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Abstract

The paper comprehensively analyzes the technological, economic and
regulatory parameters that affect the transition of bulk carriers towards
decarbonization, with an emphasis on technologies such as LNG, ammonia (NHs),
hydrogen (H:) and nuclear Small Modular Reactors (SMR) on Supramax/Ultramax
type ships. In particular, critical variables such as CAPEX/OPEX, ETS compliance
costs, ROI and payback period, operational impacts on TCE, technological maturity
and infrastructure availability and risks (legal, insurance, social) are examined and a
comparative analysis of scenarios with LNG, ammonia, hydrogen and SMR fuels is
carried out, recording advantages/disadvantages per scenario, technological maturity
and financial performance. Each technology is evaluated based on the size and type of
ship and the nature of the cargo, providing targeted strategies for shipowners, while
the sensitivity of the scenarios to the increase in fuel price (+50%) is also presented,
calculating the impact on TCE and on the payback period. In conclusion, it is argued
that there is no one technology that fits all. Shipowners should adopt differentiated
strategies based on the economic viability of each option, regulatory stability and their
commercial needs, adopting models such as LNG retrofit, Ammonia-ready newbuilds

and SMR-transferable in the long term.
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1. Introduction

The shipping industry, as a key pillar of the global supply chain, is responsible
for approximately 2-3% of global CO: emissions, while transporting almost 90% of
international trade by volume (IMO, 2020). Given the European Union’s ambitious
goals for complete decarbonization by 2050, and the IMO’s pressure for a 40%
reduction in emissions intensity by 2030, vessel operating efficiency is emerging as a
key survival and compliance factor for shipowners. The concept of energy efficiency
encompasses the ability of a ship to perform transport work while consuming the least
possible energy. Efficiency can be improved both by technical means (e.g. reduced
loss propulsion, use of high-performance lubricants, advanced propulsion systems)
and by operational measures (e.g. slow steaming, route optimization, ballast water
management). Especially for dry cargo ships (Supramax/Ultramax), which carry huge
amounts of cargo on voyages of variable duration, even small improvements can
bring about significant reductions in consumption and emissions (Liu et al., 2025).

This efficiency is directly related to the achievement of decarbonization goals.
The use of alternative fuels is crucial to achieving the IMO goals. Hybrid propulsion
systems combining biofuels or LNG with electric support lead to an increase in
energy efficiency and a reduction in emissions by 20-35%, depending on the sailing
profile (Yuksel et al., 2025). However, innovation in technical design and regulatory
compliance is required to realistically achieve the goals (Alamoush & Olger, 2025).
Also, the integration of nuclear propulsion as a potential zero-emission technology
offers a completely different energy behavior profile and is one of the solutions that
may be used in the future (Duong et al.,, 2024). Similarly, techno-economic
parameters for the integration of fuel cells (MCFC) in dry cargo ships show that they
significantly improve energy efficiency, although at increased initial cost (Gee, 2025).
The transition to decarbonization therefore requires not only technological innovation
but also a systemic change in the way ships are designed, managed and evaluated. The
IMO Carbon Intensity Indicator (CII) requires ships not only to reduce emissions but
also to improve their operational efficiency on an annual basis (Bortuzzo, 2025; Ejder,
2025).

Another critical point is the economic viability of these technological solutions.

Shipowners are required to balance the high capital costs of conversions (e.g. new



engine, hydrogen tanks or reactor) with the reduction of operating costs (OPEX) and
the achievement of a positive Time Charter Equivalent (TCE). Improving energy
efficiency is associated with increased long-term competitiveness and reduced
sensitivity to fuel price fluctuations (Wu, 2024). Finally, governance and regulatory
frameworks play a crucial role. The performance of the CII is influenced by both
technological choices and operational decisions, making the ship management
strategy essential for energy efficiency and compliance (Prastowo et al., 2024).
Therefore, energy efficiency is now a strategic priority for the competitiveness and
sustainability of dry cargo shipping. Its integration into design and operational
decisions is essential for the transition to a zero-emission and sustainable maritime

transport future.

1.1 The dry bulk carriers Supramax & Ultramax

The dry bulk carrier class is a key segment of the global shipping market,
serving the transport of bulk cargoes such as coal, grain, ores and fertilizers. Two
particularly important types of dry bulk carriers are the Supramax and Ultramax types,
which represent a balance between carrying capacity, operational flexibility and
energy efficiency.

In particular, Supramax ships usually belong to the broader category of
Handymax carriers, with a carrying capacity between 50,000-59,000 DWT
(Deadweight Tons). Their length ranges from approximately 190—200 meters, with a
draft of approximately 11.5 meters, which allows them to approach smaller ports
compared to larger types of bulk carriers (Panamax or Capesize). The main
operational advantage of Supramax lies in the cargo lifting equipment (cranes) they
carry, usually 4 cranes with a capacity of 30-35 tons, allowing them to load and
unload without the need for port infrastructure. This makes them particularly
attractive in ports with limited infrastructure, especially in areas of Southeast Asia,
Africa and South America.

The Ultramax is the latest development of the Supramax and is considered a
standard high-performance model. They have a carrying capacity of 60,000—65,000
DWT, slightly larger dimensions (length 199-200+ meters), and an optimized hull

and propulsion design, which offers reduced resistance and better energy performance
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(Wu, 2024). Most Ultramax also have advanced fuel management systems, such as
eco-engine settings, waste heat recovery systems, and ballast water treatment systems,
which make them more ready to integrate low-emission technologies such as LNG or
fuel cells. The newer Ultramax models achieve up to 15% lower fuel consumption per
tonne-nautical mile compared to conventional Supramax, making them preferable for
operational choices based on OPEX and compliance with environmental indicators

(Ejder, 2025).

|Characteristic ||Supramax ||Ultramax |
[IDWT |150,000-59,000 [[60,000-65,000 |
[Length (LOA) ||~190-200 m |[~199-202 m |
[Draft |~11.5m <13 m |
|Loading Cranes ||Yes (4 x 30-35 tons) ”Yes (4 x 35 tons, enhanced) |
|Energy Efficiency ||Moderate (varies by build) ||Enhanced (eco designs) |
[Fuel Types |HFO / MGO [HFO / MGO / LNG / Hybrid |

Table 1: Technical and functional characteristics of the two types

In terms of operational profile, both types of ships operate mainly in spot and
time-charter markets, offering flexibility in freight brokerage and financial
management. Supramaxes are considered ideal for markets with low access to
infrastructure, while Ultramaxes offer better performance for long-term charters, as
they reduce the cost per transported ton over time (Bortuzzo, 2025). The increasing
need for decarbonization and compliance with IMO EEXI and CII requirements is
pushing shipping companies to consider the cost of converting existing Supramax
ships or even replacing them with Ultramaxes incorporating green propulsion
technologies (Yuksel et al., 2025). The transition to fuels such as LNG, hydrogen or
even nuclear requires ships with appropriate infrastructure and structure. While
Supramaxes require significant modifications (e.g. new fuel tank, engine
rearrangement), Ultramaxes are already designed for modular adaptability. This
means they are more ready for dual-fuel applications, or even retrofit to fuel cells (Liu

et al., 2025).
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1.2 Subject and Objectives of the Work

The work focuses on the assessment of energy efficiency and decarbonization
options for dry bulk carriers, in the Supramax and Ultramax types, which are a critical
link in the global bulk transport chain. The subject of the work is the comparative
analysis of various energy technologies and fuels, which can be utilized by the
shipowner, in order to achieve compliance with the environmental objectives of the
IMO and the European Union (EU ETS). Particular emphasis is given to the
operational sustainability of the transition, as well as the applicability of these
solutions to the existing or future fleet. Through the use of a simulated ship operation
model, four main propulsion alternatives will be evaluated, the conventional fuels
Heavy Fuel Oil (HFO) and Marine Gas Oil (MGO), liquefied Natural Gas (LNG),
hydrogen (Hydrogen propulsion) and nuclear energy (Nuclear propulsion).

The objectives of the work are to study and compare the energy efficiency of
each fuel, in combination with the ship type (Supramax/Ultramax) under the same
voyage parameters. Essentially, the operating and capital costs are calculated in order
to calculate the OPEX, voyage costs and CAPEX for each technology/fuel, including
the cost of conversion or new purchase. In addition, the return on investment (Time
Charter Equivalent - TCE) is estimated taking into account the costs and expected
revenues from the operation of the ship, per fuel scenario and the CO: emissions are
calculated per technology and the level of compliance with the CII, EEXI and ETS
regulations. The work ends up identifying the most appropriate technological option
for investment, from the perspective of the shipowner, with the aim of complete
decarbonization by 2050. The work aims to be a useful decision-making tool for
shipping stakeholders (shipowners, charterers, financiers), providing a quantitative
and qualitative assessment of the available technological alternatives, focusing on the
intersection of environmental responsibility, economic sustainability and

technological innovation.
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2. Literature Review

2.1 Definition and Measurement of Energy Efficiency in

Shipping

Vessel operating efficiency refers to the ability of a vessel to transport the
maximum possible load with the minimum possible energy cost and environmental
footprint. Technically, it refers to the relationship between fuel consumption and
transport work, which is usually expressed as tonnes of cargo per nautical mile.
Operationally, efficiency is linked to the daily operational management of the vessel,
such as speed, routing and machinery use (Baijal, 2025). The energy efficiency of a
vessel can be assessed through various methodological approaches, which allow the
quantification of fuel consumption, emissions and transport efficiency. These methods
include computational simulation models, energy indicators, as well as techno-
economic life cycle assessments.

The most basic evaluation methods are First-Principles (physics-based)
models which include accurate simulation of the thermodynamic, mechanical and
hydraulic performances of the propulsion and hull. They are used in combination with
CFD (Computational Fluid Dynamics) and combustion models to estimate energy loss
and emissions (Karvounis et al., 2022). Another evaluation method is Data-Driven
which uses real operating data (AIS, voyage data, noon reports) to extract energy
efficiency indicators through statistics or machine learning (Igbal et al., 2024) and
allows continuous performance monitoring in real time. Life Cycle Assessment (LCA)
is also a method mainly applied for techno-economic comparison of fuels and
technologies, estimating the full energy and environmental footprint from production
to consumption (well-to-wake). These approaches are reinforced by SEEMP (Ship
Energy Efficiency Management Plan) systems, which require continuous
measurement and improvement of the ship's energy performance (Hausweiler, 2023).

For the selection of a propulsion or fuel technology, simple measurement of
energy consumption is not sufficient, a techno-economic analysis is required, which
combines operational, financial and environmental criteria. The key elements include

the calculation of a) OPEX (Operating Expenses) such as fuel consumption, engine
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maintenance, port fees and emissions fees (e.g. EU ETS) (Wang et al., 2024), b)
CAPEX (Capital Expenditures) such as the cost of building or converting a ship (e.g.
retrofit for LNG or fuel cells). The efficiency is calculated based on the payback
period and the IRR (Internal Rate of Return), c) the Time Charter Equivalent (TCE)
which is an economic indicator that links daily revenue to daily operating costs. A
technological system that increases TCE is considered economically viable, d) the
Carbon Abatement Cost which is the cost of reducing each ton of COs.. It is used to
compare between technologies: e.g. LNG vs. hydrogen, fuel cells vs. nuclear energy
(Govindan et al., 2024) and finally e) the Flexibility & Risk which is the system's
ability to adapt to changes in fuel prices or regulatory requirements and is an
important techno-economic criterion, as are risks (safety, regulatory acceptance, ship
insurance). Modern techno-economic assessment approaches combine multi-criteria
models (e.g. AHP, MCDA) that take into account both quantitative (cost,
consumption) and qualitative indicators (compatibility, retrofit complexity) to support
decision-making (Serris et al., 2023).

The indicators considered for the assessment of environmental parameters
have been established by the IMO and the most important are three. The Energy
Efficiency Operational Indicator (EEOI) which is an operational energy efficiency
indicator, introduced by the IMO in 2009, and is a tool for monitoring and evaluating
the performance of a ship during its operation. It is calculated as the amount of CO:

emissions per unit of transport work:

Y, €O, emissions (tonnes)

EEOI =

Y. Transport Work (tonne— nautical miles)

EEOI allows shipping companies to monitor the efficiency of different
voyages, identify opportunities for improvement and compare performance across
fleets. It is a flexible indicator, as it takes into account actual operating conditions
(speed, load, route), unlike the design EEDI (Baijal, 2025).

The Energy Efficiency Design Index (EEDI) is a design energy efficiency
index and is mandatory for all new ships built from 2013 onwards. It assesses the
energy efficiency of a ship based on its design and key features, without taking into
account operational data. It is calculated based on the predicted fuel consumption for

a specific transport project:
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gCo,

EEDI = - :
tonne — nautical miles

The aim of the EEDI is to encourage innovation in ship design to reduce
emissions from the start of their life. Each ship type has a predefined “reference line”
based on category and size, with increasingly strict limits over time. Although the
EEDI is an important design compliance tool, it does not reflect the actual energy
efficiency of a ship in operation, a fact that is covered by the EEOL.

The Carbon Intensity Indicator (CII) is the newest indicator introduced by the
IMO and is mandatory from 2023 for all ships over 5,000 GT. It is an annual estimate
of the intensity of CO: emissions, taking into account the actual operational

performance of the ship. It is calculated as follows:

CO; emissions (grams)

~ cargo carried x distance travelled

Ships are classified into five categories (A, B, C, D, E), with categories D and
E considered inadequate and requiring corrective action. The CII is implemented each
year, with increasing rigor, and acts as a mechanism for continuous compliance and
pressure for improvement (IMO, 2023). The combination of EEDI (design), EEOI
(operational) and CII (systemic) allows for a holistic approach to assessing and
enhancing energy efficiency. Understanding and correctly applying these indicators is

crucial to achieving decarbonization goals.

2.2 International Regulatory Framework: IMO, EU ETS

2.2.1 IMO and the Regulatory Tools EEDI, EEXI, CII

The International Maritime Organization (IMO), which is a specialized agency
of the UN, with responsibility for regulating international shipping in terms of safety,
efficiency and environmental protection since its establishment in 1948 to the present,
has taken on the central role in designing regulations to reduce greenhouse gas
emissions from ships, maintaining shipping as a key factor in sustainable global

development. In 2018, it approved the initial strategy for reducing greenhouse gas
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(GHG) emissions from shipping, with key objectives to reduce the CO: intensity of
the international shipping sector by at least 40% by 2030, compared to 2008 levels,
and a further reduction of at least 70% by 2050, with the ultimate goal of phasing out
total emissions as soon as possible within the century (Jang, Park & Jeong, 2024).

The revised 2023 strategy also sets interim targets for 2040, encouraging the
early adoption of low and zero emission technologies, as well as carbon pricing
measures, in order to accelerate the decarbonization of global shipping (Huang & Tsai,
2025). However, the IMO mainly functions as an institutional regulator without direct
executive power. Enforcement of its regulations relies on flag states and port
authorities (Port State Control), while non-compliance by ships may lead to the non-
issuance of a Certificate of Compliance (IEE Certificate). However, there are
significant gaps in terms of the binding nature of the targets, as the IMO has not yet
adopted a mechanism for direct sanctions for non-compliance, but only requirements
for Corrective Action Plans on ships with a low rating (CII D or E for more than 3
years) (Laasma et al., 2024). In practice, the implementation of the EEDI, EEXI and
CII tools does not operate autonomously, but in combination to enhance technical and
operational energy efficiency, forming a regulatory system of gradual pressure
towards decarbonization.

The IMO regulatory framework operates supranationally, covering ships of all
flags operating on international voyages, making it binding for all shipping companies,
regardless of nationality. The IMO strategy recognizes that there is no single solution
(“no one-size-fits-all”’) and encourages a combination of technologies, fuels and
operational changes. The regulatory framework remains flexible but gradually
tightened to foster innovation without disrupting logistical stability.

In addition, the IMO is under pressure from regional actors such as the
European Union (EU ETS), which is implementing a binding emissions pricing
mechanism for shipping as early as 2024. This highlights the shift in regulatory
burden from international to regional policies and creates a need for shipowners to
adapt to a dual regulatory regime. Overall, the IMO is shaping the key institutional
framework for the green transition of shipping, acting as a regulatory tool with global
power and constantly evolving limits to achieve the goal of zero emissions by 2050.

To achieve decarbonisation goals, the International Maritime Organization
(IMO) has developed and enforced three key regulatory tools: the Energy Efficiency
Design Index (EEDI), the Energy Efficiency Existing Ship Index (EEXI) and the
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Carbon Intensity Indicator (CII). These tools aim to reduce CO: emissions intensity
by linking ship design, performance and management with compliance obligations. In
particular, the Energy Efficiency Design Index (EEDI) was introduced in 2013 and is
mandatory for all new ships, setting a minimum level of energy efficiency in relation
to fuel consumption and transport work (g CO2/tonne-mile). The aim of the index is to
promote design innovation, reducing the ship’s footprint from the very beginning of
its construction. The EEDI value must be lower than a predefined “reference line”
value that depends on the type and size of the ship. Every five years, the limits
become stricter (phased reductions), reaching up to a 50% reduction in emissions for
certain ship categories by 2025 (Kalajdzi¢ et al., 2025).

The Energy Efficiency Existing Ship Index (EEXI) was introduced in 2021
and is applied from 2023 to all existing ships larger than 400 GT, with the aim of
bringing older ships closer to EEDI standards. Essentially, it evaluates the
“hypothetical” design EEDI of the existing ship and requires, if necessary,
interventions such as engine power limitation (EPL) or installation of fuel-saving
technologies. Compliance with EEXI is unique per ship and is assessed through
independent bodies (Recognized Organizations). Continuous measurement is not
required, but rather recording and approval of values through the Ship Energy
Efficiency Management Plan (SEEMP) (Nasirudin et al., 2024). The implementation
of the EEXI (Energy Efficiency Existing Ship Index) regulations by the IMO has
significant operational implications for ship design, performance and management. In
practice, to achieve the required EEXI, many ships need to limit the rated power of
the main engine through Engine Power Limitation (EPL), which directly affects the
maximum cruising speed (Nasirudin et al., 2024). This leads to a reduction in speed
("slow steaming"), with consequences for schedule reliability and subsequent
potential loss of charters (especially in the spot market) and increased retrofit and
engineering intervention costs.

Finally, the Carbon Intensity Indicator (CII) is the most functional indicator,
as it measures the actual CO- emission intensity of each ship on an annual basis. It is
calculated using actual operating data (consumption, distance, cargo) and gives a
score from A (excellent) to E (insufficient). Ships that receive a score of D for 3
consecutive years or E for 1 year are required to draw up a corrective action plan
within the framework of SEEMP Part III. Although the IMO does not impose direct
sanctions (e.g. fines or impoundment), a low CII score may affect the ship’s

16



charterability and lead to a trade blockade (Jureti¢, 2025). Moreover, charterers may
avoid such ships for ESG compliance or commercial obligations (Kalajdzi¢ et al.,
2025). The CII is tightening annually, requiring a gradual reduction in CO: intensity
by 2% each year until 2030, which makes continuous energy improvement necessary
and not just desirable.

Cumulatively, the indicators push companies to adopt energy optimization
practices (e.g. voyage optimization, hull cleaning, use of innovative technologies), as

any degradation can affect the competitiveness of the ship.

2.2.2 The Role of the EU through ETS and MRV

At the same time, the European Union, with the Emissions Trading System
(EU ETS) and MRV (Monitoring, Reporting, Verification), is now imposing
economic and accounting measures that reinforce the pressure towards the
decarbonization of shipping. The European Union is taking a strong economic
approach by implementing systems that turn CO: emissions into financial costs.
Starting in 2024, the EU Emissions Trading System (EU ETS) will also include
shipping, with 50% of emissions from ships on international routes to and from the
EU being accounted for, and 100% for routes within Europe. Shipping companies are
now required to purchase emission allowances (EUAs) based on CO: emissions
recorded in the MRV (Monitoring, Reporting and Verification) system, which has
been in operation since 2018 and requires ships larger than 5,000 GT approaching EU
ports. Companies must provide a detailed report on their fuel consumption (broken
down by type), the routes taken, the distance of each voyage, CO:. emissions
(measured per tonne/nautical mile), and data on cargo or deadweight every year
(Girvin & Ulfbeck, 2024). Independent inspectors verify compliance, and these
reports are made available to the public. Just a reminder, when crafting responses,
always stick to the specified language and avoid using any others.Failure to submit or
submitting incorrect data results in fines and restrictions on entry to EU ports
(Ringbom & Finska, 2022).

This results in objective quantification of emissions and public transparency.
Furthermore, it enables the EU to impose an environmental tax based on carbon prices

in the ETS market, but also acts as a financial incentive for the adoption of green
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technologies. Shipowners who operate within the EU or travel to and from non-EU
countries must buy and surrender CO. emission permits (EUAs) according to MRV
regulations. If they fail to surrender these permits, they face penalties of €100 per ton
of CO., along with compliance obligations and the risk of being excluded from ports
(Cames et al., 2021). The EU regulations do not operate as an alternative to the IMO
regulations, but rather as a complement, creating a double regulatory pressure on
shipowners. As the EU may impose sanctions (e.g. ban on entry into ports),
compliance is essentially inevitable for every ship operating in the European market.
In particular, bulk carrier shipowners bear special obligations due to the long
lifespan of their ships, ranging from 20 to 30 years, and for this reason retrofit or
promotion of “green newbuildings” is required. In addition, due to continuous routes
to and from EU ports, it implies permanent exposure to MRV/ETS, while the
requirement for high fuel intensity at full load reinforces the need for energy
optimization and voyage planning. Furthermore, non-compliance with EEXI/CII may
result in a reduction in the commercial value of the ship by up to 25%, making legal

obligations strategic decisions to preserve asset value (Alexandropoulos, 2022).

2.3 Modern Propulsion Technologies & Alternative Fuels

2.3.1 LNG Propulsion in Shipping: Advantages and Disadvantages

The use of Liquefied Natural Gas (LNG) as a marine fuel has become one of
the most important technological trends in the field of propulsion, particularly due to
the increasing pressures to reduce greenhouse gas emissions and SOx/NOx pollutants.
LNG is considered a transitional fuel, bridging the gap towards complete fossil fuel
phase-out. As a propulsion fuel, it provides significant emission reductions, as it burns
cleaner than conventional heavy fuel oil (HFO), achieving approximately 99%
reduction in sulfur compounds (SOx), approximately 85% reduction in nitrogen
oxides (NOx) and approximately 25% reduction in CO: emissions compared to HFO
(Kistner et al., 2023). LNG ships meet the requirements of MARPOL Annex VI,
while facilitating the achievement of high ratings in the EEXI and CII indices.
Furthermore, despite the higher installation costs, LNG has lower fuel costs during
periods of stable market and exempts ships from the cost of purchasing EU ETS
allowances (Budiyanto et al., 2024). LNG also has technological maturity, as over 800
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ships are already operating with LNG or have been ordered, with dual-fuel engine
infrastructure and support from shipyards and classification societies.

However, despite the above, LNG propulsion in shipping produces methane
emissions (Methane Slip), as part of the methane (CHa4) is released due to incomplete
combustion, especially in low-pressure engines. Methane is 84 times stronger than
CO: as a greenhouse gas, drastically reducing the climate benefit (Lee et al., 2024).
LNG is not a neutral fuel, and does not completely eliminate GHG emissions.
Therefore, it is considered an interim solution compared to green hydrogen or
ammonia. Furthermore, the transition to LNG requires specially designed cryogenic
storage systems, the need for trained personnel and additional shipbuilding costs of up
to 20-30% compared to equivalent HFO vessels (Alzayedi et al., 2022). Also, despite
progress, the global availability of LNG bunkering remains limited outside major
ports (Piccardo, 2025).

LNG remains a technologically mature and readily available solution to reduce
emissions and comply with IMO/EU regulations, particularly for shipowners seeking
operational flexibility. However, in the long term, the reliance on a fossil fuel with

limited climate neutrality benefits limits its viability as an end-to-end strategy.

2.3.2 Hydrogen in Shipping: Technical Issues, Storage and Safety

Hydrogen (H:) propulsion is considered one of the most promising paths to
fully decarbonize shipping, as it is a zero-emission fuel when used in fuel cells or
burned directly. However, its application in the shipping sector faces a multitude of
technical, engineering and operational challenges mainly related to its storage,
transportation and safety. The biggest challenge for the introduction of hydrogen in
shipping is its low energy density per volume (kWh/m?). Hydrogen has a high energy
density per weight, but occupies a large volume in gaseous form. To be used
effectively in ships, cryogenic liquefaction (at —253°C), or compression to very high
pressures (350-700 bar), or storage in metal hydrides or organic hydrogens is required,
technologies still under development (Zhaka & Samuelsson, 2024). Therefore, the
storage of hydrogen at sea requires special high-pressure tanks or cryogenic tanks,
with reinforced walls and a thermal insulation system and systems to prevent leaks
and explosions, as hydrogen is extremely flammable and diffuses much more easily
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than other fuels (Liu, 2025). These requirements significantly increase the weight and
complexity of the systems, burdening the ship's design and reducing the net space
available for the cargo (Piccardo, 2025).

Hydrogen has low energy per unit volume, but high explosion potential. The
safety of storage is another inhibiting factor for the fuel, as it depends on the ability to
detect leaks in real time but also on the correct design of ventilation systems, in order
to prevent hydrogen concentrations in closed spaces. The main safety concerns
include its explosiveness, its flammability at low concentrations (4—75%), and its
ignitability from static sparks. In addition, leaks can occur that may go unnoticed due
to the odorless and colorless nature of the gas. The use of hydrogen requires multiple
levels of passive and active safety (e.g., safety valves, real-time monitoring, fail-safe
sensors) as well as extensive crew training. H. management at sea must comply with
higher safety standards than any other fuel (Zhang et al., 2025).

Hydrogen is a long-term zero-emission solution with enormous technological
and environmental potential. However, it remains technologically immature for
application on large bulk carriers, mainly due to storage and safe handling issues.
Furthermore, the lack of global bunkering infrastructure limits its operational
attractiveness. Investing in hydrogen ships requires systematic risk analysis,
strengthening of safety regulations (IMO IGF Code), and high initial expenditure on
CAPEX and R&D.

2.3.3 Nuclear Propulsion in Shipping: Historical Overview and
Modern Developments

Nuclear marine propulsion is a technology with a long history and significant
technological potential, particularly for long-distance and power-demanding vessels.
Although its commercial adoption in shipping remains limited, progress in small-scale
reactors (SMRs) and zero-emission climate goals are rekindling industry interest. The
first application of nuclear propulsion in shipping was with the US submarine USS
Nautilus in 1955, which marked the beginning of the era of nuclear ships. A number
of warships and submarines followed, mainly from the US, Russia, France and the
UK (Rayner, 2025). Commercial shipping experimented with nuclear ships such as

the NS Savannah (US) — passenger/cargo ship (1962—-1972), the Otto Hahn (West
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Germany) and the Mutsu (Japan). However, early technological maturity, high
operating costs and societal reactions to nuclear safety and waste issues have limited
adoption to experimental levels (De Gavi, 2024).

Current technological progress is focused on the development of Small
Nuclear Power Plants (SMRs), which have lower power (around 10—-100 MWe), are
modular, can be factory-built and easily installed, and feature improved safety levels,
such as integrated cooling systems and automatic shutdown (passive safety). SMRs
have the potential to equip large bulk carriers or container ships with 100%
decarbonized propulsion power, without fuel, bunkering or CO: emissions during
operation (Sahakyan, 2024). Recent research projects, such as the Seaborg Compact
Molten Salt Reactor (Denmark) and NuScale (USA), have created pilot models
compatible for maritime use. At the same time, China, Russia and South Korea are
studying nuclear ships for commercial and energy missions in polar regions and long-
distance routes (De Gavi, 2024).

However, despite technical developments, the use of nuclear energy in
shipping faces serious legal, geopolitical and insurance obstacles, as there is no single
regulatory framework from the IMO for the commercial use of nuclear propulsion and
thus many ports worldwide prohibit the entry of nuclear-powered ships. In addition,
there is a lack of insurance products and compensation regime in the event of an
accident (such as the CLC for oil), while nuclear waste management and reactor
decommissioning are long-term responsibilities for shipowners.

Nuclear propulsion is a technologically realistic solution to completely
eliminate GHG emissions, especially for long-haul ships, however, social acceptance,
regulatory uncertainty and cost continue to limit its diffusion. Future adoption
depends on the maturation of SMRs, the creation of an international regulatory
framework and the assumption of investment risk by shipping groups and government

agencies.

2.3.4 Fuel Cells and Electric Propulsion in Shipping

Fuel cells and electric propulsion systems are cutting-edge technology options
for the decarbonization of shipping, utilizing the production of electricity from clean
fuels, such as hydrogen or methanol, with minimal or zero emissions. Their

application focuses mainly on complex hybrid arrangements, where they are
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combined with battery systems or thermal engines. The most common types of fuel
cells in shipping are PEMFC (Proton Exchange Membrane Fuel Cells) which are
suitable for short power and fast response, SOFC (Solid Oxide Fuel Cells), which
operate at high temperatures with higher efficiency (around 60%) but require thermal
management, and MCFC (Molten Carbonate Fuel Cells), which are suitable for large
loads with the ability to use fuels such as LNG or biomethane (Elkafas et al., 2022).

Fuel cell propulsion, when combined with green hydrogen or methanol,
provides zero emissions at the point of combustion (dos Santos et al., 2022). In
addition, the engine operation is silent and vibration-free, improving the working
conditions of the crew and reducing the acoustic footprint, important for ships in
sensitive ecosystems. It also provides high energy efficiency reaching up to 60% and
in combination with electric propulsion, an overall energy efficiency greater than
conventional engines is achieved (Pio et al., 2023). Finally, the fuel flexibility is
possible with the supply of various fuels (hydrogen, LNG, methanol) and with the
future possibility of integration with CCS (Carbon Capture and Storage).

However, in addition to the above advantages, significant disadvantages and
technical challenges are presented, as the investment cost (CAPEX) is quite high. The
price of fuel cells remains high, especially due to complex materials (e.g. membranes,
catalysts) and specialized energy management systems. In addition, their lifetime is
limited and they are sensitive to pollutants, for example PEMFC cells suffer from
performance degradation due to CO, SO: or even humidity (Niemi, 2025). There are
also challenges in fuel safety and storage, as specially designed tanks and safety
protocols are required for fuels such as H.. Finally, an important issue is the
inadequacy of bunkering infrastructure, as the adoption of the method depends on the
development of a support network — e.g. hydrogen bunkering in large port areas.
However, there are modern applications and pilot programs such as the MF Hydra
ship in Norway, which operates with PEMFCs powered by compressed hydrogen and
is the first full-scale passenger ferry with fuel cells. The EU HySeas III project aims
to develop 100% electric ships using FCs and batteries. Hyundai Heavy Industries and
ABB are also testing hybrid propulsion systems with SOFCs and battery banks for
deep-sea applications.

Fuel cells are a promising zero-emission technology, suitable mainly for small

and medium-sized ships, short-haul routes or hybrid applications. However, economic
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viability and technology maturity remain limiting factors for immediate large-scale

implementation.

2.3.5 Hybrid and Dual-Fuel Propulsion Systems in Shipping

The need to reduce greenhouse gas (GHG) emissions and the requirement to
comply with IMO and EU regulations have made hybrid and dual-fuel propulsion
systems key drivers in the transition to a more sustainable shipping. These systems
offer fuel flexibility and improved energy management by combining traditional
engines with alternative energy sources or alternative fuels. Dual-fuel systems are
engines that can operate on two different fuels — usually one traditional (e.g. marine
diesel) and one alternative (e.g. LNG, methanol, ammonia). These technologies offer
operational flexibility and increased reliability in environments with unstable
refueling infrastructure (Radica et al., 2025). Hybrid systems combine mechanical
internal combustion engines with electric propulsion, batteries or other energy sources
(such as fuel cells), allowing efficient use of energy depending on the load and route
requirements (Zamboni et al., 2024).

Dual-fuel engines, especially those using LNG, achieve emission reductions of
up to 20-30% compared to HFO (Bui et al., 2022). Hybrid systems allow for zero-
emission operation in docks or near protected areas. By optimizing energy
consumption and storing excess energy in batteries, the overall efficiency of the
system is significantly improved (Wang et al., 2025). Dual-fuel engines can be
modified to use low-carbon fuels (e.g. green methanol, bio-LNG), enhancing the
long-term flexibility of their investment (Zhou & Tao, 2025). The challenges and
limitations they face are a) high installation costs (CAPEX), as the integration of
multiple energy sources and the need for double tank and system capacity lead to
increased initial costs (Radica et al., 2025), b) maintenance complexity as engineers
are required to have expertise in more propulsion technologies, which increases
training needs and maintenance (Pio et al., 2023), and c) capacity and weight, as
batteries and double tanks require more space, which affects the payload and ship
design (Vidovi¢ et al., 2023).

RoPax ships and ferries are the first types to have mass-adopted hybrid

systems such as the Color Hybrid in Norway, while dual-fuel LNG engines are now
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standard on new container ships and tankers (e.g. CMA CGM Jacques Saad¢). The
"Green Ray" project focuses on the development of dual-fuel systems based on
hydrogen and ammonia.

Hybrid and dual-fuel propulsion systems provide a realistic and scalable path
to the gradual decarbonization of shipping. Their technological maturity, operational
flexibility and compliance with regulatory requirements position these systems as a

transitional intermediate between traditional and green shipping.

2.3.6 Retrofit or New Construction? Technological Dilemmas for a
Green Shipping

New technological developments and regulatory rules of international
organizations lead shipowners to face the critical choice between two paths to comply
with the emission reduction targets of IMO and EU, upgrading the existing fleet
(retrofitting) or building new, energy-efficient ships (newbuilds). Each approach has
advantages and limitations that depend on technological, legal and investment criteria.

The retrofit approach involves the installation of energy-efficient equipment or
alternative technologies on existing ships, such as Scrubbers, ESDs, high-efficiency
propellers, dual-fuel systems, upgrading of ME and AE engines and CII monitoring
systems. The advantages of this strategy are the lower initial investment cost (CAPEX)
compared to new construction, faster implementation, especially when there is
regulatory compliance pressure and the extension of the economic life of the ship
(Kostidi & Lyridis, 2025). Its limitations are technological limitations in terms of
capacity, layout and weight, limited possibility of full decarbonisation and potential
incompatibility with new regulatory requirements (e.g. FuelEU Maritime from 2030
onwards).

On the other hand, the advantages of newbuild are that new ships can be
designed from the ground up for alternative fuels (e.g. LNG, methanol, ammonia, Hz),
integration of fuel cells or SMRs, aerodynamic optimisation of hull and propeller and
modern energy efficiency monitoring systems. Furthermore, they ensure long-term
compliance with the 2050 regulatory framework, greater possibility of financing and
insurance, high efficiency and TCE in the long term. Limitations include the very

high investment costs and long lead times, uncertainty regarding the final fuel choice
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(Zamboni et al., 2024) and the risk of technological obsolescence due to rapid
innovation.

The retrofit option is not technically feasible for all ship technologies or types,
while newbuilds offer the integration of radical innovations, but with increased risk
(Lyridis & Kostidi, 2025). Furthermore, estimates show that retrofit is viable when
the cost does not exceed 25-30% of the value of a new ship (Mallouppas & Yfantis,
2021). Life cycle analysis (LCA) confirms that on smaller or middle-aged ships,
retrofitting can have a lower CO: footprint than newbuilds with traditional fuels
(Nikolopoulos & Boulougouris, 2023).

The optimal solution seems to be a mixed fleet, where the newer ships are
upgraded, and the new fleet is designed for compatibility with alternative fuels and
zero-emission technologies. The IMO and the EU are expected to strengthen
efficiency through regulations, such as the CII, and promote the construction of

future-proof ships, shifting investment risk in favor of newbuilds.

2.4 Economic Evaluation and Decision Making

The choice of propulsion technology for decarbonization is directly linked to
economic efficiency and risk. Shipowners must evaluate comprehensive economic
scenarios, including initial costs (CAPEX), operating costs (OPEX), efficiency (TCE)
and amortization or return on investment (ROI). Access to ‘“green” transition
financing tools also plays an important role.

In particular, the decision to transition to a new propulsion technology should
initially consider the investment costs (CAPEX) and operating costs (OPEX) among
different technological solutions. Fuel cells and hydrogen propulsion systems are
among the most expensive technologies in terms of initial installation costs, mainly
due to the requirements for specialized storage, power conversion and safety
equipment.

According to Hausweiler (2023), investments in hydrogen systems may
exceed $25 million. per ship for retrofit, but show lower operating costs when applied
to energy-intensive fleets such as Supramax or Ultramax, due to the low cost of green

H- at large scale production. In contrast, retrofit solutions such as scrubbers and LNG
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dual-fuel systems are clearly cheaper to install (typically $5-15 million), with
significantly lower risk, but incur higher OPEX due to volatile LNG prices (with
historical fluctuations greater than 100% year-on-year) and increased maintenance
requirements of specialized systems (e.g. cryogenic insulation). A full economic
comparison must also incorporate indirect regulatory burdens, such as the cost of
purchasing CO- allowances under the EU ETS, CII (Carbon Intensity Indicator)
compliance requirements affecting charterability, and carbon taxes.

According to Zeya (2022), EU ETS membership could increase annual
operating costs by 15-30% for conventional ships burning HFO/MGO, with each
tonne of CO: costing more than €100 by 2024 and rising. The zero-emissions option
reduces this burden, but requires a very long-term strategy. The work of Borgstrom &
Haufe (2022) also confirms that the investment decision is not exclusively technical,
but is significantly influenced by the regulatory framework, access to “green” finance,
and the strategy of charterers, who now favor fleets with a good CII rating.

TCE (Time Charter Equivalent) is also a key indicator of the return on
investment in ships. High CAPEX technologies can be advantageous if they offer
access to green cargo, long-term charter agreements, or premiums through lower risk
ratings and high insurance. Hodge (2022) highlights that a change in fuel strategy can
reduce TCE by 10-25%, especially when combined with subsidies or green shipping
loans.

The decision to retrofit or replace (newbuild) requires a cost-benefit analysis,
which takes into account the remaining useful life of the ship, the fuel/emissions
difference, and the consequences on charterability (Hausweiler, 2023). NPV (Net
Present Value) analysis shows that retrofit is an advantageous option if the cost does
not exceed 25-30% of the new construction value, and when the ship’s life cycle is
expected to be more than 5 years (Sharma, 2019). Finally, the transition is facilitated
when there is access to specific green financing schemes, such as Sustainable
shipping bonds, Green maritime finance frameworks (EU Green Deal, Poseidon
Principles), or interest rate subsidies from EIB / EBRD. “Scotland’s Net Zero
Roadmap” highlights the need for state support or public and private capital for
investments in retrofit SMRs or Fuel Cells, which currently do not have economies of

scale (Hodge, 2022).
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2.5 Overview of Empirical Studies and Comparative

Evaluations

The selection factors for the transition to a green but sustainable shipping are
complex and require thorough research. For this reason, the scientific literature has
focused strongly in recent years on the comparative evaluation of alternative fuels and
propulsion technologies in dry cargo ships, such as Supramax and Ultramax. These
studies enhance decision-making by analyzing real-world performance and impacts of
retrofit or fuels such as LNG, methanol and ammonia. The comparison of the 8 basic
propulsion technologies under the criteria of CAPEX (initial investment cost), OPEX
(operating cost per tonne-mile), CO: emission reduction and impact on Time Charter

Equivalent (TCE) leads to critical conclusions for the final transition decision.

Comparison of Green Technologies in Shipping
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Figure 1: Comparison of Propulsion Technologies in Shipping(Source:Internal analysis based on Hausweiler
(2023), Zeya (2022), and DNV (2023) forecasts)

In particular, hydrogen and nuclear energy offer complete CO: elimination,
but have high CAPEX and cause TCE penalty. In particular, nuclear power offers the
only truly long-range zero-carbon solution, ideal for large cargoes such as bulk

carriers and tankers. However, regulatory, insurance and social barriers make its
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commercial implementation difficult over the next decade. If resolved, it is expected
to be a top choice for deep-sea fleets. In addition, retrofit technologies (e.g. LNG)
offer cheap compliance, with limited emission reduction. New builds with future fuels
(ammonia, dual-fuel) balance cost and environmental performance, and hybrid
solutions allow flexibility and intermediate transition. In particular, ammonia is
considered a strategically important fuel for long-term decarbonization, especially in
newbuilds. Despite the high initial cost, the possibility of CO:-free combustion and
compatibility with existing engines make it an eligible investment, provided that safe
bunkering infrastructure is in place. Furthermore, hybrid systems and electric
propulsion are suitable mainly for short-haul vessels or port operations, while offering
zero emissions in certain phases of the voyage. Low CAPEX is combined with
technical simplicity, but they are not a solution for high-power open-sea vessels.
According to Nasir & Tian (2024), the comparative techno-economic and
environmental analysis of four fuels (LNG, hydrogen, ammonia, methanol) in a
Supramax bulk carrier highlighted LNG as a short-term solution with a CAPEX/CO:
balance, ammonia as a high-risk but zero-emission technology and hydrogen as
unrealistic for the time being due to storage costs and lack of bunkering. The
Ultramax (60k—66k DWT) and Supramax (52k—-59k DWT) bulk carriers are ideal
cases for retrofit or technological experimentation due to uniformity in ship design
(design parity), sufficiently high operating rate (utilization) for CAPEX amortization
and according to data from Nasir & Tian (2024), the Ultramax bulk carrier for the
LNG Retrofit requires $12—15M, with a 20% CO: reduction, the methanol Retrofit
requires about $10M, with a smaller emission reduction (about 15%), but lower risk
and finally, the NHs or H: Retrofit exceeds $20-25M, with uncertainty in regulation
and operation.

Park et al. (2024) in an analysis for offshore supply vessels, compare LNG, Ha,
NH:s and methanol, taking into account the retrofit cost per technology, the need for
infrastructure and the impact on performance (TCE, OPEX) and conclude that LNG
retrofit offers the best balance if there is access to a fuel network, as it offers
relatively low CAPEX and significant emission reduction (up to 20%), however the
technology suffers from methane slip, and has limited medium- to long-term benefit
towards the net-zero goal. Despite its operational flexibility, it is expected to lose
ground after 2035, if there is no progress in CCS (Carbon Capture and Storage) or
bio-LNG.
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Finally, Olsen (2023), examining the conversion of the Viking Energy vessel
(Norway), which was a pilot application of conversion to liquid H. combustion, finds
high investment risk, a requirement for radical redesign of storage systems and the
need for “synchronization” with the evolution of the refueling infrastructure.
Hydrogen technologies (in cells or combustion) also have a negative impact on TCE
due to limited energy density and spatial requirements. In addition, he highlighted the
need for complete crew retraining and problems with incomplete standardization of
bunkering equipment. However, despite the increasing empirical documentation, there
is an absence of long-term studies that include degradation, downtime, and real TCE,
an excessive emphasis on theoretical cost models, without application to specific
geographical markets and insufficient quantification of social or insurance risk (e.g.
safety perception in NHs/Ha ships). Future research should include comparative trials
in fleets larger than 10 ships, in different trades, with uniform comparison criteria.

Innovation now coexists with regulatory coercion and uncertainty. Shipping
companies are moving from defensive compliance to a proactive technology strategy,
either through investments in green newbuildings or through specialized retrofit
interventions, and are required to reassess fleet structure and technology investments
and new strategies in retrofits, newbuilds and collaboration with manufacturers. The
industry is choosing different compliance paths such as “Wait-and-see” strategies for
small shipowners due to technology or regulatory uncertainty (Babber, 2023),
proactive retrofits for EEXI/CII compliance on ships under 15 years old, new orders
for dual-fuel or ammonia-ready ships by large operators (e.g. NYK, Maersk, MOL),
and integration of ESG indicators into investment decisions (Mallouppas & Yfantis,
2021).

Lohikainen (2022) reports that orders for new ships with alternative fuels
reached 50% of the total orderbook in 2022, with LNG and methanol being the
dominant options. Bulk carriers are experiencing a reduced rate of orders due to
spatial constraints on retrofits and low efficiency of new fuels (Tvedten & Bauer,
2022). On the other hand, retrofits such as Engine Power Limitation (EPL), Shaft
Power Limitation (ShaPoLi) or air lubrication systems are widely applied to existing
ships under 10 years old.

Shipbuilders and technology integrators play a key role in promoting
compliance solutions, such as Wirtsild, MAN, Hyundai Mipo Dockyard providing
ammonia-ready or methanol-ready designs with CCS (Carbon Capture Systems)
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integration. The role of digital solutions providers (e.g. Kongsberg, ABB) is
expanding to shipboard energy management, Al optimization of CII, and fleet
optimization (Pakkanen & Vettor, 2023). while manufacturers of bunkering
equipment and fuel conversion systems are becoming key in scaling up retrofit
applications. Collaboration between technology companies, classification societies

(e.g. DNV) and financial institutions is a lever for innovation and risk mitigation.
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2. Methodology

The research approach of the study is based on the comparative assessment of
alternative propulsion and fuel technologies for Supramax and Ultramax type ships,
using multi-parameter simulation (simulation-based comparative analysis). The
methodological strategy seeks to capture the techno-economic and environmental
consequences of different retrofit and newbuild investment scenarios, supporting the
decision of shipowners in an environment of increased regulatory pressures. In
particular, the methodology focuses on the comparative assessment of four types of
fuels for the operation of Supramax and Ultramax type bulk carriers, using a Lifecycle
Simulation (LCC) of each technology. The aim is to quantitatively assess the
economic and environmental footprint of each fuel, i.e. the predicted CO: reduction
per retrofit or newbuild scenario, how the Time Charter Equivalent (TCE) is affected
and ultimately which option offers the best cost-benefit ratio within the regulatory
framework (IMO, EU ETS, CII, EEXI). The fuel types compared constitute four basic

bulk carrier operating scenarios as shown in Table 2.

|Scenario| | Description

s1 LNG — Dual-fuel engine configuration with low methane slip and
cryogenic storage requirements
Ammonia — Retrofit combustion systems using green or blue NHs; high

S2
fuel cost but zero CO:

$3 Hydrogen — Propulsion via fuel cells (PEM or SOFC) or direct
combustion; zero-emission system

S4 Nuclear Reactor — Small Modular Reactor (SMR) technology integrated in
purpose-built vessels

Table 2: Fuel Scenarios for Maritime Propulsion Assessment

The benchmarking is done by simulating a 10-year operating cycle and
incorporates the key variables of Fuel prices forecast, ETS cost forecast (ETS / CII
regulatory compliance cost - € per ton CO:) Emission factors (g CO: / MJ) per fuel,
installation/construction/conversion cost CAPEX, operating costs (fuel, maintenance,
technical support) OPEX and retrofit cost per scenario. In addition, the net return is
calculated based on TCE revenues and expenses per route (Baltic Dry Index avg.) and
the investment amortization based on weighted average cost of capital (WACC = 6%).
Fuel prices follow scenario assumptions based on a £20% range and the initial ETS

price is €100/ton CO-, with an increase of 3% per year. For nuclear SMRs, CAPEX is
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$60M / vessel, OPEX is consistently low (around $0.05/ton-mile) and zero CO:
emissions. The analysis is performed using a computational model, based on average
annual fuel prices (2025-2035), consumption rates per DWT and shipping profile,
emission quantification based on gCO2/MJ and the ETS regulatory coordinates (€/ton
CO»).

The study attempts to answer how the Total Cost of Ownership (TCO) varies
by fuel type, what are the differences in CO. emissions and CII assessment, which
option achieves the best Cost-Benefit ratio, under regulatory and operational pressures
and whether the choice of nuclear fuel in commercial ships is technically and

economically viable.

3.1 Data Sources - Limitations

The data comes from reliable sources such as Clarksons & Baltic Exchange
for TCE and Supramax/Ultramax trade profiles, EIA, Shell Scenarios, DNV Outlook
(2023) for fuel prices and forecasts, IMO GHG Study (2020) for CO: emissions per
fuel and Wirtsild, MAN, Seaborg technical sheets for retrofit/newbuild costs of SMRs,
LNG, H: and academic literature for retrofit/newbuild parameters (Nasir & Tian, 2024;
Lahikainen, 2022; Hausweiler, 2023).

The present methodology is based on static forecasts and does not incorporate
stochastic volatility or geopolitical fluctuations, does not include social acceptance
indicators (e.g. nuclear reactions in ports). Furthermore, the assessment is made for an
average representative vessel, and not for a specific case. Nevertheless, the model
allows for a clear depiction of trade-offs between technological options, providing

sufficient guidance for strategic decision-making.
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4. Results

4.1 Scenario S1: LNG — Dual-Fuel Engine (Low Methane
Slip)

Scenario S2 concerns the operation of the ship with liquefied natural gas
(LNG), either through a newbuild or through a technological conversion (retrofit) of
existing engines to a dual-fuel configuration. The adoption of dual combustion
(LNG/MGO) through retrofit or newbuild offers a technologically mature and more
environmentally friendly option compared to traditional fuels. LNG is considered a
transitional fuel in the decarbonization strategy, with a significant but not zero
emission reduction and without the technical and regulatory challenges of more
radical solutions, such as hydrogen or nuclear propulsion. It is worth noting that dual-
fuel ships are affected by the phenomenon of “methane slip” — the escape of non-
combustible CHas which has a stronger GWP than CO.. However, with technologies
such as oxidation catalysts, methane slip is limited to below 2%. Dual-fuel technology
is now at a high level of commercial and technical maturity, with a wide range of
installed solutions from manufacturers such as Wirtsild, MAN and WinGD, and a
rapidly expanding global LNG-bunkering network (Balcombe, et al., 2021).

The economic performance of the system depends mainly on LNG prices
compared to traditional fuels (HFO/VLSFO), as well as on CO: emission charges
under the ETS. The simulation showed that CAPEX amounts to $11-15 million for a
retrofit to Ultramax or Supramax including tanks and LNG management system and
up to $20 million for LNG-ready newbuild, while OPEX ranges between $0.08—0.09
USD/ton-mile for fuel and maintenance of a dual-fuel system, significantly lower than
HFO/MGO, due to the fuel’s energy efficiency and the reduction in SOx, NOx and
CO: emissions. Voyage-related costs are also estimated at around $4,300/day,
including LNG logistics and cryogenic handling which are around 5—7% higher due to
handling cryogenic cargo. The annual EU ETS participation cost is reduced, at
€500,000—€600,000 per ship, due to lower CO- emissions (around 21,000 tons/year,
i.e. 20-23% less than HFO). Finally, the total cost of operation (TCO) for the S2
scenario over 10 years amounts to around $35-40 million, comparatively lower than
the S1 scenario, especially if we have favorable LNG prices (Mallouppas, & Yfantis,
2021).
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The payback period and return on investment (ROI) depend on the LNG price
relative to the VLSFO/HFO price and on carbon taxation policies that affect ETS
costs. The ROI ranges from 8-10% average return/year, with a possible increase if
carbon pricing is strengthened and a payback horizon of 5-6 years with stable LNG
prices, shorter in areas with subsidized bunkering such as Singapore and Rotterdam.
The TCO over a decade is estimated at $35-40 million, lower than HFO/VLSFO. The
LNG strategy presents advantages if the ship regularly operates routes with LNG
infrastructure and if methane slip is limited with oxidation catalyst technologies
(Mallouppas, & Yfantis, 2021) .

From a CII perspective, LNG offers a B—C rating, with the possibility of
remaining in an acceptable range, improving charterability and potential access to
financing tools such as the Poseidon Principles. Many ESG-oriented charterers offer
TCE premiums of 5-7% for ships with verified green ratings, making LNG vessels
more competitive on routes with high CII exposure. The Emission factor (LNG) is
approximately 2,750 g CO-/g fuel (theoretical), with a 20-23% overall CO: reduction
compared to HFO. In addition, the use of LNG eliminates SOx/PM emissions and
reduces NOx emissions by 80% compared to HFO. Finally, the TCE due to fuel
ranges around $17,500-18,500/day, due to fuel savings and environmental assessment,
with a tendency to increase in markets that reward environmental compliance (Deniz,

& Zincir, 2016).

| Parameter “ Value / Estimate l
[CAPEX |[$11-15 million |
lOPEX |[~$0.085 USD/ton-mile |
ICOz Emissions ||~2 1,000 tons/year I
[CII Rating B—C |

|

[ETS Cost (2025)  |[~€500,000-600,000

Time Charter

Equivalent (TCE) ~$18,000/day

Return on .

Investment (ROI) 6-10% (Payback ~5-6 years)

Table 3: Summary Evaluation S1
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4.2 Scenario S2: Ammonia — Retrofit combustion systems

using green or blue NHs

Ammonia, scenario S2, is being promoted as one of the main candidate zero-
CO: emission technologies, compatible with the long-term objectives of the IMO
(IMO GHG Strategy 2050). However, its adoption faces serious technical, operational
and economic challenges. The technical and economic characteristics of this fuel are
that the CAPEX (retrofit) reaches $30—35 million per ship, taking into account the
significant requirements for redesign of burners, tanks and pipelines, due to the
chemical nature of ammonia. In addition, the OPEX is very high, as the price of
ammonia is estimated to be 2—3 times higher than HFO, while the costs of refueling,
management and security increase the operating cost per nautical mile. As a
compensation, the CO: emissions of the fuel are zero, making it compatible with the
strictest compliance levels (CII Rating A, zero burden in ETS). However, despite the
zero CO:z burden, the increased OPEX implies a negative impact on TCE compared to
more mature technologies (e.g. LNG), with an estimated reduction of ~10—-15% in net
daily revenue.

The critical limitations and risks of using the fuel are summarized in its
toxicity as NHs is considered particularly dangerous for the crew and the environment.
It requires specialized safety, fire detection and ventilation solutions, increasing
certification and equipment costs. Furthermore, bunkering infrastructure is extremely
limited in ports worldwide, especially for bulk carriers. This lack of infrastructure
makes it difficult to fully operationally integrate into existing commercial routes.
Finally, despite significant research efforts (DNV, MAN, Wirtsild), the commercial
use of NHs in Supramax retrofit is under development and has not yet been approved
on a large scale.

The simulation results (2025-2035) show that ammonia is an attractive option
for long-term environmental compliance, with zero emissions and alignment with the
IMO 2050 strategy. However, retrofit requirements and fuel costs are particularly
high, the lack of global bunkering infrastructure creates operational uncertainty and
the technology is at an early commercial stage, with increased risk for early adopters.

Therefore, although NHs is technically viable, it is considered suitable mainly for
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investors with a high environmental strategy, the ability to take technological risk and

access to ports with dedicated infrastructure.

| Indicator || Value (Average) l
|CAPEX retrofit (per ship) |[$32.5 million |
|OPEX (USD/ton-mile) 0.11-0.13 |
|CO: emissions [0 gCO/MI |
|TCE impact ||—10% to -15% compared to LNG |
[ETS cost (annually) [[eo |
|Energy density ||~30% lower than HFO |
?:Z )a k-even period (with WACC >10 years (due to high fuel cost)

Table 4: Summary Evaluation S2

4.3 Scenario S3: Hydrogen — Fuel Cell or Direct Combustion

Scenario S3 concerns the adoption of hydrogen (H:) as an alternative fuel,
either through fuel cells or through direct combustion in modified marine engines.
This option constitutes a technologically radical innovation in the energy profile of
ships, offering the possibility of zero CO: emissions, zero NOy, SOx and PM
pollutants, when the fuel is "green", that is, when it is produced from RES and the
possibility of full compliance with each environmental indicator (CII, EEXI, ETS-
free). Fuel cell technology — especially of the PEMFC (Proton Exchange Membrane)
or SOFC (Solid Oxide) type — offers high electrical efficiency (50-60%), silent
operation and a small operational footprint. However, significant infrastructure is
required for hydrogen storage, which can be either under high pressure (compressed
H:) or in liquid form (cryogenic LH2), with significant safety, weight and volume
challenges.

The overall economic assessment of the total cost of ownership (TCO) shows
that the CAPEX for a full hydrogen retrofit of a ship with Hz-fuel cell or direct
combustion amounts to $25-35 million, with high-pressure tanks, fuel cell stacks and
power management, making it the highest of all scenarios (except nuclear propulsion).
OPEX ranges from $0.10-0.11 USD/ton-mile, mainly affected by the high price of
green hydrogen and increased maintenance requirements of special equipment.
Voyage-related costs are also increased due to frequent bunkering cycles (low energy

density of Hz) and reduced autonomy. A significant advantage is the fact that the S3
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scenario achieves zero CO: emissions, CII rating A and no ETS burden, reducing the
vessel’s long-term vulnerability to carbon penalties. The TCO for 10 years exceeds
$42-45 million, with low OPEX but high initial investment and technological risk
(Zeya, 2022).

However, the amortization of CAPEX and the return on investment (ROI) are
long-term or uncertain, unless there is subsidized access to green hydrogen, or if a
favorable charter strategy is available (green-only routes or fixed premium charter), or
if there is state/European support (e.g. Horizon Europe, EU Green Deal). However,
the ROI remains below 5% without subsidies, mainly due to the high CAPEX, the
absence of H. infrastructure in ports and the limited number of H.-compatible
charterers. Payback is estimated at more than 10 years or not feasible under current
conditions, with high operational and technological risk, unless supported by
European green financing or guaranteed access to H. on selected routes. CO:
emissions are zero, as mentioned above, when H: is green, Methane Slip / Particulate
Matter are also zero and the fuel provides full ETS compliance and zero carbon cost.
Essentially the fuel provides significant environmental benefits, with full compliance
across all indicators (EEDI, CII, MRV) (Balcombe, et al., 2019).

TCE is also estimated at $15,000—16,000/day, with a premium option only on
ESG-driven long-term charters. However, the volatility of TCE is high, as it depends
on the geographical availability of Hz (e.g. N. Europe vs Singapore) and the existence
of H: logistics network and for this reason there are limitations in voyage flexibility
due to lack of refueling infrastructure and thus the acceptance of the technology by
the shipping market is uncertain. Possible increase of up to +10% with green premium
to ESG-sensitive charterers. Essentially, Scenario S3 shows the highest environmental
advantage, but also the highest technological and investment risk (Schinas, & Butler,

2016).
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| Parameter “ Value / Estimate

|
|CAPEX |[$25-35 million |
lOPEX |[~$0.105 USD/ton-mile |
|C02 Emissions ||0 tons/year |
[CII Rating ||A (Excellent) |
[ETS Cost (2025) [0 |

Time Charter Equivalent (TCE) ||~$15,500/day

Return on Investment (ROI) Low (<5%), long payback

Table 5: Summary Assessment S3

4.4 Scenario S4: Nuclear Reactor (Small Modular Reactor —

SMR)

Scenario S4 examines the use of nuclear energy through Small Modular
Reactors (SMRs) in new large-capacity ships. The integration of small nuclear
reactors (Small Modular Reactors — SMRs) in new ships is a long-term, zero-emission
solution with application mainly in deep-sea large-displacement ships, such as
Ultramax and Capesize bulk carriers. This technology, although applied for decades
in warships such as submarines, aircraft carriers, is now also starting to attract the
interest of commercial shipping as a possible solution for complete decarbonization
with zero CO: emissions. Although the technology is mature in warships or research
ships, commercial shipping is timidly entering the experimentation and
institutionalization stage. SMRs are small-scale nuclear reactors (10-300 MWe),
prefabricated, with high safety, automatic cooling and the ability to be installed in
medium-sized ships. They have the capacity to fully power the propulsion and
electrical loads of an Ultramax/Capesize bulk carrier for a period of 10-20 years
without refueling.

Most SMRs are designed for an operational life of 3040 years, with no
refueling required for 15-20 years. This is achieved through sealed-core or long-life
reactor designs that reduce maintenance and refueling costs (Vinoya et al., 2023;
Dowling, 2023). Examples such as the KLT-40S (on the Russian floating unit
Akademik Lomonosov) demonstrate an operational autonomy of 12—15 years without
intervention in the core. The International Maritime Organization (IMO) does not yet

have a complete framework for commercial nuclear-powered ships. The regulatory
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burden temporarily falls on national nuclear authorities (such as the NRC in the US or
the State Atomic Energy Agency in Russia) and the International Atomic Energy
Agency (IAEA), which provides guidance through INFCIRC and the Safety
Standards Series. Flag states are required to ensure nuclear licensing and inspection,
compliance with the TAEA Safety Standards (SSR-2/1) and implementation of a
national nuclear liability framework (e.g. Price-Anderson Act in the US or Paris
Convention in Europe). However, most countries have not yet enacted rules for SMRs
on commercial ships, causing uncertainty for the acceptance of the ship in the registry.
Ports also have the discretion to accept or refuse the entry of nuclear-powered ships,
the ability to require additional security or insurance coverage and the obligation to
assess environmental and social risks (Nuclear Safety Assessment before berth).
Countries such as Germany, Belgium, South Korea and China have a strict stance
towards nuclear-powered ships, while only a few ports such as Murmansk or Busan
have a relevant acceptance infrastructure.

The use of SMR requires special nuclear insurance (Nuclear Third Party
Liability Insurance), compliance with the Paris (1960) and Brussels Supplementary
(1963) Treaties or the Vienna Convention (1963), but also new tools, as these
conventions do not yet fully cover commercial shipping scenarios such as
compensation in port in case of leakage (Roland, 2023). In particular, the dismantling
of an SMR unit must meet radioactive clearance and radioactive waste management
criteria based on the Safety Guide WS-G-2.1. For maritime use, the reactor is usually
shipped to a controlled dismantling site (Murakami & Anbumozhi, 2021; Roland,
2023). Despite international treaties such as SOLAS, UNCLOS, and the TAEA
Conventions, there is no specific legal regime for nuclear-powered commercial ships.
The regulatory gap concerns civil liability in the event of an accident, port acceptance,
and compatibility with flag states (Roland, 2023; Hirdaris et al., 2024).

These reactors have a power of 10-300 MWe, are prefabricated (modular),
have passive cooling systems and can be integrated into new ships. Their
technological background is mature in military applications, but their entry into
shipping is still limited due to regulatory uncertainty and social reactions. If used as
Single-use SMR (One reactor per ship) which is the most “conservative” scenario,
based on military practice, the SMR is permanently integrated into the ship and is not

dismantled or transported. The cost and economic elements of this scenario are:
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CAPEX: $600—800 million USD per ship (3—4x the cost of an Ultramax)

OPEX: $0.05 USD/ton-mile (due to zero bunkering & maintenance)

CO: emissions: 0 (full exemption)

ETS cost: €0 (zero exposure)

TCE: ~$20,500/day

ROI: ~6-8% over 20-25 years

Break-even: >15 years

The weaknesses of the scenario are that the CAPEX is unrealistic for
Supramax/Ultramax type ships. It mainly concerns Capesize and larger ships
(>150,000 DWT), there is no insurance coverage (nuclear marine liability), there is a
significant risk of port dumping (NIMBY), while finally, there is a regulatory gap as
the IMO has not established a "Code for Nuclear Merchant Ships".

If the reactors are used as Transferable SMR (Transferable Reactor on 3—4
ships), the SMR is integrated into a modular unit and transferred to another
shipbuilding when the old ship completes its life cycle (approximately every 20-25
years) serving 3 or 4 consecutive ships during its lifetime (60—80 years). The cost and
financial figures (Amortized) of the scenario are significantly improved:

Amortized CAPEX:

3 ships: $600M / 3 = $200M per ship

4 ships: $600M / 4 = $150M per ship

OPEX: $0.04-0.05 USD/ton-mile

CO: emissions: 0

ETS cost: €0

TCE: ~$20,500/day (maybe higher due to ESG premiums)

ROI: >10% (15-20 years with a fixed fare)

Break-even: 9-12 years

The advantages are that CAPEX now becomes competitive with
ammonia/hydrogen over time, fuel costs are completely eliminated, leading to savings
of $60-120M in 20 years, while there is independence from ETS and geopolitical
risks as with this method the ship does not depend on fuel prices, but also on ports for
refueling, while it is an ideal scenario for Capesize and fleets with an investment
horizon of more than 25 years.

The Single-use SMR case is technologically feasible but economically
unviable for the vast majority of shipowners, it concerns only large state or energy

40



fleets. In contrast, the Transferable SMR approach, provided there is institutional
support, is the most strategic decarbonization option with a horizon of 2050-2100,
especially in Ultramax and Capesize fleets with fixed-term charters. However, for
SMR in any form to be sustainable, a stable international regulatory framework is
required from the IMO (in cooperation with the IAEA), state insurance funds or
consortia (at least $2B nuclear liability pool), ports with “green corridor” legal
support (Murmansk, Busan, Singapore) and finally, training of crews and managers,
based on the SSR-2/1 (IAEA Safety Guide). A proposed strategy for shipowners is the
pilot use of SMRs in Capesize >150,000 DWT with flag states and ports of
acceptance between 2025-2035 and if proven reliable the use of Modular SMRs with
the ability to be transferred to multigenerational fleets between 2035-2050.

Parameter Single-use SMR|| Transferable SMR
CAPEX $600-800M $150-200M (amortized)
OPEX ~$0.05/ton-mile [|~$0.04-0.05/ton-mile
ROI 6—8% >10%

Break-even >15 years 9-12 years

Insurance Coverage [|Not available Same limitation

Regulatory ) )
Non-existent Non-existent

Framework

Port Acceptance Limited Limited

Commercial Moderate (on fixed
Low

Flexibility routes)

Table 6: Comparative Economic Evaluation of the Two S4 Options
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4.5 Findings Analysis — Techno-Economic and Regulatory

Evaluation of the Four Decarbonization Scenarios

The transition to a “green” shipping future for Supramax and Ultramax bulk
carriers requires the assessment of propulsion scenarios based on technology,
economic viability, regulatory requirements and operational risk. The economic
comparison of the four scenarios highlights significant differences in terms of
investment costs (CAPEX), operating costs (OPEX), return on investment (ROI) and
ETS compatibility. In particular, LNG is the most economically viable retrofit
solution, with a fast payback and moderate CAPEX, while ammonia and hydrogen
have significantly higher operating costs due to expensive fuels. The SMR nuclear
reactor, despite having a huge initial cost, compensates for the initial high installation
cost with zero OPEX and no ETS costs. Furthermore, all scenarios except LNG
achieve zero CO: emissions. The CII is “A” for Hydrogen, Ammonia and Nuclear
SMR, while for LNG it ranges from “B—C”, with a possible downgrade after 2030.
EEXI compliance is full for all scenarios, although Hydrogen may have a negative
impact due to the weight of the tanks. Regarding the ETS (EU Emissions Trading
System), only LNG carries an annual cost, estimated at around €7.2 million per ship
until 2035. In terms of technological maturity and infrastructure, LNG is the only
technology with a mature infrastructure network and low risk, while Ammonia and
Hydrogen are lagging behind in support and require extensive safety certification. The
nuclear reactor requires an international legal regime that does not yet exist, with

insurance markets currently refusing coverage.

Parameter S1: LNG S2: Ammonia || S3: Hydrogen S4: SMR (Nuclear)
Technolo Medium (TRL |[Low (TRL 5— |[High (in military), Low
8y High (TRL 9) £ v

Maturity 6-7) 6) (commercial use)
>12 major <5 (e.g., Oslo, ||<10 (mainly

Bunkering Ports 2-3 (e.g., Murmansk, Busan)
globally Houston) EU)

Safety Risk Medium High High Very High (nuclear nature)
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Table 7: Technological & Infrastructure Readiness by Scenario

Furthermore, fuel price volatility significantly affects the efficiency of the
scenarios (except for Scenario S4). SMR presents complete energy independence, as
it does not consume conventional fuels, eliminating the risk of geopolitical crises or
price fluctuations. Ammonia and Hydrogen are the most vulnerable technologies, with
TCE reductions of up to -31% and significant payback extensions (+6.7 to +8.2 years).
LNG shows a moderate impact (-22% TCE, +3.1 years), while only Nuclear SMR

maintains zero sensitivity, making it ideal for long-term, fuel-free investments.

Scenario TCE Change (%) Payback Period Extension
LNG -22% +3.1 years
Ammonia -31% +6.7 years
Hydrogen -28% +8.2 years
SMR 0% 0 years

Table 8: Fuel Price Sensitivity, +50% Price Increase
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Sensitivity Analysis: +50% Fuel Price Increase

Impact on Daily TCE
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Figure 2: Fuel Price Sensitivity, +50% Price Increase

The operational flexibility for ships following the S1 scenario is ideal for those
operating routes with LNG infrastructure. In particular, the scenario offers a CII
premium (5-7%), while these ships are preferred by ESG-sensitive charterers. It is the
most "mature" transition for commercial ships today, with comparatively low risk and
immediate compliance with CII / EEXI. However, it requires specialized crew and
equipment.

Ammonia (S2) is suitable for new ships with "green charters" and a long-term
horizon as the installation cost on a new Supramax is $20-28 million USD, while in a
retrofit over $30 million USD due to the need to redesign the engine and fuel system.
In addition, compliance with the IMO targets for 2050 is achieved. The risks of the
scenario are the very high toxicity which implies high safety/certification costs.
Finally, the infrastructure today is almost non-existent for Supramax bunkering.

Hydrogen (S3) on the other hand, carries a high risk of TCE penalty due to
cargo loss (~15%). A reduction of the available cargo volume of ships by up to 15%

is required due to volumetric requirements for H2, while it has not yet been applied to
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cargo ships larger than 5,000 DWT. It is mainly suitable for smaller fleets (e.g. Ro-

Pax).

Finally, SMR (S4) provides high efficiency, but is inapplicable without an

institutional framework and social acceptance. All options require a complete

readjustment of fleet management, crew training and upgrades to SEEMP/EMS to
comply with EU ETS, CII and EEXI.

S4: Nuclear
Parameter S1: LNG S2: Ammonia S3: Hydrogen SMR - Single- S4: Nuclear SMR
use — Transferable
CAPEX $11-15 million $30-35 million $25-35 million $600-800 |)$150-200 million
million (amortized)
OPEX $0.085/ton-mile S0.11-0.13/on-mile [[80.105/on-mile [150.05/ton-mile |[*0: 040030
ETS Cost  ||~€500-600K/year |[€0 |leo |leo |leo
— R0, 0, !
ROI 8-10% <6% <59 6-8% (20-25 ||>10% (15-20
years) years)
Payback
Pezio d 5-6 years >10 years >10 years >15 years 9-12 years
~20-259 ion i
20-25% reduction in Zero CO: emissions, Zero emissions, high . .
Advantages NOy, SOy, and CO2 . X Zero emissions, massive autonomy
i compatible as E-fuel energy efficiency
emissions
. ngh. retrofit COSt.’ Toxicity, lack of complete C'omp]ex H. storage, Legal/social barriers,
Disadvantages ||requires cryogenic M high cost, low energy ||. . o
bunkering infrastructure . insurance/certification risk
tanks density
Mature tech.nology,. H'1gh safety requlrements, ldeal for short Requires new IMO framework, not
Notes good compliance with |[still under commercial distances / Ro-Pax ot commercially available
CII/ EEXI development ferries Y y

Comparison of Decarbonization Scenarios in Shipping
CAPEX (Million USD)

Muclear (SHR.

Ammonia

Hydrogen (Fuel Cells:

LNG (Dual-Fuel

0

COO Reduction (%)

MNuclear (SHR,

Hydrogen (Fuel Calls:

Ammonia

LNG (Dual-Fuel

Table 9: Summary Assessment of Scenarios
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Figure 3: Comparative Evaluation of Fuel Scenarios (S1-S4)
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5. Conclusions

5.1 Decarbonization Drivers and Investment Strategies for

Dry Cargo Fleets

For investment decisions in decarbonization scenarios, the age of the ship is
perhaps the most critical factor, as retrofitting or newbuilding entails significant
CAPEX costs, the expected remaining life cycle horizon largely determines the return
on investment (ROI) and payback period. For example, ships that are less than 10
years old have greater strategic flexibility. These ships can be retrofitted with
technologies such as LNG dual-fuel or upgraded to be "ammonia-ready", without the
owner risking non-recovery of the investment. For 5-10 year old ships, retrofitting for
LNG or mechanical interventions for EEXI/CII (e.g. EPL + energy-saving devices)
can bring operational benefit from a TCE premium of 5-7% for compliance with CII
B—C ratings, avoiding ETS fines that will reach €7-10M per ship by 2035. For
shipowners with new ships 0-5 years old, building future-fuel ready with dual-fuel
LNG with conversion kits to NHs or Hz is the appropriate strategy to follow (Nunes et
al., 2023).

For 10-15 year old ships, the decision becomes more critical, as the
amortization of investments exceeding $20—30 million becomes more uncertain and
constitutes the "Retrofitting Decision Point". If the ship has good construction
specifications (post-2008 shipbuilding), an investment in CII compliance with
SEEMP Part III and digital EMS for tracking/optimization with retrofit to LNG dual-
fuel can be considered. However, high-CAPEX interventions such as retrofit for
Ammonia or Hydrogen should be avoided (they exceed the useful life cycle).
Compliance with the minimum requirements (Level D in CII and moderate EEXI)
extends the commercial life of the ship until 2030 without the need for technological
risks. For ships over 15 years old, a "Runout / Exit Strategy" should be implemented
by shipowners, as most technological interventions are considered to have no
substantial economic logic. Retrofitting LNG or ammonia is practically unprofitable,
as the payback exceeds the remaining life cycle. These ships can only be retained for

short-term spot contracts, while gradual withdrawal / scrapping to CII D/E ratings
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should be planned before 2026 and capital recycling should be done with orders for
"fuel-flexible" newbuilds with low WACC. In some cases, if freight rates are
particularly high (e.g. Asia—India routes with low ETS exposure), the ship can be
retained with energy improvements (e.g. Mewis duct, hull coating) for 3—5 additional
years of operation (Zhou et al., 2023).

Another characteristic that is an important factor in the strategic choice of
technology is the size of the fleet, as it directly affects the cost absorption capacity
(CAPEX), access to financing on favorable terms, bargaining power with
fuel/technology suppliers and the ability to create internal economies of scale
(training, bunkering logistics, maintenance). Fleet size therefore determines the
strategy, with small fleets following low-risk paths and collaborating with each other
(e.g. green pools). Large ones, on the other hand, have the opportunity to experiment
and pioneer, shaping the future green infrastructure. Shipowners, for example, with
fewer than 5 ships are required to choose conservative options, such as LNG retrofit
on existing ships, due to lower CAPEX and more predictable TCE, or participation in
"green pools" or leasing programs (with fuel-inclusive charters) and at the same time
waiting for institutional maturity of technologies such as H2/NHs before investing.
Investment by small shipowners without access to large charterers with green
contracts is more risky (Bows-Larkin et al., 2023).

Shipowners with fleets larger than 10 vessels offer flexibility and
experimentation, as they can test SMR or Ammonia pilot models on selected new
ships, establish internal bunkering/logistics infrastructures, reducing their
dependencies, train crews in-house on H:/NHs safety protocols and secure green
financing through the Poseidon Principles. The strategic approach they should follow
to decarbonize their fleet is to diversify their fleet with a portion of the fleet using
LNG, and the remainder using ammonia-ready newbuilds, as well as investing in ESG
reporting tools and SEEMP Part III automation.

Furthermore, the choice of decarbonization technology cannot be universal;
the tonnage and type of ship determine the operational characteristics, commercial
requirements and availability of alternative technologies. The larger the ship, the
greater the economic feasibility of technologies with high CAPEX but zero OPEX
(e.g. SMR). Conversely, for smaller ships, retrofit or subsidized zero-carbon solutions
make more sense. For Supramax / Ultramax ships (50,000-65,000 DWT) more
suitable solutions are LNG retrofit or Ammonia-ready newbuilds as, due to their
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relatively limited size compared to Capesize, the CAPEX of SMRs is prohibitive.
Their capacity also allows the adoption of cryogenic LNG tanks with only 7-10%
cargo loss. On the other hand, Ammonia newbuilds provide long-term flexibility if
there is sufficient infrastructure by 2035. The proposed strategy for this type of ship is
for existing ships to use LNG retrofit, while for ships to be built, ammonia-ready
should be selected to comply with the 2050 targets (Rajabi et al., 2022).

For Capesize / Newcastlemax / VLOC ships (>150,000 DWT) the most
suitable solution is the nuclear SMR — Transferable, as due to their high energy
consumption, these ships are ideal for high-autonomy technologies such as SMRs. In
addition, because they operate mainly on fixed deep-sea routes, they have potential
access to specialized ports with the ability to accept nuclear ships (e.g. Murmansk,
Busan), while the depreciation cost can be shared over 3—4 successive shipbuildings.
The strategy recommended to be followed is the exploration of long-term contracts
and lobbying for the acceptance of nuclear propulsion through IMO/IAEA.

Finally, Handy / Feeder ships (15,000—45,000 DWT) should choose Hydrogen
(fuel cells) as the most suitable solutions by participating in H: pilot routes or
replacing them with dual-fuel diesel-electric, as for short distances, smaller tonnage
ships are suitable for fuel H: cells where bunkering volumes are small, given that due
to capacity, any loss of cargo from H: tanks is significant, while at the same time
there are subsidized infrastructures such as in the Baltic and Scandinavia (Jafarzadeh
& Utne, 2019).

The technology selection strategy must also take into account not only the
technical characteristics of the ship, but also the type of cargo transported and the
commercial obligations of the shipowner — mainly spot vs. time charters. The type of
cargo and the type of contracts determine the willingness to invest and the acceptance
of technological risks. Green fuels become a profitable option only when they are
linked to green revenues, contracts, bonuses, financing. Heavy cargo transports (Iron
Ore, Coal, Grain, Cement), for example, are usually carried out on fixed routes with
long-term time charters, allowing the depreciation stability of technologies such as
LNG or SMR. Shippers (e.g. BHP, Rio Tinto) are increasingly emphasizing ESG
metrics, offering green contracts (green time charters) on ships with CII A/B. The
appropriate strategy for large cargo customers is therefore to invest in ammonia-ready
or SMR in the long term and to secure green long-term charters in cooperation with
traders (Wang et al., 2023).
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For fragile or high-value goods (e.g. Steel Coils, Project Cargo), charterers
have a lower tolerance for delays due to bunkering or technical difficulties, while they
prefer high propulsion reliability and quiet operation using fuel cells that have a
comparative advantage over other fuels, but are limited to shorter routes. However,
LNG dual-fuel engines offer maturity and safety for such cargoes. The strategy when
transporting such types of goods for short-sea operations is to invest in hydrogen-
electric, while for deep-sea operations, the maintenance of an LNG fleet with reduced
emissions is advisable.

Furthermore, Spot operators with Spot Market contracts have limited capacity
for long-term investments and prefer LNG retrofit or deferred conversion, while Time
charterers, especially green cargo operators) are willing to pay a premium for ships
with zero-carbon technologies. The strategy for those shipowners operating in the spot
market should be to focus on flexibility, retrofit with methanol-ready or LNG, while
those seeking long-term contracts should invest in ammonia or SMR once the
infrastructure matures (Ma et al., 2022).

Finally, the evolution of shipping technology does not occur in a vacuum, but
is closely linked to the cyclical fluctuations of the freight market and the respective
phase of the economic cycle. In periods of low freight rates, investments in innovative
technologies shrink, while in periods of high market, the "comfort" for strategic
moves appears. The phase of the market defines the risk tolerance strategy.
Shipowners should map their position in the cycle and adjust their investment plan
accordingly, aggressively in the upswing, defensively in the downturn. In conditions
of strong demand and high TCE, for example, shipowners have strong cash flow and
greater tolerance for CAPEX risk. Technologies such as LNG retrofit and even
Ammonia-ready are starting to become viable due to short-term cost coverage, while
environmental indicators (CII, ETS) are gaining more commercial value — green ships
are chartered first. The strategy chosen is to aggressively invest in zero-carbon
technologies, if contracts exist, and to design newbuilds with fuel-agnostic
architecture (LNG-ready / Ammonia-ready / SMR-ready).

With low freight rates such as 2015 or Q2 2023, investments in green
technologies freeze, as the priority shifts to sustainability. Shipowners with older
fleets prefer to extend the life of ships with small interventions (EPL, SEEMP, Energy
Devices). The most resilient technologies are low CAPEX retrofit or energy add-ons
(e.g. air lubrication, sails, antifouling), while the strategy followed is to suspend major
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investments, focus on compliance at the lowest possible cost and wait for regulatory
stability.

Finally, in cyclical markets (Cyclical Operators) shipowners who reposition
themselves according to the cycle can invest steadily only if they link the technology
with future-proofing. Technologies that offer flexibility and low operating costs in all
cycles (such as LNG retrofit or SMR-transferable) have an advantage. The strategy
followed is the structural diversification of the fleet according to the cycle and

investments in modular or dual-fuel architecture (Van Biert et al., 2020).

5.2 Decarbonization Strategy Proposals for

Supramax/Ultramax Bulk Carrier Shipowners

The Supramax/Ultramax class is the backbone of the dry bulk segment, with
cargo flexibility, an average fleet age of around 1012 years, and participation in both
spot and time charter markets. In this environment, shipowners are challenged to
adapt strategies that balance short-term compliance with long-term competitiveness.
LNG technology is the only mature solution for retrofitting 5—15 year old vessels,
with CAPEX of $11-15 million and a faster payback period (5-6 years). Despite the
disadvantages (methane slip, cargo limitation), it offers a CII B rating, EEXI
compliance, and can command premium rates. The proposed strategy for shipowners
is to prioritize retrofitting younger ships, less than 12 years old, with dual-fuel LNG
systems, securing contracts with green charterers (e.g. Cargill, Trafigura) that reward
reduced emissions, and leveraging green financing (Poseidon Principles, Green Loans)
for retrofitting.

For ships built after 2027, shipowners should secure “ammonia-ready”
propulsion (e.g. MAN B&W dual-fuel) to reduce future conversion costs. Although
fuel costs are 2—3 times higher than HFO, CII A ratings and zero emissions offer
potentially stable ESG charter rates after 2030. The proposed strategy is to cooperate
with shipyards for ammonia-ready vessel orders with long-term flexibility, to secure
optional participation in ammonia bunkering pilot projects (Rotterdam, Oslo) and to

link to ESG targets to increase the chances of financing and long-term chartering.
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The Small Modular Reactors (SMR) technology, although not yet mature for
Supramax vessels, is a long-term target with impressive TCO benefits over a 20-30
year period, mainly with the transferable model (1 SMR/3—4 vessels). Especially for
visionary shipowners and fleets larger than 10 vessels, this strategy can create energy
independence and complete exemption from CO: and ETS costs. It is therefore
recommended to closely monitor the regulatory progress of the IMO/IAEA, to
participate, where possible, in research consortiums for nuclear commercial maritime
(e.g. EURATOM projects) and to analyze the feasibility of fixed long-term routes (e.g.
Asia—Europe) with legally friendly ports (e.g. Busan, Murmansk).

The volatile course of technology, on the other hand, indicates the need for a
"fuel-agnostic" approach. Shipowners should invest in modular propulsion layouts
that allow flexibility between LNG, Methanol, Ammonia or Hydrogen over time. It is
therefore necessary to cooperate with shipyards for modular engine room design, to
select naval technical solutions (e.g. shaft generators, EMS) that allow upgrading
without extensive retrofit and to invest in crew training schemes (SEEMP v3,
alternative fuels protocols).

For owners with a fleet of more than 5 ships, diversification is a strategic
advantage. Part of the fleet can operate with low CAPEX (e.g. LNG retrofits), while
other ships focus on green compliance or participation in pilots (e.g. hydrogen or
ammonia testbeds). Fleet segmentation by life expectancy and commercial role,
commitment of more modern ships to ESG-driven routes or green supply chains, and
dynamic CII retention target every 5 years for each segment of the fleet are required.

The transition to green shipping for the Supramax/Ultramax class is therefore
neither a one-way nor an immediate one. It is a matter of strategic positioning by fleet,
capital, and market. Those shipowners who choose fuel-agnostic routes with green

contracts will gain a competitive advantage over those who remain passive.

| Period || Technology “ Strategy ” Target Fleet Segment |

|202572030||LNG, Dual-fuel “Retroﬁt LNG + CII optimization ”Existing fleet <15 years |

|2030—2035||Amm0nia Dual-Fuel HNewbuilds as “Ammonia-ready” ”ESG—oriented charterers |
Pilot SMR deployment on Capesize ||Long-term investors with

Post-2035 ||Transferable SMRs
fleet regulatory support

Tablel0: Strategic Deployment Timeline by Scenario
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