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Abstract

The maritime sector faces urgent decarbonisation pressures due to regulatory instruments,
such as the International Maritime Organization’s (IMO) Carbon Intensity Indicator (CII),
which mandates reductions in greenhouse gas emissions per transport work. This paper
investigates the challenge of identifying CII-compliant strategies that are also financially
viable for UK shipowners. To address this, operational and technical data from UK-flagged
vessels over 5000 GT are analysed using a capital budgeting framework. This includes
scenario-based evaluation of speed reduction, payload limitation, and retrofitting with
dual-fuel LNG and methanol engines. The analysis integrates carbon taxation, and pilot
fuel use to assess impacts on emissions and profitability. The findings reveal that while
the short-term operational measures examined offer modest gains, long-term compliance
and financial performance are best achieved through targeted retrofitting supported by
carbon taxes and favourable market conditions. The study provides actionable insights
for shipowners and policymakers seeking to align commercial viability with regulatory
obligations under the evolving CII framework.

Keywords: Carbon Intensity Indicator; environmental policy; sustainable shipping; mar-
itime decarbonisation; alternative fuels; engine retrofit; carbon tax

1. Introduction

The shipping industry, which facilitates over 80% of global trade (UNCTAD, 2021),
is currently facing increasing pressure to reduce its carbon footprint while maintaining
profitability. Shipowners, who are at the heart of this transition, must navigate a complex
landscape of regulatory requirements, technological advancements, and economic chal-
lenges. The International Maritime Organisation (IMO) has set ambitious targets to reduce
greenhouse gas (GHG) emissions from international shipping, including a 40% reduction
in carbon intensity by 2030 compared to 2008 levels, and a 70% reduction by 2040, with
the ultimate goal of achieving net-zero emissions by or around 2050 (IMO, 2023b). To
meet these targets, the IMO has introduced new regulations, such as the Carbon Intensity
Indicator (CII) and the Energy Efficiency Existing Ship Index (EEXI), which came into effect
in January 2023. These regulations require shipowners to improve the operational (e.g.,
speed reduction) and technical efficiency (e.g., use of alternative fuels) of their fleets, with
non-compliance potentially leading to financial penalties and operational restrictions.

For shipowners, the challenge is twofold: they must ensure regulatory compliance
while also maintaining profitability. This dual objective requires a careful assessment of the
costs and benefits of various decarbonisation strategies, including operational measures,
like speed reduction and payload adjustments, as well as technical interventions, such
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as engine retrofitting for alternative fuels. The decisions shipowners make today will
have long-term implications for their fleets. This is especially important as the industry
transitions towards a low-carbon future. This paper contributes to existing knowledge by
integrating technical and economic assessments of decarbonisation strategies under the CII
framework, offering a fleet-level analysis across bulkers, container ships, and tankers—an
underexplored area in the literature. Unlike prior studies that assess compliance strategies
in isolation, this research models their financial viability under varying charter rates and
carbon taxation, reflecting real market conditions. It further advances understanding by
accounting for pilot fuel emissions in dual-fuel retrofits and by bridging the gap between
short-term operational adjustments and long-term retrofit investments. By aligning regula-
tory compliance with commercial feasibility, the study provides a strategic framework that
informs both academic debate and policy design.

From a shipowner’s perspective, the primary concern is balancing the need to comply
with increasingly stringent environmental regulations with the imperative to maintain
financial viability. The introduction of the CII and EEXI regulations has added a new
layer of complexity to this challenge. The CII requires shipowners to monitor and report
their vessels’ carbon intensity annually, with ratings ranging from A (best) to E (worst).
Ships that consistently receive a D or E rating must develop corrective action plans, which
could involve costly operational changes or technical upgrades. For shipowners, the key
question is how to achieve compliance in a way that minimises costs and maximises returns
on investment.

Speed reduction is a swift and cost-effective strategy, also known as “slow steaming”.
By reducing a ship’s speed, fuel consumption and CO, emissions can be significantly
lowered, as fuel consumption is proportional to the cube of the ship’s speed (Barrass, 2004).
This approach has been widely adopted in the industry, particularly during periods of
high fuel prices, as it offers a straightforward way to reduce operational costs. However,
speed reduction also has downsides: it increases voyage duration, which can lead to higher
operational costs and reduced revenue, particularly for time-chartered vessels. Another
operational measure that shipowners can consider is payload reduction. By carrying less
cargo, a ship’s fuel consumption and emissions can be reduced, which may help improve
its Cll rating. However, this strategy comes with significant trade-offs, as it directly impacts
revenue. For shipowners, the decision to reduce payload must be carefully weighed against
the potential benefits of improved CII compliance. In some cases, the savings from reduced
fuel consumption may offset the loss of revenue, but this depends on factors, such as freight
rates, fuel prices, and the specific operational profile of the vessel.

While operational measures offer short-term solutions, shipowners must also consider
longer-term strategies, such as transitioning to alternative fuels or retrofitting existing ves-
sels to improve their energy efficiency. Liquefied natural gas (LNG) and methanol are two
of the most promising alternative fuels currently available, offering significant reductions
in CO, emissions compared to conventional marine fuels. However, the adoption of these
fuels requires substantial upfront investment, particularly for retrofitting existing vessels.
For example, retrofitting a bulker to use LNG can cost around USD 101 per deadweight
tonne (DWT), while retrofitting a container ship can cost up to USD 4000 per twenty-foot
equivalent unit (TEU) (SEA-LNG, 2023; Shipuniverse, 2024).

From a shipowner’s perspective, the decision to invest in engine retrofitting must be
based on a thorough cost-benefit analysis. While these technologies offer the potential for
long-term emissions reductions and improved CII ratings, they also come with significant
financial risks (L. Yu et al., 2021). The availability of alternative fuels is still limited,
and the infrastructure for their production, storage, and distribution is underdeveloped.
Additionally, alternative fuels often require pilot fuels, which can offset the emissions
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reductions gained from lower-carbon fuels. For example, grey methanol and LNG engines
typically require 3% pilot fuel, which can increase CO, emissions and reduce the overall
effectiveness of these fuels in achieving CII compliance.

In addition to operational and technical measures, shipowners must also consider
the potential impact of market-based measures (MBMs), such as carbon taxation, on their
business decisions. A carbon tax would impose a fee on CO, emissions from ships, creating
a financial incentive for shipowners to reduce their emissions. Proponents argue that a
carbon tax could help bridge the cost gap between conventional and low-carbon fuels,
making alternative fuels more economically viable and accelerating the transition to greener
shipping (ITF, 2022). From a shipowner’s perspective, the introduction of a carbon tax
could have significant implications for profitability. On the one hand, it could increase the
cost of using conventional fuels, making alternative fuels more attractive. On the other
hand, it could lead to higher operational costs, particularly for shipowners who are unable
to transition to lower-carbon technologies.

Despite the growing body of scientific literature on maritime decarbonisation, there
are several notable gaps that are particularly relevant to shipowners. First, while several
studies have examined the impact of individual measures, such as speed reduction or
alternative fuels, there is a lack of comprehensive analyses that evaluate the effects of
these measures on CII compliance on fleet level. Second, there is limited research on
the economic feasibility at the fleet level of different decarbonisation strategies from a
shipowner’s perspective, particularly in the context of the current regulatory framework.
Third, the role of pilot fuels in the use of commercially available alternative fuels has been
overlooked in literature, despite its potential impact on CII ratings and operational costs.

The debate surrounding maritime decarbonisation is complex, with competing views
on the most effective strategies for reducing emissions while maintaining economic via-
bility. This study reconciles this debate by providing a holistic assessment of the various
decarbonisation strategies available to shipowners. By evaluating the impact of different
measures on CII compliance and considering the economic implications of each option,
the study offers a balanced perspective on the trade-offs involved in maritime decarbon-
isation. The findings highlight the limitations of short-term compliance strategies and
emphasise the need for integrated regulatory approaches that align industry economics
with sustainability objectives.

The remaining sections are structured as follows. Section 2 includes the literature
review. Section 3 presents the current CII regulatory framework governing the decarbon-
isation of the shipping industry to investigate how and to what extent shipowners are
affected and includes the results of operational carbon emissions of UK ships, for which
data were available, up to 2030, according to the CII metric as defined by IMO, assuming a
business as usual (BaU) scenario. In Section 4, the measures for improving the CII ratings
are investigated and results are presented for speed reduction, the use of currently available
fuels namely liquified natural gas (LNG), grey methanol, hydrotreated vegetable oil (HVO),
and very low sulphur fuel oil (VLSFO). I also examine the economic feasibility of retrofitting
ships with methanol and LNG dual-fuel (DF) engines to improve the CO, footprint, taking
into consideration the pilot fuel required. The financial metrics used include the net present
value (NPV), the internal rate of return (IRR), the return on investment (ROI), and the
payback period. A sensitivity analysis of the NPV is performed to evaluate changes relating
to time charter (TC) rate and carbon tax, as well as discount rate. Furthermore, a formula is
developed to assess the economic implications of payload reduction and predict its impact
on CII. Section 5 concludes and presents policy recommendations.
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2. Literature Review

While recent research has extensively examined carbon abatement strategies in ship-
ping, several limitations remain unaddressed that are critical from a shipowner’s perspec-
tive under the evolving IMO Carbon Intensity Indicator (CII) framework. For instance, Gao
et al. (2023) employed a system dynamics approach to explore decarbonisation scenarios,
primarily focusing on long-term projections without delving into the short- to medium-term
CII compliance implications. Similarly, Kim et al. (2024) proposed operational pathways to
improve CII but did not analyse the economic feasibility or retrofitting investments at the
fleet level. Furthermore, Mi et al. (2024) provided a comprehensive bibliometric mapping
of green shipping research but did not engage with the operational and financial realities
that shipowners face when applying these solutions across different vessel types.

There is also a growing debate surrounding the practical application of current regu-
latory instruments, such as the CII, and the feasibility of integrating market-based mech-
anisms, like carbon taxation. While Baresic et al. (2024) argue for the early adoption of
zero-emission fuels, this view assumes broad availability of such fuels and infrastructure,
which may not be economically or logistically viable in the short term. Kavussanos et al.
(2025) highlight how vessel fixture decisions across contract durations are shaped by market
uncertainty and freight rate dynamics. While their study focuses on chartering behaviour,
it underscores the broader market sensitivities shipowners face—reinforcing the relevance
of aligning decarbonisation strategies, like CII compliance, with evolving commercial and
regulatory environments. Pangalos (2023) highlights the need for financial innovation to
support sustainability in shipping, and Moutzouris et al. (2025) examine scrubber invest-
ments under fuel price and freight rate uncertainty, supporting this study’s argument that
decarbonisation strategies—such as engine retrofitting—must be evaluated within dynamic
market and policy contexts.

This paper contributes to the sustainable shipping literature through an analysis on
fleet level using a techno-economic framework that comprehensively evaluates operational
and technical compliance options under the CII metric, while also integrating a financial
assessment that includes NPV, IRR, and payback periods. Unlike prior studies that focus
on single vessel types or specific routes (e.g., Hua et al., 2024; Q. Zhang et al., 2024), this
research leverages data from the UK fleet comprising bulkers, container ships, and tankers
to examine retrofit feasibility, fuel choice, and carbon pricing impacts at scale. Notably, this
study fills the following key research gaps:

1.  Policy-compliance nexus: By assessing the effectiveness of compliance strategies, like
speed and payload reduction, as well as engine retrofits, under the CII scheme, this
study contributes empirical insights into the policy—performance link currently absent
from the literature.

2. Fleet-level economic feasibility: This paper uniquely evaluates the cost-effectiveness of
retrofitting with LNG and grey methanol engines across multiple ship types, offering
granular insights for fleet-wide decisions.

3. Pilot fuel impact: The study quantifies the influence of pilot fuel on CII performance—
an often overlooked yet significant factor in determining the actual emissions benefits
of low-carbon alternatives.

4.  Market-based measures integration: By modelling CO; taxes in conjunction with CII
scores, the paper offers a realistic scenario analysis that reflects how financial levers
could accelerate or hinder technology adoption.

Through this multidimensional approach, the study contributes to both the academic
discourse and industry practice, offering a balanced, data-driven framework to guide
shipowners navigating the decarbonisation imperative. It bridges fragmented perspectives
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in the literature and proposes actionable pathways for sustainable and financially viable
compliance under evolving regulatory regimes.

This comprehensive review of the literature on maritime transport and its related
emissions reveals a notable concentration on studies, such as optimising speed and explor-
ing alternative fuels. Furthermore, there has been a significant exploration of economic
challenges aimed at emission abatement. However, to the best of my knowledge, there
is a lack of emphasis on evaluating the results of these studies in relation to policy mea-
sures and CII compliance. Furthermore, effective policy instruments play a crucial role in
driving the adoption of improved solutions for climate change mitigation, and the IMO
faces challenges (Bach & Hansen, 2023) that should be addressed in view of the upcoming
CII revision.

Reducing ship speed, commonly referred to as slow steaming, is an effective strategy
for lowering fuel consumption and GHG emissions through combined speed-routing
scenarios. This approach is well-documented in the maritime shipping literature (Degiuli
et al., 2021; Mallidis et al., 2018; Peli¢ et al., 2023; Stopford, 2008; Taskar & Andersen, 2020),
with extensive research on the economic implications of speed reduction (Chang & Wang,
2014; Corbett et al., 2009) and optimal speed analysis for specific ship types (Tan et al., 2022;
Doudnikoff & Lacoste, 2014). However, there is limited analysis on the effect of speed on
CII, as emphasised by Hua et al. (2024). Furthermore, several papers assess the impact
of policy measures on maritime transport, namely the analysis of Solakivi et al. (2022)
on the cost competitiveness of alternative marine fuels and that of Bouman et al. (2017)
reviewing the potential in shipping of various GHG reduction measures. However, by
focusing on a single vessel type in terms of technological specifications, none of the existing
articles examined the effect of various measures on CII at the fleet level including various
ship types.

In relation to retrofitting marine dual-fuel (DF) engines to accommodate lower-carbon
fuels, several studies have focused on the technical aspects of these retrofits (Dierickx
et al., 2021; Marchitto et al., 2024), often examining their environmental impact in tandem
(Lim et al., 2024). Research has also explored the cost-effectiveness of such retrofitting
solutions (Ge & Wang, 2017; Percic¢ et al., 2021; J. Zhang et al., 2024). However, the existing
literature overlooks the policy implications in managerial decisions required for achieving
CII compliance in the short term. This study aims to address this gap, while also accounting
for the required pilot fuel in the case of engine retrofitting—a factor often overlooked or
considered negligible in existing studies.

In addition, the market-based measures (MBMs) proposed (Faber et al., 2009; Mundaca
et al., 2021) recommend the use of a carbon levy to bridge the cost difference between fuels
with low emissions and conventional marine fuels, thus encouraging a more rapid transition
to greener fuels. The shipping literature includes the assessment of MBMs on the fleet level,
namely the paper of Zhu et al. (2018), who discuss the influence of maritime emissions
trading systems on carbon emissions, and Marrero and Martinez-Lépez (2023) assessing
the effectiveness of EU decarbonisation measures in short-sea shipping. Furthermore,
existing research predominantly examines emissions from single ships (H. Yu et al., 2021;
Taskar et al., 2023; Zis et al., 2020), or a fleet of same type of vessels (Q. Zhang et al., 2024),
leaving a significant gap in comparative analyses that explore a combination of different
measures, which could assist shipowners in complying with the new IMO CII measure.
Grigoriadis et al. (2024) assess the environmental performance of various ship classes but
do not examine the CII rating. Carbon tax scheme analyses show that their introduction
to shipping could accelerated the uptake of alternative fuel sources (Li & Yang, 2024).
Although the CII was not originally designed to be implemented alongside a CO, tax, the
analysis demonstrates that this combination can be beneficial from a policy perspective, as it
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encourages managerial practices that more effectively align with the IMO’s decarbonisation
targets. It is worth noting that several proposals have been submitted to the IMO since 2021,
with the latest one submitted in December 2024 (ICS, 2024). Among these, the International
Chamber of Shipping, representing over 90% of the global merchant fleet, proposed the
implementation of an annual carbon tax starting in 2027.

In the context of current research on carbon emissions reduction in shipping, partic-
ularly concerning fuels, there exist areas that remain unaddressed and warrant further
exploration to provide more relevant and contemporary insights. First, prior studies have
focused on e-methanol, ammonia, and hydrogen—fuels with significant potential but
unlikely to be widely available in substantial quantities before 2030. Second, the consump-
tion of pilot fuel is not accounted for in existing analyses. Third, the literature focuses
on emissions from individual vessels operating on specific routes, with a notable lack of
comparative studies across diverse ship types and routes.

This study takes a holistic approach to assessing the impact of technologies on society,
providing a robust methodological framework for analysing the techno-economic options
available to shipowners for achieving CII compliance while maintaining profitability. Using
data from the UK shipping fleet, it evaluates operational measures (i.e., speed reduction,
payload adjustments) and technical interventions (i.e., engine retrofitting for alternative
fuels) on CII ratings, alongside financial incentives, like CO,, taxation to accelerate decar-
bonisation. By analysing the technical and operational data from Clarksons SIN of UK
ships over 5000 GT, I quantify the effects of policy measures and examine compliance
strategies. While decarbonisation pathways differ between international and domestic
shipping (Nuttall et al., 2021), the measures assessed have global applicability. More
specifically, the originality of this research lies in its techno-economic analysis of carbon
emissions across various ship types from 2023 onwards, evaluating CII performance until
2030 and assessing mitigation strategies. It introduces a novel framework for achieving
CII compliance, first assessing existing ship types, and then applying speed reduction
to gauge its impact. Additional measures, such as engine retrofitting, are systematically
analysed, factoring in economic feasibility and potential CO, taxation to bridge the cost
gap between conventional and low-emission fuels. For cases where speed reduction or
retrofitting is impractical, the study explores payload reduction as a last-resort compliance
measure, assessing the potential of fuel savings in offsetting revenue losses. The sensitivity
analyses of NPV conducted to assess the impact of TC rates, carbon tax, and discount
rates, offer a nuanced perspective on the financial challenges shipowners face in making
profitable decarbonisation decisions. Through this structured methodology, the research
provides insights for policymakers and industry stakeholders towards sustainable maritime
practices. The results and discussions are presented within the respective sections for each
measure examined.

3. Data and Methodology for the Evaluation of CII
3.1. The CII Calculation

The CII calculation (IMO, 2022a) is based on the tank-to-wake (TtW) CO, calculation
methodology, which does not consider emissions from fuel production and transportation.
IMO is expected to assess the effectiveness of CII implementation by 1 January 2026,
potentially incorporating a well-to-wake (WtW) approach (IMO, 2023a).

The annual operational CII is calculated using the formula presented in Equation (1).
The relevant correction factors for ships travelling through the Arctic zone have been
disregarded. However, there are implications of the CII regulation for ships sailing in
ice-covered waters (Tran et al., 2023).
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The attained CII is obtained as follows:

CHattained = W (1)

where the terms are defined as follows:

FC; is the total mass (grams) of the consumed fuel oil of type j per year;

CFj is the fuel oil mass (grams) to CO, conversion factor for the fuel type used;

C is the ship’s capacity (DWT or GT);

D is the total distance travelled in nautical miles (NM).

The attained CII is then compared to the required CII of Equation (2) to obtain the CII
rating, as follows:

. Z
required CII = (1 — 100> X CIIRgg (2)
where Equation (3) is as follows:
Cllrgr = « x Capacity ¢ 3)

where parameters o and c are obtained from median regression analysis of data gathered by
the IMO in 2019, with their values varying based on ship type (i.e., « = 1984 and ¢ = 0.489
for container ships), (IMO, 2022b).

ClIrgr of Equation (3) is described by the IMO as being based on the capacity of different
ship types exceeding 5000 GT and engaging in international operations. The value of the
reduction factor (Z) from the year 2023 takes the value of 5 and is increased by 2 each year
to become 11 in 2026 (IMO, 2021). IMO has not yet produced the Z values for the period
2027-2030; therefore, assuming the same increase of 2 per year, Z becomes 19 in 2030.

The value given by the ratio of the attained CII over the required CII, is then compared
to the four boundaries to produce the CII rating (A, B, C, D, or E). More specifically, the
boundaries are called the superior, lower, upper, and inferior boundaries, and depend on
ship type (for instance for container ships, superior boundary = 0.83, lower boundary = 0.94,
upper boundary = 1.07, and inferior boundary = 1.19) (IMO, 2022c).

It is worth noting that the primary responsibility for CII compliance lies with shipown-
ers, unless otherwise specified in contractual agreements with charterers. At the same time,
the complexity of shipping operations can have a significant impact on a vessel’s CII rating.
Therefore, cooperation between shipowners and charterers is important for establishing a
commonly agreed operational plan.

3.2. CII Ratings and Outlook

A calculator tool is developed, which is used to determine the CII class based on the
methodology described in Section 3.1 for three of the main shipping sectors, namely the
bulkers, tankers, and container ships presented next. To estimate the classification for 2026
and 2030, it is assumed that the ships continue operating under their existing voyage patterns.

Tanker ships, which have a median age of 6.5 years, are expected to be compliant with
CII requirements up to 2030. The tanker ships’ CII ratings are shown in Figure 1.

Ships in the bulkers category show a relatively high dispersion of deadweight tonnage
(DWT), ranging from 30,124 to 297,980 DWT. The CII rating for the bulker sector is also
examined for the years 2023-2030, as shown in Figure 2. Bulkers have a median age of
15 years, and most have compliant CII class ratings, but at least 30% are expected to be
non-compliant in 2030 with 22% in Class D. For those ships, the CII rating is calculated
for LNG, methanol, and other alternative fuels in Section 4.2. Given the significant CII
rating improvement, they are selected for further analysis of DF methanol and LNG engine
retrofits, with their economic feasibility examined in in Sections 4.3.2 and 4.3.3.
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Figure 1. Tankers’ CII class for the years 2023, 2026, and 2030.
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Figure 2. Bulkers’ CII class for the years 2023, 2026, and 2030.

The containers, with twenty-foot equivalent unit (TEU) values ranging between 1068
and 8452, face greater challenges compared to bulkers and tankers. Over 60% of the
container ships examined are projected to fall into Class D and E by 2030, as illustrated in
Figure 3. This is partly due to their significantly higher CO, emissions per nautical mile,
based on the data used. With 33% of these ships having a median age of 17 years and at
least 10 years of remaining economic life, they are considered for engine retrofits, to ensure
operational viability until at least 2030, as detailed in Sections 4.3.2 and 4.3.3.
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Figure 3. Container ships’ CII class for the years 2023, 2026, and 2030.
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In conclusion, the results for tankers indicate a modern fleet with lower emissions. In
contrast, bulkers and container ships require updates through operational and technical
carbon abatement measures to meet decarbonisation targets.

4. Measures for Improving the CII Rating

Shipowners and charterers can achieve ClI-compliant ratings (A to C) through opera-
tional measures, such as voyage optimisation, payload reduction (examined in Section 4.4),
and speed reduction, which is discussed next.

4.1. Speed Reduction

By reducing ship speed, I demonstrate that it is possible to improve the CII rating, as
lower speeds lead to reduced CO, emissions. These findings align with the results of Zhao
et al. (2023). Fuel consumption is proportional to the cube of sailing velocity (Barrass, 2004).
Since CO, emissions are proportional to fuel consumption, they are also estimated to be
proportional to the cube of the average sailing velocity for each ship type.

An analysis of the speed reduction required for the examined ship types to achieve at
least a CII Class C rating by 2030 is presented in Figure 4.

100%
90%
80%
70%
60%
50%
20%
30%
20%
10%

0% —_—

Tankers Bulk Containers

HA

mB

Percentage of Ships

0% 11.5% 12%
Speed Reduction

Figure 4. The percentage of speed reduction required for ships to achieve at least CII Class C in 2030
for tankers, bulkers, and container ships compared to the speed baseline for 2023.

It is important to note that reducing speed by, for example, 5% and 10%, results in
a respective increase of 5% and 11% in the number of days required to cover the same
distance. To mitigate this issue without disrupting the supply chain, it is essential to reduce
port turnaround times (Argtiello et al., 2022) and minimise waiting periods for accessing
ports or canals.

According to our study, while speed reduction leads to lower income per unit of time,
it also provides economic benefits through reduced fuel consumption and, consequently,
lower fuel costs. Assuming a VLSFO fuel price of USD 650 per ton, Table 1 presents the
average daily economic gains from fuel savings versus speed reduction for the vessel
categories under study.

Table 1. Average daily economic benefit from speed reduction at the 5% and 10% levels.

Median Aee Fuel Cost Benefit Fuel Cost Benefit
Sector (Years) 8 5% Speed Reduction  10% Speed Reduction
(USD/Day) (USD/Day)
Bulkers 12 1556 2873
Container Ships 17 2885 5408

Tankers 7 2257 4062
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Speed reduction must account for key constraints, such as port infrastructure avail-
ability and time charter contracts, which may limit the ability to select optimal speeds and
undermine the cost-effectiveness of speed reduction strategies.

4.2. CII Performance with Currently Available Fuels

The CII rating performance of the ships under consideration is examined up to 2026,
ceteris paribus, for various currently available bunker fuels using the parameter values
shown in Table 2. Specifically, these fuels include LNG, grey methanol, VLSFO, and HVO.

Table 2. Specific energy SE and CO, emissions coefficient C; per fuel type (IMO, 2016, 2023a;
EMSA, 2023).

Fuel Specific Energy SE (MJ/Kg) C; (t-CO,/t-Fuel)  Physical Properties
LNG (liquified natural gas) 48 2.75 —162 °C/5-10 bar
Methanol (grey) 19.9 1.375 atm
HVO (hydrotreated vegetable oil) 44 3.206 atm
VLSEFO (light fuel oil with low sulphur) 41.2 3.151 atm

Total CO2pew = Qyrsro X

For methanol and LNG combustion, a minimum pilot fuel requirement of 3%
(Methanol Institute, 2023; MAN, 2021) of conventional fuel is necessary, and the asso-
ciated CO, emissions are included in our calculations.

The CO, emitted by the new fuel is calculated by the following Equation (4):

SE
Total CO2new = Qvisio X B9 % Cpow (4)
SEnew

which in the case of methanol and LNG with a minimum of 3% pilot fuel becomes the
following Equation (5):

SEv1sro
SEneW

SEvisro

x 0.03 x C 5
SEoow fVLSFO ()

X Cprew + Qvisro X
where the terms are defined as follows:
Qvrsro is the VLSFO-type total amount of fuel consumed in tons during the sailing time.
SEvisro is the specific energy of VLSFO.
SEnew is the specific energy of the new fuel.
Cinew is the CO, emissions coefficient of the new fuel.
Crvisro is the CO, emissions coefficient of VLSFO fuel.
Accordingly, the new value of CII is obtained by the following Equation (6):

Total CO2
CHattained = Cx—]:)tnew (6)

The results obtained for each category are summarised in Figure 5 for 2026.

LNG and grey methanol demonstrate the most significant improvements in CII ratings
for all ship types in 2026. Further analysis of CII rating forecasts for 2030, focusing on
bulkers and container ships, is presented in Figures 6 and 7, respectively, given that tankers
are expected to attain Class C, as shown in Figure 1.

The CII classification in the case of grey methanol and LNG, as shown in Figures 6 and 7,
is performed with 3% of the pilot fuel.

It is worth noting that for methanol, a pilot fuel requirement of 3 to 5% conventional
fuel is necessary (Methanol Institute, 2023), though this can reach up to 10% in certain
types of DF engines according to Lloyd’s Register (2023). For LNG, pilot fuel consumption



J. Risk Financial Manag. 2025, 18, 391

Percentage of Ships

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

o
>

T

ranges from 2.5% for 4-stroke medium speed DF engines to 4.7% for 2-stroke slow speed
DF engines (MAN, 2021; Sphera, 2021; ICCT, 2020; ABS, 2022). However, depending on the
load factor of the DF engine, the pilot fuel requirement for LNG can increase to 7% when
the load factor reaches 85% of the maximum continuous rating (Elkafas et al., 2021).

The effect of increasing pilot fuel from 3% to 5% and 7% on the CII class are shown in
Figures 8 and 9 for bulkers and in Figures 10 and 11 for container ships, for methanol and

LNG, respectively.
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Figure 5. CII class in 2026 of bulkers, container ships, and tankers using HVO, LNG, methanol, and

VLSFO marine fuels.
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Figure 8. The effect of pilot fuel for methanol on CII class of bulkers in 2030.

As shown in Figure 8, even a 3% pilot fuel requirement for grey methanol cannot be
considered negligible in CII classification calculations. For example, the percentage of ships
in Class A decreases from 31% to 19%, while the percentage of non-compliant ships (i.e.,
Classes D and E) increases from 30% to 35%.
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Figure 9. The effect of pilot fuel for LNG on CII class of bulkers in 2030.

The results presented in Figure 9, show that, unlike methanol, LNG CII classification
results are less affected by pilot fuel requirements.

As shown in Figure 10, pilot fuel significantly impacts CII classification when burning
grey methanol in containers. Specifically, a 3% pilot fuel requirement reduces the percentage
of ships in Class B from 25% to 8%, while increasing the percentage of non-compliant ships
(i-e., Classes D and E) from 33% to 45%.
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Similarly, Figure 11 shows that a 3% pilot fuel requirement for container ships burning
LNG adversely affects the percentage of ships in Class A, decreasing it from 53% to 42%,
while increasing the percentage of ships in Class C from 9% to 33%.
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Figure 10. The effect of pilot fuel for Methanol on CII Class of Container ships in 2030.
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Figure 11. The effect of pilot fuel for LNG on CII Class of Container ships in 2030.

As expected, pilot fuel negatively impacts CII classification, with the effect being more
pronounced for grey methanol due to its lower specific energy (19.9 MJ/kg) compared
to LNG (48 MJ/kg). Engine manufacturers are exploring strategies to reduce pilot fuel
requirements, aiming to improve combustion efficiency, lower costs, and reduce carbon
emissions. However, the use of pilot fuel will remain necessary for existing dual-fuel
(DF) engines. Considering a 3% pilot fuel requirement, the ships that are projected to
be in CII Classes D and E, as shown in Figures 6 and 7 for bulkers and container ships,
respectively, are evaluated for DF engine retrofits. This assessment examines the feasibility
of the investment and the potential improvement in CII ratings. The TC rates used in the
calculations are provided in Table 3.
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Table 3. TC rate values for bulkers and container ships.

Container Ships Average 1-Year Daily TCR (Lloyd’s List, 2024)

TEU USD/day
1100-1740 7000
2500 10,000
3500 13,000
4250 16,000
6500 21,000
8500 29,000
Bulkers Average 1-Year Daily TCR (HandyBulk, 2024)
DWT USD/day
38,000 11,000
58,000 15,000
64,000 16,500
75,000 12,000
82,000 13,000
180,000 21,500
208,000 25,500

4.3. DF Methanol and LNG Engines Retrofit Analysis

The rationale for assessing retrofits of conventional ships with either DF LNG or
methanol engines lies in their high technology readiness level (TRL) compared to other
alternative fuel marine engines. Additionally, both LNG and methanol are approved for
onboard use, as they comply with the IMO International Code of Safety for Ships. Existing
data from already retrofitted ships indicate that the retrofitting costs for the propulsion
and the fuel storage system in the case of LNG are estimated at USD 101/DWT for Bulkers
(SEA-LNG, 2023) and at USD 4000/ TUE for Containers (Shipuniverse, 2024).

Furthermore, LNG usage onboard requires a special energy storage system to keep
LNG in its liquid state. For container ships, this necessitates allocating a volume equivalent
to 2% of the TEU for the installation of a suitable gas storage system. On the other hand,
methanol retrofits require an engine cost of USD 320/kW. Additionally, existing storage
tanks can accommodate methanol with only minor modifications, at a cost of USD 110/kW
for both ship types (Wang & Wright, 2021; Sustainable ships, 2023).

A key factor of the economic analysis of engine retrofit is the market for LNG and grey
methanol. The bunker fuel used by ships is usually priced based on long-term contracts,
which could also be combined with fuel hedging derivatives. The average prices per metric
tonne (MT) of marine fuel over the past two years, used in the financial analysis in the
following sections, are as follows: 660 USD/MT for VLSFO, 610 USD/MT for LNG, and 300
USD/MT for grey methanol, which are used as the baseline fuel costs and reflect 2023-2024
averages from Rotterdam bunker price data (Rotterdam Bunker Prices, 2024).

4.3.1. Methodology of the Economic Analysis of Engine Retrofitting

The model evaluates the profitability of the retrofitting using the discounted cash
flow technique, which calculates the net present value (NPV) by subtracting the initial
investment from the projected future cash flows, as shown by Equation (7). The estimation
of these future cash flows considers the following comparative costs: (a) alternative fuel
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consumption, including pilot fuel, (b) TC rate increases, and (c) the implementation of a
CO; tax. Additionally, CAPEX is solely allocated to the retrofit cost.

The NPV of the investment is the total value of all future cash flows, discounted at the
discount rate. It is calculated by discounting expected future cash flows generated by the
investment as follows: N CF
NPV =) ", Qo CAPEX (7)
where the terms are defined as follows:

N is the economic lifespan in periods (years);

r is the discount rate;

CF; is the expected cash flow generated in year t;

CAPEX is the total cost of the retrofit.

The annual cash flows (CFs) generated by the engine retrofitting, assuming that the
retrofitting cost is covered entirely by the shipowner at t = 0, without borrowing, and the
retrofitted system maintenance cost will be the same as for the conventional engine, is
described by the following Equation (8):

CF; = fuel cost difference + CO, tax difference + TC rates difference (8)

In business decision making, investors focus on investments with a positive NPV, as it
is the most reliable financial metric for assessing investment profitability. To evaluate the
engine retrofit investments using the NPV method, the period of investment N (also the
ships’ remaining economic lifespan) is 10 years, and r is 11% (Pomaska & Acciaro, 2022) to
reflect the level of risk associated with such investments.

The IRR is a metric for estimating a project’s annual discount rate that makes the NPV
equal to zero and is derived through the following Equation (9):

0=NPV= Y, ( R caPEX 9)

1+IRR)"

When comparing investment options with similar characteristics, as in this case, the
investment with the highest IRR is the most favourable. Additionally, the payback period
assesses how long it takes to recoup the initial investment. The payback period is calculated
as the number of years required for the cumulative forecasted cash flow to equal the
initial outlay, providing a comparative measure of the time needed to recover retrofit costs.
Furthermore, the ROI metric, which measures the profitability of an investment relative to
its cost, facilitates the comparative evaluation. The ROI is calculated as the net comparative
return of the retrofit (i.e., total cash flows of the retrofit minus total cash flows of the
conventional engine) divided by the capital cost of the investment.

4.3.2. Analysis of DF Methanol Engine Retrofit

The economic analysis of methanol retrofitting for both types of ships, of different
operational profiles, routes, and TC rates, was performed according to the assumptions
presented in Table 4 with the addition of 3% VLSFO as pilot fuel. The results are presented
in Table 5.

As shown in Figure 12, for the retrofit cost for the ships, displayed in the axis on the left
in order of increasing DWT and TEU for the bulkers and the container ships, respectively,
the methanol retrofit cost increases as the respective capacity of the ships increases, which
is also proportional to the engine power. In the case of Container Ship 5, due to it having
the highest engine power compared to the other six containerships, the retrofit cost is also
the highest. Furthermore, the axis on the right shows the value of the annual cash flows
(CFs) of Equation (8) for each of the ships, assuming a 20% TC rate increase, which also
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shows an increasing trend. Note that, in this case, no CO; tax has been included in the
calculations. In addition, the container ships” CFs are at a much lower level compared
to those of the bulk ships, which is mainly attributed to the lower on average TC rate of
container ships compared to that of the bulkers.

Table 4. Parameters of the economic analysis of retrofitting for grey methanol.

Investment Period 10 Years
Discount rate 11%
Cost of VLSFO USD 660/MT

Cost of grey methanol USD 300/MT
Cost of engine retrofitting  USD 320/kW

Cost of storage tanks USD 110/kW

Time charter rates Table 3

Operational activity The same as with VLSFO consumption

Cr for VLSFO 3.151 g CO, /g fuel

Cr for grey methanol 1.375 g CO, /g fuel

Pilot fuel 3% of consumed methanol (Methanol Institute, 2023)

Table 5. NPV sensitivity to TC rate increase and CO, tax for retrofit burning grey Methanol (USDm).

DWT  TCRO0% TCR10% TCR20% TCR30% TCR40% TCR 48% Uchlzgoco/ :)‘:“I’f; . USTSI;ZZOOOCA]S:;X
50124 [T 209 418 6.27 7.94 2.48 2.87
81,628 2.05 4.77 7.48 9.66 2.60 3.15
%_ 3.03 6.79 10.56 13.57 3.58 413
175,244 3.13 7.63 12.12 15.72 4.07 5.00
;,611_ 2.93 7.32 11.71 15.22 3.86 479
206330 |NSGEONEERSSEN 5398 9.31 14.66 18.90 487 5.77
~ 297930 |SEUEEOMINN 795 1631 24.67 31.36 9.29 10.64
Container ships
TCR 20% and TCR 20% and

TEU

1068
1338
5250
6046
6350
7024
8452

0, o, o, 0, V) o,
TCR0% TCR10% TCR20% TCR30% TCR40% TCR48% USD 60 CO, Tax  USD 120 CO, Tax

0.21 1.47 2.47
1.18 2.35

0.98

0.40

From Table 5, it is evident that a DF methanol engine retrofit is worthwhile for bulkers,
with a 20% TC rate increase, while for containers, it is not worth undertaking, as a 48% TC
rate increase would be required to obtain a positive NPV. It is also apparent that despite
the different operational profiles and routes, the TC rates shown in Table 3 play a very
important role in the calculation of NPV values, given that they are proportional to the
DWT and TEU for bulks and containers, respectively.
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Figure 12. Retrofit cost for methanol and cash flows for bulkers and container ships.

The profitability of the DF methanol engine retrofit for bulkers is evaluated using the
financial parameters defined in Section 4.3, the values of which are shown in Figure 13.
The corresponding IRR values are well above the baseline of 11%, the payback period for
the investment averages 4.7 years, and the ROI exceeds 20% for all DWT, which is higher
compared to the 9.38% marine transportation industry average ROI of the last 12 months
(CSIMARKET, 2025).

30% 6
25% 5 &
20% 4 3
=
S 15% 3 ag
o 10% 2 o
o &
- 5% 1 o

0% 0

Shipl  Ship2  Ship3  Ship4  Ship5  Ship6  Ship7
(30,124) (81,628) (98,681) (175,244) (175,611) (206,330) (297,980)

DWT

Figure 13. IRR, ROI, and payback of DF methanol engine retrofit investment for bulkers with 20% TC
rate increase.

A sensitivity analysis of the price of methanol showed that the NPV is positive for
a price of methanol less than approximately 52%, 54%, and 56% of the price of VLSFO,
for all bulkers, for USD 0/t CO, tax, USD 60/t CO, tax and USD 120/t CO, tax levels,
respectively. This is because the specific energy of methanol is 20 GJ/MT in comparison to
40 GJ/MT for VLSFO, which implies that two times more methanol is required to replace a
specific VLSFO amount of fuel. The impact of CO; tax on payback reveals that, for bulkers,
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the payback period decreases from an average of 4.7 years without tax to 4.4 years with a
USD 60/t CO; tax, and further to 4.2 years with a USD 120/t CO; tax.

The sensitivity analysis performed on the discount rate for the bulkers retrofitted for
methanol shows, according to Figure 14, that the NPV remains positive for all bulkers for a
discount rate up to 20%, with only Ship 5 becoming negative at that level of the discount
rate. This figure shows that investing in the methanol DF engine dual-fuel engine is a
profitable option, even for higher cost of capital requirements in comparison to the 11%
considered as the baseline in this study.
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Figure 14. NPV sensitivity analysis of the discount rate for methanol per bulker with a TC rate
increase of 20%.

4.3.3. Analysis of LNG DF Engine Retrofit

The results of the economic analysis of LNG retrofitting performed according to the
assumptions presented in Table 6 and the NPV results are presented in Table 7.

Table 6. Parameters of the economic analysis of retrofitting for LNG.

Investment Period 10 Years

Discount rate 11%

Cost of VLSFO USD 660/MT

Cost of LNG USD 610/MT

Cost of retrofitting for bulkers USD 101/DWT

Cost of retrofitting for container ships USD 4000/ TEU

Time charter rates Table 3

Operational activity The same as with VLSFO consumption
Cr for VLSFO 3.151 gCO, /g fuel

Cr for LNG 2.75 gCO, /g fuel

Pilot fuel 3% of consumed LNG (MAN, 2021)

The LNG retrofit cost for container ships is higher on average to that of bulkers,
as shown in Figure 15, whereas assuming a 30% increase in TC rate, the annual CFs of
container ships are marginally higher, which explains the lower profitability of the LNG
retrofit for container ships compared to bulkers, as shown in Figure 16.
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Table 7. NPV sensitivity to TC rate increase and CO, tax for retrofits burning LNG (USDm).

Bulkers

TCR 10% and TCR 10% and TCR 20% and TCR 20% and USD
USD 60 CO, tax USD 120 CO; Tax  USD 60 CO, Tax 120 CO; Tax

DWT TCR0% TCR10% TCR20% TCR30%
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175,244

175,611
206,330
297,980

Container ships

TCR 20% and TCR 20% and USD
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TEU TCR0% TCR10% TCR20% TCR30% TCR 40% TCR 48%
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6350
7024
8452
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Figure 15. Retrofit cost for LNG and CFs for bulks and containers.

According to the assumptions presented in Table 6, the NPV for all ships is positive
when the TC rate reaches 30%. For bulkers, the average payback period for the investment
is 5.6 years, as shown in Figure 16.

For container ships, the corresponding IRR values are above the defined baseline of
11%, with an average payback period of 5.8 years over the 10-year period, as shown in the
results presented in Figure 16.

The sensitivity analysis performed on the discount rate for the bulker ships retrofitted
for LNG shows, according to Figure 17, that the NPV remains positive for all bulkers for a
discount rate up to 20%.
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Figure 16. IRR, ROI, and payback of DF LNG engine retrofit investment for bulkers and container
ships with TC rate increase 30%.
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Figure 17. NPV sensitivity analysis of the discount rate for LNG per bulker with a TC rate increase
of 30%.

The sensitivity analysis of NPV with respect to changes in the discount rate for the
container ships retrofitted with LNG DF engines shows, according to Figure 18, that as the
discount rate increases the NPV remains positive for all container ships for a discount rate
up to 11%, whereas the NPV for Ship 1 (1068 TEU) and Ship 2 (1338 TEU), which have the
lowest TEU capacity, remains positive up to 20%.
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Figure 18. NPV sensitivity analysis of the discount rate for LNG per container ship with a TC rate
increase of 30%.

A sensitivity analysis of the price of LNG shows that the NPV is positive for a price
of LNG less than 109%, 118%, and 133% of VLSFO for bulk and 106%, 115%, and 124%
for container ships, for USD 0 CO,/t tax, USD 60 CO,/t tax, and USD 120 CO,/t tax,
respectively. The results of the sensitivity of the LNG price can largely be attributed to the
relatively small difference between the conversion factors of the fuels.

The impact of a CO, tax on payback is also investigated in the case of the LNG retrofit.
For bulkers, the average payback time decreases from 4.9 years without tax to 4.4 years
with a USD 60/t CO; tax and to 4.1 years with a USD 120/t CO, tax. For container ships,
the average payback time decreases from 5.8 years without tax to 5 years with a USD 60/t
CO; tax and to 4.5 years with a USD 120/t CO; tax.

4.4. Payload Reduction

The payload choice is influenced by freight rates, the distance travelled, fuel costs, and
the cargo’s value (Adland et al., 2018).

In this section, I investigate the economic aspects of payload reduction in relation to
improving the CII rating according to the CII paradox discussed in Section 3.1. To this end,
I derive Equation (16), which relates payload to fuel consumption.

For the diesel engine, the fuel oil consumption (FOC) can be calculated using the
following Equation (10):

FOC = P % SFOC « H (10)

where the terms are defined as follows:

P: the engine power in kW;

SFOC: the specific fuel oil consumption in gr/kWh, the value of which remains
practically constant when the engine power varies between 60 and 90% of full power (Bui
et al., 2022);

H: the time duration that the engine runs at power P.
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In naval engineering, the engine power, P, is given by Equation (11), which relates
a ship’s required power, P, to its speed, v, and its displacement A, with m as a constant
(Barrass, 2004). Equation (11) is as follows:

P = m(A)% v (11)

The ship’s displacement A = (LSW + DWT), where LSW is the light ship weight, which
is the ship’s weight when empty, while DWT is the sum of cargo, fuel, lubricating oil, fresh
water, ballast, water, provisions, and crew. Thus, DWT = CDWT + C, where CDWT is the
cargo DWT and C represents the rest of the contributors, taking into consideration that the
cargo of a fully loaded ship at the start of a journey contributes more than 90% to the total
DWT (Tupper, 2013).

The deadweight coefficient, Cpw, is used, as defined by Barrass (2004), which has a
value of 0.7 for bulkers and 0.6 for container ships, as in the following Equation (12):

DWT
Cow = —1— (12)

Therefore, A = % = LSW + DWT and LSW DWT _ DWT, which, by substitu-

~ Cow
tion in Equation (11), gives the engine power as a function of the cargo deadweight, CDWT,

as in the following Equation (13):

2/3
pP= m< FgWT — DWT} + CDWT + C> v3 (13)
DW

Accordingly for a full load, Equation (14) is as follows:

2/3
P(fl) = m(Z‘;VVD v (14)

By dividing Equation (13) by Equation (14), the following Equation (15) is established:

2
CDWT C 3
Pcpwt = <1 — Cpw + (DVVT)CDW + (D\NT)CDW) p (15)

The term (C/DWT)Cpwr is much less than 1 and is not taken into consideration,
whereas (CDWT/DWT) is the ratio X of the cargo to the DWT of the ship and varies as
0<X<L

Given that fuel oil consumption, FOC, is proportional to the power according to Equa-
tion (10) the formula which relates the fuel consumption, Fx, at reduced cargo (payload) to
the fuel consumption, F(fl), under full payload is:

Fx = (1 —Cpw + XCDW)%F(H) (16)

As evident from Equation (16), a decrease in X leads to a reduction in both fuel
consumption and CO; emissions. Therefore, assuming a payload reduction of 30% (i.e.,
the ships carry 70% of the full load) and 40% (i.e., the ships carry 60% of the full load) the
results obtained for bulkers are summarised in Figure 19.

The results presented in Figure 19 show that payload reduction improves the CII class
of bulkers. A 40% payload reduction ensures that 77% of ships remain CII compliant up to
2030. It is important to emphasize that maximising daily profit requires balancing revenue
against fuel costs and potential CO, tax. In our analysis, the profit gained from reduced fuel
consumption due to a lower payload offsets the decrease in the TC rate, thereby preventing
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economic losses. The allowable TC rate reduction percentage quoted in Figure 20 refers
to the maximum allowable reduction in the daily TC rate by 30% and 40%, respectively,
compared to the assumed baseline TC rates presented in Table 3.
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Figure 19. CII class of bulkers for baseline, 30%, and 40% payload reduction.
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Figure 20. Maximum TC rate reduction for bulkers for 30% and 40% payload reduction.

According to Figure 20 the maximum allowable TC rate reduction becomes significant
(i.e., up to 30%) for ships with DWT less than 100,000 in the case of 40% payload reduction.
However, tax imposition makes payload reduction unprofitable. For Containers, assuming
a payload reduction of 30% and of 40% the results of the impact of the payload reduction
on the expected CII class are presented in Figure 21.

The results presented in Figure 21 show that payload reduction improves CII Class of
Containers. A 40% payload reduction ensures that 86% of Containers remain CII compliant
up to 2030. For Containers the maximum allowable TC rate percentage reduction to prevent
economic losses, based on TC rates shown in Table 3, is presented in Figure 22 for 30% and
40% payload reduction.
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Figure 21. CII Class of Container ships for baseline, 30% and 40% payload reduction.
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Figure 22. Maximum TC rate reduction for container ships for a 30% and 40% payload reduction.

According to Figure 22, the maximum allowable TC rate reduction becomes significant
(i.e., up to 35%) for ships with less than 7000 TEU in the case of a 40% payload reduction.
However, tax imposition makes payload reduction unprofitable.

In conclusion, the investigation of payload reduction on CII class demonstrates that
most ships in both categories can achieve operational compliance until the end of their
economic life, provided the maximum allowable reduction in TC rate is maintained to
prevent economic losses. However, the imposition of a CO, tax at USD 60 and USD 120 per
tonne of CO, renders this measure highly unprofitable.

4.5. Discussion of Measures for Improving the CII Rating

The preceding sections present individual strategies—speed reduction, alternative
fuels, engine retrofitting, and payload reduction—for improving a vessel’s Carbon Intensity
Indicator (CII) rating. While each measure offers technical and economic benefits, their
isolated application does not fully capture the decision-making complexity shipowners face
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in real-world scenarios. This section synthesises these findings, evaluates interdependencies
among strategies, and provides a cohesive interpretation of the implications.

Speed reduction has been shown to yield immediate reductions in fuel consumption
and emissions, with the benefit of low capital expenditure. However, this comes at the
cost of longer voyage times, which may reduce profitability, especially under time charter
agreements. Despite this, its flexibility makes it a viable short-term compliance strategy for
ships nearing the end of their economic life, or for those operating in less time-sensitive
routes. Operational coordination between shipowners and charterers is critical to balance
CII improvement with contractual performance obligations.

Alternative fuels, notably LNG and grey methanol, present significant advantages in
improving CII ratings—particularly when deployed across larger fleets. Methanol, due
to its lower specific energy, requires more volume and pilot fuel, resulting in a slightly
diminished CII benefit compared to LNG, especially for container ships. Nevertheless,
its lower cost enhances its attractiveness if time charter rates increase sufficiently. LNG
retrofits offer a more stable CII performance and are relatively less sensitive to pilot fuel
emissions, making them a preferred solution for bulkers.

Engine retrofitting emerges as a long-term decarbonisation pathway with strong
economic viability when supported by policy instruments, like CO, taxation. The NPV
and IRR results suggest that retrofits become especially profitable under moderate carbon
tax scenarios and higher charter rates. However, the decision to retrofit depends heavily
on vessel age, remaining lifespan, and route predictability. For many mid-aged vessels,
retrofitting represents a future-proof investment, offering both regulatory compliance and
improved fleet value.

Payload reduction functions as a last-resort strategy. It directly improves CII by
reducing vessel displacement and, thus, fuel consumption. However, the economic trade-
offs—due to reduced cargo revenue—make it unsustainable unless offset by high fuel prices
or avoided carbon costs. It may serve as a bridging measure for older ships awaiting retrofit
or operational reassignment, but is unlikely to be effective without precise commercial and
regulatory alignment. The strategic flow across measures is described in the following
three points:

e  For vessels approaching obsolescence, speed reduction and payload adjustment pro-
vide interim compliance.

e  For mid-life vessels with stable employment and technical flexibility, retrofitting with
LNG or methanol engines offers the most promising returns, especially under scenarios
with rising carbon taxes.

e  For long-term planning, a phased strategy, beginning with speed reduction and pro-
gressing toward fuel-switching and retrofit, can balance operational, environmental,
and financial goals.

Importantly, the interplay between technical feasibility and economic incentives un-
derscores the need for adaptive strategies. As shown, even technically effective solutions
may fall short economically unless supported by external mechanisms, such as carbon
levies or enhanced time charter rates.

The analysis clearly reveals that no single strategy is universally optimal. Instead,
the most effective approach requires a tailored combination of measures, aligned with
vessel characteristics, contract conditions, market forecasts, and regulatory evolution. This
integrated understanding forms the core contribution of this study—providing shipowners
and policymakers with a data-driven framework for adaptive, profitable, and sustainable
CII compliance planning.
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5. Conclusions and Policy Implications

This study evaluates measures for short-term Carbon Intensity Indicator (CII) com-
pliance in the maritime industry, aligned with the International Maritime Organisation’s
(IMO) recently introduced regulations aimed at reducing environmental pollution. By ad-
dressing three critical research areas, I contribute to the broader discourse on technological
innovation. First, I forecast the development and impact of state-of-the-art maritime tech-
nologies, such as alternative fuels and retrofitting solutions. Second, I provide insights into
managerial decision making at organisational and industrial levels, enabling stakeholders
to harness the innovation potential of these technologies. Third, I evaluate the multi-
faceted effects of technological advancements, including their economic, environmental,
and operational implications. By bridging these areas, this research offers a comprehensive
assessment to inform policymakers, businesses, and the public about the benefits, risks,
and trade-offs of deploying technological innovations for sustainable maritime operations.

The methodological advancements in this study are noteworthy. First, the model
developed for CII calculations, particularly for alternative fuels, like grey methanol and
LNG, introduces a novel approach by accounting for the non-negligible amount of pilot
fuel required. The results demonstrate that pilot fuel negatively impacts CII classification,
with the effect being more pronounced for grey methanol due to its lower specific energy
(19.9 M] /kg) compared to LNG (48 MJ/kg). This finding suggests that shipowners consid-
ering DF engine retrofits would benefit from selecting engines that do not require pilot fuel,
once such technologies become commercially available.

This study focuses on retrofitting existing ships rather than constructing new vessels.
A key insight is that, without policy interventions, shipowners face significant limitations
in achieving CII compliance due to high uncertainty surrounding the dominance of green
fuels. Incentives, such as incorporating the social cost of CO; emissions—for example,
through a carbon tax—should align with ambitious emissions reduction goals and recent
policy developments. Demand for retrofitting technologies is expected to rise due to new
EU-level policies, such as the inclusion of ships over 5000 GT in the EU Emissions Trading
System (ETS) directive, which began in early 2023, and anticipated IMO directives. To
this end, a carbon tax is modelled at moderate yet progressively increasing levels of USD
60 and USD 120 per tonne of CO,. The analysis reveals two key benefits of this policy.
Firstly, it incentivises the adoption of lower-carbon fuels, improving CII ratings; secondly it
enables shipowners to make profitable retrofit investments while reducing environmental
externalities, facilitating a more effective transition to net-zero emissions.

Decarbonising the shipping industry is more likely to accelerate with greater certainty
about alternative fuel options. Businesses in this sector must allocate resources to adopt
operational and technical measures to reduce CO, emissions. Despite the associated costs,
profitability is achievable through a balanced approach involving all key stakeholders, as
demonstrated in this study. The CII compliance measures examined—speed reduction,
engine retrofits for alternative fuels, and payload reduction—provide valuable insights
into the practical techno-economic options available to shipowners to meet IMO emissions
reduction requirements. While the economic results depend on the assumptions for each
measure, they highlight the potential improvements in CII ratings offered by each option.

A key finding from the speed reduction analysis is that gradual improvements in
ClII class are achieved at 5% and 10% speed reduction levels, ceteris paribus, for all ship
types studied. Economically, speed reduction reduces fuel consumption and costs, but the
corresponding increase in voyage duration may adversely impact TC rates. Addressing
this issue requires collaboration between shipowners and charterers to establish mutually
agreed operational plans.
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Determining the optimal choice among available alternative fuels is critical for achiev-
ing CII compliance. Analysis of expected CII ratings for widely available marine fuels
identifies LNG and grey methanol as the leading options for improving ratings across all
ship types. LNG is optimal for bulkers, while grey methanol is preferable for container
ships, provided TC rates increase by at least 20% to offset retrofitting costs and DF engines’
requirement of 3% pilot fuel. Sensitivity analysis of the NPV with respect to the discount
rate reveals that LNG retrofits are more sensitive to discount rate changes due to higher
cash flows compared to methanol retrofits.

Payload reduction represents a last resort measure for shipowners to keep older ships
operational until 2030. Results indicate that reducing payload by 30% and 40% leads to
bunker cost reductions of 15% and 20% for bulkers and 12% and 17% for container ships,
respectively. These reductions can justify corresponding TC rate adjustments based on ship
capacity. However, the imposition of a CO, tax renders this measure unprofitable.

From a policy perspective, the current CII calculation method poses strategic chal-
lenges, as shipowners must weigh the trade-offs between operational and technical com-
pliance measures under conditions of financial and regulatory uncertainty. Operational
strategies, such as speed reduction, may offer immediate compliance but often conflict
with the commercial expectations of charterers, particularly under TC agreements that
prioritise punctuality and cargo throughput. These measures may also lead to inefficient
fleet utilisation and, paradoxically, an increase in total emissions across more vessel-days.
On the other hand, technical measures, such as engine retrofitting or fuel switching—while
potentially more effective in improving CII ratings over the long term—entail substantial
capital expenditures and extended payback horizons. These investments are highly sensi-
tive to fluctuating fuel prices, uncertain carbon pricing mechanisms, and unpredictable TC
rate trajectories.

Fundamentally, the shipping market operates on the principles of supply and demand,
where the available fleet capacity and cargo volumes dynamically influence TC rates.
When supply exceeds demand, TC rates typically fall, compressing shipowners’ margins
and reducing their ability to invest in costly decarbonisation measures. Conversely, tight
markets with limited available tonnage push TC rates upward, potentially providing
greater financial flexibility to support technical investments. However, this relationship
is further complicated by the demand-side pressure from charterers who may prioritise
emissions performance as part of their own sustainability commitments, potentially driving
a premium for “greener” tonnage. Thus, TC rates do not merely reflect vessel availability
but increasingly incorporate environmental performance factors, making the interplay
between supply, demand, and regulatory compliance a critical determinant of charter
market dynamics.

In this context, shipowners face considerable financial risks, including asset devalua-
tion if regulatory conditions shift unfavourably or if retrofitted vessels fail to command
a premium in the charter market. Furthermore, the absence of long-term policy clarity—
particularly on global carbon taxation and fuel availability—compounds the difficulty of
making investment decisions with confidence. As demonstrated in our techno-economic
analysis, profitability of retrofitting varies widely across vessel types and market scenarios,
reinforcing the importance of aligning CII compliance strategies with contractual flexibility,
market positioning, and anticipated regulatory evolution. These interdependencies high-
light that strategic decarbonisation is not simply a matter of technical optimisation, but of
navigating financial exposure in a fragmented and volatile policy environment.

In conclusion, the current CII calculation method poses challenges, as shipowners
must either adopt operational measures that may increase overall emissions or pursue
technical measures that, under current economic and policy uncertainties, may not always
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be profitable. Moving forward, revising the CII to account for the actual mass of cargo
transported would enhance its robustness. Additionally, a carbon levy could increase the
revenue potential of retrofits for lower- and zero-carbon fuels compared to conventional
options, thereby encouraging such investments and supporting an equitable transition.
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