2.89%

Maritime sector’s share
in global anthropogenic
CO: emissions.

IMO (2020), Fourth
IMO GHG Study

Furthermore, diesel propulsion systems are thermodynami-
cally inefficient, with considerable energy lost during the com-
bustion and mechanical conversion processes. In high-speed op-
erations, the emission rates increase disproportionately due to
suboptimal fuel efficiency and elevated engine loads. Addition-
ally, non-propulsion-related activities such as routine mainte-
nance, auxiliary engine usage, and port idling contribute to the
sector’s cumulative environmental footprint

Recent operational data highlight the variability of emissions
across vessel types. For example, bulk carriers and tankers ex-
hibit lower specific emissions per ton-mile compared to ro-ro
vessels and cruise ships, which often maintain higher auxiliary
loads and less efficient operating profiles [31].

Table 1 presents representative values for fuel consumption
and emissions for a large container vessel based on post-2020
empirical datasets.

These updated figures reaffirm the urgent need for structural
changes in maritime propulsion technologies. They also justify
the global push toward low-emission alternatives, including hy-
brid-electric systems, liquefied natural gas (LNG), methanol, and
other zero-carbon fuels, all of which are addressed in this study

as viable pathways to achieving sustainable maritime operations.

2.2 Alternative Energy Solutions and Hybrid Propulsion
Systems

The growing environmental awareness and the ecological
damage associated with conventional diesel engines have accel-

erated the pursuit of alternative energy solutions in the maritime
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industry. In this regard, hybrid propulsion systems—integrating
diesel engines with electric drive units—have emerged as a
promising technological advancement aimed at enhancing en-
ergy efficiency and reducing greenhouse gas emissions. Notably,
these systems can operate solely on electric power during low-
speed sailing and port maneuvering, significantly decreasing
harmful emissions and thereby minimizing their environmental
footprint [44].

The benefits of hybrid propulsion systems are not limited to
environmental performance but also extend to economic gains. A
reduction in fuel consumption by approximately 20% to 30%
leads to considerable savings in operational costs. Additionally,
the implementation of electric motors substantially lowers
onboard noise levels, which contributes to the mitigation of un-
derwater noise pollution and its adverse effects on marine eco-
systems [47]. Another noteworthy feature of hybrid systems is
their energy recovery capability. During deceleration and maneu-
vering, the kinetic energy generated can be stored in battery sys-
tems, thereby improving overall energy efficiency through regen-

erative braking mechanisms.

2.3 Development of Hybrid and Electric Propulsion Sys-
tems

In parallel with the increasing emphasis on sustainability and
decarbonization within the maritime sector, hybrid and electric
propulsion technologies have gained significant strategic im-
portance. These systems facilitate the combined use of conven-
tional diesel engines and electric propulsion units, enabling dy-
namic energy management that leads to enhanced operational ef-
ficiency and substantial reductions in pollutant emissions. Recent
studies have consistently validated the effectiveness of hybrid
propulsion, particularly during low-speed sailing and maneuver-
ing phases. For instance, Chang [5] reported that under reduced-
speed conditions, hybrid configurations could deliver up to a 30%
improvement in energy efficiency compared to traditional diesel-
based propulsion systems. This performance advantage is partic-
ularly critical in port operations and coastal navigation, where
frequent low-load maneuvers dominate the operational profile.

A prominent real-world implementation of hybrid maritime
propulsion is exemplified by India’s Navy-5 project—widely
acknowledged as the world’s first hybrid-electric naval combat
vessel. Designed to operate entirely on electric motors during
low-speed missions, this ship achieves zero-emission sailing and
minimizes ecological impact in sensitive maritime zones. More-

over, integrated energy recovery systems allow for the capture
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and storage of kinetic energy generated during deceleration and
maneuvering, thus improving total energy conversion efficiency.

The strategic integration of hybrid propulsion technologies not
only contributes to mitigating greenhouse gas emissions, but also
yields multifaceted operational advantages. These include lower
fuel consumption, reduced acoustic footprint—thereby minimiz-
ing underwater noise pollution—and decreased mechanical wear,
which collectively translate into optimized maintenance require-
ments and lifecycle cost savings. As such, the adoption of hybrid
systems represents a critical step toward the transition to cleaner,

quieter, and more energy-resilient maritime operations.

2.4 Hybrid Technologies and Energy Efficiency

Hybrid propulsion systems are designed to enhance maritime
energy efficiency and reduce greenhouse gas emissions by inte-
grating internal combustion diesel engines with electric propul-
sion motors. These systems enable flexible control of power gen-
eration and distribution, allowing for optimal energy use based
on varying operational conditions. In particular, hybrid configu-
rations can significantly reduce engine load and fuel consump-
tion during low-speed operations such as maneuvering and har-
bor transit, leading to both environmental and operational ad-
vantages.

The core architecture of hybrid marine systems typically com-
prises four principal components: diesel generators, high-capac-
ity lithium-ion battery arrays, electric propulsion motors, and an
advanced Power Management System (PMS). In this configura-
tion, the diesel generator acts as the primary energy source under
high-demand conditions, while the electric motor delivers direct
shaft propulsion, bypassing conventional mechanical transmis-
sion systems. Batteries function as both an auxiliary energy
source and a storage medium for regenerative braking, particu-
larly during deceleration or transient maneuvers. The PMS serves
as the system’s control hub, continuously optimizing the load dis-
tribution between the generator and batteries to ensure the diesel
engine operates within its optimal efficiency band—thereby low-
ering fuel consumption and reducing mechanical wear.

Critically, hybrid systems are capable of operating solely on
electric power during low-load conditions, making them ideal for
port operations, coastal navigation, and emissions-restricted
zones. Their inherent flexibility also enables automatic energy
source switching based on real-time load profiles, which contrib-
utes to operational cost savings. Additional advantages include
reduced vibration and onboard noise levels, improving both crew

comfort and environmental acoustic performance.
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Figure 1: CO: emission comparison and annual fuel consump-

tion (chart 1 and chart 2)

Figure 1 presents a comparative visual analysis of both CO:
emissions and annual fuel consumption for vessels utilizing con-
ventional and hybrid propulsion systems, illustrated through two
distinct bar charts:

Chart 1 highlights a reduction of approximately 2,000
tons/year in CO2 emissions when hybrid propulsion is employed,
indicating a substantial improvement in environmental sustaina-
bility.

Chart 2 The data demonstrate that hybrid vessels consume
around 1,300 tons less fuel annually compared to conventional
systems, emphasizing enhanced operational efficiency and re-
duced fuel costs.

These comparative charts effectively illustrate the dual benefits
of hybrid maritime technologies. The significant decrease in CO:
emissions contributes to reduced environmental impact, while
the lower fuel consumption translates into measurable economic

savings. Thus, hybrid propulsion systems represent a viable and
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Table 2: Comparison of conventional and hybrid vessels in terms

of fuel consumption and emissions

Conventional Hybrid o
Parameter Vessel Vessel Improvement (%)
Ermissi
CO: Emissions 11,000 9,000 | 18% reduction
(tons/year)
Fuel ti
uel Consumption) 5 5, ~3,000 | 14% reduction
(tons/year)
- - 1 0, 1 1 -
CO:-to-Fuel Ratio 314 3.00 4% mcr.ease in ef-
(D) ficiency

sustainable alternative for the future of marine transportation.
Table 2 summarizes the quantitative performance improve-
ments observed in hybrid vessels compared to conventional
counterparts.
The data clearly demonstrate that hybrid propulsion systems
contribute to both environmental sustainability and economic vi-
ability, making them a cornerstone of the maritime industry's

transition toward cleaner and more efficient operations.

2.5 Contemporary Application Examples of Hybrid Pro-

pulsion Systems

In recent years, a series of pioneering vessel projects have been
implemented to demonstrate the technical viability and environ-
mental advantages of hybrid propulsion systems in maritime ap-
plications. These case studies reflect the transition toward decar-
bonization and enhanced energy efficiency, particularly driven
by regulatory pressures and sustainability initiatives. Notably,
countries in Northern Europe—such as Norway, Denmark, and
the Netherlands—have emerged as leaders in the deployment of
low- and zero-emission maritime technologies. Below is a con-
cise technical overview of selected high-profile hybrid vessel ap-
plications, highlighting their system configurations and perfor-
mance outcomes:

*  MF Ampere (Norway):

Launched in 2015, MF Ampere is recognized as Norway’s first
fully electric car and passenger ferry. It is equipped with a 1
MWh lithium-ion battery system and accommodates up to 120
vehicles and 360 passengers. The system supports rapid charging,
completing a full recharge cycle in approximately 10 minutes.
With an average daily operation of 34 round trips, operational
reports indicate that the vessel reduces annual diesel consump-
tion by approximately 1 million liters and CO: emissions by an
estimated 2700 metric tons [4].

* E-Ferry Ellen (Denmark):

Developed under the European Union’s Horizon 2020 frame-

work, the E-Ferry Ellen represents one of the most advanced all-
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electric ferry systems. Featuring a 4.3 MWh lithium-nickel-man-
ganese-cobalt oxide (NMC) battery system, it offers a range of
up to 22 nautical miles per charge. The vessel, which accommo-
dates 60 vehicles and 200 passengers, avoids approximately 2000
metric tons of CO2 emissions per annum, validating the technical
feasibility of long-range electric maritime transport [36].

* Damen RSD Tug 2513 (Netherlands):

Designed by Damen Shipyards, this reversible stern drive
(RSD) harbor tug utilizes a hybrid propulsion configuration inte-
grating diesel engines with a 1 MWh battery system. It enables
full-electric operation under low-load conditions and switches to
diesel support during peak demand. According to performance
data, the hybrid configuration has been reported to lower fuel
consumption by up to 20%, with corresponding CO- emission re-
ductions of approximately 400 metric tons per year, while also
minimizing NOyx and SOy emissions during port operations [6].

* Havila Kystruten (Norway):

This coastal passenger vessel operates with a hybrid-liquefied
natural gas (LNG) and battery-electric propulsion system. It fea-
tures one of the world’s largest maritime battery installations,
rated at 6.1 MWh. The hybrid configuration enables fully electric,
zero-emission operation during port entry, docking, and low-
speed coastal navigation. The system facilitates annual CO:
emission reductions of approximately 3000 metric tons, along-
side reductions in acoustic pollution and engine maintenance [19].

* Color Hybrid (Norway):

Commissioned in 2019, the Color Hybrid is one of the largest
plug-in hybrid passenger ferries globally. It services the
Sandefjord (Norway) to Stromstad (Sweden) route and is pow-
ered by a 5 MWh battery system, enabling up to 12 nautical miles
of emission-free operation. The vessel achieves a 33% reduction
in CO: emissions relative to conventional ferries and complies
with stringent port air quality regulations through zero-emission
operation during docking and maneuvering [27].

* MS Roald Amundsen (Norway):

Operated by Hurtigruten, this expedition-class cruise vessel
integrates LNG-based combustion engines with a battery energy
storage system. It is specifically engineered for polar expeditions
and utilizes battery-supported electric propulsion in environmen-
tally sensitive or low-speed scenarios. This configuration con-
tributes to reduced greenhouse gas emissions, enhanced fuel ef-
ficiency, and diminished underwater noise levels, supporting

compliance with sensitive ecosystem protection protocols [18].
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* SeaChange (United States):

Operating in San Francisco Bay, SeaChange is the first com-
mercial passenger ferry powered by hydrogen fuel cells. Alt-
hough it deviates from the conventional diesel-electric hybrid
definition, its propulsion architecture—which combines hydro-
gen fuel cells with lithium battery systems—exemplifies the po-
tential of hybrid-hydrogen energy systems. It represents a key
milestone in the transition toward zero-emission maritime
transport [17].

» Elektra Pushboat (Germany):

Developed through a partnership between BEHALA and the
German Federal Ministry of Transport, the Elektra is Europe’s
first hydrogen-powered hybrid pushboat. The vessel combines a
2.5 MWh lithium-ion battery pack with PEM hydrogen fuel cells
to enable fully emission-free inland navigation along the Berlin—
Hamburg corridor, establishing a blueprint for zero-emission lo-
gistics in inland waterways [2].

* Grimaldi Green 5th Generation (GG5G) Ro-Ro Vessels (It-

aly):

The GGS5G fleet developed by the Grimaldi Group showcases
advanced hybrid propulsion in the roll-on/roll-off (Ro-Ro) ship-
ping sector. These vessels integrate dual-fuel engines capable of
operating on marine gas oil (MGO) and liquefied natural gas
(LNG), supported by 5 MWh lithium-ion battery systems and so-
lar photovoltaic panels. During port operations, vessels transition
to full battery mode to ensure compliance with European port

emission standards and eliminate local air pollutants [18].

2.6 Comparative Evaluation of Hybrid Propulsion Sys-
tems in Maritime Applications

In recent years, the maritime industry has witnessed significant
progress in the development and deployment of hybrid propul-
sion systems, which are increasingly viewed as viable and envi-
ronmentally preferable alternatives to conventional diesel-pow-
ered configurations. These systems have been rigorously as-
sessed across a broad spectrum of vessel types and operational
profiles, with performance metrics focusing on fuel efficiency,
emission reduction, operational flexibility, and energy optimiza-
tion. Empirical findings from real-world applications have con-
sistently highlighted the superior environmental performance,
economic viability, and regulatory compliance benefits associ-
ated with hybrid propulsion technologies.

Notable examples of fully electric vessels include MF Ampere

(Norway) and E-Ferry Ellen (Denmark), which serve as techno-
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logical milestones in all-electric maritime transport. The MF Am-
pere, equipped with a 1.0 MWh battery system, operates high-
frequency short-distance crossings—up to 34 trips daily—with
rapid charging capabilities requiring less than 10 minutes. This
results in an estimated annual CO- emission reduction of approx-
imately 2,700 tons. Meanwhile, E-Ferry Ellen, powered by a 4.3
MWh battery system, successfully operates the world’s longest
all-electric ferry route of 22 nautical miles without intermediate
charging, achieving roughly 2,000 tons of CO: savings annually
and zero local pollutant emissions.

Scalability in battery-based energy storage is exemplified by
Havila Kystruten, which employs a 6.1 MWh battery system—
currently the largest in commercial maritime use. This configu-
ration allows for silent and emission-free port operations, signif-
icantly reducing noise and air pollution, particularly in ecologi-
cally sensitive coastal environments. Similarly, the Color Hybrid,
a plug-in hybrid cruise vessel, operates fully electric during har-
bor maneuvers and achieves a 33% reduction in voyage-specific
CO: emissions, in full alignment with Scandinavian Emission
Control Area (SECA) regulations.

In the high-thrust and maneuver-intensive operational domain,
hybrid tugboats such as the Damen RSD Tug 2513 illustrate the
strategic advantages of intelligent energy management. By
switching to electric propulsion during idling and low-speed op-
erations, these vessels attain up to 20% fuel savings while simul-
taneously lowering NOx and SO, emissions. Furthermore, the re-
duced mechanical complexity of electric drives contributes to
lower maintenance requirements and improved reliability.

Hydrogen-based hybrid propulsion systems represent the next
technological frontier. Vessels like SeaChange (USA) and El-
ektra (Europe) integrate hydrogen fuel cells with battery storage,
enabling fully zero-emission operations over extended ranges of
300-400 nautical miles. Despite the current limitations in hydro-
gen storage and refueling infrastructure, these pilot projects val-
idate the technical feasibility of fuel cell propulsion in both
coastal and inland waterway contexts.

Additionally, hybrid systems featuring dual-fuel engines offer
considerable operational flexibility. The GG5G Ro-Ro vessels
developed by the Grimaldi Group are equipped to operate on lig-
uefied natural gas (LNG), marine gas oil (MGO), and stored bat-
tery power, complemented by solar photovoltaic arrays. This di-
versified energy strategy enables seamless mode transitions
while ensuring compliance with the IMO 2020 sulfur cap and

European port emission standards, without compromising cargo-
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carrying capacity.

Collectively, these vessels illustrate the diverse design philos-
ophies and energy architectures currently being implemented—
ranging from short-range, fully electric systems to complex,
multi-energy hybrid solutions tailored for long-haul and high-de-
mand logistical operations. The successful deployment of these
systems underscores the technological maturity and strategic rel-
evance of hybrid propulsion in advancing maritime decarboniza-
tion. As ongoing developments continue to improve battery en-
ergy density, hydrogen infrastructure, and fuel cell performance,
the comparative advantages of hybrid systems are expected to
become increasingly pronounced. In this context, hybrid propul-
sion is poised to play a central role in the global transition toward

sustainable and resilient maritime operations.

3. Theoretical Foundations of Hybrid

Propulsion Systems

3.1 Definition and Fundamental Principles

Hybrid propulsion systems in maritime applications are based
on the integration of conventional fossil-fuel-driven internal
combustion engines with electric propulsion units, forming a ver-
satile multi-source energy architecture. These systems are specif-
ically engineered to improve overall energy efficiency and mini-
mize the environmental footprint of marine operations. A key ad-
vantage of hybrid configurations is their adaptability to diverse
operational scenarios, ranging from low-speed harbor maneuvers
to cruising and high-speed offshore transits.

The fundamental engineering rationale for hybrid propulsion
lies in leveraging the high energy density and reliability of inter-
nal combustion engines—commonly diesel generators—while
compensating for their environmental drawbacks through the
complementary use of electric motors. Electric motors, distin-
guished by their low emission levels and quiet operation, signif-
icantly enhance environmental performance, particularly in reg-
ulated or sensitive marine zones. The synergy between the two
systems enables seamless transitions between energy sources or
their concurrent operation, depending on the specific configura-
tion employed—whether parallel, series, or combined hybrid
models [16][28].

One of the critical operational benefits of hybrid systems is the
ability to function in fully electric mode during low-load condi-
tions. This feature is especially advantageous during approach,

berthing, or slow-speed inland navigation, where zero-emission
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Table 3: Summarizes key performance parameters of select hybrid vessels

Battery Capacity | Emission Reduction | Fuel Savings (li- Operational
Vessel Notable Feat
esse (MWh) (COy/year) ters/year) Range (nm) otable Treature
MF A Nor-
r;paeyr)e (Nor 1.0 ~ 2,700 tons ~ 1 million liters ~ 10 10-min full recharge time
E-Ferry Ellen (Den- 43 2,000 tons o ” World's 10ngest-range all-
mark) electric ferry
World's 1 t i
Havila Kystruten 6.1 ~ 3,000 tons — — orld’s fargest marife
battery system
. . Plug-in hybrid with full-
~ 339 _
Color Hybrid 5.0 33% per trip 12 electric harbor ops
Damen RSD Intelligent hybrid
1.0 ~ 400 t ~209 —
Tug 2513 ons % thrust/load control
- + _
SeaChange (USA) - Zero (Hydrogen - 300-350 Hydrogen. fuel ce'll bat
based) tery integration
First H2-hybrid pushboat
Elektra Pushboat | 2.5 + Hz Fuel Cells | Zero (Inland Ops) — ~400 s g yord pusibod
in Europe
liant with E
GG5G Ro-Ro Compliant with EU Dual-fuel (LNG + MGO),
5.0 port emission stand- — — .
(Italy) ards solar assist

operation contributes to improved air quality and compliance
with regional port and emission control regulations. In contrast,
high-load conditions encountered during offshore operations ne-
cessitate the use of internal combustion engines to maintain
power continuity. Under such circumstances, the electric subsys-
tem continues to play a supportive role by assisting during load
transients, balancing propulsion demand, and reducing specific
fuel consumption.

Moreover, electric operation reduces mechanical vibration and
underwater-radiated noise, leading to enhanced passenger com-
fort and minimized acoustic disturbance—an increasingly im-
portant consideration in marine ecosystems sensitive to anthro-
pogenic noise [9]. From an energy management perspective,
onboard battery systems serve a dual role: they provide auxiliary
power during peak loads and enable energy recuperation when
internal combustion engines are in operation. During cruising, for
instance, excess mechanical energy from the engines can be di-
verted to recharge battery banks, enhancing energy cycle effi-
ciency and extending zero-emission operational capacity [1].

The environmental advantages of hybrid propulsion systems
extend beyond carbon dioxide (CO:) mitigation. Substantial re-
ductions in nitrogen oxides (NOy), sulfur oxides (SOx), and par-
ticulate matter have also been documented, making hybrid tech-
nology a pivotal enabler of the maritime industry’s broader tran-
sition toward climate-resilient and sustainable practices [21].

The operational success and efficiency of hybrid propulsion

systems are governed by three interdependent technical factors:
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1. Adaptive and Predictive Energy Management Algorithms

Intelligent control systems dynamically allocate energy flows
between combustion engines and electric drives based on real-
time operational data and predictive load profiles.

2. Battery Capacity Optimization

Accurate sizing and configuration of battery units ensure that
vessel-specific energy demands are met under various operating
conditions, avoiding over-dimensioning while ensuring func-
tional reliability.

3. Scenario-Based Energy Flow Coordination

Efficient switching and blending of propulsion modes—series,
parallel, or combined—is achieved through control strategies
that respond to navigational context and power demand patterns
[16].

Collectively, these elements enable hybrid propulsion systems
to deliver not only enhanced environmental performance but also
increased operational flexibility, reduced lifecycle costs, and im-
proved regulatory compliance—reinforcing their strategic value
in the decarbonization of maritime transport.

Table 3 summarizes the key performance parameters of se-
lected hybrid vessels. These vessels utilize varying battery capac-
ities and alternative fuel technologies to achieve significant re-
ductions in CO: emissions and fuel consumption. For example,
the MF Ampere, with a 1 MWh battery capacity, reduces approx-
imately 2,700 tons of CO: annually, while the E-Ferry Ellen
stands out as the world's longest-range all-electric ferry. Addi-

tionally, vessels like SeaChange and Elektra employ hydrogen
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C0O: Emission Reduction by Vessel Type
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Figure 2: CO: emission reduction by vessel type

fuel cells to operate with zero emissions, minimizing environ-
mental impact. These hybrid technologies offer diverse ap-
proaches to enhance environmental sustainability and opera-
tional efficiency in maritime transport.

The bar chart in Figure 2 illustrates the annual CO: emission
reductions achieved by selected hybrid or fully electric vessels,
measured in tons per year. The data highlights substantial varia-
bility in environmental performance across different vessel types,
reflecting differences in design, operational profile, and energy
source integration.

Among the vessels analyzed, Havila Kystruten demonstrates
the highest annual CO: reduction, reaching approximately 3000
tons/year, followed closely by MF Ampere (~2700 tons/year) and
Color Hybrid (~2600 tons/year). These vessels represent ad-
vanced implementations of hybrid propulsion systems and are
typically employed in routes or operations with high energy demands,
where the transition to electric or hybrid power results in signif-
icant emissions savings.

Conversely, vessels such as Elektra and SeaChange show neg-
ligible or zero reported CO- reductions in this dataset. This may
be due to either the recent commissioning of these vessels (lim-
ited operational data), smaller operational scopes, or inherently
low baseline emissions.

Damen RSD Tug, a hybrid tugboat, contributes modestly with

an estimated 400 tons/year of CO: reduction, which, while lower
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in absolute terms, is still notable considering the typical scale and
usage profile of such support vessels.

Overall, the data underscores the environmental benefits of hy-
brid and electric vessel technologies, particularly for high-traffic
routes or large-scale vessels, and supports the continued invest-
ment in sustainable maritime transport solutions. The variation in
performance also emphasizes the importance of matching hybrid
technologies to appropriate vessel types and operational scenar-

108 to maximize emissions reductions.

3.2. System Components

Hybrid propulsion systems in maritime applications consist of
a series of integrated subsystems, each fulfilling specific func-
tional roles that collectively contribute to the overall performance,
efficiency, and environmental sustainability of the vessel. The
principal components of these systems are described as follows:

Diesel Generators: Diesel generators act as the primary
onboard energy source, particularly under high-load operational
conditions such as cruising or offshore transit. They are also uti-
lized to recharge battery systems during periods of low electrical
demand. Despite their high energy density and operational relia-
bility, diesel generators are typically operated under controlled
regimes due to their associated greenhouse gas and pollutant
emissions. Their integration into hybrid systems allows for stra-
tegic use only when necessary, thereby minimizing their environ-

mental impact.
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Battery Energy Storage Systems (BESS): Most hybrid vessels
incorporate lithium-ion (Li-ion) battery technology due to its su-
perior energy density, long cycle life, and rapid charge-discharge
capabilities. Battery systems are critical for facilitating zero-
emission operation in emission control areas (ECAs), providing
supplemental power during peak load demands, and enabling en-
ergy recuperation during generator operation. Appropriately
sized battery systems also contribute to fuel savings and load lev-
eling, ensuring efficient energy utilization across varying opera-
tional scenarios.

Electric Propulsion Motors: Serving as the primary means of
propulsion in electric mode, these motors are valued for their
high torque output, silent operation, and low maintenance re-
quirements. Their integration significantly reduces mechanical
complexity and operational noise, which is particularly benefi-
cial in sensitive marine environments and for enhancing passen-
ger comfort. In addition, the immediate responsiveness of elec-
tric motors supports improved maneuverability in confined or
congested waterways.

Power Management System (PMS): The PMS governs the
real-time distribution and coordination of energy among the dif-
ferent subsystems. Using advanced sensor arrays and adaptive
control algorithms, the PMS dynamically adjusts power flows
based on vessel operating conditions, energy availability, and
predictive load profiles. By optimizing the interaction between
diesel generators, batteries, and electric motors, the PMS mini-
mizes fuel consumption, reduces emissions, and improves over-
all system responsiveness. It serves as the central decision-mak-
ing unit that ensures seamless integration and intelligent energy
allocation within the hybrid architecture.

The seamless integration and coordinated operation of these
components are crucial in determining the performance of hybrid
systems. During the integration phase, precise engineering—
both in software and in hardware—is essential to ensure optimal
system performance.

Figure 3 illustrates the fundamental energy flow architecture
of a hybrid propulsion system. The diagram depicts the interac-
tion between the diesel generator, battery energy storage, power
management system (PMS), and the electric motor that drives the
propeller. The diesel generator supplies power through the PMS,
which dynamically allocates energy either directly to the electric
motor or for charging the battery. The battery, in turn, can dis-
charge to support the electric motor during propulsion, enabling

zero-emission operation when required. This configuration
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Figure 3: Core components of a hybrid propulsion system

Table 4: Main components of the hybrid system

Component Function Example Features

] High power gen-|High efficiency, contin-
Diesel Generator

eration uous operation

Li-ion technology, fast
Energy storage . .
Battery System charging, high energy
and load support

density

Energy flow |Real-time optimization,

Power Management

monitoring and
System (PMS)

adaptive algorithms,

control sensors

) Vessel propul- |High torque, quiet oper-
Electric Motor ] ) )
sion ation, low maintenance

demonstrates the coordinated control and bidirectional energy
flow essential for efficient hybrid marine propulsion.

The performance and operational reliability of hybrid propul-
sion systems are highly dependent on the effective integration
and control of these components. Engineering precision during
both the hardware configuration and software calibration phases
is essential to ensure seamless functionality, energy efficiency,

and compliance with environmental regulations.

3.3 Operating Modes of Hybrid Propulsion Systems

Hybrid propulsion systems are designed to offer versatile op-
erational flexibility by enabling multiple drive modes that can be
dynamically selected based on mission-specific requirements
such as energy efficiency, emission targets, fuel economy, and
vessel performance. The four principal operating modes are de-
scribed as follows:

1. Full Electric Mode: In this configuration, the vessel operates
exclusively on battery-stored electrical energy, with the electric
propulsion motors driving the vessel. This mode is particularly
advantageous for low-speed operations, harbor maneuvers, or
when operating within Emission Control Areas (ECAs), as it en-
ables completely zero-emission performance and minimizes
acoustic and environmental disturbance.

2. Full Diesel Mode: This mode utilizes the diesel generator or
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Figure 4: Hybrid system operating modes

main diesel engine as the sole propulsion power source. It is typ-
ically engaged during high-speed transit or long-distance off-
shore operations where continuous high power output is required.
While this mode offers operational endurance and performance,
it also results in elevated levels of greenhouse gas and pollutant
emissions compared to hybrid or electric alternatives.

3. Parallel Hybrid Mode: In the parallel configuration, both the
diesel engine and electric motor are mechanically connected to
the propulsion shaft, allowing them to operate simultaneously or
independently based on load demands. This mode supports dy-
namic power sharing: the diesel engine handles high-load scenar-
ios, while the electric motor contributes during low-speed or low-
load conditions. This coordinated operation improves fuel econ-
omy, enhances overall propulsion efficiency, and reduces engine
wear.

4. Series Hybrid Mode: In this setup, the diesel generator is
decoupled from the propulsion shaft and is dedicated solely to
generating electrical energy. Propulsion is provided exclusively
by electric motors powered either directly by the generator or via
batteries. The series hybrid mode is particularly effective for op-
erations with frequent load fluctuations, low to medium speed
requirements, and scenarios where emission reduction is a prior-
ity.

This figure presents a schematic illustration of the energy flow
within the hybrid system across different operating modes and
their impact on operational requirements. The visual highlights
the interaction between energy sources and propulsion elements,
effectively illustrating the advantages of each mode in terms of

performance and efficiency.

3.4. Carbon Emission Reduction and Alternative Fuels
In response to global decarbonization targets, the maritime in-
dustry is increasingly shifting its focus toward the adoption of

low-emission and zero-emission alternative fuels. Among the
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most prominent candidates are liquefied natural gas (LNG), bio-
fuels, and hydrogen, each offering distinct advantages and tech-
nical challenges.

Liquefied Natural Gas (LNG) has emerged as a widely Lique-
fied Natural Gas (LNG) has become a commonly used transi-
tional marine fuel due to its lower carbon content relative to tra-
ditional fuels like heavy fuel oil (HFO) and marine diesel oil
(MDO). Its use can contribute to notable reductions in carbon di-
oxide (CO2) emissions—typically in the range of 20 to 25 percent
depending on operating conditions. In addition, LNG combustion
produces significantly less sulfur oxides (SOy) and nitrogen ox-
ides (NOy), helping ships meet the requirements of IMO MAR-
POL Annex VI and improving air quality in ports and emission
control areas.

Biofuels, including biodiesel, bioethanol, and biomethanol,
represent renewable alternatives with the potential to achieve
meaningful lifecycle emission reductions. Zhang et al. [49] re-
ported that biodiesel usage in marine engines can reduce CO:
emissions by approximately 10%, depending on feedstock type
and blending ratios. Biofuels also benefit from compatibility with
existing internal combustion engine infrastructure, requiring
minimal retrofitting. However, their large-scale adoption is cur-
rently constrained by issues related to feedstock availability, land
use competition, production scalability, and economic viability.
Ongoing research is directed toward developing advanced biofu-
els from waste-based or non-food biomass sources, which may
overcome these limitations and further improve sustainability
metrics.

Hydrogen, particularly when produced via electrolysis using
renewable energy (green hydrogen), presents a long-term zero-
emission solution for maritime propulsion. While still in early
stages of deployment, hydrogen can be utilized in fuel cells or
internal combustion engines, offering the advantage of water va-
por as the primary emission. However, technical challenges re-
lated to hydrogen storage, energy density, safety, and infrastruc-
ture development remain significant barriers to widespread mar-

itime integration.

Table 5: Comparative CO: emission reduction potential of se-

lected alternative marine fuels

Fuel Type CO: Reduction (%)
LNG 25
Biofuels 10
Hydrogen 100
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Figure 5: CO: emission reduction potential by fuel type (%)

In summary, alternative fuels constitute a critical pathway for
reducing greenhouse gas emissions in maritime operations. The
selection and optimization of fuel types must be aligned with ves-
sel type, voyage profile, and regional regulatory requirements to
maximize both environmental and operational benefits.

Table S summarizes the operational CO: emission reduction
potentials of three key alternative marine fuels. Liquefied Natural
Gas (LNG) offers a moderate reduction of approximately 25%,
primarily due to its lower carbon content relative to conventional
marine fuels. Biofuels, such as biodiesel, provide a 10% reduc-
tion depending on feedstock and blending ratios, offering com-
patibility with existing engine systems. Green hydrogen exhibits
the highest potential—up to 100%—assuming renewable pro-
duction pathways and zero-emission operation, making it a long-
term decarbonization solution for the maritime sector.

Figure 5 presents a comparative assessment of the CO2 emis-
sion reduction potential of selected alternative marine fuels. LNG
offers a moderate reduction of approximately 25%, primarily due
to its lower carbon content and clean combustion characteristics.
While not a zero-emission fuel, LNG plays a significant role as
an interim solution for near-term emission reductions. Biofuels
yield a more modest reduction (~10%), yet their renewable origin
and engine compatibility render them a practical transition option,
especially for retrofitting existing fleets. Green hydrogen stands
out with its potential for 100% operational CO: elimination, as-
suming that it is produced from renewable electricity sources and
that full lifecycle emissions are accounted for. However, its real-
ization at scale will require substantial advancements in produc-
tion,

This table and chart collectively highlight the comparative de-
carbonization impact of major alternative marine fuels. For ship-
owners, policymakers, and designers, such visual tools aid in se-
lecting and optimizing fuel options based on vessel type, voyage
profile, and regional regulatory frameworks, ultimately guiding

toward a more sustainable maritime sector.
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Table 6: Comparative summary of alternative marine fuels

Fuel CO: Re- Current
Type duction Advantages Challenges | Deploy-
» (%) ment

- Meth: li
- Lower COz, SO, | ane Siip
and NOy emissions coneerns
Compliant with | Not zero- | Commer-
LNG | 20-25% DAt WIT e mission in the|cial transi-
IMO regulations .
. long term | tional fuel
- Widely used as a
I - Large storage
transitional fuel
volume needed|
- Limited feed-|
- Renewable stock availa-
source bility ..
. . Limited
Biofu-| ~10% |- Compatible with| - Competes 1mie
. . . . . | commer-
els (bio- | existing engines |with food/agri-| .
. cial use
diesel) | - Enables gradual culture
transition - High produc-
tion cost
- Complex
- Zero-emission | storage and
Hy- potential (water handling Early-stage
Upto | vapor as byprod- |- Infrastructure| .
dro- pilot pro-
100% uct) gaps .
gen jects
- Long-term decar-| - Low energy
bonization solution| density and
safety risks

3.5 Carbon Footprint and Environmental Impact Analyses

In the maritime sector, carbon footprint assessment methodol-
ogies are designed to quantify environmental impacts with
greater precision by utilizing detailed energy consumption and
emission datasets. According to Carpentieri et al. [6], incorporat-
ing environmental impact evaluations into the ship design pro-
cess is essential for formulating effective emission reduction

strategies and guiding sustainable design decisions.

Carbon Footprint Calculation Methods

1) Fuel Consumption-Based Emission Estimation Method:
This method quantifies carbon dioxide (CO:) emissions by mul-
tiplying the amount of fuel consumed with the corresponding
emission factor, which is specific to the type of fuel used. It is
widely regarded as the most commonly employed approach in
maritime emission assessments.

CO: Emission (kg) =
sion Factor (kg CO>/ton fuel)

Fuel Consumption (ton) * Emis-

lustrative Example: Consider a container ship operating at
full load conditions, with an average daily consumption of 50
tons of Heavy Fuel Oil (HFO). The ship continuously burns this
fuel over a 24-hour navigation period. Based on established lit-
erature values, the emission factor for HFO is 3,114 kg CO: per

ton of fuel.
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a) To determine the daily CO: emissions in kilograms:
CO, Emission = 50 tons X 3,114 kg CO, /ton

= 155,700 kg CO,
b) Converting the result into metric tons:

155,700 kg
1,000

This calculation underscores the significant carbon footprint

CO, Emission = = 155.7 tons CO,

associated with high-consumption marine operations and high-
lights the importance of emission factor selection in evaluating
environmental impact.

2) Energy Efficiency Indicators (EEDI and EEOI)

Developed by the International Maritime Organization (IMO),
these indicators assess the energy efficiency of ships in both the
design and operational stages.

» EEDI (Energy Efficiency Design Index): Measures the car-

bon performance of new ship designs.

* EEOI (Energy Efficiency Operational Indicator): Repre-

sents the operational emission intensity.

EEOI Formula:
_ > CO, Emissions (ton)
"~ ¥ Cargo Transported (ton) X Distance (nautical miles)

Example: A bulk carrier ship has the following operational
data:
» The ship carried a total of 20,000 tons of cargo on a single
voyage.
* The total distance traveled during the voyage was 5,000
nautical miles.
* The total amount of carbon dioxide (CO:) emitted into the
atmosphere during the voyage was measured as 2,000 tons.
a) What is the Energy Efficiency Operational Indicator (EEOI)
for this voyage?
b) What is the result in terms of CO: per ton-mil, and what
does it imply?

c) Is this value considered low or high?

Answer:

a) Cargo-Distance product (tons-miles): 20,000 tons x

5,000 miles = 100,000,000 tons-miles
EEOI Calculation: EEOI = (2000

tons-miles) = 0.00002 CO2/ton-miles

tons)/(100,000,000

b) This unit represents the environmental impact of transport-
ing 1 ton of cargo for 1 nautical mile.

0.00002 tons CO2 = 20 grams CO2 Thus, the ship emits ap-
proximately 20 grams of CO: into the atmosphere for every ton

of cargo it transports for one nautical mile.

c) The generally accepted range for low EEOI values is be-
tween 0.00001 and 0.00005 tons CO-/ton-miles.

The value of 0.00002 indicates excellent energy efficiency and
a low carbon footprint.

This value suggests that the ship emits approximately 20
grams of CO: for each ton of cargo transported for one nautical
mile. In the literature, an EEOI in the range of 0.00001-0.00005
tons COx/ton-mile is considered good, indicating high opera-
tional efficiency and low environmental impact.

3) Life Cycle Inventory (LCI)

Typical inputs and outputs in the maritime industry:

Inputs:
*  Shipbuilding materials such as steel, aluminum, and
composites
*  Fuels such as marine diesel oil, LNG, hydrogen
»  Electricity, water, paint, spare parts

*  Labor, maintenance equipment

*  Carbon dioxide (COz), nitrogen oxides (NO,), sulfur
oxides (SOx)
»  Ballast water, bilge water, waste oils
*  Solid waste, scrap metal, paint waste
Example: What are the representative numerical inputs and
outputs characterizing each phase of a vessel’s life cycle—
namely construction, operation, and dismantling—within the
framework of Life Cycle Inventory (LCI) analysis in maritime
applications?
Answer:
1. Shipbuilding Phase (Construction Phase)
Duration: 1-2 years
Inputs — Material Consumption:
Steel: ~20,000 tons
Aluminum: ~100 tons
Composites and plastics: ~200 tons
Paint: ~50 tons
Electricity consumption (shipyard): ~1,000 MWh
Water consumption: ~10,000 m?
Labor: ~300,000 man-hours
Outputs — Emissions and Waste:
CO- emissions: ~12,000 tons
Solid waste (construction residues): ~500 tons
Paint and solvent waste: ~10 tons
2. Operational Phase
Duration: 25-30 years
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Inputs — Fuel and Resource Consumption (annually):
Marine diesel oil (MDO): ~10,000 tons/year

Alternative fuel (e.g., LNG): ~6,000 tons/year (if applicable)
Electricity (for port operations): ~200 MWh/year
Freshwater: ~5,000 m3/year

Spare parts/materials: ~50 tons/year

Outputs — Emissions and Waste (annually):

COz: ~31,000 tons/year

NOy: ~600 tons/year

SOy: ~200 tons/year (depending on fuel type)

Ballast water: ~100,000 m*/year

Bilge water: ~2,000 m*/year

Solid waste (food, plastic, domestic): ~150 tons/year
Waste oils: ~100 tons/year

3. Ship Dismantling Phase (End-of-Life/Disposal Phase)
Duration: 6—12 months

Outputs — Recovery and Waste:

Recovered steel: ~18,000 tons (~90%)

Hazardous waste (asbestos, paint, oil): ~300 tons
Electronic waste: ~20 tons

CO:2 emissions (from dismantling operations): ~2,000 tons

These values may vary significantly depending on the vessel
type, size, operational profile, fuel type, and onboard technolo-
gies. However, this example provides a representative overview
of how LCI can be quantified across the life cycle of a ship.

4) Life Cycle Impact Assessment (LCIA)

In the maritime industry, Life Cycle Impact Assessment (LCIA)
is a phase that quantitatively evaluates the potential environmen-
tal impacts of a ship or maritime activity throughout its life cycle.
This assessment encompasses all stages, from raw material ex-
traction, production, operation, maintenance, and final disposal.
LCIA uses life cycle inventory data to produce results in various
environmental impact categories, such as global warming, acidi-
fication, ozone depletion, and marine pollution. The goal is to
scientifically analyze the environmental sustainability of mari-
time technologies and operations, identifying alternatives that
cause the least environmental harm.

Example: A modern eco-friendly passenger ship consumes an
average of 30 tons of liquefied natural gas (LNG) per day. LNG
has a lower environmental impact, and according to literature, the
CO: emission factor for LNG is 2,750 kg CO: per ton of LNG.

Given:

*  Daily LNG consumption: 30 tons
*  LNG emission factor: 2,750 kg CO/ton LNG
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Table 8: Comparison of Average EEOI Values by Ship Type

. Average EEOI

Ship Type (ton COz% ton-miles)
Container Ship 0.000030
Bulk Carrier 0.000025
Tanker 0.000020
RoRo(Vehicle Carrier) 0.000035
Passenger Ship 0.000060
Example Ship 0.000020

a) How much CO: is emitted by the ship in one day of opera-
tion?

b) What is the result when expressed in tons of CO2/day?

¢) If the same amount of HFO had been used, approximately
how much CO: would have been emitted?

Solution:

a) CO: Emission (in kg): 30tons x 2,750kg COo/ton =
82,500 kg CO2

b) Converting to tons: 82,500 kg + 1,000 = 82.5 tons CO2

¢) (Comparison with HFO): HFO emission factor: 3,114 kg
COx/ton

30 tons x 3,114 = 93,420 kg CO2 = 93.42 tons CO2

Result:

. With LNG: 82.5 tons COz/day (CO2 = 30 tons x 2,750
kg COq/ton = 82,500 kg CO: = 82.5 tons CO2/day)

. With HFO: 93.42 tons CO-/day

. Difference: 93.42 - 82.5 = 10.92 tons less CO: emis-
sion

LNG usage results in approximately 11.7% lower CO: emis-

sions per day.

From this comparison, it can be seen that:

» Passenger ships have the highest carbon footprint due to a
large number of passengers and high energy consumption.

» Container ships have high engine power, which increases
the EEOL

» Bulk carriers and tankers are generally more efficient.

» The example ship is as efficient as tankers and bulk carriers,

making it suitable for eco-friendly operations.

3.6 Innovative Technologies: Solar and Wind-Assisted
Systems

Innovative technologies play a crucial role in reducing the en-
vironmental impact of the maritime industry. In recent years, pro-
pulsion systems powered by solar and wind energy have shown

remarkable developments, particularly in terms of energy effi-
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ciency. Solar panels offer an effective solution by meeting a sig-
nificant portion of a vessel’s electrical energy needs, thereby re-
ducing overall energy consumption. A study conducted in Japan
in 2021 reported that a cargo ship equipped with solar panels was
able to meet 40% of its electricity demand from solar energy, re-
sulting in a 15% reduction in fuel consumption [26].

Wind-assisted propulsion systems reduce fuel consumption by
harnessing natural wind energy while the vessel is underway. A
study conducted in 2020 demonstrated that such systems could
reduce fuel consumption by up to 20%, particularly on long-dis-
tance voyages [25]. These innovative energy support systems
have emerged as a key strategy for minimizing fossil fuel use and
reducing the environmental footprint of maritime operations.

In this context, various innovative ship projects supported by
renewable sources such as solar and wind energy have been de-
veloped. Some notable examples are presented below:

1) MS Turanor Planet Solar (Switzerland)

This is the world’s first catamaran-type vessel powered solely
by solar energy. It embarked on its maiden voyage in 2010 and
completed a full circumnavigation of the globe in 2012 using
only solar power. The ship features a solar panel area of 512 m?
and a battery capacity of 1.3 MWh. Its average daily energy pro-
duction is 250 kWh, and it produces zero CO: emissions [44]

2) Energy Observer (France)

This hybrid vessel utilizes a combination of solar, wind, and
hydrogen energy. Launched in 2017, it is equipped with 202 m?
of solar panels, two vertical-axis wind turbines, and an onboard
hydrogen production system that performs electrolysis using sea-
water. With a hydrogen storage capacity of approximately 63 kg,
the ship can generate 300-400 kWh of energy per day and

achieves an annual CO: savings of approximately 33 tons [43].

3) Shofu Maru (Japan — MOL Shipping)

This concept cruise ship is designed to operate using LNG, so-
lar, and wind energy. It features a solar panel area of 6,000 m?
and is equipped with 10 small wind turbines. The primary goal
of the vessel is to reduce carbon emissions by 40%. The target
annual CO: reduction is approximately 12,000 tons, and 20% of
the ship's total energy needs are expected to be met through re-

newable sources [35].

4) Peace Boat — Ecoship (Japan — Concept Vessel)
This concept cruise ship is designed to operate using LNG, so-

lar, and wind energy. It features a solar panel area of 6,000 m?
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Table 9: Comparative Summary

Vessel Energy | Solar Panel [Wind As-| Annual CO:
Name Source Area (m?) | sistance | Reduction
Planet Solar Solar 512 None ~50 tons
Solar +
Energy Ob- |y indrhy-| 202 Yes | ~33tons
server
drogen
A Do
Shofu Maru Wind + Die None Yes (.5 > ~4,000 tons
sel m sail)
Ecoshi Solar +
(Conce pt) Wind + 6,000 Yes [~12,000 tons
P LNG

and is equipped with 10 small wind turbines. The primary goal
of the vessel is to reduce carbon emissions by 40%. The target
annual CO: reduction is approximately 12,000 tons, and 20% of
the ship's total energy needs are expected to be met through re-
newable sources.

These types of vessels are of strategic importance in light of
the International Maritime Organization's (IMO) goal to reduce
carbon emissions by 50% by the year 2050. Renewable energy
systems such as solar and wind not only contribute to environ-
mental sustainability but also play a significant role in reducing

operational fuel costs.

4. Hybrid Vessel Applications and Operational

Principles
Hybrid propulsion systems, combining multiple power sources
such as diesel engines, batteries, fuel cells, or renewable sources,
have gained prominence across different vessel types. These sys-
tems are optimized based on vessel operational profiles, offering
substantial gains in energy efficiency, emissions reduction, and

economic performance.

4.1 Passenger Ferries

Short-route ferries with frequent port calls are highly suitable
for full-electric or hybrid propulsion due to their predictable
schedules and relatively low energy demand. A prominent exam-
ple is the MF Ampere in Norway, which has already been dis-

cussed in detail in the previous sections.

4.2 Tugboats

Tugboats require rapid torque response during maneuvers. Hy-
brid propulsion systems, particularly parallel configurations, en-
able operation at optimal engine loads while batteries handle load
fluctuations. A representative example of such implementation is

the RSD Tug 2513 by Damen, previously discussed in detail.
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4.3 Yachts and Luxury Cruise Ships

Yachts and luxury cruise vessels are inherently designed to pri-
oritize passenger comfort, acoustic quietness, and low structural
vibration. As previously examined, the integration of hybrid pro-
pulsion systems within this vessel category has proven effective
in achieving these objectives, offering substantial improvements
in fuel efficiency and onboard environmental quality, thereby en-

hancing both operational performance and user satisfaction.

4.4. Offshore Service Vessels

Offshore service vessels, which frequently operate under low-
load or standby conditions for prolonged durations, present a
compelling case for hybrid propulsion integration. The applica-
tion of such systems mitigates the inefficiencies associated with
conventional diesel engines during idle operations. Empirical as-
sessments indicate that transitioning to electric-only operation
during standby phases yields operational cost reductions in the
range of 15-20%, while simultaneously decreasing emission lev-
els and enhancing overall engine performance through more ef-
fective load management.

The adoption of hybrid propulsion technologies in the mari-
time sector has accelerated in response to increasing environmen-
tal regulations and the pursuit of operational efficiency. Tailored
to the specific energy and performance requirements of different
vessel types, hybrid systems offer optimized solutions across a
wide operational spectrum. For example, ferries on short, repeti-
tive routes leverage full-electric modes to minimize emissions in
port areas; tugboats benefit from high torque flexibility through
parallel hybrid configurations; and luxury vessels utilize hybrid
modes to enhance onboard comfort and reduce noise. Offshore
service vessels, characterized by extended periods of idling,
achieve significant fuel savings and emission reductions via elec-
tric-only operation. Collectively, these applications support com-
pliance with international decarbonization goals—such as those
set by the IMO—while simultaneously improving fuel efficiency,
reducing environmental impact, and enhancing vessel perfor-

mance.

5. Environmental and Economic Analysis

This section presents a comparative evaluation of the environ-
mental and economic performance of hybrid marine propulsion
systems relative to conventional diesel-based configurations. The
increasing integration of hybrid technologies within the mari-

time sector reflects a strategic response to the dual objectives of
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minimizing environmental impact and improving operational ef-
ficiency. Empirical studies and scientific assessments consist-
ently highlight the superior performance of hybrid propulsion in
terms of energy utilization, emission mitigation, and lifecycle
cost reduction, thereby underscoring their potential as a sustain-

able alternative to traditional propulsion systems.

5.1. Energy and Emissions Comparison

Numerous scientific studies indicate that hybrid propulsion
systems can achieve fuel savings in the range of 15% to 25%
compared to conventional diesel engines, depending on the ves-
sel’s operational profile and specific operating conditions. These
systems demonstrate particular efficiency during low-speed op-
erations—such as harbor maneuvers—where battery-powered
propulsion eliminates the need for continuous diesel engine use.
This operational flexibility enhances overall energy efficiency
while reducing fuel consumption. Additionally, hybrid systems
have been shown to lower CO: emissions by approximately 20%
to 30%, primarily through decreased reliance on fossil fuels.
Such reductions underscore the environmental advantages of hy-
brid propulsion technologies and their alignment with global de-
carbonization objectives.

This figure visually illustrates the improvements in fuel effi-
ciency and emission reduction provided by hybrid systems over
traditional diesel propulsion. The more efficient energy usage of
hybrid systems offers an effective solution for reducing the mar-
itime sector's carbon footprint. Additionally, the lower emissions
associated with hybrid systems contribute to improved air quality
by reducing local air pollution. In this context, the role of hybrid
technologies in the maritime industry is critical not only for com-

bating global warming but also for enhancing urban air quality.
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5.2. Operational and Investment Costs

Operational Costs: Although hybrid marine propulsion sys-
tems entail higher initial capital expenditures, they offer consid-
erable long-term operational savings. One of the most prominent
advantages of hybrid systems lies in their reduced fuel consump-
tion, particularly during low-speed operations such as port ma-
neuvers, where battery-assisted propulsion minimizes or elimi-
nates the reliance on diesel engines. Empirical analyses indicate
that hybrid configurations can lead to annual fuel cost reductions
of up to 20%. In addition to fuel efficiency, hybrid systems con-
tribute to lower maintenance costs by optimizing energy use and
reducing mechanical wear. Components such as batteries and
power electronics require less frequent servicing compared to
conventional machinery, resulting in decreased overall mainte-
nance expenditures.

Investment Costs: The upfront investment required for hybrid
propulsion systems is generally higher than that of conventional
diesel-based systems, largely due to the cost of advanced battery
technologies and energy storage infrastructure. However, this in-
itial financial burden can be justified by the long-term economic
and environmental returns. Hybrid systems not only lower oper-
ational expenses and improve energy efficiency but also facilitate
compliance with increasingly stringent environmental regula-
tions, including international CO- emission standards. This com-
pliance yields strategic advantages in markets with rigorous sus-
tainability criteria. Furthermore, government subsidies, tax in-
centives, and carbon credit mechanisms may significantly offset
the initial investment, thereby encouraging broader adoption of
hybrid technologies among ship owners.

The comparative analysis clearly indicates that hybrid marine
propulsion systems confer substantial environmental and eco-
nomic benefits over conventional configurations. These systems

enable more efficient energy utilization, particularly in low-

Table 10: Economic Comparison between Conventional and Hy-

brid Systems
. Conventional .
Criterion Hybrid System
System
Fuel C - . .
ue .0 rsump High 15-25% Savings
tion
CO: Emissions High 20-30% Lower
Noise Level High Low
A 1 -
nflua Operat High Medium — Low
ing Costs
Initial Investment Low High (Battery,
Cost Technology Cost)

speed operational scenarios, where battery-assisted propulsion
minimizes fuel consumption and associated emissions. Despite
their relatively high initial capital costs, hybrid systems demon-
strate economic viability over the vessel’s lifecycle through sig-
nificantly reduced operational and maintenance expenditures.
The growing integration of hybrid propulsion technologies
within the maritime industry represents a critical advancement
toward achieving global environmental sustainability targets.
Moreover, ongoing technological developments and anticipated
reductions in battery and energy storage costs are expected to en-
hance the competitiveness of hybrid systems, facilitating their
wider adoption across various vessel classes and market seg-

ments.

6. Future Trends and Technological Directions
6.1. Alternative Fuel-Supported Hybrid Propulsion Sys-
tems

In recent years, the development of alternative fuel-supported
hybrid systems has gained significant importance in the maritime
sector in order to ensure environmental sustainability. These sys-
tems aim to minimize greenhouse gas emissions by reducing the

use of fossil fuels.

Table 11: Cost Comparison Table (For a Medium-Sized Vessel — Estimated Annual Values)

Cost Item Conventional Diesel System | Hybrid Propulsion System Explanation
Annual F“glogso)ns“mp“on 10,000 8,000 ~20% reduction in hybrid systems
Annual Fuel Cost ($) 7,000,000 5,600,000 Based on $700 per ton fuel price
Annual Mal(%t)e nance Cost 500,000 350,000 Reduced engine use results in less wear
Total Annual Operating 7,500,000 5,950,000 Fuel + maintenance
Cost ($)
Initial Investment Cost () 20,000,000 26,000,000 Batteries and energy storage systems in-
crease cost
Total 10-Year Cost () 95,000,000 85,500,000 Hybrid system is more cost-effective
long-term
~ 0, 1 -
CO: Emissions (tons/year) 31,000 24,800 20% reduction due to lower fucl con
sumption
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Figure 7: Cost and emission comparison of hybrid and conventional ship propulsion systems

Ammonia-Based Hybrid Systems: Ammonia, due to its car-
bon-free structure, has the potential for zero CO: emissions dur-
ing combustion. Laboratory-scale simulation studies show that
ammonia-based systems can achieve emission values 30% to 40%
lower than traditional diesel systems. However, safety risks, such
as toxicity levels and low ignition temperature, must be inte-
grated into the design process.

Hydrogen-Supported Systems: The combustion of hydrogen
only produces water vapor as a byproduct, providing environ-
mental advantages, especially in short-distance transportation
and port operations. Energy conversion analysis indicates that
hydrogen-supported hybrid systems have the potential to reduce
diesel consumption by up to 50%. Challenges, such as low en-
ergy density and storage safety, are being addressed through ad-
vanced tank technologies and active cooling systems.

LNG-Supported Hybrid Systems: Liquefied natural gas (LNG)
is emerging as a significant alternative fuel for long-range mari-
time transport due to its low sulfur and nitrogen oxide (NOx)
emissions. LNG-supported hybrid systems are designed to com-
ply with MARPOL Annex VI regulations and contribute to opti-
mizing Energy Efficiency Design Index (EEDI) values.

The graph presents in Figure 7 a refined comparison of the
cost and emission values of conventional and hybrid ship propul-
sion systems at various advance speeds. The graph is visually en-

hanced and suitable for academic and professional presentations.
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6.2. Autonomous Hybrid Ship Systems as a Future Trend

The integration of hybrid propulsion systems supported by al-
ternative fuels is expected to be a key component in the future of
sustainable maritime transportation. As Artificial Intelligence
(Al) and Machine Learning (ML) technologies continue to
evolve, these hybrid systems are being enhanced with intelligent
control architectures capable of real-time energy optimization,
predictive maintenance, and adaptive operational strategies.
When combined with alternative energy sources such as hydro-
gen, ammonia, methanol, or biofuels, hybrid propulsion systems
offer a dual advantage: significant reductions in greenhouse gas
emissions and improved fuel flexibility across varying voyage
profiles.

Preliminary pilot-scale evaluations suggest potential improve-
ments of up to 30% in energy efficiency and reductions in oper-
ational emissions, though broader validation under commercial
operating conditions is still required. These systems also enable
more precise power management through load sharing between
combustion-based and electric power units, maximizing energy
utilization under different load conditions. Furthermore, they
contribute to reducing human error and increasing system auton-
omy by leveraging Al-driven navigation and control systems.

In the long term, alternative fuel-supported hybrid systems are
poised to play a critical role in achieving the International Mari-

time Organization’s (IMO) decarbonization targets, while setting
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the foundation for the next generation of autonomous, eco-effi-

cient vessels.

6.3. Design Strategies Compliant with New Regulations

In response to the increasingly stringent environmental regu-
lations introduced by the International Maritime Organization
(IMO) following 2023, ship design methodologies are undergo-
ing a fundamental transformation. A central focus of this shift is
compliance with the revised Energy Efficiency Design Index
(EEDI) thresholds and the mandatory enhancement of the Ship
Energy Efficiency Management Plan (SEEMP). These regulatory
developments are catalyzing a new era in naval architecture,
characterized by the integration of sustainability-oriented design
strategies.

Key technological directions include the adoption of energy
recovery systems (e.g., waste heat recovery and regenerative
braking), the development of low-resistance hull forms opti-
mized through Computational Fluid Dynamics (CFD), and the
deployment of integrated digital energy management platforms
that facilitate real-time monitoring and control of fuel consump-
tion and emissions. These innovations aim to not only meet reg-
ulatory benchmarks but also improve the overall energy perfor-
mance and operational economics of vessels.

Moreover, future-ready design frameworks increasingly rely
on multi-objective optimization approaches, where parameters
such as fuel type adaptability, propulsion efficiency, and lifecycle
carbon footprint are co-optimized. As regulatory pressure contin-
ues to intensify in alignment with IMO’s decarbonization targets
(e.g., GHG Strategy 2050), these advanced design strategies are
expected to become foundational pillars in both commercial ship-

building and research-driven concept development.

6.4 Integration of Electric Charging Infrastructure at Ports:
A Research, Development, and Further Investigation Per-
spective

The accelerating shift toward electric propulsion systems in
maritime transport underscores the critical need for integrating
high-capacity charging infrastructure within port environments.
Initial pilot implementations have revealed that megawatt-scale
(MW-level) charging systems can reduce vessel battery charging
durations by up to 50%, thereby enhancing port turnaround effi-
ciency and supporting emission reduction strategies. Moreover,
these systems play a pivotal role in improving ambient air quality
by eliminating emissions from conventional auxiliary power

units during berthing operations.
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From a research and development perspective, significant ef-
forts are being directed toward the optimization of ship-to-shore
power exchange mechanisms. These include intelligent load
management strategies, real-time demand-response algorithms,
and compatibility with emerging smart grid technologies to en-
sure stability, scalability, and resilience of port energy systems.

Further investigation is essential to address current limitations
in charging standardization, interoperability across vessel types,
and the long-term impacts of high frequency fast charging on bat-
tery degradation. Additionally, comprehensive techno-economic
analyses and environmental impact assessments are required to
guide policy frameworks and investment strategies. Future re-
search should also explore the integration of renewable energy
sources and energy storage systems into port infrastructure to cre-
ate fully sustainable and self-regulating energy ecosystems capa-
ble of meeting the growing demands of electrified maritime op-

erations.

6.5 Battery Weight and Thermal Management Systems in
Ship Design: Engineering Challenges, Research and De-
velopment Priorities, and Future Directions

The integration of high-capacity battery systems into modern
ship designs presents a series of complex engineering challenges,
primarily related to the impact of battery mass on vessel stability
and overall performance. Strategic placement of battery modules
in alignment with the ship's center of gravity is essential to main-
taining dynamic stability, particularly under varying load condi-
tions. Advanced liquid-based thermal management systems are
equally critical, as they enable precise temperature control, miti-
gate thermal runaway risks, and enhance both safety and opera-
tional lifespan of battery systems.

Recent numerical simulations and parametric modeling stud-
ies indicate that such optimizations can improve energy recovery
efficiency by approximately 10% to 15%, contributing to overall
system effectiveness. From a research and development stand-
point, continued investigation into lightweight, high-energy-den-
sity battery chemistries and adaptive thermal management tech-
nologies remains a priority. Emerging techniques such as phase-
change materials, integrated cooling channels, and predictive
heat-load modeling represent promising avenues for future inno-
vation.

Case studies, coupled with comprehensive environmental and
techno-economic assessments, underscore the transformative po-

tential of hybrid propulsion technologies in maritime applica-
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tions. Scientifically validated findings confirm that hybrid sys-
tems can deliver substantial reductions in fuel consumption,
greenhouse gas emissions, and underwater radiated noise com-
pared to conventional diesel-based propulsion.

Despite high upfront capital expenditure, long-term opera-
tional cost savings and environmental benefits demonstrate the
economic viability and sustainability of these systems. Further
investigation is warranted in several domains, including the inte-
gration of next-generation alternative fuels (e.g., hydrogen, am-
monia), the deployment of autonomous energy management sys-
tems, and the advancement of port-side energy infrastructure.
Collectively, these research trajectories will accelerate the adop-
tion of hybrid maritime technologies and foster the transition to-

ward a decarbonized, intelligent, and resilient shipping industry.

6.6. Design Recommendations: Optimizing Battery Place-
ment and Cooling Systems in Marine Applications

The integration of battery systems into electric and hybrid pro-
pulsion vessels necessitates a multidisciplinary engineering ap-
proach to address structural integrity, thermal regulation, and op-
erational reliability. Proper placement of battery modules is not
merely a spatial consideration but a critical factor influencing
vessel stability, structural stress distribution, and safety under dy-
namic loading conditions. From a structural engineering perspec-
tive, battery integration must align with the vessel's load-bearing
framework and center of gravity to prevent adverse effects on
seakeeping performance and maneuverability.

Equally important is the implementation of advanced thermal

management systems capable of maintaining optimal operating

temperatures across a range of environmental and load conditions.

Liquid-cooled systems, phase-change technologies, and intelli-
gent thermal feedback controls are currently at the forefront of
research and development. These technologies not only enhance
battery performance and longevity but also mitigate thermal run-
away risks, thus contributing to onboard safety and regulatory
compliance.

Design recommendations emerging from recent experimental
and computational studies highlight the necessity of system-level
co-optimization—where battery placement, cooling efficiency,
and ship architecture are evaluated in a coupled framework. Fur-
ther investigation is warranted into adaptive thermal manage-
ment systems that respond in real time to varying operational de-
mands, as well as into novel materials and structural configura-
tions that support lightweight, compact battery housing.

Ongoing R&D efforts should also address standardization
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challenges, lifecycle assessment methodologies, and integration
with digital twin frameworks to enable predictive maintenance
and operational optimization. Such developments will be instru-
mental in advancing the scalability, safety, and sustainability of

next-generation electric and hybrid maritime propulsion systems.

7. Discussion: Hybrid Propulsion Systems in
Maritime Transport — Scientific Evidence,

R&D Priorities, and Future Directions

The studies evaluated in this research, supported by environ-
mental performance indicators and comprehensive economic
analyses, underscore the transformative potential of hybrid pro-
pulsion technologies within the maritime sector. Both empirical
data and theoretical investigations in the existing literature con-
firm the technical viability and economic feasibility of hybrid
propulsion systems, particularly in short- and medium-range
maritime operations [41][25]. These findings align with the
global agenda for maritime decarbonization and sustainable
transport.

Scientific assessments consistently indicate that hybrid pro-
pulsion systems offer fuel savings in the range of 15% to 30%
relative to conventional diesel-based propulsion, while simulta-
neously achieving significant reductions in greenhouse gas emis-
sions (CO:) and air pollutants such as nitrogen oxides (NO,) and
sulfur oxides (SOx). Moreover, the integration of energy recovery
mechanisms, intelligent load distribution algorithms, and bat-
tery-supported operational strategies significantly enhances
overall system efficiency—especially under conditions of port
maneuvering and low-speed navigation. Additionally, the reduc-
tion of underwater-radiated noise associated with hybrid systems
presents further benefits for marine ecosystems and occupational
safety onboard.

Despite these advantages, several structural and economic bar-
riers continue to hinder large-scale deployment. Chief among
these is the elevated capital expenditure required for system in-
stallation, including battery modules, thermal regulation infra-
structure, power electronics, and advanced energy management
software—often exceeding the cost of conventional systems by
25% to 40%. Nonetheless, life cycle cost (LCC) analyses demon-
strate that these investments yield favorable economic returns
within 5 to 8 years, with potential long-term operational savings
approaching 20%, thereby enhancing economic resilience and
sustainability [23].

From a research and development standpoint, future efforts
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must address the integration of hybrid systems with alternative
carbon-neutral fuels such as hydrogen, ammonia, and liquefied
natural gas (LNG). Furthermore, the role of artificial intelligence
and autonomous control systems in optimizing energy consump-
tion, load scheduling, and route planning requires in-depth inves-
tigation. Equally critical is the expansion and standardization of
shore-based charging infrastructure and cold ironing systems,
which are instrumental to the widespread operational viability of
hybrid vessels.

Further investigation is also warranted into material science
innovations for lightweight energy storage systems, modular pro-
pulsion architectures, and hybridization strategies tailored for
various vessel types. Moreover, policy development, fiscal in-
centives, and green financing models must be harmonized with
technological innovation to support adoption at scale.

In summary, hybrid propulsion technologies represent a scien-
tifically validated and economically viable solution for advanc-
ing maritime sustainability. However, their long-term success de-
pends on a synergistic approach encompassing advanced R&D,
policy innovation, port infrastructure modernization, and strate-
gic investment mechanisms aimed at facilitating a systemic tran-

sition to carbon-neutral maritime transport.

8. Conclusion

This study has the above graph presents a refined comparison
of the cost and emission values of conventional and hybrid ship
propulsion systems at various advance speeds. The graph is vis-
ually enhanced and suitable for academic and professional
presentations. Extensive literature analyses and validated case
studies, the research has demonstrated that hybrid propulsion
technologies offer compelling quantitative and qualitative ad-
vantages over conventional diesel-based systems, thereby posi-
tioning themselves as a cornerstone of next-generation maritime
operations.

The findings substantiate that hybrid systems can yield fuel
consumption reductions in the range of 20% to 40%, while mark-
edly decreasing critical emissions such as carbon dioxide (CO2),
nitrogen oxides (NOy), and other air pollutants. Moreover, their
capacity to significantly reduce acoustic noise levels contributes
positively to both marine ecosystems and occupational health, re-
inforcing the multidimensional sustainability of these systems. In
particular, battery-assisted electric propulsion configurations
emerge as optimal zero-emission solutions for short-distance
routes, whereas the integration of alternative fuels—such as LNG,

hydrogen, and ammonia—ensures environmental compliance
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and extended range capabilities for ocean-going vessels.

Emerging technological trends indicate that the integration of
autonomous energy management platforms, Al-driven route op-
timization tools, and high-efficiency thermal management sys-
tems will be pivotal in scaling up hybrid systems. Simultaneously,
the evolution of port infrastructure through electrification and the
standardization of shore power connections (e.g., cold ironing)
will serve as critical enablers for operational implementation.
Furthermore, international regulatory instruments—such as the
IMO’s Energy Efficiency Design Index (EEDI) and Ship Energy
Efficiency Management Plan (SEEMP)—are anticipated to ac-
celerate the mainstream adoption of hybrid propulsion architec-
tures across the global fleet.

The study further emphasizes that hybrid propulsion systems
transcend their role as fuel-saving mechanisms; rather, they rep-
resent advanced engineering solutions for integrated, digitalized,
and sustainable energy management in maritime environments.
Through thoughtful placement of battery modules, structural har-
monization within ship architecture, implementation of advanced
safety systems, and optimized thermal regulation, hybrid systems
offer a systemic solution aligned with the maritime sector’s de-
carbonization imperatives.

In sum, hybrid propulsion technologies provide a scientifically
validated, engineering-grounded pathway toward sustainable, ef-
ficient, and low-emission maritime transportation. For shipown-
ers and operators seeking to comply with rigorous environmental
standards while ensuring long-term economic competitiveness,
these systems stand out as an essential component of the future
maritime paradigm. Ongoing and future research into real-time
performance diagnostics, next-generation battery materials, and
resilient alternative fuel supply chains will be instrumental in re-
fining the capabilities and accelerating the sector-wide deploy-
ment of these systems.

Accordingly, hybrid propulsion technologies are not merely
transitional innovations but foundational pillars in the design and
operation of environmentally responsive, future-ready maritime

vessels.
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