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Abstract

This thesis investigates cost-effective compliance pathways for an existing 13-vessel containership fleet
on the Far East—Europe route under FuelEU Maritime (2025-2027) and the IMO Net-Zero Framework
(2028-2040). A scenario-based techno-economic model is combined with regulatory analysis to
evaluate five strategies, including biofuel blending, methanol adoption, and retrofitting options.

The findings show that the IMO Net-Zero Framework is structurally more stringent and globally
harmonized than regional schemes such as the EU ETS and FuelEU Maritime, creating a stronger long-
term driver for fuel substitution and fleet adaptation despite unresolved design features. Among
compliance options, biodiesel and LNG represent the most cost-effective pathways for existing vessels,
while methanol remains economically unattractive under current assumptions but could become viable
if green methanol prices converge with fossil methanol. Optimal strategies involve dynamic blending
of biodiesel and bioLNG supported by pooling mechanisms, whereas capital-intensive retrofits for HFO
vessels are not cost-effective in the near term.

The study also highlights systemic risks. Limited biofuel availability and cross-sectoral competition
may create a two-tier market disadvantaging smaller operators, while decarbonization is projected to
more than double fuel costs by 2040 against limited willingness to pay from shippers. These dynamics
underline the need for regulatory clarity, transparent platform, and credible compensation mechanisms
to incentivize low-carbon fuel use. In particular, the IMO Net-Zero Fund, though not yet fully defined,
will be crucial to ensure fair cost distribution and equitable access to green fuels. By integrating fleet-
level modelling with policy analysis, this thesis contributes practical insights for shipowners in planning
compliance strategies and for policymakers in designing effective and inclusive decarbonization

frameworks.
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Chapter 1 Introduction

1.1 Background

Seaborne trade accounts for approximately 88% of total global trade (Clarksons, 2025), yet the shipping
sector has long depended on fossil fuels. This reliance has resulted in significant greenhouse gas (GHG)
emissions, including carbon dioxide (CO>), methane (CH4), and nitrous oxide (N,O). From a Well-to-
Wake (WTW) perspective, which encompasses emissions from fuel extraction, production,
transportation, and onboard combustion, the global shipping fleet emitted an estimated 1,051 million
tonnes of GHG emission (CO; equivalent) in 2024, representing about 2% of total global GHG
emissions (Clarksons, 2025). This underscores the shipping sector’s substantial contribution to climate
change and the urgent need for effective decarbonization strategies.

Although shipping is the most CO»-efficient mode of freight transport, emitting only 12 gCO,/tonne-
km for large deep-sea containerships compared with 18 for rail and 121 for trucks (Nelissen et al., 2022),
its absolute emissions are rising rapidly. Since 1990, the shipping sector’s GHG emissions have grown
by 34% (European Parliament, 2022), driven by expanding trade volumes and increased vessel ton-mile
demand (Solakivi, et al., 2022; UNCTAD, 2024). Moreover, over the past five years, emissions have
risen by an average of 2.54% annually due to the global vessel ton-mile demand increase for geopolitics
and chokepoint reasons, outpacing the long-term trend (Clarksons, 2025). Without effective action,
shipping GHG emissions could reach 130% of 2008 levels by 2050, threatening the Paris Agreement
targets (European Commission, 2025). This underscores the urgent need for effective decarbonization
measures.

Thus, to mitigate shipping’s climate impact, the International Maritime Organization (IMO) adopted its
Initial GHG Strategy in 2018, targeting a 50% reduction in annual GHG emissions by 2050 from 2008
levels and full decarbonization in the longer term (IMO, 2023). Moreover, the 2023 Revised Strategy
introduced fuel uptake targets and timeline benchmarks, yet its ambition remains debated. Zhang, et al.
(2024) argue that the 5-10% zero-emission fuel target for 2030 is far below the 15-26% needed for
alignment, while near-complete adoption with 85-95% will be required by 2050. Additionally, existing
instruments such as the Energy Efficiency Design Index (EEDI), Energy Efficiency Existing Ship Index
(EEXI), and Carbon Intensity Indicator (CII) link emissions to transport performance but lack
enforcement strength. For example, low CII ratings only trigger corrective plans without immediate
penalties, while rewards for high-rated ships remain voluntary (IMO, 2025; Carvalho & Comer, 2024).
Without stronger measures, the IMO risks falling short of the deep emission cuts required.

In contrast, the European Union (EU) has taken a firmer stance by extending its Emissions Trading
System (EU ETS) to shipping and introducing FuelEU Maritime. Both are binding, market-based
mechanisms that create financial incentives for shipowners to cut CO; emissions (DNV, 2025; ClassNK,

2024). Yet the EU framework applies only within the European Economic Area (EEA), raising concerns



over higher compliance costs for EU-focused operators and potential competitive distortions for global
carriers.

In response, the IMO has proposed its first global GHG pricing system—the IMO Net-Zero
Framework—expected to be adopted in 2025 and enter into force in 2028 (IMO, 2025). Similar to
FuelEU Maritime, it applies a well-to-wake metric of GHG emissions per unit of energy to encourage
the uptake of low-carbon fuels. However, its interaction with existing EU measures remains uncertain.
Vessels voyaging within Europe could face overlapping obligations and potentially incur double
compliance costs. Also, although a unified global framework would possibly reduce competitive
distortions and channel revenues into decarbonization, it would still raise shipping costs worldwide,
raising questions about political feasibility and the consequences if adoption fails. Such uncertainty
risks delaying shipowner investment decisions and slowing the pace of maritime decarbonization.
Moreover, as the IMO Net-Zero Framework tightens GHG intensity requirements, shipowners face
growing challenges in finding cost-effective compliance pathways, particularly for existing vessels that
cannot be replaced quickly. Fuel choice is central, which could directly determine a vessel’s emissions
profile and represents the largest share of operating expenditure (OPEX). Additionally, compliance
pooling mechanisms, which allow overperformance in one vessel to offset underperformance in another
(Lloyd’s Register, 2024), make these decisions even more strategic. However, alternative fuels such as
LNG, methanol, ammonia, and biodiesels each involve trade-offs in cost, availability, and lifecycle
emissions, with no universally applicable solution. Consequently, the dominant pathway remains
uncertain, leaving shipowners exposed to considerable risks in long-term investment decisions.

For shipowners, early and well-informed action, especially when leveraging pooling mechanisms, can
enable long-term fleet planning, reduce regulatory and market risks, and create first-mover advantages
that translate into both compliance cost savings and potential surplus revenue streams. As UNCTAD
(2023) stresses that vessels optimized for scalable fuels with supporting infrastructure are more likely
to secure competitive advantage during the transition, yet questions remain about long-term availability
and price stability of the chosen fuel.

For regulators and governments, the challenge lies in designing a framework that incentivizes
decarbonization while accounting for higher shipping costs, limited early-stage fuel availability, and
the need to ensure a just and equitable transition that balances the interests of developing countries and
smaller shipowners. A further concern is how revenues can be transparently and fairly reinvested into
decarbonization, so that the benefits can extend across the entire industry rather than concentrating in a
few regions.

Accordingly, this thesis focuses on fuel choice as the central determinant for shipowners to balance
compliance costs, fuel expenses, and emissions performance under tightening regulations. At the same
time, it acknowledges that uncertainty surrounding the upcoming IMO Net-Zero Framework raises

critical issues of political feasibility, rising costs, limited green fuel availability, and the need to ensure



a just transition. Thus, how different stakeholders respond to these challenges will be decisive. Together,

these two dimensions form the foundation for the research question addressed in the following section.

1.2 Research Question

Building on these challenges, this thesis mainly turns to the forthcoming IMO Net-Zero Framework,
which represents a critical milestone as the first global regulation to combine mandatory GHG intensity
limits with a pricing mechanism for international shipping. In anticipation of its adoption and entry into
force, shipowners must not only assess fuel-related compliance strategies in terms of cost-effectiveness
and operational feasibility but also confront the risks and uncertainties associated with regulatory design
and market response.

Notably, container shipping is a particularly relevant focus, accounting for about 60% of seaborne trade
by value and roughly 30% of sectoral CO, emissions (Song, 2021; Yu et al., 2025). Within this segment,
the Asia—Europe route is especially significant, representing around 20% of global container trade
(Rodrigue, 2024), characterized by high fuel consumption, and expected to be heavily affected by GHG
regulations.

To ground this analysis, the study adopts a representative liner service between Shanghai and Rotterdam
as a case example, illustrating both the scale of long-haul container trade and its high exposure to
emerging GHG regulations under the IMO Net-Zero Framework. Based on this case, the thesis
simulates how a representative fleet could be adjusted and evaluates the associated cost, operational,
and compliance implications. On this basis, the research addresses the following central question:
How can a representative containership fleet be optimized to comply with the upcoming IMO
Net-Zero Framework in a cost-effective manner?

To further explore this main question, the following sub-questions have been formulated:

1. How does the IMO Net-Zero Framework differ from the EU ETS and FuelEU Maritime in terms of
scope, enforcement, and compliance mechanisms?

2. What are the advantages and disadvantages of the main alternative fuel options for containerships,
and which are more suitable for deployment in the existing fleet under current regulatory frameworks?
3. Which fuel strategies can a containership fleet adopt to comply with the IMO Net-Zero Framework,
and how cost-effective are these options in balancing regulatory compliance with financial performance?
4. What are the main risks and uncertainties under the IMO Net-Zero Framework and how can
shipowners and policymakers develop adaptive strategies to manage them?

As the IMO Net-Zero Framework is still in its early stages and remains underexplored in the literature,
this thesis provides timely and practical insights into how shipowners can respond effectively by
modelling and comparing multiple fuel-based compliance scenarios. The findings contribute to the
academic literature by bridging a gap in fleet-level modelling of compliance strategies under emerging
global regulations, while also offering practical guidance for shipowners in identifying cost-effective

pathways and informing regulators in designing effective and equitable decarbonization policies.



1.3 Research Design and Methodology

To address the research questions, this thesis adopts a two-stage research design that integrates
qualitative regulatory analysis with quantitative fleet-level modelling. The first stage conducts a critical
review of the three main regulatory frameworks, including the EU ETS, FuelEU Maritime, and the IMO
Net-Zero Framework, focusing on their scope, enforcement mechanisms, and compliance implications
for the shipowners. This is complemented by an assessment of alternative fuel options, including
biodiesel, LNG, methanol, and ammonia, with respect to their technical feasibility, lifecycle emissions
performance, and economic competitiveness. Together, this stage establishes the regulatory and
technological context that frames subsequent modelling.

The second stage applies a techno-economic modelling approach to a representative fleet operating on
the Asia—Europe route (Shanghai—Rotterdam). Using data from Clarksons Shipping Intelligence, DNV,
and other industry sources, the model simulates multiple compliance pathways from 2025 to 2040 under
both FuelEU Maritime (2025-2027) and the IMO Net-Zero Framework (2028-2040). Each scenario
incorporates distinct strategies such as biofuel blending, LNG and methanol retrofitting, and do-nothing
options. Fleet performance is mainly assessed across two dimensions:

1. Environmental compliance: annual WTW GHG intensity relative to regulatory thresholds.
2. Economic outcomes: total fuel expenditure, compliance costs, and retrofit investments.

The scenarios are compared to identify the most cost-effective compliance pathways. In addition,
sensitivity analyses are conducted on fuel prices and compliance unit prices to test the robustness of the
results under uncertainty. This dual focus not only quantifies cost and emissions trade-offs but also
highlights the risks posed by price volatility and regulatory ambiguity.

Through this mixed-methods design, the study bridges qualitative policy review and quantitative fleet
modelling, generating practical insights for shipowners on compliance strategies while informing

policymakers of the design challenges in creating effective and equitable decarbonization frameworks.

1.4 Thesis Structure

The remainder of this thesis is organized as follows. Chapter 2 reviews the relevant literature, focusing
on existing maritime GHG regulations, particularly the EU ETS, FuelEU Maritime, and the IMO Net-
Zero Framework, and on the advantages and limitations of alternative fuel options for containerships.
Chapter 3 outlines the research methodology, including the assumptions, data sources, and scenario-
based modelling approach applied to a representative Asia—Europe fleet. Chapter 4 presents the results
of the simulations, comparing alternative compliance strategies in terms of cost, emissions performance,
and operational feasibility, and includes sensitivity analyses to capture regulatory and price
uncertainties. Chapter 5 discusses the key findings, with particular attention to fuel availability, high
shipping costs, and the broader risks and uncertainties under the IMO Net-Zero Framework. Finally,
Chapter 6 concludes by summarizing the main contributions, outlining policy and industry implications,

and highlighting limitations and suggestions for future research.



Chapter 2 Literature Review

This chapter provides a critical review of the literature that underpins the subsequent analysis. It first
examines market-based instruments for regulating maritime emissions, evaluating their relative
advantages and limitations to assess which mechanisms are most likely to shape the future regulatory
framework including EU ETS, FuelEU Maritime and IMO Net-Zero Framework. Second, it synthesizes
research on different alternative fuels, comparing their technical feasibility, lifecycle emissions
performance, and economic competitiveness to identify the most viable compliance options for deep-
sea container shipping. Finally, the chapter highlights the main research gaps, thereby motivating the
modelling approach adopted in this thesis.

2.1 Policy & Regulation

This section addresses Sub-question 1: “How does the IMO Net-Zero Framework differ from the EU
ETS and FuelEU Maritime in terms of scope, enforcement, and impact?” It first introduces each

regulation individually and then compares them to highlight their key differences.

2.1.1 EUETS

The European Union has emerged as a frontrunner in maritime decarbonization by being the first
jurisdiction to implement two distinct market-based instruments: the EU Emissions Trading System
(EU ETS) and the FuelEU Maritime Regulation (European Commission, 2025). At first glance, their
coexistence may appear to result in double regulation. However, the two measures are designed to
address different dimensions of the problem. The EU ETS functions as a carbon-pricing mechanism
that internalizes the cost of onboard emissions, whereas FuelEU Maritime imposes a GHG intensity
standard that gradually enforces the use of low-carbon fuels (DNV, 2025; European Commission, 2025).
In this respect, the schemes are largely complementary, with the ETS influencing cost structures and
FuelEU Maritime directly shaping fuel choices.

Since January 2024, the EU ETS has been extended to cover CO, emissions from ships above 5,000
gross tonnages calling at EU ports, irrespective of flag state (European Commission, 2025). Moreover,
shipping companies are now required to surrender allowances for 100% of emissions from intra-EU
voyages and 50% of emissions on extra-EU voyages, as shown in Figure 1 (European Commission,
2025). Moreover, 40% of emissions are included in the ETS scope in 2024, rising to 70% in 2025 and
reaching 100% in 2026 (DNV, 2025). Particularly, it will apply a 4.3% (2024 - 2027) and 4.4% (after
2028) annual cut to the overall allowances, thereby gradually lowering the emissions cap each year
(European Commission, 2025). However, these will largely affect the price of EU Allowances, which
has already shown significant volatility. Notably, the price of the EUA in 2021 rose nearly fourfold
compared to 2020, as shown in Figure 2 (Trading Economics, 2025). This surge was largely driven by

the post-pandemic economic rebound, which increased energy demand and fossil fuel consumption,



thereby raising the value of emissions allowances (Manzagol & Nakolan, 2022). Predictably, EUA
prices are likely to increase further as the cap tightens and allowance supply shrinks.

Figure 1. EU ETS based on percentage of emissions on voyages
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This dynamic creates an incentive structure in which shipowners must weigh the relative costs of
abatement measures, including right fuel choices and improving energy efficiency, against purchasing
allowances (Hansson, et al., 2022). Nevertheless, it has the upper limits of the EUA price as if the
operators do not have enough allowances for their emissions, they can pay EUR 100 penalty for each
tonne of excess emissions (European Commission, 2025). However, Flodén et al. (2024) argue that
while EUA prices are expected to increase as the cap tightens, current and near-term price levels remain

far below the abatement costs of zero-carbon fuels such as biofuels, ammonia, or hydrogen. For instance,



significant fuel substitution only becomes cost-effective above EUR 150-200 per tonne of CO», yet
current ETS prices have fluctuated below that threshold. Hansson, et al. (2022) have also found that
ships will not use the biofuel until the costs for ETS above 100 per ton of CO, and will be most likely
to improve vessels’ energy efficiency as they have lower costs when the carbon abatement costs are
low. Consequently, while the ETS raises costs of using fossil fuels, it is unlikely on its own to induce
deep fuel transitions without higher ETS price incentives or complementary policies such as FuelEU
Maritime or targeted subsidies (Hansson, et al., 2022).

Furthermore, from 2026, methane (CH4) and nitrous oxide (N,O) will also be included in the maritime
ETS scope, strengthening its climate coverage (Flodén et al., 2024). Yet, the ETS remains restricted to
Tank-to-Wake (TTW) emissions (onboard fuel combustion), overlooking upstream fuel-cycle impacts
(Well-to-Tank (WTT)). However, this limitation is particularly problematic for adopting alternative
fuels. For example, while fossil methanol and biomass-based methanol emit nearly identical CO, at
combustion, the latter is nearly carbon-neutral on a WTW basis because the carbon released was
previously absorbed during biomass growth (Brynolf et al., 2014). Moreover, Flodén, et al. (2024)
estimate that WTT emissions contribute about 15% of marine fuel WTW emissions, and in some cases,
WTW intensities can be nearly double TTW values (Trosvik & Brynolf, 2024). Thus, the ETS provides
only a partial signal compared to policies explicitly designed on a lifecycle basis. As Lloyd’s Register
(2024) notes that while the EU ETS mainly incentivizes energy efficiency, FuelEU Maritime focuses

on promoting clean fuel uptake, thereby providing a stronger driver for decarbonization.

2.1.2 FuelEU Maritime

In contrast, the FuelEU Maritime Regulation, effective from January 2025, adopts a GHG intensity
standard approach from a WTW perspective. It establishes annual maximum limits for the lifecycle
GHG intensity of energy consumed by ships within the same scope as the ETS (DNV, 2025). Starting
with a 2% reduction from a 2020 baseline (91.16 gCO,e/MJ) in 2025, the target rises progressively to
6% in 2030 and 80% by 2050 (European Commission, 2023), shown in Figure 3. Unlike the EU ETS,
FuelEU Maritime explicitly covers CO,, CHy4, and N>O on a WTW basis, with intensities calculated
from the total emissions per unit of energy consumed (Nelissen et al., 2022). Specifically, this is done
by converting fuel use into energy with default calorific values, applying fuel-specific upstream and
combustion emission factors, and aggregating CO,, CH4, and N>O into CO,-equivalents using 100-year
time horizon global warming potential (GWP100) values before dividing by total energy consumed
(Nelissen et al., 2022).

Moreover, non-compliance triggers penalties equivalent to EUR 2,400 per tonne of VLSFO-equivalent
in excess emissions (DNV, 2025). As illustrated in Figure 3, the regulatory pressure will more intensify
after 2030, when the GHG intensity limits decline steeply, thereby strongly incentivizing the adoption
of low-carbon fuels. Besides, FuelEU Maritime introduces a reward factor, under which the use of

renewable fuels is counted double in the GHG intensity calculation, thereby rewarding early adopters



of low-carbon fuels (BetterSea, 2024). This has important implications for fleet investment decisions
as given that vessels typically operate for 25 years (Stopford, 2009), choices made at the newbuilding
stage, particularly regarding fuel compatibility and long-term fuel availability, will determine
compliance costs over the vessel’s lifetime (DNV, 2023). By penalizing high-intensity fuels and
rewarding cleaner options, the regulation seeks to address the “chicken-and-egg” dilemma of alternative
fuel markets, creating demand signals that can stimulate investment in production capacity and
gradually narrow price differentials (Hughes, 2021).

Figure 3. FuelEU Maritime GHG Intensity Limit
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Furthermore, FuelEU Maritime introduces a pooling mechanism that allows companies to combine the
compliance performance of multiple vessels, such that the over-compliance of one ship can offset the
under-compliance of another, provided the pool’s net balance remains positive (Wartsila, 2024). This
mechanism is intended to create compliance flexibility during the initial years of the regulation, when
low-carbon fuel supply remains constrained (European Commission, 2021). Importantly, pooling
reduces the immediate investment burden by enabling companies to phase in costly upgrades across
their fleet. Instead of retrofitting or converting every vessel simultaneously, an operator can invest in a
single alternative fuel vessel and spread the compliance benefit across the pooled fleet (Wartsila, 2024).
For example, if one vessel operates at 120% of the required performance and another at 80%, the
combined pool achieves full compliance (Bureau Veritas, 2023).

The financial logic of pooling further enhances its attractiveness. By avoiding heavy non-compliance
penalties, companies can redirect savings into successive rounds of investment, creating a self-
reinforcing cycle. Initial investment in one compliant vessel generates compliance surplus, which
reduces penalties and frees capital to finance a second alternative fuel-ready vessel or energy-saving

retrofits on existing ships (Wartsila, 2024). Furthermore, over time, this process can accelerate fleet



decarbonization while smoothing cash flows. Besides, pooling is not restricted to a single owner.
Instead, vessels from different operators may also form a pool if they share the same verifier. Thereby,
this enables monetization of surplus performance and reduces overall compliance risk, offering
particular benefits for smaller operators (Wartsila, 2024).

Nevertheless, pooling is a useful but imperfect mechanism. It adds administrative burden and operates
under strict constraints (one pool per ship, no borrowing, single verifier) (Lloyd's Register, 2025).
Overreliance diminishes vessel-level incentives and cannot mask structural non-compliance and its
value narrows as intensity limits tighten, often favoring large companies that can assemble compliant
fleets, while smaller operators may struggle to access suitable partners (Roche & Hansen, 2025). Thus,
pooling should be seen as a transitional cost-smoothing tool, not a substitute for fuel switching.
Furthermore, the FuelEU Maritime also presents several drawbacks. First, although the regulation is
“technology-neutral,” in practice it is expected to favor drop-in biofuels for the large number of existing
vessels (ClassNK, 2024; BetterSea, 2025). Yet the sustainable supply of biofuels is highly constrained.
Under the Renewable Energy Directive (RED II/III), crop-based biofuels are excluded (European
Commission, 2021), limiting the eligible feedstock base. However, advanced and waste-based biofuels,
envisioned as the main pillar of the EU fuel mandate, are projected to fall short of long-term demand
across transport sectors, with shipping competing directly with aviation, which faces binding
obligations under ReFuelEU Aviation (Transport & Environment, 2024; Lloyd’s Register, 2024). This
scarcity, coupled with strong incentives, heightens the risk of fraudulent claims and underscores the
need for transparent certification systems (Transport & Environment, 2024). As a result, FuelEU
Maritime may lock near-term compliance into reliance on scarce biofuels while deferring investment
in scalable e-fuels such as green methanol, ammonia, and hydrogen (Hughes, 2021; DNV, 2023).
Moreover, larger carriers are likely to pre-secure limited volumes, creating competitive distortions that
disadvantage smaller operators (Hughes, 2021).

Second, as both FuelEU Maritime and the EU ETS are regional measures, they carry the risk of carbon
leakage, which means vessel may strategically change their operations to avoid the rules (European
Commission, 2025). Operators may reroute via non-EEA transshipment hubs to reduce exposure to EU
carbon costs, potentially increasing overall emissions against the regulation’s intention (Kotzampasakis,
2025). For instance, even at an allowance price of only EUR 25 per tonne, container carriers could
divert calls from EU hubs such as Piraeus and Algeciras to non-EU ports like [zmir or Tanger Med
(Lagouvardou & Psaraftis, 2022). As carbon prices rise, the incentive to avoid EU ports will strengthen,
and exemptions are unlikely to eliminate such behaviors (Faria, 2024). Moreover, speed reductions on
EU routes could be offset by higher speeds elsewhere, limiting net global emission reductions (Park, et
al., 2024).

Finally, the regional scope of FuelEU Maritime raises concerns that similar frameworks could be
adopted by other major economies, including China (Lurkin, 2025), in the absence of a global regime.

This would force carriers to comply with divergent standards, leading to overlapping reporting



requirements and escalating costs. By contrast, the forthcoming IMO Net-Zero Framework seeks to
establish a globally harmonized WTW intensity limitation with pricing and pooling mechanisms to
align economic incentives globally (Bureau Veritas, 2025). Such a system could mitigate competitive
distortions and create a level playing field across the industry (Allem, 2025). Nevertheless, once the
IMO Net-Zero Framework enters into force, questions will arise as to whether the EU regime should
be harmonized, retained, or phased out. Without careful alignment, the coexistence of regional and
global measures risks imposing double compliance costs, disproportionately affecting European trade
and smaller operators (Pringle, 2025). The next section therefore examines the IMO Net-Zero
Framework, focusing on its design features, economic implications, and potential to address the

shortcomings of the EU regime.

2.1.3 IMO Net-Zero Framework

The IMO took a decisive step toward to its 2023 GHG Strategy by approving the draft IMO Net-Zero
Framework during the 83rd session of the Marine Environment Protection Committee (MEPC 83) in
April 2025. This framework marks the world’s first legally binding climate regime to apply a
combination of mandatory marine fuel standards and GHG emission pricing across the maritime
industry sector from a global perspective (IMO, 2025). Set to be formally adopted in October 2025 and
enforced from 2028, the regulations will apply to ocean-going vessels above 5,000 gross tonnages (GT),
which account for 85% of international shipping’s CO, emissions (IMO, 2025).

Specifically, the IMO Net-Zero Framework consists of two main pillars. The first pillar is the
introduction of a global fuel standard that mandates progressive reductions in ships’ annual GHG fuel
intensity (GFI), calculated on a WTW basis. Under this requirement, the annual attained GFI, expressed
in grams of CO, equivalent per megajoule (2CO.e/MJ) of all fuels consumed within a calendar year,
must fall below the corresponding target annual GFI (ABS, 2025).

Specifically, the regulation establishes two performance targets: the Base Target and a more ambitious
Direct Compliance Target, with a roadmap extending to 2040 (IMO, 2025). Under the Base Target,
ships are required to reduce their attained GFI by 30% by 2035 relative to a 2008 baseline of 93.3
2C0O,e/MJ (IMO, 2025). Moreover, it also sets the direct compliance target with a 65% reduction in
2040 compared to 2008 (IMO, 2025). The annual reduction trajectory from 2028 to 2040 is illustrated
in Figure 4.

Based on the first pillar, the second pillar introduces a global pricing mechanism for compliance. Ships
exceeding target annual GFI must acquire remedial units (RUs), while those surpassing the direct
compliance target can earn surplus units (SUs). These surplus units can be banked for future use or
transferred to other vessels facing a compliance deficit within two years (DNV, 2025). If a ship meets
the base target (red line) but fails to reach the direct compliance target (green line), shown in Figure 4,
the owner must purchase Tier 1 RUs from the IMO Net-Zero Fund at a rate of USD 100 per tonne of
COze to bridge the compliance gap (IMO, 2025).

10



However, in cases where the base target itself is not achieved, the vessel owner must first acquire Tier
2 RUs, priced at USD 380 per tonne of CO.e, or obtain SUs from other compliant vessels, before being
eligible to purchase Tier 1 RUs to meet the full compliance requirement.

Figure 4. IMO Net-Zero Framework GFI Base and Direct Compliance Target (2028-2035)
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These transactions will be managed through the newly established IMO Net-Zero Fund, designed not
only to reward low-emission ships but also to support innovation, infrastructure development, and just
transitions in vulnerable developing states (IMO, 2025). Moreover, if the vessel uses zero or near-zero
(ZNZ) GHG fuels may receive rewards, but the final methodology and the amount of the reward has
not been defined (IMO, 2025).

Based on the forecast in 2030 from Shuang (2025), for most existing vessels, the most cost-effective
compliance strategy in the near term is to meet the Base Target and offset the gap to the Direct
Compliance Target by purchasing Tier 1 RUs. However, falling between the Base and Direct targets
often leads to the highest compliance costs where the marginal costs of green fuel higher than Tier 1
RUs. In contrast, a small number of frontrunners may significantly outperform the Direct Target by
using large shares of ZNZ fuels, benefiting from Surplus Unit transfers and ZNZ rewards, thereby
lowering net compliance costs. However, it depends on the green fuel prices, availabilities, and the
amount of ZNZ rewards (Shuang, 2025). Nevertheless, the specific values and methodology for
calculating fuel GHG emissions, especially for ZNZ fuels, will only be defined in 2027, creating a blind
spot for shipowners who must make long-term investments while facing the wide cost gap between
conventional and ZNZ fuels (Schneiter, 2025).

Furthermore, while the IMO Net-Zero Framework represents a significant step towards global

decarbonization, it faces several shortcomings. As Luman (2025) points out, the IMO Net-Zero
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Framework prices only emissions above the intensity targets through a two-tier charge, rather than
covering all emissions with a uniform carbon price signal determined by the market as under the EU
ETS. As a result, this partial coverage weakens the price and climate signal. Moreover, ambition and
timing are also cautious, with entry delayed until 2028 and near-term checkpoints less stringent than
earlier IMO commitments, risking limited abatement this decade and fall behind the Paris agreement of
efforts to limit the increase to 1.5°C (Transport & Environment, 2025; Luman, 2025). Moreover, its
fuel-neutral design may in practice favor cheaper drop-in biofuels and LNG compatible with existing
fleets, even where lifecycle benefits are modest once methane slip and indirect land-use change are
accounted for, underscoring the need for stricter LCA rules (Unalan & Baldino, 2025).

Besides, as mentioned previously, key design elements remain unsettled, including the future level of
charges in the two-tier system beyond 2030, revenue redistribution rules, certification procedures, unit
trading, and the governance of the Net-Zero Fund, thereby creating uncertainty over compliance costs
and financing flows (Luman, 2025). Finally, its interaction with regional measures such as FuelEU and
the EU ETS is unresolved, raising the risk of duplicative compliance and competitiveness distortions
(Transport & Environment, 2025; Luman, 2025).

Therefore, while the IMO Net-Zero Framework lays an important foundation, it must be strengthened
through clearer price signals, more ambitious interim targets, robust lifecycle accounting rules, and
transparent governance arrangements to ensure it drives deep decarbonization and avoids regulatory
fragmentation.

Yet, because the IMO Net-Zero Framework has only recently been adopted, the academic literature on
its practical implications remains limited. In particular, there is little research that rigorously tests which
fuels may prove optimal under different price trajectories, or how compliance costs will interact with
vessel investment strategies (Zhang, 2025; Lloyd’s Register, 2025). Likewise, the broader impacts on
the maritime sector and on future fuel supply chains have not yet been systematically observed. These
gaps highlight the need for further analysis to assess how the framework will influence fleet behaviors

and fuel market dynamics in practice.

2.1.4 Comparison of the IMO Net-Zero Framework with the EU ETS and FuelEU

Maritime

Table 1 shows the comparison of each regulation and answers the Sub-question 1. These main
differences will largely affect the maritime industry. First is the scope of the regulation, as mentioned
EU ETS and FuelEU Maritime only implemented in the EU area instead IMO is global one. This
divergence in geographical coverage has significant implications. Regional schemes as EU ETS and
FuelEU, could provide faster implementation and stronger short-term decarbonization incentives within
the EU, thereby creating a demand-pull effect for alternative fuels and energy efficiency technologies
(Faber, et al., 2022; Flodén et al., 2024). However, their limited scope raises concerns about carbon

leakage, competitive distortions, and potential rerouting strategies to avoid compliance, which will
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affect the regional economics and even bring up the global emission level (Kotzampasakis, 2023; Wu,
et al., 2024). In contrast, global measures under the IMO can offer a level playing field across all routes
and reduce the risk of trade diversion (Psaraftis, et al., 2021). Yet, the global approach has been slower
to materialize, reflecting the challenge of reaching consensus among member states with divergent
economic interests (Rojon, et al., 2021). Ultimately, while regional initiatives can act as important
frontrunners that accelerate innovation and put pressure on the IMO, only a global framework can
ensure uniform standards, prevent regulatory fragmentation, and provide the certainty required for long-
term investment in maritime decarbonization. Therefore, the IMO’s global regime should be regarded
as the central pillar of shipping’s climate governance in the future.

Table 1. Comparison of the EU ETS, FuelEU Maritime and IMO Net-Zero Framework

IMO Net-Zero

Regulation EU ETS FuelEU
Framework
) Regional (EU/EEA ports; Regional (EU/EEA ports;
Geographical ) )
100% intra-EU, 50% 100% intra-EU, 50% Global
scope

Vessel scope

extra-EU voyages)

extra-EU voyages)

All ships of 5,000 gross tonnage (GT) and above for transporting passengers or

commercial cargo

Start Date 2024 2025 2028
_ 30% (Base) cut by 2035
. 62% cut by 2030 (vs 2% cut in 2025 and 80% .
Ambition and 65% (Direct) cut by
2005, all ETS sectors) cut by 2050 (vs 2020) )
2040 (vs 2008 baseline)
GHG Metric WTT WTW WTW
Dual WTW GHG
Annual WTW GHG intensity targets (Base
Cap-and-trade system ) o ) )
) intensity limits for energy ~ and Direct Compliance)
with an annually . . ) )
) o o use, progressively with pooling option;
Compliance  declining emissions cap; _ ) . . _
tightening; compliance exceeding units must
System operators must surrender ) ) )
assessed per vessel, with  purchase Remedial Units,
allowances equal to ) . )
) o pooling option across while over-performers
verified emissions
fleets generate tradable Surplus
Units
Compliance price Fixed penalty of EUR Two-tier system: Tier 1
Penal determined by EUA 2,400 per tonne VLSFO-  Remedial Units priced at
enalty
market price; failure to equivalent for excess USD100/tCO2e and Tier
surrender incurs a GHG intensity 2 at USD380/tCOxe;
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EUR100 per tonne of
COze statutory penalty

Primarily raises the cost
of fossil fuel use,

encouraging energy

Directly incentivizes
uptake of low and zero

carbon fuels by imposing

Surplus Units can only
offset deficits for Tier 2
Aims to stimulate global

deployment of green fuels
through intensity

standards combined with

Incentive efficiency and operational .
progressive WTW tradable over-compliance
Signal measures when EUA
) . intensity limits and credits, while funding
prices remain below
penalizing high-intensity ~ innovation and transition
green fuel abatement
fuels support via the Net-Zero
costs
Fund
Global scope reduces
. carbon leakage and
Accelerating and o
) ) competitive distortions;
Market-wide carbon rewarding uptake of low-
o stronger abatement
Strengths pricing; cross-sector and zero-carbon fuels; .
. . ) . potential; revenues
efficiency penalizes fossil fuels with
redistributed for R&D,
high intensity )
infrastructure, and
developing countries
Lack of full carbon
Regional scope; reliance pricing; unresolved
TTW-only; EU-only;
) on limited biofuel supply; governance and
EUA prices may stay too
Weaknesses fixed penalty may weaken  certification rules; early
low for green fuel ) )
o incentive under low fuel targets less ambitious;
switching ) ) ) .
price scenarios compliance details still
evolving
Moderate: mainly Stronger: requires gradual Strongest: higher
efficiency and operational  fuel transition, fleet-level ~ cumulative compliance
adjustments; compliance  pooling helps short-term costs, especially pre-
Impact on
) cost volatility due to EUA flexibility but creates 2045; creates stronger
shipowners

market, not affect vessel
do not operating in EU

arca

long-term pressure, not
affect vessel do not

operating in EU area

economic case for early
fuel-switching and long-

term investment

Second, the scope of emissions coverage differs substantially between the EU ETS and the FuelEU
Maritime or the IMO Net-Zero Framework. The EU ETS applies only to TTW emissions, overlooking

upstream production and supply-chain impacts. This narrow focus neglects a significant share of
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lifecycle emissions and does not directly incentivize the use of low-carbon fuels, since combustion
emissions from fossil and bio-based fuels of the same type are largely identical. As a result, the EU ETS
primarily encourages improvements in energy efficiency and operational measures rather than fuel
substitution. In contrast, both FuelEU Maritime and the IMO Net-Zero Framework adopt a WTW
perspective, assessing the greenhouse gas intensity of fuels across their full lifecycle. This design
provides a stronger demand signal for the uptake of green fuels, though it also raises short-term concerns
over the limited availability of sustainable alternatives, particularly biofuels. Nevertheless, in the long
run, such an approach is expected to accelerate investment, scale up production, and ultimately reduce
the cost of alternative fuels, thereby supporting a more durable decarbonization pathway.

Third, the enforcement mechanisms differ considerably across the EU ETS, FuelEU Maritime, and the
IMO Net-Zero Framework. The EU ETS relies on a robust monitoring, reporting, and verification
(MRYV) system, under which ship operators must surrender allowances equivalent to their verified CO;
emissions. Compliance costs are determined by the market price of EU Allowances, which creates a
strong but volatile price signal that may generate uncertainty for shipowners. In cases of non-
compliance, a statutory penalty of EUR 100 per tonne of CO, applies in addition to the obligation to
surrender missing allowances in subsequent years (Flodén et al., 2024). In contrast, the FuelEU
Maritime enforces compliance by assessing the annual well-to-wake GHG intensity of the energy used
by each vessel, with the option of pooling compliance across fleets. Exceeding the prescribed limits
results in a fixed penalty of EUR 2,400 per tonne of VLSFO-equivalent above the threshold. This
provides cost predictability for operators, though the fixed nature of the penalty may weaken incentives
if fossil fuel or carbon prices fall significantly (DNV, 2025). The IMO Net-Zero Framework adopts yet
another approach, introducing a two-tier compliance system in which ships are charged for emissions
above their intensity targets, with flexibility provided through pooling and the use of two-tier Remedial
Units. Revenues are used for the IMO Net-Zero Fund to support infrastructure, R&D, and transition
assistance in developing countries. However, its effectiveness remains uncertain due to the absence of
a comprehensive global trading system, clear price trend, incomplete compliance mechanisms, and
unresolved details regarding certification and governance (Luman, 2025).

Fourth, the influence on shipowners will also be different among the regulations. Apparently, both
FuelEU Maritime and the IMO Net-Zero Framework will exert stronger impacts on shipowners than
the EU ETS, but in different ways.

Moreover, a Lloyd’s Register (2025) modelling study compared the potential financial and abatement
outcomes for a hypothetical vessel consuming 10,000 tonnes of VLSFO and 1,000 tonnes of ULSFO
annually between 2025 and 2050. The results show that the ship consistently fails to meet the targets
under both regimes, thereby incurring penalties. In the “worst-case” scenario, where maximum
penalties are applied, the IMO Net-Zero Framework generates higher annual compliance costs up to

2045, while FuelEU imposes greater penalties thereafter, though the cumulative costs remain higher
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under the IMO Net-Zero Framework. This illustrates that the IMO system is more punishing in the near-
to medium-term, whereas FuelEU could become comparatively more costly after mid-century.
However, the analysis also shows that when the vessel adopts low-carbon fuels sufficient to meet both
targets, the GHG abatement achieved is consistently greater under the IMO, both annually and
cumulatively. This highlights an important distinction that the IMO Net-Zero Framework is structurally
more stringent, both in terms of abatement potential and cumulative penalties, while FuelEU is less
demanding in its early trajectory but tightens later. For shipowners, this implies that under the IMO
Net-Zero Framework there is a stronger economic case for early investment in fuel-switching and fleet
adaptation, whereas FuelEU offers greater compliance flexibility in the short term, especially through
pooling mechanisms, but still generate significant costs in the long run.

More broadly, this raises questions about regulatory coexistence. FuelEU recital 69 explicitly notes that
the regulation could be withdrawn if a global measure of equivalent environmental effectiveness were
adopted (Pringle, 2025). Given that the IMO Net-Zero Framework not only produces higher cumulative
abatement but also imposes a more globally harmonized framework, shipowners must prepare for the
possibility that FuelEU could eventually be phased out or integrated into the IMO system. Until then,
operators voyaging into Europe will possibly face the dual burden of both regimes, amplify compliance
risks and reinforce the importance of fuel choice. Thus, the next section evaluates the main alternative

fuel options for containerships and motivates which fuels enter the scenario design in Chapter 3.

2.2 Alternative Fuels

Building on the regulatory context, shifting to alternative fuels is no longer an optional operational
choice but a regulatory pathway to compliance under these regulations, especially for the IMO Net-
Zero Framework, which will dominate the trend of the future maritime industry. Yet, decarbonization
through alternative fuels remains an evolving landscape, with no single option having emerged as a
definitive solution.

This section addresses Sub-question 2: “What are the advantages and disadvantages of the main
alternative fuel options for containerships, and which are more suitable for deployment in the existing
fleet under current regulatory frameworks?” It proceeds in three steps. First, it outlines adoption trends
in the containership segment, both in operation and on orderbook, to identify the main alternative fuels
currently in use. Second, it evaluates each fuel in terms of characteristics, operational feasibility, and
economic and environmental advantages and limitations. Finally, it synthesizes these insights to
compare the options, highlighting which fuels are more practical for existing containerships and

selecting those carried forward into the scenario analysis.

2.2.1 Trends on alternative fuels in shipping

Although recent fleet orders show accelerating adoption trends that are reshaping the industry, but still

with uncertainty on which alternative fuel to be used in the future. According to the latest DNV
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Alternative Fuels Insight (2025), alternative fuels currently still represent a minimal share, less than 1%
(approximately 0.94%), of the global maritime fleet, yet their adoption rate is rapidly increasing. Among
alternative fuels, liquefied natural gas (LNG) dominates the existing operational fleet, accounting for
about 0.7%, with significantly smaller shares attributed to liquefied petroleum gas (LPG) (0.15%),
methanol (0.07%), hydrogen, and ammonia. Notably, this distribution shifts notably based on current
vessel orders, where alternative fuel vessels represent 16% of the global orderbook. Moreover, LNG
continues to lead with a 9% share, closely followed by methanol at 5%, while LPG, ammonia, and
hydrogen share the remaining portion. In total, vessels currently in service or on order now over 2,100
units, including approximately 1,370 LNG-fueled vessels, 435 methanol-fueled vessels, 290 LPG-
fueled vessels, and several powered by hydrogen or ammonia (DNV, 2025), as shown in Figure 5.

Figure 5. Growth of alternative fuel uptake by number of vessels
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Additionally, containerships lead in alternative fuel adoption, notably LNG (560 vessels) and methanol
(240 vessels), as they are highly energy-intensive and central to meeting EU and IMO decarbonization
targets. Thus, large liner companies such as Maersk and MSC possess the capital to invest in dual-fuel
newbuilds, unlike bulk, tanker, or small-vessel operators (Prussi et al., 2021), as their fixed, long-haul
routes with calls at major hubs (e.g., Singapore, Rotterdam, Shanghai) align with the limited availability
of LNG and methanol infrastructure, making them more accessible to alternative fuels (Wang & Wright,
2021; Chen, et al., 2023). In addition, container ships can more easily accommodate the larger tank
volumes required for fuels such as methanol and ammonia without significant cargo loss, which is a
challenge for smaller or irregularly operating vessels (Marsk Mc-Kinney Maeller Center for Zero

Carbon Shipping, 2022).
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Despite the clear regulatory momentum, uncertainty remains as to which alternative fuel will ultimately
dominate the containership sector, since major carriers are pursuing divergent strategies. Maersk,
widely recognized as a frontrunner in maritime decarbonization, has prioritized biodiesel, green
methanol (e-methanol or bio-methanol), and bio-LNG as its primary pathways (Maersk, 2024). The
company currently operates 14 dual-fuel methanol vessels, with a further 25 scheduled for delivery by
2027, and an additional 50-60 dual-fuel vessels, including LNG-fueled ships, expected thereafter. Upon
completion of these newbuilds and retrofits, dual-fuel vessels will account for approximately one
quarter of Maersk’s total fleet (Maersk, 2025). Moreover, biodiesels are already deployed within its
existing fleet to provide low-carbon transport services for customers (Maersk, 2025).

In contrast, MSC has adopted a somewhat different approach. Its fleet expansion strategy over the next
five years centers on LNG and ammonia dual-fuel vessels, many of which are equipped with air-
lubrication systems to reduce fuel consumption and associated emissions (MSC, 2025; MARIN, 2025).
Looking further ahead, MSC places greater emphasis on retrofitting and constructing vessels with dual-
fuel capability and integrating onboard carbon-capture technologies. While biofuels are recognized as
transitional options for large ocean-going vessels, MSC also highlights the role of green hydrogen,
batteries, and fuel cells for smaller ships and short-sea operations (MSC, 2025).

Both companies are simultaneously building strategic partnerships with fuel suppliers and technology
developers to secure future supplies of green fuels and accelerate deployment of novel technologies
(Maersk, 2025; MSC, 2025). These different strategies further illustrate that each alternative fuel carries
unique advantages and constraints, thereby shaping divergent corporate pathways. Consequently, a
detailed examination of potential solutions and strategies identified in existing literature is essential and
will be explored in the subsequent sections.

Notably, as shown in Figure 5, there are mainly five alternative fuel choices. However, this paper
specifically focuses on fuel alternatives suited to long-range containership operations, thereby
excluding LPG and hydrogen from the analysis due to practical constraints. While LPG has advantages
in gas carriers that can repurpose cargo tanks for bunkering, its applicability to retrofitted or newly built
containerships is limited (WLPGA, 2021). Containerships would require costly storage systems and
modifications, rendering LPG comparatively uneconomic relative to LNG, methanol, or ammonia
(Balcombe, et al., 2019). Also, hydrogen remains largely infeasible for long-haul deep-sea shipping
under current technologies considering its low volumetric energy density, high storage and insulation
costs, and the need for extensive safety systems confine its effective use to short-sea or inland operations
rather than ocean-going vessels (DNV GL, 2019). Consequently, the analysis will focus on biodiesel,
LNG, methanol, and ammonia, as these fuels have demonstrated the potential technical feasibility and

supply for long-range containerships.
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2.2.2 Biodiesel

Biodiesel has emerged as one of the most practical compliance options for the existing containership
fleet under the FuelEU Maritime Regulation and the IMO Net-Zero Framework, primarily because it is
a drop-in fuel that can be used with minimal modifications to ship engines and infrastructure (Balcombe
etal., 2019; MAN Energy Solution, 2023; Kosmajac, 2024). In practice, fatty acid methyl ester (FAME)
is currently the most widely available form of biodiesel and is often blended with conventional fossil
fuel, with typical blends of 24% in Singapore and 30% in Rotterdam, the two largest biofuel bunkering
hubs worldwide (DNV, 2025; Ship & Bunker, 2025). Sales volumes in these ports increased from
roughly 0.3 million tonnes in 2021 to over 1.6 million tonnes in 2024, driven largely by regulatory
compliance incentives under FuelEU Maritime (Argus, 2025). High-profile demonstrations have
reinforced its operational feasibility, such as Maersk has voyaged a vessel from Rotterdam to Shanghai
using a 20% biofuel blend that saved 1,500 tonnes of CO; in 2019 (Maritime Executive, 2019) and the
AIDA cruise ship trials of B100 biodiesel in Rotterdam in 2024, expected to reduce GHG emissions by
85% compared with fossil fuels (Snyder, 2024). These examples suggest that biodiesel can already
deliver measurable reductions in GHG emissions without major technical barriers.

The life-cycle emissions of biodiesel, however, vary significantly depending on the feedstock and
production pathway. Balcombe et al. (2019) reported a range from 22 to more than 110 gCO.e/MJ for
FAME, illustrating that sustainable feedstocks such as used cooking oil and animal fats perform
substantially better than crop-based oils. CE Delft’s analysis of the FuelEU Maritime Annex II factors
highlights that waste-derived FAME can reach 16.2 gCO,e/MJ, a reduction of over 80% relative to
VLSFO (Nelissen et al., 2022). At such levels, biodiesel enables ships to remain below regulatory
intensity thresholds and avoid penalties, or potentially even generate compliance credits under the IMO
framework. Furthermore, biodiesel generally has negligible Sulphur content and tends to reduce
particulate matter emissions relative to marine gas oil, making it attractive for compliance not only with
GHG standards but also with regulations in Emission Control Areas (ECAs) (Wei et al., 2018).

From an economic perspective, biodiesel appears more expensive compared with VLSFO, but when
regulatory penalties are factored in, waste-based biodiesel can prove its cost-effectiveness. Rystad
Energy (2025) estimates that blending biodiesel at 30% to 50% can already mitigate short-term
compliance risks, while full substitution with 100% sustainable biofuel offers the greatest long-term
savings by maximizing GHG abatement and reducing exposure to penalties. This explains why biofuels
are increasingly deployed as a transitional strategy by major carriers, particularly for existing ships
where costly retrofits for alternative fuels are less viable.

Nevertheless, several constraints limit the long-term scalability of biodiesel in shipping. Technically,
biodiesel suffers from issues such as oxidative degradation, microbial growth, and poor cold-flow
properties, which increase the risk of clogged filters and corrosion if not carefully managed (DNV,

2020; McCormick & Moriarty, 2023). While these risks can be controlled through good housekeeping
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practices, they add operational complexity (Selvam, et al., 2025). More importantly, global supply
constraints represent a structural barrier as projections suggest that even if shipping demand were to
rise sharply leading to more investment in production, total biodiesel capacity will remain capped by
the availability of sustainable feedstocks, which are also in high demand from aviation and road
transport (IEA, 2023; Transport & Environment, 2024). This suggests that while biodiesel offers an
immediately deployable and regulation-compliant solution, it is unlikely to serve as the dominant long-
term decarbonization pathway for deep-sea shipping.

In summary, biodiesel provides the shipping industry with a technically feasible, regulation aligned,
and operationally proven means of reducing emissions in the near term, particularly for the existing
fleet. However, its feedstock constraints mean that it should be regarded as a transitional option,
especially for existing vessels, that helps bridge the gap until scalable zero-carbon fuels such as green

methanol can be deployed at industrial scale.

2.2.3 Liquefied Natural Gas (LNG)

LNG is considered as one of the most mature and widely available alternative marine fuels, offering a
lower-emission pathway under current regulatory regimes, particularly when combined with bioLNG
or renewable e-LNG, which are expected to deliver among the lowest abatement costs (Visser & Beddoe,
2025). Technically, LNG is primarily methane cooled to —162°C to reduce its volume for efficient
storage and transportation (Chevron, 2025). This requires dedicated cryogenic storage tanks and
onboard vaporization systems, rather than just liquefaction facilities, making LNG handling
considerably more complex and costly (Yao et al., 2022). Furthermore, LNG’s volumetric energy
density is significantly lower than conventional marine fuels, implying that LNG vessels require 2 to 3
times more tank volume to achieve equivalent range (DNV, 2023). Despite this drawback, LNG retains
a higher energy content per unit volume than oil-based fuels, which can improve fuel efficiency on a
per-tonne basis (Lloyd’s Register, 2025).

Currently LNG holds a dominant position in the alternative maritime fuel transition, with 70% of the
operational alternative fuel fleet runs on LNG, and 58% of new alternative fuel ship orders are LNG
dual fuel vessels (DNV, 2025). Moreover, LNG bunker infrastructure has expanded rapidly with nearly
200 ports and 60 LNG bunkering vessels now in operation worldwide (SEA-LNG, 2025). Additionally,
Lloyd’s Register (2025) also notes increasing retrofit activity, as conversions can yield immediate
reductions to comply with short-term regulatory thresholds.

From an emission reduction perspective, LNG offers significant and immediate benefits, which is nearly
Sulphur-free and produces lower NOx and particulate matter, facilitating compliance with ECA limits
(Le Fevre, 2018). Moreover, on a TTW basis, fossil LNG can reduce onboard CO, emissions by 18%
to 26% compared to fuel oil (Schuller et al., 2021; Miyake, 2024), while a case study of a HFO
8500TEU container vessels converted to LNG dual fuel report reductions in CO,, NOx, PM, and SOy
of 25.7%, 76.3%, 92.9% and 98.6%, respectively (Wu & Lin, 2021). However, under the WTW
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perspective adopted by FuelEU and the IMO Net-Zero Framework, reductions are smaller, typically
10% to 17% versus HFO, due to upstream liquefaction emissions and methane slip (Miyake, 2024;
Visser & Beddoe, 2025). Therefore, WTW emissions must be considered minimized to show the full
GHG emissions benefits of LNG (Visser & Beddoe, 2025).

Particularly, methane slip remains a central technical concern for LNG vessels. Incomplete combustion
allows unburned methane (25 times higher global warming potential than for CO; over a 100-year time
perspective) to escape, undermining GHG savings (Selma et al., 2014; Amir et al., 2019). Nevertheless,
recent studies show that methane slip varies considerably across engine technologies, with newer
designs achieving much lower levels than earlier systems (Sachgau, 2025). Moreover, continued
advances, including generational upgrades and abatement solutions, are expected to drive methane
emissions closer to zero (Visser & Beddoe, 2025). This is particularly relevant as the IMO Net-zero
Framework explicitly includes methane in WTW GHG intensity calculations (Nelissen et al., 2022).
Notably, beyond fossil LNG, bioLNG and e-LNG are frequently discussed as long-term pathways.
However, e-LNG is produced using CO; and e-hydrogen is not mature currently, which is still in the
concept level as electrolysis facilities need to be industrialized at scale (Lloyd's Register, 2025).
BioL NG, typically produced via anaerobic digestion of agricultural and municipal waste (SEA-LNG,
2025), can achieve WTW GHG intensities as low as 15 gCO»e/MJ, which is 79% and 83% below fossil
LNG and VLSFO, respectively (Nelissen et al., 2022). Visser & Beddoe (2025) further show that
blending 1% bio-LNG is sufficient for FuelEU 2035 compliance, with 28% and 78% blends required
for 2040 and 2045, respectively. Yet, the bioLNG availability remains highly constrained as Rystad
Energy (2025) projects that over 90% of bioLNG supply is already committed to power and road
transport, leaving less than 10% for shipping. Furthermore, the price of bioLNG also poses challenges
as its bunkering costs are nearly 2.5 times higher than fossil LNG (S&P Global, 2025).

Remarkably, policy incentives and pooling mechanisms can partly close this gap. Rystad Energy (2025)
notes that subsidies could make bioLNG cost competitive with biodiesel, while Visser & Beddoe (2025)
argue that overcompliance by one bioLNG vessel in the fleet can offset the penalties of 19 VLSFO
vessels under FuelEU Maritime’s pooling mechanism. Supporting this, Q2 2025 sales of bioLNG in the
Port of Rotterdam hit a record high, attributed to shipowners purchasing bioLNG to generate
overcompliance credits (Al-Khalisy et al., 2025).

In summary, LNG’s strengths are its technical maturity, global infrastructure, immediate TTW emission
reductions, and compliance with ECA limits, while its weaknesses are high capital costs, larger tanker
space, methane slip, and bio-LNG limited availability and high price. For shipowners, LNG represents
a near-term compliance pathway, but its long-term decarbonization potential hinges on methane

management, expanded biomethane and e-LNG supply, and regulatory support.
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2.2.4 Methanol

Orderbook data and recent reviews indicate that methanol, especially green methanol (biomethanol and
e-methanol), is emerging as a leading alternative for deep-sea shipping, with rapidly growing uptake in
the container segment (Svanberg et al., 2018; Zincir & Deniz, 2021; DNV, 2025). Chemically, methanol
is the simplest alcohol (CH3OH), a liquid at ambient conditions (boiling point = 65 °C) already produced
at large industrial scale for the chemical sector (DNV, 2023). Its handling at ambient temperature and
pressure and compatibility with conventional shipyard practices reduces integration complexity relative
to cryogenic fuels. Moreover, DNV (2023) estimates that incremental capital expenditure (CAPEX) for
methanol fuel systems (tanks, piping, methanol-capable engines) is nearly one-third of LNG systems
because no cryogenic or high-pressure storage is required. However, a key drawback is its low energy
density. Methanol’s lower calorific value (LCV) (20 MJ/kg) is roughly half that of marine oil (40 to 42
MlJ/kg). Thus, its fuel tank capacities have a size approximately 2.3 to 2.6 times and 1.3 times larger
than oil tanks and LNG tanks, respectively, for the same energy content (DNV, 2023).

Notably, the adoption of methanol fueled vessels is advancing quickly in liner shipping. Maersk has
ordered 25 large methanol-capable container vessels and reports 14 already in operation, complemented
by a rolling retrofit program (Anner, 2025; Ship & Bunker, 2025). COSCO has also placed dual-fuel
methanol orders (Bahti¢, 2024). Furthermore, Maersk’s large-scale retrofit further demonstrates
methanol’s feasibility. After a 15 m hull extension to accommodate methanol tanks and installation of
a dual-fuel engine, the vessel not only completed conversion in 88 days but also gained about 690 TEU
in nominal capacity (Rasmussen, 2024; Kriiger, 2025). These cases illustrate the industry’s growing
confidence in methanol as an emerging marine fuel. From a ship-integration perspective, methanol
engines are already commercially available, and retrofitting existing vessels to methanol is relatively
straightforward compared to ammonia, which remains at an earlier stage of technological maturity and
piloting (Boyland, 2025).

Similar to biodiesel and LNG, lifecycle performance depends entirely on the production pathway. Fossil
methanol from natural gas is typically 100 to 110 gCO,e/MJ, while coal-based methanol can reach
about 300 gCO»e/MJ (Svanberg et al., 2018; Methanol Institute, 2022). On this basis, conventional
methanol does not decarbonize shipping and even exceed the WTW intensity of fuel oil. By contrast,
biomethanol (from wastes/residues or lignocellulosic feedstocks) and e-methanol (from renewable H2
and captured CO) can achieve 10 to 40 gCO,e/MJ, with some pathways approaching near-zero or net-
negative if biogenic CO; and renewable electricity are used (Methanol Institute, 2022). Using FuelEU
Annex Il factors, biomethanol from farmed wood is estimated at about 18.7 gCO,e/MJ, which is 82%
lower than fossil methanol (102.9 gCO,e/MJ) (Nelissen et al., 2022). These values align methanol,
when produced sustainably, with the WTW intensity standards under FuelEU Maritime and the IMO

Net-Zero Framework, making it a strong candidate for penalty avoidance and over-compliance credit
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generation. However, e-methanol remains at a testing stage, while both electrolysis and air capture
technologies still need to be industrialized at scale (Lloyd’s Register, 2025).

Furthermore, methanol combustion eliminates Sulphur and substantially reduces PM. Also, NOx is
generally lower owing to cooler flames, although absolute reductions depend on engine calibration and
after-treatment (Ammar, 2019). However, methanol’s toxicity and low flashpoint introduce distinctive
safety challenges as flames can be hard to see, and exposure risks require strict controls (DNV, 2022).
Accordingly, safe design relies on double-walled piping, leakage detection, segregation and ventilation,
and crew training under low-flashpoint fuel codes (Andersson & Salazar, 2015; Ellis & Tanneberger,
2015; DNV, 2022). Also, material compatibility is another practical consideration as methanol can
attack aluminum, zinc and certain polymers, and its low lubricity necessitates suitable materials,
coatings, and additive management in fuel and lube systems (Verhelst et al., 2019; DNV, 2022). These
requirements are manageable but add engineering complexity and OPEX (Verhelst, et al., 2019).
From an economic perspective, the CAPEX of methanol engines and storage systems is comparatively
modest relative to LNG, yet current OPEX remains higher due to low energy density, the elevated price
of green methanol and limited supply. Nonetheless, green methanol presents a scalable pathway, as it
can be synthesized from diverse routes, including biomass, renewable hydrogen, and captured CO-
(GENA Solutions, 2025). However, multiple techno-economic studies indicate that renewable methanol
is unlikely to achieve cost parity with HFO before the 2040s without substantial policy support
(Helgason et al., 2020; Wang & Wright, 2021). Conversely, GENA Solutions (2025) recently estimates
that although current green methanol’s costs are high, production is projected to expand rapidly, from
2 million tons in 2025 to more than 50 million tons by 2030, with cost parity with fossil methanol
potentially achievable by the mid-2030s (Carlsson, 2025). Furthermore, under WTW-based regulations,
biomethanol and e-methanol can achieve significant compliance value through both penalty avoidance
and potential overcompliance credits, narrowing the cost gap materially (Dierickx, 2024).

In summary, methanol’s ambient-temperature handling, retrofit feasibility, and alignment with WTW
regulatory requirements (green methanol) position it as a compelling option for containership
decarbonization. Its drawbacks such as low energy density, safety and toxicity concerns, and the current
high cost and limited availability of green methanol, are significant, yet could be increasingly addressed
through technical solutions and regulatory support. Crucially, the scalability of green methanol,
underpinned by multiple production pathways and expected rapid capacity expansion, enhances its mid-
and long-term potential. Overall, methanol is unlikely to emerge as a solution for the short term, but it
remains as one of the most readily deployable fuels for meeting IMO Net-Zero Framework while

preserving flexibility for deeper decarbonization as supply scales.

2.2.5 Ammonia

Ammonia has attracted significant attention as a potential zero-carbon marine fuel, owing to its carbon-

free molecular structure and the possibility of achieving substantial reductions in GHG emissions when
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produced from biomass or renewable sources (Lloyd’s Register, 2021; Laursen et al., 2022). At ambient
conditions ammonia is a colorless gas, but it can be liquefied relatively easily either under moderate
pressure or by cooling to —33 °C, making its storage and handling simpler than LNG or hydrogen (DNV,
2022). However, its energy density is broadly comparable to methanol, though considerably lower than
fuel oil and LNG, which imposes larger tanker space and may occupy more cargo space (Ash &
Scarbrough, 2019; Lloyd’s Register, 2021). Kim et al. (2020) estimated that ammonia tanks could be
about three times larger than conventional fuel oil tanks for equivalent energy content, with an
associated weight penalty of 1.5 times.

At present, ammonia propulsion remains in the laboratory stage, with only three vessels engaged in
pilot operations and engine manufacturers such as MAN, Wartsila and WinGD expecting commercial-
scale deliveries only from 2026 onwards (DNV, 2025; Fortescue, 2025; Willmington, 2025).
Nevertheless, there has shown a trend with deploying ammonia ships, as evidenced by 42 ammonia-
fueled vessels currently on order (DNV, 2025) and the completion of initial bunkering demonstrations
in Singapore, Rotterdam and Dalian (MPA, 2024; Port of Rotterdam, 2025; Ship & Bunker, 2025).
From a regulatory perspective, ammonia’s WTW performance is highly dependent on production
pathways as green ammonia from renewable hydrogen and captured nitrogen can deliver up to a 90%
WTW GHG reduction relative to fuel oil, whereas grey or brown variants can be even one third more
carbon-intensive than HFO (Wartsila, 2025; Thurman, 2025). Blue ammonia, produced with carbon
capture, offers an intermediate pathway with the potential to align with IMO 2030 intensity targets
(Zincir, 2022). Empirical modelling by Zincir (2022) on short-sea shipping confirms this differentiation.
His study found that brown ammonia derived from coal or oil increases CO2 emissions compared to
fossil fuels, while 95% blue ammonia use enables a 42.8% reduction, sufficient to meet IMO 2030
targets. Green ammonia produced from renewable wind power achieved a 79.2% reduction, consistent
with IMO 2050 ambitions, while higher ammonia shares also yielded greater reductions in NOx, SOX,
and PM. However, Zincir (2022) emphasizes that green ammonia is not currently a viable alternative
due to prohibitively high costs. As such, blue ammonia is best positioned as a mid-term transition fuel,
with a shift to green ammonia feasible only once costs decline and regulatory stringency increases.
Despite its long-term potential, ammonia adoption faces several major challenges. First, availability is
constrained. Around 80% of global ammonia production is already committed to the fertilizer industry,
and if 30% of shipping were to switch to ammonia, global ammonia supply would need to almost double
(S&P Global, 2025; Thurman, 2025). Moreover, meeting projected bunker demand, rising from 2.3
million tons in 2030 to 62 million by 2040 and 245 million tons by 2050, would require a massive scale-
up in production capacity, with individual plants taking four to six years to build (Ship & Bunker, 2024;
Thurman, 2025). This expansion trajectory remains far behind the rapid growth expected for methanol
(GENA Solutions, 2025). Therefore, the gap between the demand and supply of the ammonia,
especially green ammonia, may not be filled quickly even when the ammonia fueled ships come to the

commercial period, which may burden the development of the ammonia in the maritime industry.
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Second, costs remain prohibitive. Ammonia prices are currently around twice those of fuel oil,
reflecting both limited supply and the premium for low-carbon production (S&P Global, 2025). Techno-
economic modelling suggests that total ownership costs for ammonia fueled vessels could be 3.5-5.2
times those of HFO baselines at present prices, though this premium might be halved if bunker prices
fall to USD 400 per tonne (Kim et al., 2020).

Third, safety and integration present serious operational barriers. Ammonia is highly toxic and corrosive,
demanding extensive crew training, double-walled fuel systems, more frequent maintenance, and robust
safety protocols (Thurman, 2025). Combustion also carries the risk of unburned NHj3 slip and N,O
emissions, both potent climate forcers, necessitating costly catalyst after-treatment (Zincir, 2022).

In summary, ammonia offers one of the most compelling long-term decarbonization pathways, being
carbon-free at the point of use and fully compatible with WTW GHG intensity regulation if sourced
renewably. However, high costs, feedstock competition, toxicity, infrastructure shortages, and the
immaturity of shipboard technologies currently limit its role to demonstration projects and early
adoption. For the medium term, blue ammonia may act as a transitional fuel, while green ammonia
could emerge as a viable large-scale option once production scales up and regulatory pressures

strengthen (Zincir, 2022; DNV, 2022; Thurman, 2025).

2.2.6 Summary

In summary, the literature demonstrates that no single alternative fuel offers a complete solution for
maritime decarbonization. Rather, each fuel is likely to play a role at different stages of the transition,
depending on its technical characteristics, scalability, and regulatory alignment. Table 2 summarizes
the key features of each fuel, which answers the Sub-question 2: What are the advantages and
disadvantages of the main alternative fuel options for containerships?

Table 2. Alternative Fuel Comparison

Fuel Biodiesel LNG Methanol Ammonia
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Particularly, biodiesel stands out as the most immediate, drop-in compliance option, but its long-term
role is constrained by limited sustainable feedstocks. Besides, LNG is commercially mature and
supported by an extensive global infrastructure network, yet its climate benefits are undermined by
methane slip and the constrained availability of bioLNG, which faces the same biomass limitations as
biodiesel. However, methanol emerges as one of the most promising mid to long term pathways due to
its retrofit feasibility, alignment with well-to-wake regulation, and diverse and scalable production
routes. Nevertheless, high costs and limited availability of green methanol remain pressing challenges.
Ammonia is widely recognized as a carbon-free option with significant long-term potential, but current
barriers related to technology maturity, safety, cost, and supply readiness confine it to a post-2040 role.
Thus, building on these insights, it also addresses another part of the Sub-question 2: Which alternative

fuels are more suitable for deployment in the existing fleet under current regulatory frameworks? The
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literature review demonstrates that biodiesel, LNG, and methanol represent the most relevant
compliance options for the existing vessels, given their technical feasibility, regulatory alignment, and
availability. By contrast, ammonia, while strategically important as a carbon-free solution in the longer
term, is not yet technically mature or economically viable for large-scale adoption in the near term.
Instead, ammonia is more likely to be a choice for newbuilds. Lin (2022) further notes that building
ammonia conversion-ready vessels offers a better option, as they can be retrofitted once ammonia
becomes widely available, reducing future retrofitting costs.

Accordingly, this paper narrows its analytical focus to biodiesel, LNG, and methanol as the primary
alternatives for evaluating fleet compliance strategies during 2025 to 2040. Importantly, despite
extensive literature on alternative fuels choices especially under FuelEU Maritime and EU ETS, there
remains a critical research gap regarding how compliance strategies for the existing fleet can be
optimized under the newly adopted IMO Net-Zero Framework. In particular, little attention has been
given to how pooling mechanisms and differentiated compliance costs may shape fuel and investment
choices across existing fleets. To address this gap, the following sections develop a quantitative model
to evaluate cost-effective compliance strategies for deep-sea containerships under the IMO Net-Zero

Framework, considering biodiesel, LNG, and methanol.
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Chapter 3 Methodology

This study examines a representative fleet of 13 containerships operating on the Far East-North Europe
route. A Maersk fleet on the AE1 service from Shanghai to Rotterdam is selected as the analytical unit,
given its weekly frequency and its position on one of the world’s busiest and most strategically
significant trade lanes. The objective is to evaluate cost-effective compliance pathways under the
forthcoming IMO Net-Zero Framework (2028-2040) by optimizing fleet composition and fuel strategy,
while also accounting for FuelEU Maritime (2025-2027) prior to the IMO Net-Zero Framework entry
into force in 2028.
Furthermore, the pooling mechanism is applied, treating the 13 vessels as a single operational pool to
minimize total compliance costs by reducing the use of high-priced biofuels wherever possible and
selling surplus units when the whole fleet’s performance exceeds regulatory requirements. This fleet-
level optimization approach, rather than a vessel-by-vessel analysis, aims to minimize overall
compliance costs and assess the effectiveness of pooling, while enabling collective decisions on
retrofitting and biofuel adoption. Within the pool, the fleet consists of 3 LNG dual-fuel vessels and 10
conventional heavy fuel oil (HFO) vessels. The HFO vessels are further divided into two subgroups: 6
older ships with higher fuel consumption and 4 newer ships with more efficient engines. Thus, the fleet
can be categorized into three groups based on engine type.
The methodology employs scenario-based techno-economic modelling to identify the most cost-
efficient transition pathway over a 15-year horizon (2025-2040). Key decision variables include:

1. The number of vessels using biofuels and the blending ratios over time in response to tightening

regulations and potential surplus units as overcompliance rewards.

2. The timing of fuel-switching decisions.

3. The number of conventional vessels to be retrofitted with LNG or methanol propulsion systems.
The model incorporates regulatory constraints from FuelEU Maritime (2025-2027) and the IMO Net-
Zero Framework (2028-2040). The following sections detail the assumptions, data inputs, and scenario

settings.

3.1 Assumption

To ensure the feasibility and comparability of the optimization model, the following simplifying
assumptions are made:

1. Within each group of the vessel, no significant differences are assumed in fuel consumption
rates or other technical specifications. Each vessel has an assumed lifespan of 25 years, with
the current average age being approximately 10 years (Clarksons, 2025), resulting in a 15-year
modelling horizon.

2. The total number of vessels in the fleet remain constant as 13 vessels, which is assumed to

maintain weekly service between major ports in Asia and Northern Europe.
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Although recent geopolitical disruptions have temporarily prompted rerouting via the Cape of
Good Hope (UNCTAD, 2024), this study assumes a return to the traditional Suez Canal route,
reflecting the recent trend of large container vessels resuming transit (Suez Canal Authority,
2025). The Suez route is considered more representative for long-term analysis, as it shortens
the round voyage by approximately 7,000 nautical miles while maintaining the same port
rotation. Moreover, port calls and total route distance are assumed constant across all scenarios
for the 15-year horizon.

Fuel prices are assumed geographically uniform, with no regional price differentials.

FuelEU Maritime and the IMO Net-Zero Framework are assumed to operate sequentially rather
than simultaneously. Specifically, compliance costs under FuelEU Maritime are applied from
2025 to 2027, after which the IMO Net-Zero Framework takes effect from 2028. This
assumption reflects the potential convergence of the two regimes, given FuelEU Maritime’s
self-termination clause (Recital 69 and Article 30), which favors a global approach under the
IMO due to its broader scope (Pringle, 2025).

For the Base Compliance Target (Tier 2), IMO currently are not specified for 2036-2039. A
linear interpolation is applied between the 2035 target and the 2040 target (65% reduction from
the 2008 baseline) (IMO,2025), assuming equal annual reductions over this period. For the
Direct GFI reduction (Tier 1), no 2040 target is provided. This study assumes an 80% reduction
by 2040, in line with the “2023 IMO Strategy on Reduction of GHG Emissions from Ships”
(IMO, 2023). Annual reduction rates for 20362039 for Tier 1 are derived using the same
interpolation method. Regulations are assumed unchanged between 2025 and 2035 with IMO
settings.

Surplus units (SUs) from over-compliance with the Direct Compliance Target (Tier 1) are first
reallocated within the fleet to cover deficits against the Base Compliance Target (Tier 2). If the
fleet meets its Tier 2 obligations after internal balancing, remaining surplus units are sold in the
same year. Although IMO surplus units can be banked for up to two compliance years, early-
period banking is assumed inefficient, as vessels exceeding the Tier 1 target in one year are
generally expected to meet Tier 2 obligations the following year (Dibdin et al., 2025).
Immediate sale is therefore assumed to be the preferred strategy.

Methanol consumption is estimated based on the energy demand of an equivalent LNG-fueled
vessel. This is supported by the fact that both LNG and methanol dual-fuel engines operate on
the Diesel cycle and exhibit similar thermal efficiency under comparable operational profiles
(MAN Energy Solutions, 2021). Assuming identical energy demand, the required methanol
volume is calculated by dividing total energy input by the lower calorific value (LCV) of
methanol.

Due to limited data on exact retrofitting costs, particularly opportunity costs such as downtime

or revenue loss, this study assumes such costs are incorporated into the retrofitting estimates
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referring to Zhao et al. (2025). Moreover, given that the fleet examined is 10 years old, major
maintenance is expected, and recent fuel oil engine’s conversions to methanol have taken
around 88 days, consistent with typical drydock periods (Anner, 2025). This assumption
enables the analysis to focus on long-term strategic implications rather than short-term
operational disruptions.

10. When operating on LNG or methanol, 5% of HFO is assumed as pilot fuel to mitigate risks
such as knocking and misfiring (Akman, 2023).

3.2 Scenario Setting

This study evaluates five compliance strategies through scenario-based modelling, as outlined below.
Scenario 1: Benchmark

This reference scenario establishes a baseline for both economic and environmental performance over
the 15-year horizon. All 13 vessels retain their current configurations, 3 LNG dual-fuel vessels and 10
conventional HFO vessels, without modifications or fuel switches. The model calculates cumulative
GHG emissions, assessing compliance costs against both the Base and Direct compliance targets. Any
non-compliance is fully offset by penalties from FuelEU Maritime and purchasing Tier 1 and Tier 2
Remedial Units (RUs) from IMO. This scenario quantifies the long-term economic burden of a “do-
nothing” strategy and serves as the benchmark for evaluating the cost-effectiveness of alternative
decarbonization pathways. It also defines an upper boundary for the acceptable solution: if an alternative
scenario’s total cost exceeds this baseline, paying for RUs would be economically preferable.
Scenario 2: Biofuel Blending Strategy

Scenario 2 explores achieving compliance solely through fuel switching, without technical
modifications to the fleet. All vessels retain their current configurations, but conventional fuels can be
partially or fully replaced with sustainable alternatives, biodiesel blends for HFO vessels and bio-LNG
for LNG vessels.

The optimization determines cost-minimizing blend ratios to meet annual compliance targets in each
year, with the option of strategic overcompliance to generate SUs for internal reallocation or sale
through the pooling mechanism. This scenario evaluates whether fuel substitution alone is more
economical than purchasing RUs or investing in retrofits and quantifies the resulting total costs over
the 15-year period.

Scenario 3 and 4: Replacement Strategy

Scenarios 3 and 4 evaluate the impact of replacing the fleet’s oldest, highest-emitting HFO vessel with
anewly built methanol dual fuel (DF) vessel, reflecting Maersk’s early adoption of methanol propulsion
on high-emission, long-haul routes such as Far East-North Europe, where regulatory and financial
benefits are significant. Also, early deployment of a green-fueled vessel on this route is advantageous

under stricter EU regulations in the initial years.
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For modelling and comparing the cost in the same level purposes, the CAPEX of the new vessel is
excluded, assuming redeployment from elsewhere in Maersk’s global fleet. Scenario 3 assesses the
pooling effect of the replacement when the methanol vessel operates at varying green methanol blend
ratios while other vessels continue using fossil fuels. Scenario 4 extends the analysis by optimizing
biofuel blending across the entire fleet, considering the methanol vessel’s OPEX, life-cycle emissions,
and its influence on biofuel needs for the remaining ships. In both cases, any residual compliance gap
is met through RUs purchases, and the results quantify the methanol vessel’s contribution to improving
overall fleet GFI and reducing compliance costs.

Scenario 5: Retrofit Strategy

Scenario 5 evaluates retrofitting existing 10 HFO vessels to either LNG dual-fuel or methanol dual-fuel
propulsion. The model simultaneously optimizes the time of retrofits, the number of retrofits, the choice
of the fuel and the required biofuel blending rates to achieve Direct Compliance Target at the lowest
total cost. In addition to compliance optimization, the scenario estimates the payback period for each
retrofit option over the 15-year horizon to assess financial viability.

Table 3 summarizes each scenario’s compliance strategy. The comparative analysis of these scenarios
provides insight into the trade-offs between fuel adjustments, technical upgrades, and market-based
compliance mechanisms, enabling identification of cost-effective pathways for fleet decarbonization.

Table 3. Scenario for compliance strategy modelling

Scenario  Strategy

Fleet Configuration

Compliance Approach

Purpose

10 HFO vessels All non-compliance Establishes economic
. Do-nothing + 3 LNG DF offset with FuelEU & environmental
baseline (no change) penalties and Tier 1 &  baseline; defines upper
(total 13 vessels) 2 RUs. cost boundary.
HFO partly/fully Tests if fuel
Fuel Existing fleet retained  supplied by biodiesel;  substitution alone is
2 switching (no retrofits) LNG supplied with cheaper than paying
only (total 13 vessels) bioLNG; optimization  penalties, RUs or
of blend ratios. retrofits.
Evaluates methanol
Methanol DF operated )
Methanol Replace 1 HFO vessel ) . vessel’s isolated
] with varying green o
3 vessel with 1 methanol DF contribution to GFI
methanol blends; rest
replacement (total 13 vessels) ) ] improvement and total
continue fossil fuels. )
fleet cost reduction.
) Adds optimization of  Assesses combined
Methanol Same as Scenario 3 o . ]
4 biodiesel/bio-LNG impact of methanol
vessel (total 13 vessels)

blends across entire

deployment and fleet-
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+ biofuel fleet alongside wide blending on
blending methanol vessel emissions, and total
operation. cost reduction.

Examines trade-offs

Retrofit HFO vessels ~ Model optimizes between retrofit
Fleet to LNG DF or time/number/type of options, payback
> retrofits methanol DF retrofits + blending period, and total cost
(total 13 vessels) rates. and emission
reduction.
3.3 Data

This section outlines the input data used in the modelling framework, covering route characteristics,
vessel specifications, fuel properties, emission factors, fuel prices, and cost parameters. Data are drawn
from the Clarksons Shipping Intelligence Network (SIN), peer-reviewed literature, industry reports, and
regulatory documents issued by the IMO and the European Commission. Unless stated otherwise, all

cost figures are presented in constant 2025 USD.

3.3.1 Route Information

The route of the Maersk AE1 service is based on Maersk’s official schedule from the website (2025).
As illustrated in Figure 6, and according to route modelling conducted using Netpas Distance (2025),
the AE1 loop connects major ports in Far East Asia and Northern Europe via a round-voyage structure
with weekly frequency. The service departs from Shanghai and calls at Yantian, Tanjung Pelepas,
Singapore, Tangier, London Gateway, Rotterdam, and Hamburg, before returning to Shanghai (Maersk,
2025).

i e s s
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For modelling purposes, the fleet is assumed to operate via the Suez Canal, representing the standard
routing under normal geopolitical conditions. The total round-trip distance is approximately 21,955
nautical miles, of which 5,349 nautical miles fall within Emission Control Areas (ECAs), as shown in
the table accompanying the route map. Under current IMO regulations, vessels operating in ECAs must
either use fuel with a Sulphur content not exceeding 0.10% or adopt exhaust gas cleaning systems
(EGCS) that achieve equivalent SOx reductions (DNV, 2023). In this study, all 10 HFO vessels are
fitted with scrubbers (Clarksons, 2025), eliminating the need to switch to Marine Gas Oil (MGO) for
ECA compliance. LNG and methanol, being inherently low in Sulphur, also meet ECA limits without
fuel switching. Consequently, ECA-related fuel switching is excluded from the model for all fuel
configurations considered.

Based on Maersk’s published schedule (Maersk, 2025), the average port time at each call is
approximately two days. With weekly service and a deployment of 13 ships, the total round-trip duration
for each vessel is estimated at 91 days (13 weeks). Subtracting 16 days of port time for eight port calls
(8 x 2 days), each vessel spends roughly 75 days at sea per cycle. Covering a total round-voyage
distance of 21,955 nautical miles, this corresponds to an average sailing speed of about 12 knots, which
aligns with the recommended fuel-efficient speed for large containerships (Powell, 2025). Allowing for
routine maintenance and buffer periods, each vessel is estimated to complete approximately four full
round trips per year under this operational profile.

Furthermore, for the first three years of FuelEU Maritime implementation in this study, only 100% of
GHG emissions within the EU area and 50% of emissions on voyages to or from the EU are counted
towards compliance. Applying this adjustment, the effective distance subject to FuelEU Maritime

requirements is estimated at 8,879 nautical miles.

3.3.2 Fleet Information

The modelled fleet comprises 13 containerships deployed on the Maersk AE1 service, treated as a
pooled operational unit in line with the pooling assumption outlined in Section 3.1. Of these, 3 vessels
are equipped with LNG dual-fuel engines, while the remaining 10 operate on HFO with scrubbers
installed (Clarksons, 2025).

Moreover, the 10 conventional HFO vessels fall into two main types. The first, built around 2014, has
a capacity of approximately 18,270 TEU. The second, built in 2018, offers a larger capacity of 20,568
TEU and is considered more fuel-efficient due to a newer main engine design and optimized auxiliary
generators (Clarksons, 2025).

For modelling purposes, this study applies the annual average fuel consumption per nautical mile
(kg/nm) reported in the EU MRV GHG Emission Report (EMSA, 2025). As methanol-fueled vessels
have only recently entered commercial service, empirical fuel consumption data are limited. Therefore,
methanol vessel consumption is estimated from the annual energy demand of the equivalent LNG dual-

fuel vessel.
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Based on engine type and vessel characteristics, the fleet is categorized into four representative groups:
e Group 1 (Gy): 2014-built HFO vessels
e Group 2 (G): 2018-built HFO vessels
e Group 3 (G3): 2020-built LNG/Methanol dual-fuel vessels
Within each group, technical specifications are represented by average values to ensure consistency in
the modelling framework. Table 4 summarizes the key specifications of Groups 1-3, including fuel type
and consumption rates.

Table 4. Summary of Vessel Specifications by Group

Group 1 Group 2 Group 3
Vessel Type
(HFO Old) (HFO New) (LNG/Methanol)
Number of the Vessels 6 4 3
Built Year * 2014 2018 2020
Total Capacity (TEU) * 18,270 20,568 21,940
Fuel Type * HFO HFO Dual-Fuel
8S80OME-C9.2 7G80ME-C9.5 11G95SME-C10.5
Main Engine Type * (59,360mkW @ (62,000mkW @ (75,570mkW @
73rpm) 70.50rpm) 80rpm)
Fuel Consumption (kg/n mile) 325 310 270
EEXI (gCO»/t'nm) ° 6.78 6.75 5.27
Scrubber * Installed Installed -
Rudder Bulb * Installed Installed Installed
Ballast Water Treatment System
Installed Installed Installed

(BWTS)*
Source: * Clarksons (2025); ° EMSA (2025)

3.3.3 Retrofitting Information

Table 5 summarizes the estimated costs of retrofitting HFO vessels to LNG or methanol dual-fuel
propulsion. These costs include both material expenses, such as engine components, fuel tanks, and
pipelines, opportunity costs and labor charges incurred at the shipyard (Lagemann et al., 2022; Lin,
2022; Zhao et al., 2025). LNG retrofits are substantially more expensive due to the requirement for
cryogenic storage tanks, complex fuel gas supply systems, and extensive engine and safety
modifications (Zincir, 2022). By contrast, methanol can be stored at ambient temperature, requiring
simpler tank arrangements and less intrusive engine modifications, making it a comparatively more

cost-effective retrofit option (Lagemann et al., 2022).
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Table 5. Retrofitting Costs

. To LNG Dual Fuel Vessel Methanol Dual Fuel Vessel
rom

HFO Vessel 35,000,000 24,000,000
Source: Lagemann et al. (2022); Lin (2022); Zhao et al. (2025)

3.3.4 Emission Factor

This analysis adopts a WTW approach to quantify greenhouse gas (GHG) emissions, encompassing
CO,, CH4, and N>O. However, the IMO’s life-cycle assessment (LCA) framework for marine fuels is
still under development, and comprehensive WTW emission factors, particularly for biofuels, have not
yet been finalized (Miyake, 2024). In contrast, the FuelEU Maritime Regulation, already in force,
provides default WTW emission factors for fossil fuels and biofuels in Annex II (European Union,
2023).

Accordingly, this study uses FuelEU Maritime default emission factors as the reference values for GHG
intensity. Given the substantial variability in biofuel GHG intensity, driven by differences in feedstock
and production pathways, especially in the WTT phase, and the absence of feedstock-specific
traceability, this study adopts the WTW emission factors from Nelissen et al. (2022). Those values are
calculated based on Annex II of the proposed FuelEU Maritime Regulation and the Renewable Energy
Directive (RED II) as shown in Table 6.

Table 6. Emission Factor for each fuel

Biodiesel
Fossil- Bio-LNG Fossil- Biomethanol
Fuel HFO 100%
- LNG 100% Methanol 100%
Composition (c) (c1) (FAME)
(c3) (c4) (cs) (o)
(c2)
LCV (MJ/g) 0.0405 0.0372 0.0491 0.0491 0.0199 0.0199
EFwtr
88.57 14.9 72.4 14.0 31.3 10.4
(gC0O2e/MJ)
EFtrw
3.17 2.5 2.78 1.7 71.57 2.5
(gC0O2e/MJ)
EFwrw
91.74 16.2 75.18 15.7 102.87 12.9
(gC0O2e/MJ)

Source: Nelissen, et al. (2022)

The WTW emission factor (EFwrw) is divided into two components: EFwrr is the upstream GHG
emission factor from fuel extraction, processing, refining, and distribution and EFrrw is the direct GHG
emission factor from onboard fuel combustion. The total EFwrw is obtained by summing EFwrr and
EFrrw, expressed in gCO»e/MJ. Additionally, the lower calorific value (LCV), representing the energy
content of fuels (Singh et al., 2021), is also provided in Table 3 alongside the corresponding fuel.
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3.3.5 Fuel Choice

This study evaluates a range of marine fuels and their bio-based alternatives to assess compliance
strategies under regulatory constraints. Vessels in Group 1 and Group 2 use HFO as their baseline fuel,
with biodiesel considered as a drop-in substitute modelled at blending ratios of 30% (reflecting current
use in Rotterdam), 50%, 75%, and 100% (DNV, 2025). Group 3 LNG dual-fuel vessels operate on fossil
LNG, with bioLNG treated as a drop-in replacement at the same blend levels. Methanol is introduced
for the replacement in Scenarios 3 and 4 and for retrofitted vessels in Scenario 5, with biomethanol
modelled at corresponding blend ratios.

For both LNG and methanol dual-fuel vessels, 5% HFO is assumed as pilot fuel to prevent operational
issues such as knocking and misfiring when running on alternative fuels (Akman, 2023). Table 7
summarizes all fuel types considered in this study.

Table 7. Fuel types and index used in the model

Index f Fuel Type Fuel Composition
1 High Fuel Oil 100% HFO
2 BioDiesel-B30 30% Biodiesel blended with HFO
3 BioDiesel-B50 50% Biodiesel blended with HFO
4 BioDiesel-B75 75% Biodiesel blended with HFO
5 BioDiesel-B100 100% Biodiesel
6 Fossil LNG 95% Fossil LNG with 5% HFO
30% BioLNG blended with fossil LNG and 5% HFO
7 BioLNG-B30 )
(Pilot Fuel)
50% BioLNG blended with fossil LNG and 5% HFO
8 BioLNG-B50 )
(Pilot Fuel)
75% BioLNG blended with fossil LNG and 5% HFO
9 BioLNG-B75 )
(Pilot Fuel)
95% BioLNG blended with fossil LNG and 5% HFO
10 BioLNG-B95 )
(Pilot Fuel)
11 Fossil Methanol Conventional fossil fuel with 5% HFO (Pilot Fuel)
30% Biomethanol blended with fossil methanol and
12 Biomethanol-B30
5% HFO (Pilot Fuel)
50% Biomethanol blended with fossil methanol and
13 Biomethanol-B50
5% HFO (Pilot Fuel)
75% Biomethanol blended with fossil methanol and
14 Biomethanol-B75
5% HFO (Pilot Fuel)
95% Biomethanol blended with fossil methanol and
15 Biomethanol-B95
5% HFO (Pilot Fuel)
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3.3.6 Fuel Consumption

Annual fuel consumption (tonnes) for each vessel group is calculated based on the fuel consumption
rate (FCR, kg/nm) and the annual sailing distance (nm), reported either as total consumption under the
IMO Net-Zero Framework (Total) or as the consumption within the scope of FuelEU Maritime (EU):

FCRg; X Dist;

HFO oo ={1.2}j = {Total, EU} (€Y)
FCRg3 X PF7LNG x Dist

FESLNG = 763 500 L j = {Total, EU} (2
FCRg5 x PP=HFO x Dist;

FRsHFO = _ 2763 500 L j ={Total, EU} (3)

Where F/iFO is the annual HFO consumption (tonnes) of a Group 1 or Group 2 vessel and FCRy; is the

corresponding fuel consumption rate (kg/nm) of the vessel. Moreover, Fi; “N¢ and FF;HFCis the

annual fossil LNG and pilot fuel consumption (tonnes) of a Group 3 vessel based on the proportion (%)

of the fossil LNG (PF~tN%) and pilot fuel (PP~H#F?), respectively. Dist; is the total annual sailing
distance (nm) or the total annual sailing distance within the scope of FuelEU Maritime (nm).

Furthermore, based on the annual fuel consumption and LCV, the total annual energy content can be

estimated as follows, where E represents the annual energy content (MJ) with different groups of vessels:

EREOGl = FHFO x 106 x LCVHFO,i = {1,2} 4)

EfNGIG3 = FESING % 106 x LCVF-ING 4 FE-HFO 5% 106 x LCVHFO (5)

Following the principle of equivalent energy demand for the same engine type and route (Tan et al.,

2020), annual consumption for blended biodiesels (tonnes) is calculated as Wu et al. (2022):
EHFO=Gi o pj-BioD

FJ7BP = “’Z“CIV o5/ = {2345} ={1,2},j = (30%,50%,75%,100%}  (7)
BD
EHFO—Gi % (1 — Pj—BiOD
Fé”i—HFO — total ( );f — {2, 3’4’ 5},i _ {1,2} (8)

LCVHFO x 106
Where FGfi_BiOD represents the annual biodiesel consumption (tonnes) of fuel type f used by a Group 1
or Group 2 vessel and P/~BiP denotes the corresponding proportion of biodiesel used in the fuel blend
(%). Moreover, ng_HFO is the remaining annual HFO consumption (tonnes) of fuel type f used by a

Group 1 or Group 2.

Similarly, the annual consumption of bioLNG and biomethanol (tonnes) is calculated as follows:

) ELNG—GS X PP—HFO
FPllot _ “total

a3 LCVHFO x 106

Eg)z;gl—ai « pj—BioL/M

LCVBioL/M x 106
FSFL/M _ EfIFO-Gl x (1 — pi=Biol/M _ pP-HFO)
¢ B LCVFL/M x 106

9)

f—-BioL/M __
FG3 -

f ={7—10,11 — 15},j = {30%, 50%, 75%, 95%}  (10)

,f ={7—10,11 — 15} (11)
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Where ng”"tindicates the annual pilot fuel consumption of a dual-fuel vessel (Group 3) (tonnes) and

PP~HFO 5 the proportion of pilot fuel (%). ng_BiOL/ M represents the annual bioLNG or biomethanol

consumption (tonnes) of type f used by a Group 3 vessel and P/~BL/M denotes the proportion of
biofuels used (%). Furthermore, FC’;_FL/ M is the the annual fossil LNG or methanol consumption
(tonnes) in the fuel blend.

All results for the annual consumption of each fuel type are presented in Appendix A.

Moreover, the total fuel cost (USD) is calculated using the fuel prices summarized in Table 8, which
are assumed constant from 2025 to 2040. These values are based on S&P Global’s (2025) monthly
average bunker prices in Rotterdam for June 2025. Other fuel price trajectories are examined separately
in the sensitivity analysis and discussion part.

Table 8. Fuel Price (2025-2040)

100% Fossil- 100% Fossil- 100%
Fuel Type HFO o .
Biodiesel LNG BioLNG Methanol  Biomethanol
Price
410 1,100 720 1,650 330 985
(USD/ton)

Source: S&P Global (2025)

3.3.7 GHG Emission and Intensity
Thus, the annual GHG emission are calculated from the total annual energy content and the
corresponding WTW emission factor (gCO»e/MJ) as shown in Equation (12) and (13):
GHGy = Effor Gt x pI=Biob x EFyrw-fBiop t Ef197 5" x (1 — PI=BPY X EFyyryy_pro,
f={1-5}i={12},j={30%,50%,75%,100%} (12)
Where GHGy denotes the annual greenhouse gas emissions (gCOze) of fuel type f; EFyrw_rpiop
refers to the WTW emission factor (gCO,e/MJ) of the corresponding biodiesel used in the blend and
EFyrw—nro 1s the WTW emission factor (gCO.e/MJ) of the HFO.
GHGy = E[pio7 %% x PI7BIOLIM S EEyyry epionm + Efatar 0o % PP7HFO s ERyyrw_nro
+Efprq; ©° X (1 — pI=Blol/M _ pP=HFOY x EFwrw-rri/m
f =1{6—-15},j = {30%,50%, 75%,95%} (13)
Where EFyrw_fpior/m refers to the WTW emission factor (gCO.e/MJ) of the corresponding type of
bioLNG and biomethanol used in the blend; and EFy 1y _fp/u refers to the WTW emission factor
(gC0O2e/M1J) of the corresponding fossil LNG and methanol used in the blend.
Furthermore, the attained GHG fuel intensity for each combination of fuel can be estimated as follows,
as referenced in Zhang (2025):
GHGy GHGy

GFIattained—f = EHF—Ol—Gl'f = {1 - 5},1 = {1, 2} or GFIattained—f = W’f = {6 - 15} (14)
tota ota

Where GFlgttaineqa—5 represents the attained GHG fuel intensity of the vessel (gCO.e/MJ) with using
different type of fuels f.
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3.3.8 FuelEU Maritime Compliance Cost

From 2025 to 2027, the FuelEU Maritime regulation is incorporated into the model to estimate
compliance costs arising from the decarbonization of maritime fuel consumption. The regulation sets
annual GHG fuel intensity limits (gCO»e/MJ) for energy used onboard vessels calling at EU ports.
The compliance cost is calculated based on the actual GHG fuel intensity of the fuel used during
voyages within, or to/from EU ports (denoted as GFlgttgineqa—y) compared to the regulatory limit
(GFlgy_target)- Any emission excess over the target is penalized at a rate of USD 640 per tonne CO»e
(BetterSea, 2025). Moreover, under the pooling mechanism, surplus compliance credits generated by
vessels below the target can be sold to other ships (Pringle, 2025). The price of surplus units (P>*"P")
is set at USD 200 per tonne CO,e according to OceanScore (2025).
The compliance balance (CB) indicates whether a vessel incurs a FuelEU Maritime penalty or generates
surplus units. It is calculated by comparing the vessel’s attained GFI with the annual regulatory
threshold. The compliance balance is defined as:

CBy = GFlgttainea—f — GFlgy—target (14)
Where CBy denotes the compliance balance (gCO.e/MJ) of each fuel type of the vessel (f). A positive
value indicates non-compliance and incurs a penalty, while a negative value reflects overperformance,
generating surplus units that can be redistributed within the fleet or sold via a pooling mechanism.
Furthermore, the total annual FuelEU Maritime compliance cost for the fleet is estimated using the

following equation:

n=13 n=13
2 CBf X Ef,EU X Nf,i % PfuelEU lf Z CBf X Ef,EU X Nf,i >0
6 , 3 =
CtFuelEU — ] i=1 10 i=1 10 (15)
n=13 n=13
Z CBf X Ef gy X Ny ; « pSUTPINS ¢ Z CBf X Ef gy X Ng; <0
s 106 t ’ - 106
= =

Where CF“EU is the total cost or rewards from selling the surplus units (SUs) (USD). Ej gy denotes
the total annual energy consumption (MJ) of vessels using fuel type f under the FuelEU Maritime
scope. Ny ; indicates the number of vessels of type f operating. If the weighted fleet-level compliance

balance is positive, indicating overall non-compliance, it is multiplied by the penalty rate Pf*¢!EV

(USD/tonne COse) in year t. Conversely, if the balance is negative, reflecting a net surplus from

overcompliance, it is monetized using P°*"""*(USD/tonne CO»e).

3.3.9 IMO Net-Zero Framework Compliance Cost

From 2028 onwards, the model assumes that the IMO Net-Zero Framework replaces the FuelEU
Maritime regulation. The compliance calculation follows a similar principle, comparing each vessel’s
attained GFI against the required GFI, with the cost (or credit) determined by the deviation from the

target multiplied by annual energy consumption. However, unlike FuelEU Maritime, the IMO Net-Zero
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framework adopts a dual-target structure: a Direct Compliance Target and a Base Compliance Target.
Based on these, a vessel’s annual compliance status falls into three categories:

1. Attained GFI is lower than the Direct Compliance Target

If a vessel’s GFlgtrqineda—5 18 below the Direct Compliance Target (GFIjpo-p), it generates SUs. As
assumed the SUs will be sell to other vessels vessel at the same year. The SUs is calculated following
Zhang (2025). Moreover, the price of SUs is set at USD 312 per tonne of CO.e (PSUS) estimated by
Ship & Bunker (2025). The amount of SUs (tonnes) is calculated following (Zhang, 2025):

(GFlimo-p = GFlagtainea—r) X Ef
SUSf = 1 x foGame Jif GFIattained—f < GFlimo-p (16)

0, otherwise
2. Attained GFI lies between the Base Compliance Target and the Direct Compliance Target

If a vessel’s GFlyttainea—s below the Base Compliance Target (GFIjyo-g) but fails to meet the Direct

Compliance Target (GFl;po—p), it incurs a Tier 1 non-compliance gap. This gap must be offset by
purchasing Tier 1 Remedial Units (Tier 1 RUs) from the IMO Net-Zero Fund, currently priced at USD

100 per tonne of COze (PfMOTT1) The amount of Tier 1 RUs is calculated following (Zhang, 2025):
0, if GFIattained—f < GFIIMO—D

(GFlgttainea—5 — GFlimo—p) X Ef
RUSpier1—f = 1% 10° /if GFlimo-p < GFlattainea-r < GFlimo-p  (17)

(GFliyo-p — GFlimo-p) X Ef
1x 106
3. Attained GFI exceeds the Base Compliance Target

Jf GFlgtrainea—r > GFlimo-g

If a vessel fails to meet the Base Compliance Target, it incurs both Tier 1 and Tier 2 non-compliance
gaps. The Tier 1 gap must be balanced using Tier 1 RUs under the same conditions as above. The Tier
2 gap, however, can be addressed through purchasing Tier 2 RUs from the IMO Net-Zero Fund at a
price of USD 380 per tonne of COse (P/MO7T72) The amount of Tier 2 RUs is calculated following
(Zhang, 2025), as shown in Equation 18:

0, if GFIattained—f < GFIIMO—B

RUStier 25 = (GFlattainea—f — GFlimo-p) X Ef . (18
ior attaine 1f>< i L, if GFlatrainea—s > GFlio—s

All results for GHG Annual Emission Gaps and Surpluses of Different Fuels under FuelEU Maritime

and IMO Net-Zero Framework are presented in Appendix B.
Thus, the total compliance cost (C/M9) for the IMO Net-Zero Framework is calculated as shown in
Equation 19.
(RUSrier 2—5 X Npj — SUs; X Np ;) X PIMOT®T2 4 RUS 01— X Np; X PIMOTEETL
lf RUSTierZ—f X Nf,i — SUSf X Nf,i >0
(RUSTier 2-f X Nf,i — SUSf X Nf,i) X PngS + RUSTieT 1-f X Nf,i X PtIMOTierl,
lf RUSTierZ—f X Nf,i — SUSf X Nf,i <0

Mo = (19)
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3.4 Model Setting

The objective of this model is to minimize the total cost of operating the 13-vessel fleet over a 15-year
period (2025-2040), considering compliance with both the FuelEU Maritime (2025-2027) and the IMO
Net-Zero Framework (2028-2040). The optimization evaluates different compliance strategies,
including the adoption of alternative fuels and changes to fleet composition through retrofitting. The
total cost consists of three main components: regulatory compliance costs (FuelEU and IMO), fuel costs,

and retrofitting costs (Scenario 5). The objective function is:
2027 2040

minTC = Z (CFuelEv 4 cFuet) 4 Z (CMO + cFuet) + Z T eroric X R
t=2025 t=2028 re{LNG,Methanol}
0< RLNG + RMethanol <10 (20)

Where minTC denotes the minimized total cost over the 15 years. CF*¢'EVU CIMOand CF*¢! represent
the annual compliance costs under FuelEU Maritime, the IMO Net-Zero Framework, and the fuel

expenditure in year t respectively. Preeyo s denotes the unit cost of retrofitting a HFO vessel to LNG

or methanol dual-fuel vessel, as shown in Table 5, and R” represents the number of vessels retrofitted
under retrofit option r during the transition period.
Moreover, there are two decision variables in the model:
1. Nf;:: Number of vessels in group i operating on fuel type f in year t, reflecting adjustments
to tightening regulations and the potential generation of surplus units through over-compliance.
2. R": Number of HFO vessels retrofitted under option r (LNG or methanol), applicable only in
Scenario 5.
These variables are optimized jointly, subject to constraints on fleet size and vessel allocation, fuel-
blending proportions, and the irreversibility of retrofit decisions. Nf;, determines annual fuel
consumption, corresponding fuel expenses, emissions, and corresponding compliance costs,
while R" directly influences feasible retrofitting solution and corresponding retrofit costs.
Specifically, this model is subject to the following constraints:
1. Fleet Size and Vessel Allocation Constraint
The total fleet size remains fixed at 13 vessels, modeled as an integer constraint. In Scenarios
1 and 2, the number of vessels assigned to each group remains unchanged throughout the
modeling horizon. In Scenarios 3 and 4, only one vessel from Group 1 is replaced by a methanol
dual-fuel vessel. In Scenario 5, the number of HFO vessels retrofitted from Group 1 and Group
2 to alternative fuel vessels (Group 3) cannot exceed the original number of vessels in their
respective groups.
2. Fuel Blending Proportion Constraint
For each vessel group in each year, the total share of each of fuels used must sum to 100% on
an energy-equivalent basis.

3. Trreversibility of Retrofit Decisions (Scenario 5 only)
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Once a vessel is retrofitted from Group 1 or Group 2 to Group 3 (LNG/Methanol dual-fuel

vessels), it cannot be reverted to its original configuration. This constraint is modeled through

a binary state variable that preserves the vessel’s retrofit status across all subsequent years.
This chapter outlined the scenario-based techno-economic optimization framework, integrating
operational parameters, regulatory requirements, and cost components to evaluate compliance pathways
for the fleet. It defined the key decision variables, constraints, and assumptions underpinning the
modeling process. The subsequent chapter presents the simulation results and discusses their regulatory

and strategic implications.
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Chapter 4 Result

This chapter answers Sub-question 3: “Which fuel strategies can a containership fleet adopt to comply
with the IMO Net-Zero Framework, and how cost-effective are these options in balancing regulatory
compliance with financial performance?”

It is structured in five steps. First, it provides a comparative overview of all scenarios’ results,
highlighting their economic and environmental performance. Second, it assesses the underlying drivers
of these outcomes, focusing on the GHG fuel intensity, annual emissions, and corresponding
compliance costs of different fuel and engine combinations. Third, it discusses related fuel consumption
and associated expenditures, which is the main part of the OPEX. Fourth, it identifies the compliance
strategies emerging from each scenario and explains the rationale behind them. Finally, a sensitivity
analysis assesses how variations in compliance prices and fuel prices influence the outcomes, to

evaluate the robustness of the fuel strategies.

4.1 Scenario Analysis and Comparison

This section compares five compliance strategies for the 13-vessel fleet under the FuelEU Maritime
regulation (2025-2027) and the IMO Net-Zero Framework (2028-2040):
e Scenario 1 (Benchmark): No vessel or fuel changes; all shortfalls met through Remedial Units
(RUs) purchases.
e Scenario 2 (Biofuel): Complete biofuel substitution without technical modifications.
e Scenario 3 (Methanol Replace): Replacement of one Group 1 (older) HFO vessel with one
methanol dual-fuel ship, while remaining vessels still using fossil fuels.
e Scenario 4 (Methanol + Biofuel): Same vessel replacement as in Scenario 3, with additional
biofuel blending for other ships.
e Scenario 5 (Retrofit): Retrofitting of HFO vessels to LNG or methanol vessels with biofuel
blending.
As summarized in Table 9, under constant fuel and compliance prices, Scenario 1 yields the highest
total cost at USD 4.56 billion and highest CO,e emissions over 15 years, serving as the baseline.
Scenario 2 reduces total cost by 12% to USD 4.02 billion (lowest), primarily because its CO,e emissions
are about 50% lower than the benchmark. This lower emission generates substantial surplus units,
recorded as negative compliance costs (-USD 1.31 billion), which offset the higher fuel expenditure
(USD 5.33 billion). This result demonstrates that large-scale biofuel adoption, despite elevated fuel
costs, can yield net financial benefits through market mechanisms.
Scenario 3 records the highest total cost at USD 4.74 billion, about 4% above the benchmark (USD 4.69
billion). Although CO,e emissions are reduced by 6% relative to Scenario 1, and compliance costs are

therefore lower, this benefit is outweighed by substantially higher fuel expenditure (USD 2.89 billion).
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This indicates that adopting methanol as a single-fuel replacement is economically unfeasible as the
modest GHG reduction cannot offset the additional fuel costs.

Table 9. Summary of total costs and CO»e emission for different scenarios (2025-2040)

Scenariol  Scenario2  Scenario 3 Scenario 4 Scenario 5
Scenario
Benchmark Biofuel Methanol Methanol + Biofuel Retrofit
Total Cost
4.56 4.02 4.74 425 4.02
(USD billion)
Cost Change
- -12% +4% 7% -12%
(%)
Compliance Cost
1.92 -1.31 1.85 -1.07 -1.31
(USD billion)
Fuel Cost
2.64 5.33 2.89 5.32 5.33
(USD billion)
Retrofit Cost 0
(USD billion)
CO»e Emission
20,865 10,524 19,461 11,363 10,524
(thousand ton)
Emission Change
- -50% -6% -46% -50%

(%)

Remarkably, Scenario 4 combines the methanol vessel replacement with strategic biofuel blending for
the remaining vessels, reducing the total cost to USD 4.25 billion and generating a negative compliance
cost (-USD 1.07 billion) with similar CO,e emission as Scenario 2, despite higher fuel expenditure
(USD 5.32 billion). However, compared with Scenario 2 (using biodiesel and bioLNG), the inclusion
of methanol increases the fleet’s attained GFI in pooling terms, thereby partially offsetting the
compliance benefits gained from biofuel adoption in other vessels.

Therefore, it is straightforward to see that although Scenario 5 permits retrofitting, the optimization
selects no conversions to either methanol or LNG. The resulting outcome mirrors Scenario 2 (USD 4.02
billion), indicating that biodiesel, on which Scenario 2 is primarily based, may offers a more cost-
effective compliance pathway than technical conversions under the current price assumptions.
Therefore, for the subsequent analysis, Scenario 5 is presented jointly with Scenario 2.

Overall, these results underscore that, under the present assumptions, even high-priced biofuels can
deliver lower total costs when overcompliance enables surplus unit trading, thereby promoting
decarbonization. However, since fuel choice fundamentally affects both costs and emissions, a detailed
assessment of each fuel’s economic and environmental performance is required to uncover the

underlying drivers and provide a basis for informed decisions.
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4.2 GFI and GHG Emission

Figure 7 illustrates the attained GFI (gCO.e/MJ) for each fuel type, benchmarked against the Base and
Direct Compliance targets of FuelEU Maritime (2025-2027) and the IMO Net-Zero Framework (2028—
2040). The results reveal a pronounced performance gap between fossil and bio-based fuels. For 100%
fossil fuels, both fossil methanol and HFO exceed the base compliance target throughout the period.
HFQO’s overshoot rises sharply from 18.5% in 2025 to nearly 400% above the direct target by 2040,
while fossil methanol (102.31 gCO,/MJ) immediately exceeds the base limit by 13 gCO»/MJ even in
2025. Consequently, vessels using these fuels must therefore either bear full penalty or remedial unit
costs or shift to biofuel blends when economically preferable.

Figure 7. Each type of fuel’s GFI
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In contrast, fossil LNG shows a clear initial advantage, complying with both base targets until 2032 and
even meeting the direct target in the first IMO year (2028). This could allow LNG dual-fuel vessels to
postpone the transition to higher-cost bioLNG. High-blend biofuels, 95% bioLNG or biomethanol, or
100% biodiesel, meet both base and direct targets consistently from 2025 to 2040. Biodiesel performs
best overall, as bioLNG and biomethanol still require a 5% HFO pilot fuel. This may explain the reason
why the Scenario 2 can achieve the lowest total cost across all scenarios as it has the best GHG emission
performance, which leads to producing higher SUs.

Furthermore, all 75% blends also meet base targets and can generate surplus units until 2037, but

tightening targets (with the base and direct gap widening from 12% to 14%) eventually push them above
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direct compliance. However, all blends below 50% biofuel fail to meet base compliance by 2037 and
direct targets by 2036, limiting their role to transitional adoption.

Thus, this comparison demonstrates LNG’s early-stage practicality, given its compliance potential even
in fossil form. Moreover, among all bioLNG options, except the 95% blend, bioLNG deliver the best
overall performance. However, methanol becomes more competitive only at blends exceeding 30%
biomethanol, with lower shares performing poorly. Still, biodiesel remains consistently advantageous,
particularly at 100%, though its high price requires weighing whether the compliance benefits from
surplus units can offset the additional fuel costs, or if using cheaper HFO and purchasing remedial units
would be more cost-effective.

Furthermore, based on the GFI results, Figure 8 presents the estimated annual GHG emissions for
different vessel groups and fuel types. While both Group 1 (G1) and Group 2 (G2) operate on HFO, the
Group 2 vessel achieves lower emissions due to its higher fuel efficiency. For example, baseline
emissions from G1-HFO reach 106,050 tons annually, compared with 101,155 tons from G2-HFO, an
approximate 4.6% reduction, highlighting the role of vessel fuel consumption efficiency in emission
mitigation.

Figure 8. Annual GHG emission of different vessels groups and fuels
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Notably, across all fuel types, GHG emissions decline non-linearly as biofuel shares increase. Raising
the blending ratio by 25% can accelerate emission reductions from roughly 20% to over 40%, indicating
that higher blends may yield a more favorable balance between compliance and cost, particularly in
early regulatory years, when more surplus unit sales can further enhance cost-effectiveness.

For both HFO vessel groups, 100% biodiesel could reduce annual emissions by over 82%, to around

18,000 tons, representing the lowest emissions among all fuels. This underscores biodiesel’s significant

46



mitigation and adoption potential, particularly given its drop-in compatibility, which avoids additional
technical modifications and costs.

However, the fossil LNG vessel records 87,711 tons annually, substantially lower than HFO and
methanol vessels, but still above any other biofuel configurations. Transitioning to 95% bioLNG cuts
emissions to 21,629 tons (a 75% reduction), although this remains less effective than 100% biodiesel.
Across blends of 30% to 75%, LNG consistently outperforms biodiesel and biomethanol at equivalent
blend ratios, positioning it as an intermediate solution, more environmentally favorable than HFO or
partially blended methanol, yet less effective than 100% biodiesel or biomethanol.

Furthermore, methanol vessels record the highest emissions among all fuel categories when using fossil
methanol (118,073 tons), even surpassing HFO. This is primarily due to fossil methanol’s substantially
higher WTT emissions. In contrast, switching to 95% biomethanol cuts annual emissions to 19,436 tons
with an 83% reduction, highlighting the fuel’s strong dependency on renewable feedstock content and
the pivotal role of feedstock origin in lifecycle GHG performance.

Subsequently, the annual GHG emissions for each vessel and fuel configuration were monetized under
the FuelEU Maritime and IMO Net-Zero Framework compliance schemes. Figure 9 presents the
cumulative compliance cost for each vessel-fuel configuration over 2025-2040. Red-labeled values
denote the total net compliance cost, combining Fuel EU penalties, IMO remedial unit cost and surplus
unit revenues.

Figure 9. Total Compliance Cost for different vessels and fuels (2025-2040)
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The results reveal an obvious divergence in economic performance across fuel types once emission

costs are considered. Importantly, compliance costs for G1-HFO, G2-HFO, and fossil methanol are
more than double those for fossil LNG (USD 85 million), showing fossil LNG’s relative advantage in
compliance costs over other fossil fuels. Hence, in situations of limited biofuel availability, fossil LNG

may represent a more viable transitional pathway for compliance.
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Moreover, fossil methanol ranks worst at USD 239 million, consistent with its position as the highest-
GHG-intensity fuel. G1-HFO and G2-HFO follow at USD 169.7 million and USD 161.8 million,
respectively. Especially, Group 2's improved efficiency achieves a 5% reduction compared to Group 1
in total emission-related costs, underscoring both economic and environmental value of improving fuel
efficiency.

In contrast, 100% biodiesel and 95% biomethanol deliver the most favorable outcomes, each achieving
full compliance and generating net gains of roughly USD 190 million through surplus unit sales under
the pooling mechanism. However, the compliance cost varies with the proportion of biofuel used.
Although blends of 75% biodiesel and biomethanol also offer strong cost advantages, compliance
benefits diminish sharply at 50% or 30% biofuel shares, compared to bioLNG.

Nevertheless, bioLNG stands out for its flexibility. While 95% BioLNG (USD 179 million net gain)
does not outperform 100% biodiesel or biomethanol in absolute compliance cost savings, it remains
economically attractive. Importantly, at blending ratios of 30-75%, bioLNG achieves substantially
lower compliance costs than equivalent methanol or biodiesel blends and exhibits more stable
performance, reinforcing LNG’s role as an intermediate yet adaptable compliance option.

This may suggest that for LNG vessels, it may not be optimal to increase bio-LNG blending
aggressively at beginning to generate surplus units, as fossil LNG already delivers relatively low GHG
emissions with lower compliance costs and the incremental emission reductions from higher blends are
modest. The limited surplus revenues may not compensate for the higher fuel costs, implying that a
more suitable strategy is to scale up blending gradually as regulatory stringency increases.
Additionally, to evaluate the annual evolution of compliance costs and determine the optimal biofuel
blending ratio, it is necessary to consider the progressively tightening regulatory requirements from
2025 to 2040. This is especially critical for biodiesel and biomethanol, as their compliance costs are
highly responsive to changes in blend proportion. Figure 10 illustrates this dynamic for a Group 2 vessel
operating on HFO with varying proportions of biodiesel. The results show a clear interplay between
tightening regulations and each fuel’s corresponding compliance costs.

In the early years, particularly after the introduction of the IMO Net-Zero Framework in 2028, high
biofuel shares (75% and 100%) deliver substantial overcompliance benefits. For example, 100%
biodiesel generates more than USD 21 million in surplus unit revenues in 2028 alone, effectively
transforming environmental overperformance into financial gains. These benefits can help offset the
higher cost of biofuels relative to fossil fuels.

However, as regulatory stringency increases, the marginal benefit of overcompliance steadily declines.
By 2040, only the 100% biodiesel vessel maintains a negative compliance cost (-USD 0.85 million),
while all lower-ratio blends shift into positive compliance costs. For instance, the 75% biodiesel vessel
transitions from a benefit of -USD 14.6 million in 2028 to a cost of USD 2.56 million by 2040, as the

narrowing gap between attained and required GFI reduces the available surplus units.
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Nevertheless, compliance costs for high GFI fuels with lower blending ratios are substantially higher.
At lower biodiesel blending ratios, vessels capture limited compliance benefits at first, after which
compliance costs rise at an accelerating pace in response to tightening regulatory limits. Meanwhile,
HFO’s compliance costs rise sharply throughout the period, from USD 0.69 million in 2025 to over
USD 26.3 million in 2040, driven entirely by stricter regulations.

Figure 10. Annual Compliance Costs for single Group 2 vessel with different proportion of biodiesels
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Therefore, while the diminishing benefits of surplus units may discourage high biofuel blending ratios
in later years, lower blending ratios would expose shipowners to increasing remedial unit costs as
regulations tighten. Ultimately, this dynamic pushes shipowners toward gradually adopting higher
biofuel proportions.

Overall, the results indicate that the economically optimal compliance pathway evolves over time,
beginning with higher biofuel adoption to capture surplus unit revenues and subsequently shifting to
the lowest-cost configuration that still meets compliance limits once those incentives diminish.
Nevertheless, the proportion of biofuel adoption is contingent on whether the revenues from over-
compliance or the savings from avoided penalties are sufficient to offset the costs of high GFI fuels.
Furthermore, as the IMO Net-Zero Framework has not yet been finalized, regulatory design will play a

decisive role in shaping the timing of fuel transitions and could significantly alter the optimal fuel choice.

4.3 Fuel Consumption

Fuel cost is a fundamental component of a vessel’s total OPEX, particularly given that biofuels are
significantly more expensive than fossil fuels for shipowners. Figure 11 presents the annual fuel
consumption (tonnes) and the corresponding total fuel cost over 15 years (USD) for a single vessel

using different fuel types and blending ratios, based on the assumption of constant fuel prices. The
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results clearly indicate that LNG-based fuels require the lowest amount of fuel, owing to LNG’s high
lower calorific value (LCV). In contrast, methanol and biomethanol require the highest volumes of fuel,
due to their significantly lower energy density.

Figure 11. Annual fuel consumption and Single vessel total fuel costs (2025-2040)
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Importantly, although methanol and biomethanol are the cheapest options per tonne, both for fossil and
bio-based fuels, their total fuel cost over time is the highest. This is a direct result of the high volume
required to meet the same energy demand. For example, the 95% biomethanol configuration, despite
its lower unit price compared to bioLNG and biodiesel, leads to the highest total fuel expenditure of
USD 878 million over 15 years, driven by an annual fuel consumption of over 55,000 tons. This is more
than twice the consumption of BioLNG-95% (22,239 tons), which costs USD 599 million over the same
period with a higher price. However, despite its low consumption volume, LNG remains the most
expensive fuel per tonne. As a result, even though LNG requires less fuel, its total cost still exceeds that
of HFO and biodiesel. Therefore, when comparing different fuels, it is essential to consider total cost
per voyage or VLSFO-equivalent energy-adjusted prices to ensure an accurate comparison on a
consistent energy basis.

Biodiesel, which is slightly more expensive than methanol on a per-tonne basis, benefits from higher
LCV, resulting in lower fuel consumption. This leads to moderate total fuel costs, as using 100% of
biodiesel costs around USD 530 million over 15 years, significantly less than 100% bioLNG and
biomethanol configurations. Notably, the impact of engine efficiency is also evident. When using 100%
biodiesel, the Group 2 vessel (with a more efficient engine) incurs a total fuel cost of USD 435.9 million,
saving over USD 20 million compared to the less efficient Group 1 vessel.

Additionally, biodiesel presents operational advantages. Since it is a drop-in fuel, it does not require

any technical modifications to existing vessels, thereby avoiding retrofit costs. Combined with the
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potential for earning surplus units through overcompliance, biodiesel emerges as a promising solution
for existing fleets aiming to meet regulatory targets while avoiding costly upgrades. Conversely,
methanol’s high fuel costs, being the most expensive among equivalent biofuel blends, further
undermine its feasibility. Combined with its comparatively poor GHG intensity performance, this
explains why Scenario 3 records the highest total cost and why no vessels are retrofitted to methanol

propulsion in Scenario 5.

4.4 Fleet Optimization

The optimized fleet composition outcomes for each scenario, shown in Figure 12, reflect the model's
balancing of fuel costs and GHG compliance costs under the FuelEU Maritime and IMO Net-Zero
Framework from 2025 to 2040. Firstly, Scenario 1, representing a baseline static strategy with 10 HFO-
fueled vessels and 3 LNG-fueled vessels maintained throughout the entire period with a total cost of
USD 4.56 billion. Therefore, any other scenario has a higher cost above this will not be recommended.
Figure 12. Fleet Composition for each scenario (2025-2040)
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Note: Scenario 5 represents retrofitting, but the optimization selects no conversions, resulting in the same result as Scenario 2

Scenario 2 incorporates flexibility only in transitioning to biodiesel and bioLNG, yet it achieves the
lowest total cost among the five scenarios, amounting to USD 4.02 billion over the 2025 to 2040 period.
In the initial years, when the FuelEU Maritime is in effect, the fleet operates primarily on HFO and
fossil LNG, reflecting the relatively modest gap between actual emissions and the compliance threshold.
At this stage, the economic incentive to shift toward higher-priced biofuels remains limited, as the value
of penalties and overcompliance, measured by the revenue from selling surplus units, are not sufficient

to justify the additional fuel expenditure.
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However, a significant shift occurs from 2028 onward, when the IMO Net-Zero Framework comes into
force. At this point, the entire HFO fleet transitions immediately to 100% biodiesel, confirming the
findings from previous sections: early adoption of high-biofuel blends can generate substantial financial
gains through surplus unit trading. This result is consistent with Transport & Environment (2025),
which found that ships could opt to bunker sufficient biofuels to generate a large number of surplus
units, which could then be sold to offset the emissions of vessels that would otherwise face penalties.
Additionally, it also follows Argus estimates that B100 seen attractive shipping fuel option under the
IMO Net-Zero Framework (Teo, 2025).

Moreover, this behavior aligns with the cost dynamics illustrated in Figure 13, which presents the
adjusted fuel prices after incorporating compliance costs and revenues from surplus units. This figure
clearly demonstrates when and why the model selects particular blending ratios over time.

Figure 13. HFO and Biodiesel prices incorporated with the compliance cost
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In 2028, the effective price of 100% biodiesel, after accounting for overcompliance rewards through
the pooling mechanism, falls to USD 389 per tonne which is even lower than unadjusted HFO. This
implies that surplus unit revenue is not only sufficient to cover the cost difference, but it also makes
100% biodiesel the most economically attractive option. Similarly, 50% and 75% biodiesel blends are
also cheaper than HFO with compliance costs included, with the latter reaching up to USD 493 per
tonne.

Interestingly, in 2037 and 2038 the model shifts from 100% to 50% biodiesel, indicating that under
tightened emission targets and diminishing marginal rewards for overcompliance, the high cost of 100%
biodiesel can no longer be fully offset. In this context, accepting partial non-compliance and paying a

moderate penalty becomes the more cost-effective strategy. After 2039, the model reverts to a 75%
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biodiesel blend as further tightening of compliance thresholds makes it cheaper to adopt a slightly higher
biofuel share than to bear the escalating penalty costs.

Notably, by 2040, when compliance costs are incorporated into fuel prices, even the lowest cost option
exceeds USD 1,000 per tonne, approximately 2.5 times the current market price. Such an increase would
have a profound impact on vessel operating costs in the absence of additional compensation
mechanisms. This escalation could significantly affect the maritime industry, undermine the cost
advantage of seaborne freight which is considered as the most economical mode of transportation for a
long term. In turn, the increasing cost of freights will pressure on global commodity prices.

Moreover, for LNG dual-fuel vessels within the fleet, the model indicates a more gradual transition
toward bioLNG, with blending beginning only in 2036 at 30%, increasing to 50% in 2038, and reaching
75% by 2040. This gradual trajectory contrasts with the earlier, immediate adoption of high biodiesel
blends by HFO vessels. As shown in Figure 14, which presents the adjusted LNG and bioLNG prices
after incorporating both compliance costs and surplus rewards, fossil LNG remains the most cost-
effective option until 2035, only being surpassed by 30% bioLNG from that point onward. This result
is consistent with Argus’s estimate (Jenkins, 2025).

Figure 14. LNG and BioLNG prices incorporated with the compliance cost
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This differing pattern of fuel adoption between biodiesel and bioLNG can be explained by two primary
factors. First, fossil LNG has a significantly lower GHG intensity compared to HFO, enabling it to earn
surplus units under the FuelEU Maritime regulation and meet the IMO Base Target until approximately
2033 without incurring the expensive Tier 2 penalties. Although it still falls short of the Direct
Compliance target, the Tier 1 penalty rate is substantially lower than the price of adopting bioLNG,

allowing fossil LNG to remain cost-competitive for a longer period.
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Second, bioLNG is considerably more expensive than biodiesel on a per-tonne basis. As a result, the
current reward mechanisms under the IMO Net-Zero Framework are not sufficient to fully compensate
for the high cost of bioLNG during the earlier regulatory years. This leads to a low marginal benefit of
overcompliance when using bioLNG, reducing the economic incentive for early adoption.
Consequently, the model postpones its uptake until after 2035, when regulatory thresholds become
significantly stricter, and the cost of non-compliance escalates sharply. From this point, the increasing
penalty exposure justifies a rapid increase in bioLNG blending, rising from 30% to 75% within a five-
year span.

Furthermore, Scenario 2 presents a well-structured and cost-effective compliance pathway for the
representative fleet that exploits the advantages of biodiesel and bioLNG. Figure 15 illustrates the
annual compliance and fuel costs to clarify the overall cost structure. In the early years, high biodiesel
blends are strategically deployed to maximize surplus generation under favorable reward conditions,
effectively converting environmental overperformance into economic gain to compensate the high price
of biofuels. As regulatory thresholds tighten and the marginal benefit of surplus trading declines, the
strategy transitions toward bioLNG adoption and lower biodiesel shares, focusing on penalty avoidance
at minimal cost. This staged approach underscores the importance of fuel-specific timing, regulatory
foresight, and dynamic blending optimization in fuel strategy, balancing fuel prices, emission intensity,
compliance stringency, and marginal economic returns across the entire horizon. However, the annual
total cost shows an increasing trend, which may create higher barriers by raising future freight costs for

customers.

Figure 15. Annual Compliance, Fuel, and Total Costs under Scenario 2 (Scenario 5) (2025-2040)
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Note: Scenario 5 represents retrofitting, but the optimization selects no conversions, resulting in the same result as Scenario 2

Scenario 3 introduces a single methanol-fueled vessel into the fleet, replacing one Group 1 HFO vessel,

while the remaining ships continue operating on HFO and fossil LNG. Over the 15-year horizon, this
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scenario is deemed infeasible, generating the highest total cost of USD 4.74 billion, which exceeds the
benchmark (Scenario 1). The model’s blending schedule for this single methanol vessel mirrors the
late-stage adoption observed for bioLNG, but begins earlier, reflecting methanol’s weaker GHG
intensity performance relative to LNG. Specifically, the methanol vessel adopts 30% biomethanol in
2033, rising to 50% in 2037 and 70% by 2040. As shown in Figure 16, even when accounting for the
over-compliance benefits from surplus units, 95% biomethanol remains prohibitively expensive under
the adjusted methanol price scenario. Moreover, as highlighted earlier, significant GHG intensity
reductions from methanol are only more competitive at high blending ratios (95%), while surplus
compliance units remain insufficient to offset the elevated fuel costs.

Figure 16. Methanol and Biomethanol prices incorporated with the compliance cost
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Also, its inherently low energy density necessitates substantially higher consumption volumes relative
to other fuels, driving total fuel expenditure considerably upward. Although biomethanol is among the
lowest-cost biofuels on a per-tonne basis, this volume effect effectively erodes its nominal price
advantage. As shown in Figure 17, while Scenario 3 lowers compliance costs by 6% relative to Scenario
1 in the final seven years, its earlier compliance costs are 25% higher and fuel costs average 10% higher
over the full 15 years, resulting in a higher total cost than Scenario 1. In the current fleet configuration,
with only one methanol vessel replacement, the compliance benefits from GHG reductions are
insufficient to offset the additional fuel costs arising from methanol’s higher consumption and the
elevated price of biomethanol. Consequently, its overall economic performance falls well short of the

more adaptive and cost-efficient biodiesel and bioLNG strategy observed in Scenario 2.
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Figure 17. Annual Compliance, Fuel, and Total Costs under Scenario 1 and Scenario 3(2025-2040)
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Scenario 4 retains the methanol vessel from Scenario 3 but allows the remaining ships to follow the
same biodiesel and bioLNG adoption pathway as in Scenario 2. Similarly, under this structure, high-
biofuel blends are used early to capitalize on overcompliance rewards, and bioLNG is phased in later
as regulations tighten. While this improves cost efficiency relative to Scenario 3, the total 15-year cost
remains USD 4.25 billion, still notably higher than Scenario 2’s USD 4.02 billion. Figure 18 shows the
annual cost over 15 years. Notably, while the annual fuel cost is similar to Scenario 2, the average
annual compliance cost is 2.56% higher. The persistence of the methanol vessel continues to weigh on
fleet-wide optimization, as its limited compliance impact and high total fuel consumption prevent the
fleet from achieving the same level of economic performance as Scenario 2. It further proves that the

use of biodiesel and bioLNG is a better choice for this fleet.

Figure 18. Annual Compliance, Fuel, and Total Costs under Scenario 4 (2025-2040)

Scenario 4

500,000,000

400,000,000

300,000,000

200,000,000
a

100,000,000
S ,000,

0

-100,000,000

-200,000,000

-300,000,000
2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040
Year

mAnnual Compliance Cost  ®Annual Fuel Cost —Annual Total Cost

56



Taken together, Scenarios 3 and 4 reinforce the conclusion that methanol, under current price, energy
density, and reward assumptions, is an economically inefficient choice when deployed within the fleet.
Its cost competitiveness is undermined by the combination of high consumption volumes and the need
for high pricing 95% biomethanol to deliver meaningful emissions reductions. However, this finding
appears to contradict the current industry trend, as an increasing number of shipping companies are
investing in methanol vessels (DNV, 2025). This will be further explored in the discussion part.
Scenario 5 was designed to assess whether retrofitting vessels to methanol or LNG dual-fuel vessels
could be economically justified. However, the results from earlier scenarios indicate that methanol
offers limited compliance benefits relative to its high fuel consumption and unfavorable GHG intensity,
while bioLNG, although cleaner, is less cost-effective than biodiesel especially in the early years when
revenues from surplus units are most advantageous. When the additional capital cost of retrofitting is
factored in, biodiesel remains the most cost-efficient option in 15 years. Consequently, the optimization
model selects no retrofits, and Scenario 5 replicates the fleet composition and fuel adoption pathway of
Scenario 2, producing an identical total cost outcome. Moreover, the absence of retrofit activity
highlights the model’s capacity to reject capital-intensive interventions when operational fuel-switching
provides equivalent or superior economic performance.

However, annual total costs show an upward trend across both all scenarios and will ultimately be
passed on to customers through higher freight rates. Moreover, as regulations tighten, constant
compliance prices provide little incentive for shipowners to adopt higher biofuel blends. Instead, paying
Remedial Units becomes cheaper, undermining sustained decarbonization. This highlights the need for
additional mechanisms, such as additional compensation mechanisms for green fuels, to ensure
continued biofuel adoption and prevent cost pass-through from weakening policy effectiveness.
Nevertheless, the analysis so far assumes constant fuel and compliance prices. In reality, both are
subject to considerable uncertainty. To accelerate decarbonization, regulators may raise compliance
prices to strengthen incentives for biofuel adoption, while fuel prices could decrease through economies
of scale in production or, conversely, increase due to rising demand and constrained supply. These

potential fluctuations highlight the need for a sensitivity analysis to evaluate the robustness of the model.

4.5 Sensitivity Analysis

This section conducts sensitivity analysis in two main areas. First, it examines the potential impact of
changes in compliance prices under the IMO Net-Zero Framework, recognizing that the post-2030 price
trajectory has not yet been determined. The objective is to assess how different price escalation
scenarios, particularly higher penalty and surplus unit prices, could influence the adoption of alternative
fuels and the resulting composition of the fleet.

Second, the analysis considers variations in fuel prices, given that fuel costs represent the largest

component of vessel operating expenditure with high volatility and are therefore expected to have a
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significant influence on total costs. By testing these two parameters, the sensitivity analysis aims to

evaluate the robustness of the optimization results under different market and regulatory conditions.

4.5.1 Price of the Remedial Units and Surplus Units

The compliance price is a critical factor in determining the financial incentive for ship owners to reduce
GHG intensity and adopt low-carbon fuels. Since the post-2030 price trajectories under the IMO Net-
Zero Framework have not yet been established, this study defines three escalation scenarios to assess
their potential impact on fuel adoption. In these scenarios, Tier 2 RUs prices (starting at USD 380/tCO»e
in 2028) increase every three years by 10%, 15%, or 20%, while the corresponding escalation rates for
Tier 1 RUs prices (starting at USD 100/tCO.¢) and Surplus Units (SUs, starting at USD 312/tCOxe) are
set at 5%, 7.5%, and 10%, respectively, as shown in the Table 10.

The larger increases for Tier 2 are intended to provide a progressively stronger penalty signal for failing
to meet the Base Compliance Target and urge the decarbonization. Also, the scenario with a 15% three-
yearly increase in Tier 2 is treated as the baseline case, as it is designed to reach approximately USD
640/tCOse by 2040, broadly aligning with the penalty level projected under the FuelEU Maritime, while
avoiding abrupt price spikes that could cause excessive market disruption. It is further assumed that the
European Union would coordinate with the IMO to ensure that IMO penalties are not set at levels that
are too low, potentially allowing the FuelEU Maritime regulation to be suspended for vessels covered
by the IMO scheme to avoid double charging.

Table 10. Assumed Compliance Price under Sensitivity Analysis

Compliance Price ~ Growth
(USD/ACOxe) Rates (%)
A: 10% Change

2028-2030  2031-2033  2034-2036  2037-2039 2040

Tier 1 RUs 5% 100 105 110 116 122
Tier 2 RUs 10% 380 418 460 506 556
SUs 5% 312 328 344 361 379

B: 15% Change
Tier 1 RUs 7.5% 100 108 116 124 134
Tier 2 RUs 15% 380 437 503 578 665
SUs 7.5% 312 335 361 388 417

C: 20% Change
Tier 1 RUs 10% 100 110 121 133 146
Tier 2 RUs 20% 380 456 547 657 788
SUs 10% 312 343 378 415 457

Moreover, the use of three-year adjustment intervals reflects the likely periodic review cycles of the

IMO framework, providing a gradual but credible strengthening of the compliance price signal to
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accelerate the adoption of lower-emission fuels. Meanwhile, the more moderate adjustments for Tier 1
and SUs maintain a stable and predictable price gradient, thereby avoiding excessive volatility in the
overcompliance market. This approach is consistent with emissions-trading market design principles,
where structured, interval-based price escalations offer clear investment signals while giving regulated
entities sufficient time to adapt operational strategies and fuel procurement plans.

Figure 19 presents the sensitivity analysis results for each scenario under varying compliance price
escalation rates. However, two distinct trends emerge. First, for Scenario 1 and Scenario 3, both
predominantly reliant on fossil fuels, the total cost rises steeply as compliance prices increase. In
Scenario 1, compliance costs surpass fuel costs once the compliance price rises by more than 15%,
indicating that, without any decarbonization measures, compliance payments would constitute the
largest component of operating expenditure. This highlights the economic unsustainability of a “do-
nothing” approach under tightening regulatory conditions.

Figure 19. Total Cost under Compliance Price Sensitivity Scenarios
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Conversely, Scenarios 2 (5) and 4, characterized by earlier and higher biofuel adoption, exhibit a
reduction in total cost as compliance prices increase. This counterintuitive outcome occurs because
higher compliance prices amplify the value of overcompliance rewards from surplus unit trading, which
more than offsets the additional fuel expenditure associated with biofuel use. Scenario 5, despite being
designed to explore potential retrofitting to LNG or methanol, yields identical results to Scenario 2,
reflecting the model’s finding that retrofitting is still not economically justified even under elevated
compliance price conditions. Therefore, HFO vessels using biodiesels remains a more cost-effective
compliance strategy than capital-intensive fuel-switch retrofits. Furthermore, it reinforces the critical

role of biodiesel for complying the regulations.
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Across all compliance price levels, the total costs of Scenario 2 remain consistently lower than those of
Scenarios 3 and 4, respectively. This reinforces the earlier conclusion that introducing a methanol vessel
into the fleet, whether in isolation (Scenario 3) or in combination with other optimized biofuel strategies
(Scenario 4), is economically disadvantageous. Even when compliance prices are high, methanol’s
relatively poor GHG intensity reduction and higher total fuel consumption undermine its
competitiveness, thereby weakening the fleet’s overall cost performance.

Moreover, higher compliance prices directly lead to greater adoption of biofuels across the fleet. As the
compliance price and corresponding surplus unit selling price increase, Scenarios 2 (5) and 4 experience
a reduction in total cost because the elevated reward for overcompliance incentivizes shipowners to
maximize the use of low GHG emission fuels. Figure 20 illustrates the fleet composition in Scenario 2
(5) under constant fuel prices and under 10%, 15%, and 20% increases in the Tier 2 RU price, with the
corresponding Tier 1 RU and surplus unit prices increasing at half those rates.

Figure 20. Scenario 2 (Scenario 5)'s Fleet Composition under Compliance Price Sensitivity Analysis
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Notably, at higher compliance price levels, the model eliminates the 50% biodiesel blend previously
observed after 2036, maintaining 100% biodiesel use until 2040 under a 20% increase scenario, and
only switching to 75% biodiesel after 2039 under the 10% and 15% increase scenarios.

For LNG dual-fuel vessels, higher compliance prices also accelerate the transition to high bioLNG
blends. Under 15% and 20% Tier 2 RU price increases, the fleet begins using 95% bioLNG immediately
after fossil LNG can no longer meet the Base Target, thereby avoiding the sharply higher Tier 2 penalties

and make full use of the benefits from using high share of biofuels.
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Figure 21 shows LNG price trajectories with compliance costs included under a 15% Tier 2 RU price
increase (and corresponding 7.5% Tier 1 RU and surplus unit increase). Interestingly, the model
identifies 20342035 as the cost-optimal period for 95% bioLNG use, when regulatory thresholds are
not yet at their strictest and surplus rewards are sufficient to fully offset the fuel’s higher base price,
making it temporarily the cheapest option. However, as the regulatory stringency increases further, the
marginal reward from overcompliance declines relative to the cost of 95% bioLNG, prompting the
model to shift to 50% or 75% blends. This dynamic clearly demonstrates that once fossil LNG fails to
meet the Base Compliance Target, its adjusted price escalates rapidly, surpassing all bioLNG blends
and rendering its continued use economically infeasible. In such circumstances, compliance price
escalation acts as a strong policy lever, effectively pushing shipowners toward higher biofuel adoption
and accelerating the fleet’s decarbonization trajectory.

Nevertheless, even under elevated compliance prices, fossil LNG remains cost-optimal for nearly a
decade until it can no longer achieve the Base Compliance Target. Thus, it may therefore serve as a
practical option in contexts of constrained biofuel availability, highlighting its transitional function.

Figure 21. LNG prices incorporated with the compliance cost with 15% compliance price increase
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Nevertheless, under a 15% or 20% increase of the compliance price, the result for the LNG vessels
remains unchanged. This implies that at such levels, compliance incentives alone would no longer
promote the uptake of greener bioLNG, as the compliance reward cannot offset its higher price if
bioLNG prices remain constant. Therefore, examining the impact of fuel price dynamics becomes
essential.

Overall, the sensitivity analysis confirms that compliance price trajectories are a decisive driver of
optimal fuel strategy. Specifically, Higher compliance prices not only accelerate the adoption of biofuels

but also extend the period during which high-blend biofuel ratios remain economically optimal. This

61



effect is most pronounced for biodiesel, where elevated rewards sustain 100% blends well beyond the
baseline scenario. Crucially, these results reinforce the earlier conclusion that flexible fuel-switching
within the existing fleet with biodiesels and bioLNG remains the most robust pathway under a range of
policy stringency levels. They also highlight a potential policy implication: if regulators aim to
accelerate decarbonization, increasing the compliance price (by extension, the surplus unit value) can
create powerful economic incentives for early and sustained adoption of low-carbon fuels, particularly
when such mechanisms are aligned with predictable and progressively tightening targets. Nevertheless,
when compliance costs rise beyond a certain threshold, the compliance price signal alone may lose its
effectiveness if greener fuels continue to be priced at a premium. Moreover, higher compliance prices
not only raise fuel costs, potentially leading to higher freight rates for customers, but also intensify

demand for biofuels, whose availability is constrained.

4.5.2 Fuel price

Fuel price is another critical factor that significantly influences shipowners’ decision-making. In this
sensitivity analysis, the assumptions are derived from multiple sources, including the Annual Energy
Outlook 2025 (EIA, 2025), the highest and lowest forecasts from DNV (2025), and the Alternative
Fuels Insight by ClassNK (2025). To capture typical non-crisis price volatility and foreseeable market
uncertainty, following price ranges are applied over the next 15 years: an increase of 20% for fossil
fuels and 25% for biofuels (High case, reflecting higher demand), and a decrease of 20% for fossil fuels
and 15% for biofuels (Low case, reflecting large-scale supply expansion), as illustrated in Figure 22.

Figure 22. Assumed Fuel Price Trajectories under Sensitivity Analysis
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Fossil fuel prices are assumed to follow a moderate trajectory in line with long-term oil and gas

production forecasts, reflecting relatively stable supply and demand expectations. By contrast, biofuel
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prices incorporate projected cost reductions driven by technology improving and scale-up, while still
maintaining a substantial premium over fossil alternatives due to persistent feedstock constraints,
particularly given the anticipated surge in biofuel demand across multiple industries over the next 15
years. Figure 23 presents the total cost outcomes for each scenario under varying fuel price assumptions.
Evidently, lower fuel prices incentivize the uptake of greener fuels, as reflected in reduced compliance
costs, while higher prices have the opposite effect.

Figure 23. Total Cost under Fuel Price Sensitivity Scenarios
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A notable finding is that Scenario 4, which under baseline assumptions achieves a lower total cost than
the benchmark, becomes more expensive than the benchmark (S1-High) once fuel prices rise. This
outcome highlights the strong sensitivity of biomethanol to price fluctuations. As illustrated in Figure
24, under higher price conditions the methanol vessel remains on fossil methanol throughout the 15-
year period, since the modest over-compliance revenues from surplus units cannot justify the
significantly higher cost of biomethanol. However, fossil methanol has the worst GHG intensity among
all fuels, which drives up compliance costs and ultimately pushes Scenario 4 above the benchmark.

Figure 24. Scenario 4's Fleet Composition under Fuel Price Sensitivity Analysis
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Conversely, when fuel prices fall, the methanol vessel adopts 95% biomethanol from 2027, maintaining
this level until 2040. This demonstrates that the viability of biomethanol is highly dependent on fuel
prices: once costs decline, a rapid shift toward high biomethanol blending ratios becomes economically
attractive, whereas low blending shares remain non-competitive. The results therefore underline the
crucial role of methanol price trajectories in determining the methanol’s competitiveness as a
decarbonization pathway.

However, Scenario 3 still performs worse than the benchmark, even under reduced fuel price
assumptions. This shows that although biomethanol becomes more competitive when prices decline, as
in Scenario 4, its cost performance remains inferior to biodiesel. Furthermore, even when fuel prices
fall, retrofitting from HFO to LNG or methanol (Scenario 5) is still economically unjustified. Overall,
biodiesel offers the most resilient compliance pathway for HFO vessels, owing to its relatively lower
price, its ability to achieve compliance without capital reinvestment, and its flexibility to generate
surplus-unit rewards.

Additionally, in Scenario 2 as shown in Figure 25, changes in fuel strategy emerge under different price
settings. With rising fuel prices, LNG vessels continue to operate on fossil LNG because the limited
over-compliance benefits cannot justify the additional rising cost of bioLNG, especially given that fossil
LNG is able to meet the base compliance target for the majority of the 15-year horizon. In contrast,
even with higher biofuel prices, biodiesel continues to be selected for HFO vessels, indicating that
surplus unit compensation remains sufficient to incentivize its adoption. Under falling price scenarios,
the fleet transitions to 100 % biodiesel until 2039 before shifting to 75 % biodiesel as a more cost-
efficient late-period solution. Notably, 95% bioLNG is adopted under falling fuel prices, as the surplus
units generated from over-compliance during the initial two years can offset its cost premium, thus
incentivizing higher uptake of green fuel.

Figure 25. Scenario 2's Fleet Composition under Fuel Price Sensitivity Analysis
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Overall, these results highlight that fuel prices are a decisive determinant of optimal fuel strategy. Due
to methanol’s high fuel consumption and the substantial differences between fossil methanol and bio-
based methanol in both GHG intensity and cost, its competitiveness remains strongly dependent on fuel
price developments. Similarly, LNG, though more efficient than methanol, remains disadvantaged

relative to biodiesel due to its higher per-tonne costs, which limit the potential benefits from over-
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compliance. In contrast, biodiesel offers strong compliance outcomes while avoiding exposure to fuel
price fluctuations. Its ability to capture surplus rewards without requiring structural fleet modifications

makes it a particularly robust compliance option.

4.6 Summary

Based on the results from both the original model and the sensitivity analysis, the answer to the Sub-
question 3 is clear that Scenario 2, switching to biodiesel and bioLNG, emerges as the most consistently
feasible and robust compliance pathway across all examined conditions for the representative fleet to
comply with the IMO Net-Zero Framework. The main logic of fuel choice is to minimize total costs,
defined as fuel costs incorporated with its compliance costs linked to GHG emission intensity
requirement. As regulatory requirements tighten progressively each year, this choice must be made
dynamically, with optimal strategies evolving over time.

Specifically, for the existing HFO vessels in the fleet, the optimal strategy in the early years is to adopt
100% biodiesel. Since HFO has relatively high emissions, 100% biodiesel delivers the strongest GFI
performance and the lowest cost among biofuels on a per-tonne basis. The substantial over-compliance
generated at this stage produces surplus units sufficient to offset the high biodiesel price. However, as
regulatory stringency increases, surplus units diminish and are no longer able to cover the cost premium,
making a lower blending share (e.g., 50%) preferable. Toward the later years, as compliance thresholds
tighten further, a gradual increase to 75% biodiesel becomes optimal. Nevertheless, as shown in the
sensitivity analysis, higher compliance prices and lower fuel price would provide stronger incentives
for higher blending ratios, making 100% biodiesel more attractive.

Furthermore, for LNG vessels in the fleet, fossil LNG alone can meet the base compliance requirement
for the first nine years, making it more cost-effective to cover the residual shortfall with relatively
cheaper Tier 1 RUs than to switch to bioLNG. However, as standards tighten, gradually increasing the
share of bioLNG becomes preferable to avoid the higher cost of Tier 2 RUs. Furthermore, lower fuel
prices incentivize high bioLNG blending in the initial years, while higher compliance prices stimulate
its adoption once fossil LNG fails to meet the Base Compliance Target. These results suggest that
surplus units can offset the cost premium of bioLNG at different periods depending on price
developments, highlighting the need for fuel choice to adapt dynamically to market conditions.

This chapter also examines the methanol vessel in Scenarios 3 and 4 through sensitivity analysis. Under
the assumed conditions, methanol vessels are not economically viable compared with Scenario 2, as
they combine relatively poor GHG performance at low biomethanol blends with high total fuel costs
due to low energy density. Additionally, the sensitivity analysis further shows that methanol’s
competitiveness is highly price-sensitive, becoming more attractive when fuel prices decline.
Moreover, the optimization model does not select retrofitting HFO vessels to methanol or LNG dual-

fuel vessels under any circumstance, as biodiesel provides a more cost-effective compliance pathway
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without requiring capital-intensive investments. A summary of the overall scenario assessment is
presented in Table 11.

Table 11. Overall assessment of each scenario

Scenario  Overall Assessment

Highest total cost and CO.e emissions; compliance relies entirely on penalties and RU

purchases without abatement action; not feasible.

Most cost-effective strategy with lowest total cost and emissions; For HFO vessels,
start with higher biodiesel blends to generate surplus units, then reduce shares as

2 regulation tightens and gradually increase again when stricter; For LNG vessels, use
fossil LNG until base target cannot be met, then gradually increasing the share of

bioLNG.

Replacement of one HFO vessel with methanol-fueled ship increases total costs due to
3 methanol low energy density with high fuel cost and low CO»e emission reductions if

not high biomethanol blends; not competitive.

Combining methanol replacement with biofuel blending reduces compliance cost
4 relative to Scenario 3 but remains more expensive than Scenario 2; methanol fuel cost

and environmental benefit burden persists, making it economically unattractive.

Retrofitting HFO vessels to dual-fuel engines yields no additional economic benefit
5 compared to Scenario 2; additional CAPEX with limited compliance gains from LNG

or methanol; not feasible.

Overall, the analysis underscores that biodiesel offers a resilient and cost-effective compliance pathway.
However, the assessment does not account for availability of sustainable biofuels, which may be limited
and subject to competition from other industries. Hence, the long-term viability of fuels should be
evaluated dynamically to ensure both economic and environmental sustainability.

Moreover, even under the lowest fuel price scenario, the inclusion of compliance costs and biofuel
adoption will substantially raise shipping costs, potentially undermining the competitiveness of
maritime transport and placing disproportionate burdens on smaller economies, if there is no additional
compensation mechanisms. In addition, as the IMO Net-Zero Framework has not yet been finalized,
many regulatory details remain uncertain, creating further risks for shipowners’ investment decisions.
Therefore, it is crucial for policymakers to design effective measures that ensure both decarbonization

and a just transition in global shipping.
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Chapter 5 Discussion

This discussion section addresses Sub-question 4: “What are the main risks and uncertainties under the
IMO Net-Zero Framework, and how can shipping companies and governmental or international
institutions develop adaptive strategies to manage them?”

Notably, the results and sensitivity analysis indicate that the IMO Net-Zero Framework is likely to
accelerate the adoption of biofuels, particularly biodiesel and bioLNG. Even under high fuel price
scenarios, these fuels remain more cost-effective than continuing to rely on fossil fuels and paying
penalties. However, two critical risks could undermine the effectiveness of the framework: (1) the
limited availability of sustainable biofuels, and (2) the potential escalation of shipping costs, which
could substantially influence commodity prices and global economic stability, with disproportionate
impacts on small and vulnerable countries. These risks also nourish the broader regulatory uncertainty,
especially regarding the upcoming IMO vote scheduled for October 2025, which will determine whether

the framework is formally approved.

5.1 Availability of biofuels

The first challenge concerns the limited availability of sustainable biofuels, particularly biodiesel. While
biodiesel represents an attractive “drop-in” option requiring no retrofits and has shown strong cost-
effectiveness in this study, global supply may fall short of shipping’s decarbonization demand. However,
Rystad Energy (2025) projects that the biodiesel’s demand could exceed 140 million tonnes by 2028,
whereas production capacity may only reach 120 million tonnes. Moreover, stricter sustainability
criteria narrow the usable pool further as FuelEU Maritime excludes food- and feed-based biofuels,
while the IMO applies land-use change factors in life-cycle assessments (Marsk McKinney Mgller
Center for Zero Carbon Shipping, 2025).

Furthermore, competition from other sectors intensifies this constraint. Road transport, aviation, and
power generation are also seeking biodiesels, leaving shipping with a smaller share of supply. For
bioLNG, Rystad Energy (2025) estimates that over 90% of production is already committed to
electricity and road transport, leaving less than 10% available for maritime use. This indicates that
shipowners will face tighter competition and more volatile prices than assumed in this study’s scenarios,
casting doubt on biodiesel and bioLNG as large-scale long-term solutions.

In contrast, green methanol, especially e-methanol derived from captured CO, and green hydrogen,
provides a more scalable decarbonization pathway in the future by reducing reliance on scarce biomass
feedstocks (Meulen, et al., 2023). While current prices remain high, studies suggest significant cost
reduction potential. IRENA and the Methanol Institute (2021) project that renewable methanol (e-
methanol) could approach fossil methanol prices considering the scale-up of production and use with
policy interventions. Furthermore, according to European Energy, cost parity between green methanol

and fossil methanol could be achieved by 2035 (Carlsson, 2025). GENA Solutions (2025) highlights a
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dramatic scale-up pipeline from 2 million tonnes in 2025 to 51.3 million tonnes by 2030, a 25-fold
increase in five years, underscoring its rapid growth potential. Therefore, as green methanol can be
produced via multiple pathways, including biomass and electrolysis, its future supply potential is
expected to be substantial. In this context, biomethanol can serve as a transitional solution in the short
to medium term, while e-methanol is likely to become the dominant long-term option once large-scale
renewable production is achieved.

Building on this trend, this study incorporates an additional scenario to test whether a substantial decline
in green methanol prices could alter the optimal fuel choice and fleet composition. In this scenario, fuel
prices follow the same downward trajectories as in the sensitivity analysis, except for green methanol,
which is assumed to decline gradually to USD 330 per tonne by 2035 and remain stable thereafter,
following Carlsson (2025). In the early years, green methanol supply is primarily biomethanol, but as
electrolysis matures and e-methanol production scales up, the average price of green methanol is
expected to decrease, providing a basis to assess its future competitiveness.

Figure 26 presents the fleet composition under the lower biomethanol price scenario. Once green
methanol prices approach fossil methanol levels, the fleet composition shifts significantly. By 2032, all
ten HFO vessels in Groups 1 and 2 are retrofitted to methanol vessels and subsequently operate on 95%
biomethanol through 2040. Notably, methanol becomes the optimal choice even at an estimated 2032
price of USD 527 per tonne, well above the assumed long-term price of USD 330, indicating strong
competitiveness before full price parity is achieved. This aligns with the previous finding that
methanol’s competitiveness is highly price-sensitive: when the cost of low-GFI methanol decreases,
methanol vessels quickly emerge as a viable and competitive option.

Figure 26. Fleet composition under the lower biomethanol price scenario
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Compared with the low fuel price sensitivity scenario, the economics of retrofitting are markedly
improved, with a payback period of approximately 3 years. By 2035, cumulative fuel and compliance
cost savings in the first three years amount to around USD 265 million, exceeding the total retrofit
investment of USD 240 million. Over the full 15-year horizon, savings surpass USD 526 million. These
results demonstrate that, if green methanol, especially e-methanol, were to achieve cost parity with
fossil methanol, it would become a highly competitive option for large-scale deployment in container
shipping. Nevertheless, biodiesel and LNG remain important transitional fuels in the near term, as their
immediate availability enables early emissions reductions and compliance cost savings before methanol
reaches maturity.

The sharp decline in green methanol prices makes methanol vessels increasingly preferable, which helps
explain why leading carriers such as Maersk and COSCO have made substantial investments in
methanol vessels and pursued vertical integration into production, bunkering, and certification (Li, 2023;
Dahl, 2024). Moreover, through vertical integration across production, bunkering, and certification,
large players not only safeguard fuel availability, but also mitigate market volatility by securing early
access to competitively priced green methanol.

However, while these efforts accelerate scale-up and infrastructure readiness, such integration also
raises concerns about equity and market concentration. Unlike the current maritime fossil fuel market,
where prices are set globally and no single shipping company has direct control, the emerging green
methanol market is more fragmented and capital-intensive. If major carriers achieve scale and dominate
production capacity for maritime use, they could secure preferential contracts, dominate supply chains,
and obtain significant price-setting power. This could allow them to use green methanol at competitive
costs internally while charging a premium to smaller carriers, who would otherwise face even higher
compliance costs if they failed to adopt low-carbon fuels, especially considering the limit supply of
biodiesels and bioLNG.

These dynamic risks the emergence of a “two-tier shipping market,” in which early movers enjoy cost-
effective access to green fuels while smaller operators face higher costs or limited availability.
Accordingly, the International Transport Forum (ITF) (2023) warns that early adopters with purchasing
power can shape fuel supply chains in ways that disadvantage latecomers. Similarly, Transport &
Environment (2024) notes that the concentration of green fuel contracts by a few large carriers’ risks
creating an uneven playing field, where small carriers cannot access affordable alternative fuels. Also,
BCG (2025) further emphasizes that first movers are likely to lock in economies of scale and
preferential supplier contracts, reinforcing competitive asymmetries.

From a policy perspective, this raises the question of how to balance efficiency gains from rapid scale-
up with the risks of inequitable access. Potential solutions include joint procurement platforms,
transparent certification and price benchmarks, and targeted subsidies for smaller operators especially
in developing countries. Without such safeguards, the IMO Net-Zero Framework could unintentionally

consolidate market power among a few dominant carriers. Yet, it must also be acknowledged that large-
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scale investments by leading carriers are essential for accelerating fuel development and infrastructure
deployment. Therefore, balancing the benefits of rapid scale-up against the risks of inequitable access

to green fuels will be critical challenge for regulators and industry stakeholders.

5.2 High shipping costs

The adoption of green fuels and the enforcement of emission reduction regulations will inevitably raise
shipping costs. As shown in this study, even the lowest-cost biodiesel pathway, when combined with
compliance obligations, reaches approximately USD 800 per tonne in 2040, nearly double the current
HFO price. Given that fuel represents the largest share of operating expenses, these increases are likely
to be transferred to shippers through surcharges.

This trend is already visible under the EU ETS. Since its introduction in 2024, major carriers such as
Maersk have implemented quarterly-adjusted surcharges (EMS/ESS) to reflect carbon prices (Rajan,
2023). Moreover, passing compliance costs through surcharges is generally easier than charging for
efficiency upgrades (Flodén et al., 2024). At the same time, carriers are experimenting with incentive
schemes: Maersk’s “ECO Delivery” exempts customers from ETS surcharges if they select low-GHG
fuels through a mass-balance approach (Maersk, 2025), while Hapag-Lloyd’s “Ship Green” offers
biofuel packages that proportionally reduce ETS costs (Hapag-Lloyd, 2025). However, these schemes
can help the shipping companies transit to green fuels with less emissions, but it also brings up the
freight costs.

Nevertheless, customer willingness to pay for the green service remains limited. A BCG (2024) survey
found that although more than 80% of shippers report being willing to pay for greener transport, the
actual premium they accept averages only around 4%. In contrast, achieving full decarbonization would
require a premium of 10% to 15%, and in the short term, premiums of 30% to 40% may be necessary
to scale up alternative fuel production. Furthermore, based on our modelling, when fuel costs are
combined with regulatory compliance costs, the effective premium can approach near 100% to meet
regulatory requirements with the most optimal option. Inevitably, these premiums will be passed on to
import prices and ultimately to consumers through higher inflation.

Moreover, as shown by the OECD (2021), a 50% increase in shipping costs within a single quarter
raises quarter-on-quarter import price inflation by about 2.5 percentage points, and after one year import
price inflation remains roughly 2.0 percentage points higher. Although the pass-through to consumer
prices is limited as less than 1% after a year, its effect fades gradually, indicating long adjustment
dynamics.

Looking ahead, cost increases under the IMO Net-Zero Framework are unlikely to be one-off shocks.
If the framework is formally adopted in October 2025 and implemented from 2028, the global fuel-
intensity standard will tighten progressively and be paired with a pricing mechanism, thereby driving
up compliance costs as targets become more stringent. Without a rapid scale-up in the supply of

alternative fuels to bring down the fuel cost, structurally higher shipping costs and sustained upward
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pressure on inflation are likely to persist. Moreover, according to the IMF (2022) and OECD (2025),
this impact will be more pronounced in countries with high reliance on seaborne trade, particularly
small island states and developing economies, which tend to experience larger pass-through effects.
Taken together, these findings suggest that the transition to green shipping will be more likely to result
in structurally higher freight costs as standards tighten and alternative fuels remain scarce. Thus, in the
absence of compensation mechanisms for green fuel adoption or measures to expand supply and lower
fuel prices, the resulting costs could erode trade competitiveness and impose persistent upward pressure
on consumer prices.

Furthermore, the political dimension further complicates this picture. The U.S. government has already
criticized the IMO Net-Zero Framework as a “global carbon tax” with potentially regressive effects
(U.S. Department of State, 2025). Such opposition from the world’s largest economy and importer

underlines the regulatory uncertainty surrounding the framework’s adoption and long-term credibility.

5.3 Regulatory uncertainty

Moreover, the United States has warned that, if the IMO Net-Zero Framework is adopted, it may
retaliate through trade measures (U.S. Department of State, 2025). Such opposition poses a significant
threat to the framework’s long-term credibility, particularly for countries economically dependent on
the United States (Bush, 2025). Thus, a third critical uncertainty lies in the regulatory environment.
However, U.S. opposition should also be weighed against a strong coalition of supporters, including the
EU, China, and small island developing States (SIDS), all of which have strategic incentives to see the
framework succeed. The EU seeks to align global measures with its own regional initiatives such as
FuelEU Maritime, while China has positioned itself as a leader in green shipbuilding and fuel
production. Pacific island states, highly vulnerable to climate change, have consistently lobbied for
ambitious IMO action. This broad base of support reduces the likelihood that U.S. resistance alone will
disrupt the framework, though it does add to short-term uncertainty.

Conversely, if the framework is not approved in October 2025, the lack of a global mechanism could
hinder the maritime green transition and force the industry to operate within a fragmented system of
regional schemes and overlapping requirements. This would escalate compliance uncertainty and
heighten risks for both investment and trade competitiveness.

Moreover, the urgency of a global mechanism is underscored by current emission trends. As shown in
Figure 27, global shipping GHG emissions remain on an upward trajectory and are projected to rise
further in 2026 (Clarksons, 2025). Although the IMO Net-Zero Framework outlines a progressive
pathway, its delayed entry has already fallen short of earlier IMO commitments (Luman, 2025),
increasing the risk of missing the Paris Agreement’s 1.5°C goal. Without strong global incentives,
shipowners have little motivation to adopt low-carbon fuels, which in turn depresses investment in

production capacity, creating a vicious cycle of underinvestment and delayed decarbonization.
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Figure 27. Annual Global GHG Emissions (CO-¢)
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Furthermore, in the absence of a global scheme, regional regulations are likely to increase. FuelEU
Maritime already sets binding intensity targets, and similar frameworks are being considered in other
major economies, including China (Lurkin, 2025). Such regionalization risks carbon leakage that
vessels may detour around regulated areas or adjust speed to minimize compliance costs, ultimately
increasing fuel consumption and emissions. Given the central role of EU and Chinese ports in global
trade, carriers will have to comply with their standards, creating overlapping reporting systems and
escalating costs. Smaller or developing countries, by contrast, often lack the leverage to enforce strict
penalties, leaving them unable to reinvest in decarbonization infrastructure.

More critically, this fragmentation risks entrenching inequalities between advanced and developing
economies. Revenues from compliance instruments in advanced economies are typically reinvested into
port electrification, alternative fuel infrastructure, and subsidies, reinforcing their competitive
advantage. However, developing countries would face higher compliance costs without comparable
revenues to support transition efforts. UNCTAD (2023) warns that this imbalance undermines the
principle of a “just and equitable transition.” The result is a two-speed decarbonization process that
advanced economies benefit from scale and capital access, while many developing countries remain
constrained by high borrowing costs or mounting debt crises, leaving them unable to keep up (Stiell,
2024). Such asymmetries not only slow global progress toward net-zero shipping but also risk
destabilizing supply chains and amplifying climate-related disruptions.

Alternatively, the global framework could mitigate these risks by providing incentives and generating
revenues for redistribution to accelerate decarbonization and assist developing countries to encounter

higher maritime logistics costs (UNCTAD, 2023).
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Notably, the IMO Net-Zero Fund, established as part of the framework, is designed to channel resources
into research, infrastructure, and just transition support, especially in developing countries (IMO, 2025).
Yet its financing model remains uncertain. Transport & Environment (2025) estimates that most
contributions will come from Tier 1 RUs, priced at USD 100 per tonne of CO»e, far below the USD 380
per tonne of COxe cost of Tier 2 RUs. This could limit the Fund’s revenues and undermine its adequacy
beyond 2030. While raising Tier 1 prices would increase revenues, it also raises shipowners’ costs,
illustrating the trade-off between financial sufficiency and industry burden.

This highlights the need for complementary public financing mechanisms. The World Bank (2023)
argues that revenues from carbon markets should be reinvested into maritime decarbonization to bridge
cost gaps, support infrastructure, and accelerate the uptake of low- and zero-carbon fuels. It further
emphasizes that such revenues must be distributed equitably and transparently, ensuring that all
countries, including those without significant shipping industries or ports, can benefit from the energy
transition (World Bank, 2023). The ITF (2019) similarly stresses the importance of targeted support to
prevent disproportionate impacts on developing economies and smaller operators.

Furthermore, the aviation industry offers a valuable precedent. Governments have introduced measures
to reduce the cost gap for sustainable aviation fuels (SAFs), such as ReFuelEU Aviation, the U.S. SAF
tax credit, and ICAO’s CORSIA scheme (European Commission, 2025; IRS, 2025; ICAO, 2025). The
EU, for instance, combines direct financial support with regulatory incentives to stimulate SAF
adoption. De-risking mechanisms are provided through Horizon Europe, the Innovation Fund, and
InvestEU, alongside state aid for SAF production. To narrow the price differential with fossil fuels,
airlines benefit from SAF allowances under the ETS and preferential taxation (European Commission,
2025). In parallel, regulatory instruments such as the EU SAF Clearing House and the Net Zero Industry
Act facilitate approval of new fuel pathways and infrastructure, while the EU taxonomy and
environmental labelling schemes improve transparency and access to private investment. Together,
these measures have fostered a supportive ecosystem that reduces costs, stimulates supply, and builds
long-term confidence in SAF markets, which can be a good example for the maritime industry to
accelerate the scale-up of green fuels.

However, shipping’s green transition is more complex than aviation’s. While aviation converges largely
on SAFs, maritime decarbonization lacks a one-size-fits-all solution that different vessel types and trade
routes may require different fuels. This diversity makes the transition more investment-intensive and
highlights the need for diversified funding streams to support experimentation and scale-up across
several pathways. At the same time, the aviation experience illustrates the risks of inequitable
distribution. Airlines in fiscally stronger regions have already secured early advantages, and a similar
dynamic could emerge in shipping if the IMO Fund disproportionately benefits developed economies
or China. While such measures would accelerate fuel scale-up, they could also consolidate control over
production and infrastructure, leaving smaller economies with limited and costly access to alternative

fuels.
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These risks highlight the importance of designing the IMO Net-Zero Fund’s governance and revenue
distribution to promote equitable participation. Ideally, the Fund should operate as a transparent
platform for collective investment, avoiding fragmented or duplicative national schemes and reducing
the risk of inefficient competition. In this way, the transition can be both accelerated and made more
inclusive, ensuring that developing countries and smaller operators are not left behind.

Ultimately, the effectiveness of the IMO Net-Zero Fund will depend not only on the scale of resources
mobilized but also on how transparently and fairly they are distributed. While the transition to low-
carbon shipping will increase costs, these burdens should not fall disproportionately on consumers,
smaller operators, or developing nations. Ensuring fairness requires a coordinated approach that
governments and international institutions must provide financial and policy support for infrastructure
and innovation, while industry commits to transparent cost-sharing and inclusive fuel access. Only
through such collective governance can maritime decarbonization achieve both environmental ambition
and global equity.

For this reason, concerns raised by the U.S. and other opponents cannot be dismissed. The distributive
outcome will ultimately depend on how the IMO Net-Zero Fund is designed and implemented, which
remains uncertain. This leaves open the possibility of either reinforcing existing asymmetries or creating
a genuinely equitable transition mechanism. Yet, in a broader context, the establishment of a global
framework with revenue redistribution represents a critical step toward aligning shipping with climate
goals. While the distributional impacts will only become clear once governance is finalized, the
direction of travel is unmistakable that a global mechanism, if effectively implemented, will deliver

deeper and more equitable decarbonization than fragmented regional schemes.

5.4 Final consideration

This discussion answers Sub-question 4 and shows that compliance under the IMO Net-Zero
Framework is shaped by three interlinked risks: limited fuel availability, rising shipping costs, and
regulatory uncertainty.

For shipping companies, although biodiesel and bioLNG remain the most cost-effective near-term
options for the existing fleet, their scalability is limited by feedstock competition and cross-sector
demand. In contrast, green methanol offers stronger long-term scalability through diverse production
pathways, and if its price drops toward fossil methanol, methanol vessels and retrofits could become
highly competitive. Accordingly, companies should secure scarce biofuels supplies for existing vessels,
adopt dynamic blending schedules to minimize compliance costs, leverage pooling and surplus units to
buffer regulatory fluctuations, and time capital-intensive retrofits, such as methanol conversions, around
clear regulatory milestones and credible price trajectories. Particularly, for small vessel operators, they
may need to collaborate and build their own pool to share compliance surpluses, mitigate exposure to

high penalties, and reduce individual cost burdens.
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For governments and international institutions, establishing a global framework through collaboration
is essential to achieving climate goals and avoiding fragmented regional schemes with overlapping
compliance requirements. In the absence of such alignment, decarbonization would be delayed and
impose greater costs and uncertainties on maritime stakeholders. However, action is needed to reduce
regulatory uncertainty and safeguard equitable access to green fuels. Unresolved elements of the regime,
such as future RU pricing, alignment with FuelEU, and the governance and revenue adequacy of the
IMO Net-Zero Fund, complicate investment timing and risk creating a two-tier market that
disadvantages smaller operators. Policy clarity and coordination are therefore essential, including
transparent and predictable compliance pricing, harmonized certification and accounting rules, and
equitable governance of the Net-Zero Fund. At the same time, joint procurement platforms, coordinated
infrastructure investment, and targeted subsidies for developing countries, can help avoid market
concentration while enabling broad participation. Yet, regulators must also recognize that large-scale
investments by major carriers are indispensable for scaling fuel supply and infrastructure. Balancing
the efficiency gains from rapid scale-up with the risks of inequitable access will thus be a critical
challenge for the IMO and other international institutions.

Ultimately, the credibility of the IMO Net-Zero Framework will rest on its ability to balance efficiency
with equity. A global mechanism that accelerates fuel scale-up while distributing costs and benefits
fairly offers the best prospect of aligning shipping with climate goals. Without such balance, the
transition risks consolidating market power and leaving smaller operators and vulnerable economies

behind.

75



Chapter 6 Conclusion

This thesis set out to answer the research question: “How can a representative containership fleet be
optimized to comply with the upcoming IMO Net-Zero Framework in a cost-effective manner?”
To address this, the study examined an existing 13-vessel containership fleet on the Far East—Europe
route, applying scenario-based techno-economic modelling combined with a detailed review of
regulatory requirements and potential alternative fuel choices. Five compliance strategies were assessed,
allowing for a systematic comparison of different alternative fuels, retrofitting options, and regulatory
mechanisms. The results provide new insights into optimal compliance strategies under the IMO Net-

Zero Framework and yield practical implications for both shipowners and policymakers.

6.1 Key findings

First, the IMO Net-Zero Framework is structurally more stringent and globally harmonized than the EU
ETS and FuelEU Maritime. By adopting a well-to-wake perspective and linking fuel GHG intensity
with emission pricing, it provides a stronger long-term incentive for fuel substitution and fleet
adaptation. Its global scope also reduces the risk of fragmented regional schemes that would otherwise
increase compliance uncertainty and distort trade competitiveness.

Second, among the alternative fuels available for existing containerships, biodiesel, LNG, and methanol
are the most relevant due to technical feasibility and regulatory alignment. However, fuel strategies
must remain dynamic. Fuel price trajectories and progressively tightening GHG intensity requirements
are decisive in determining the optimal pathway, with strategies evolving over time rather than
remaining static.

Third, the results show that drop-in biodiesel and bioLNG consistently emerge as the most cost-effective
compliance pathways. For HFO vessels, 100% biodiesel adoption in the early years generates surplus
units that offset high biofuel costs. However, as regulatory stringency rises and surplus units diminish,
a lower blend becomes preferable, before gradually increasing again to avoid costly Tier 2 RUs. For
LNG vessels, fossil LNG supplemented by Tier 1 RUs remains optimal until it cannot achieve the Base
Compliance Target, after which bioLNG becomes more economical than reliance on Tier 2 RUs.
However, limited biofuel supply and strong cross-sectoral competition constrain biofuel scalability,
suggesting that biodiesel and bioLNG are better viewed as transitional fuels. By contrast, methanol is
currently uneconomical due to its low energy density, high fuel consumption, and modest GHG
performance at low blends. Yet sensitivity analysis shows that methanol’s competitiveness is highly
price-dependent: if green methanol, particularly e-methanol, reaches large-scale production and prices
converge with fossil methanol, retrofitting and adopting methanol vessels could become a feasible long-
term option.

Fourth, unresolved design elements in the IMO Net-Zero Framework and rising costs create significant

transition risks. The future trajectory of RU/SU pricing, methodologies for ZNZ fuels, and the
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governance of the Net-Zero Fund remain unclear, generating regulatory uncertainty that complicates
long-term investment. At the same time, green fuel pathways are projected to more than double fuel-
related operating expenditure by 2040, with carriers already passing costs to shippers whose willingness
to pay remains limited. To mitigate these risks, transparent platform, coordinated infrastructure
investment, and fair use of Net-Zero Fund revenues are essential to accelerate fuel scale-up while

ensuring an equitable transition for smaller operators and vulnerable economies.

6.2 Limitations

This study has several limitations. First, it models a single representative fleet as a fixed pool, thereby
overlooking more flexible pooling structures and fleet renewal strategies that could yield lower
compliance costs. Second, fuel consumption and emissions are estimated using average coefficients,
which neglect variation in hull condition, load factors, weather, and routing, potentially leading to
deviations from real-world performance, as detailed vessel-level operational data were not available.
Third, fuel specifications and well-to-wake emission factors are treated as fixed values, even though
differences in feedstock, production pathways, and methane slip could substantially alter the relative
cost-effectiveness of compliance options, as detailed empirical data on specific fuel and supply chains
were not available. Fourth, baseline assumptions of stable fuel and compliance prices understate the
risks posed by price volatility, regional price differentials, and sudden regulatory changes, although
sensitivity analyses partly mitigate this concern. Fifth, maintenance, depreciation, and other operating
expenditures are simplified, reducing the precision of total cost estimates. Finally, the policy
environment is modelled sequentially, whereas in practice overlap between the IMO Net-Zero
Framework and FuelEU Maritime could reshape compliance incentives, pooling behavior, and

investment timing.

6.3 Suggestions

For shipping companies, the findings highlight the value of a dynamic compliance strategy. In the near
term, securing limited biofuel supplies, adopting flexible blending schedules, and pooling across
suitable vessels can generate surplus units and reduce compliance costs. As surplus availability declines,
operators should shift to lower biofuel blends before gradually increasing them again once stricter
regulations make direct compliance unavoidable. Capital-intensive conversions, such as methanol
retrofits, should be timed carefully against clear regulatory milestones and credible price signals. For
smaller operators, collaborative pooling offers an important means to share surplus units, buffer
regulatory volatility, and lower compliance costs.

For policymakers, reducing regime uncertainty and enhancing transparency are essential. Clear forward
guidance on compliance price trajectories beyond 2030, alignment of certification and accounting rules
with FuelEU, and transparent governance of the IMO Net-Zero Fund would reduce investment risks

and accelerate deployment of low-carbon fuels. To prevent scarce green fuels from being captured
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primarily by large players, policies that broaden access, such as joint procurement mechanisms, targeted
support for small operators and developing-country fleets, and credible certification and traceability,
are needed to ensure a fair and inclusive transition.

For future research, three directions stand out. First, exploring alternative pooling structures could
reveal more cost-efficient compliance strategies. Second, incorporating real-world operational data,
detailed operating expenditures, and refined fuel specifications would improve the accuracy of cost and
emissions estimates. Third, developing models that incorporate dynamic fuel and compliance price
forecasts, and analyzing the overlapping implementation of FuelEU, the EU ETS, and the IMO Net-
Zero Framework, would better capture real-world risks and provide a more realistic view of policy
interactions.

Looking ahead, the adoption of the IMO Net-Zero Framework marks a decisive shift for global shipping,
yet unresolved design elements and limited fuel availability leave the industry at a crossroads. As major
carriers move ahead with large-scale green fuel investments, questions of equity, cost distribution, and
the role of the IMO Net-Zero Fund become increasingly urgent. The insights from this thesis contribute
to today’s debate on how shipping can balance cost-effectiveness with fairness, and the choices made
in the coming years will determine whether decarbonization leads to an inclusive transition or a

fragmented, two-tier market.

78



Bibliography

IMO, 2023. 2023 IMO Strategy on Reduction of GHG Emissions from Ships. [Online]
Available at: https://www.imo.org/en/OurWork/Environment/Pages/2023-IMO-Strategy-on-
Reduction-of-GHG-Emissions-from-Ships.aspx

[Accessed 17 June 2025].

IMO, 2025. IMO approves net-zero regulations for global shipping. [Online]
Available at: https://www.imo.org/en/MediaCentre/PressBriefings/pages/IMO-approves-netzero-

regulations.aspx
[Accessed 17 June 2025].

European Commission, 2025. Reducing emissions from the shipping sector. [Online]

Available at: https://climate.ec.europa.eu/eu-action/transport-decarbonisation/reducing-emissions-
shipping-sector_en#eu-action

[Accessed 18 June 2025].

European Commission, 2025. Decarbonising maritime transport — FuelEU Maritime. [Online]
Available at: https://transport.ec.europa.cu/transport-modes/maritime/decarbonising-maritime-
transport-fueleu-maritime_en

[Accessed 18 June 2025].

Lloyd’s Register, 2024. SHIPPING AND FIT FOR 55: Managing compliance and optimising
operations under the EU s new regime, London: Lloyd’s Register Group Limited.

Pedersen, L. R. & Janssens, G., 2024. Understanding the EU ETS and the EU MRV, Cophenghan:
Bimco.

Shuang, Z., 2025. Overview of the IMO Net-Zero Framework, Dalian: Dalian Maritime University.

DNV, 2025. IMO MEPC 83: GHG requirements approved, taking effect from 2028. [Online]
Available at: https://www.dnv.com/news/imo-mepc-83-ghg-requirements-approved-taking-effect-
from-2028/

[Accessed 19 June 2025].

Luman, R., 2025. IMO s net-zero strategy for global shipping starts with pricing carbon but it s not
perfect, Amsterdam: ING.

ABS, 2025. NEWS BRIEF MEPC 83, Spring: ABS.

DNV, 2024. FuelEU Maritime: How to prepare for compliance. [Online]
Available at: https://www.dnv.com/news/fueleu-maritime-how-to-prepare-for-compliance/
[Accessed 20 June 2025].

Transport & Environment, 2023. Modelling The Impact Of FuelEU Maritime On EU Shipping,
Brussels: Transport & Environment.

Rajan, R., 2023. EU Emissions Trading System (ETS) effective January 1, 2024. [Online]
Available at: https://www.maersk.com/news/articles/2023/09/15/eu-emissions-trading-system-ets
[Accessed 20 June 2025].

Flodén, J. et al., 2024. Shipping in the EU Emissions Trading System: Implications for mitigation,
costs and modal split. Climate Policy, 24(7).

79



Hapag-Lloyd, 2025. Ship Green: Drive Sustainability with Greener Logistics Solutions. [Online]
Available at: https://www.hapag-lloyd.com/en/online-business/book/ship-green.html
[Accessed 29 June 2025].

Maersk, 2025. Maersk ECO Delivery. [Online]
Available at: https://www.maersk.com/transportation-services/eco-delivery/ocean
[Accessed 29 June 2025].

DNV, 2025. Alternative Fuels Insight. [Online]
Available at: https://afi.dnv.com/statistics/16486173-4f14-4cc5-b9f6-12f4b4c47al5/0verview-Basic
[Accessed 29 June 2025].

Maersk, 2025. All the way to zero. [Online]
Available at: https://www.maersk.com/sustainability/all-the-way-to-net-zero
[Accessed 29 June 2025].

Maersk, 2024. Maersk completes order of 20 dual-fuel vessels. [Online]
Available at: https://www.maersk.com/news/articles/2024/12/02/maersk-completes-order-of-20-dual-

fuel-
vessels#:~:text=Al11%2020%20ships%20will%20be.existing%20capacity%20in%200ur%20fleet. &tex
t=The%20first%20vessels%20will%20be.gas%20dual%2Dfuel%20propulsion%20systems

[Accessed 29 June 2025].

MARIN, 2025. AIR LUBRICATION. [Online]
Available at: https://www.marin.nl/en/research/air-lubrication
[Accessed 29 June 2025].

MSC, 2025. ENABLING LOGISTICS DECARBONIZATION. [Online]
Available at: https://www.msc.com/en/sustainability/enabling-logistics-decarbonization
[Accessed 29 June 2025].

Kass, M. D. et al., 2020. Stability, Combustion, and Compatibility of High-Viscosity Heavy Fuel Oil
Blends with a Fast Pyrolysis Bio-Oil. Energy & Fuels, 34(7), pp. 8403-8413.

Schuller, O. et al., 2021. 2nd Life Cycle GHG Emission Study on the Use of LNG as Marine Fuel,
Hamburg: Sphera.

Miyake, R., 2024. IMO Guidelines on Life Cycle GHG Intensity of Marine Fuels, Tokyo: ClassNK.

Visser, F. S. & Beddoe, J., 2025. Decarbonising Shipping: LNGs pathway to net-zero greenhouse gas
emissions, London: Shell.

Chevron, 2025. Liquefied natural gas (LNG): safely and efficiently transporting natural gas. [Online]
Available at: https://www.chevron.com/what-we-do/energy/oil-and-natural-gas/liquefied-natural-gas-
Ing#:~:text=L.NG%20is%20natural %20gas%20that,aboard%20specially%20designed%20LNG%20ve
ssels.

[Accessed 13 July 2025].

Lloyd's Register, 2025. Liquefied Natural Gas (LNG) Fuel - Alternative Shipping Fuel. [Online]
Available at: https://www.Ir.org/en/knowledge/research/fuel-for-thought/Ing/
[Accessed 13 July 2025].

80



SEA-LNG, 2025. FOCUS ON PRACTICALITY DRIVES LNG PATHWAY GROWTH IN 2024.
[Online]

Available at: https://sea-Ing.org/2025/01/focus-on-practicality-drives-Ing-pathway-growth-in-2024/
[Accessed 13 July 2025].

European Commission, 2025. Monitoring of the implementation of Directive 2003/87/EC in relation
to maritime transport, Brussels: European Commission.

DNV, 2020. Using biodiesel in marine diesel engines: new fuels, new challenges. [Online]
Available at: https://www.dnv.com/news/2020/using-biodiesel-in-marine-diesel-engines-new-fuels-
new-challenges-186705/#:~:text=,t0%20as%20B20%200r%20B30

[Accessed 20 July 2025].

Ship & Bunker, 2025. Rotterdam Bunker Prices. [Online]
Available at: https://shipandbunker.com/prices/emea/nwe/nl-rtm-rotterdam
[Accessed 20 July 2025].

MARITIME EXECUTIVE, 2019. Maersk Trials Biofuel Blend in Triple-E Container Ship. [Online]
Available at: https://maritime-executive.com/article/maersk-trials-biofuel-blend-in-triple-e-container-
ship#:~:text=During%20the%20pilot%2C%200ne%200f,20%20tonnes%200f%20sulfur%20emission
S

[Accessed 20 July 2025].

Lopez, M. A., 2025. INSIGHT: FuelEU Maritime Means Shipowners Cannot Afford to Wait on
Alternative Fuels. [Online]
Available at: https://shipandbunker.com/news/world/430024-insight-fueleu-maritime-means-

shipowners-cannot-afford-to-wait-on-alternative-fuels
[Accessed 20 July 2025].

Kosmajac, S., 2025. Report: Surging shipping demand points to looming biofuel supply crunch.
[Online]
Available at: https://www.offshore-energy.biz/report-surging-shipping-demand-points-to-looming-

biofuel-supply-crunch/
[Accessed 20 July 2025].

Argus, 2025. Rotterdam biomarine fuel sales rebound in 2Q. [Online]
Available at: https://www.argusmedia.com/en/news-and-insights/latest-market-news/2710009-

rotterdam-biomarine-fuel-sales-rebound-in-2q
[Accessed 20 July 2025].

DNV, 2025. Maximizing the potential of biofuels in shipping. [Online]
Available at: https://www.dnv.com/expert-story/maritime-impact/maximizing-the-potential-of-

biofuels-in-shipping/
[Accessed 20 July 2025].

Wei, L. et al., 2018. Combustion process and NOx emissions of a marine auxiliary diesel engine
fuelled with waste cooking oil biodiesel blends. Energy, Volume 144, pp. 73-80.

Balcombe, P. et al., 2019. How to decarbonise international shipping: Options for fuels, technologies
and policies. Energy Conversion and Management, Volume 182, pp. 72-88.

81



Snyder, J., 2024. Blending biofuels into a ship 5 decarbonisation strategy. [Online]
Available at: https://www.rivieramm.com/news-content-hub/news-content-hub/blending-biofuels-into-

a-ships-decarbonisation-strategy-82455
[Accessed 20 July 2025].

Bengtsson, S., Fridell, E. & Andersson, K., 2012. Environmental assessment of two pathways towards
the use of biofuels in shipping. Energy Policy, Volume 44, pp. 451-463.

Nelissen, D., Kleijn, A. & Faber, J., 2022. FuelEU Maritime and EU ETS: Sound incentives for the
fuel choice?, Delft: CE Delft.

S&P Global, 2025. Platts Global Bunker Cost Calculator. [Online]
Available at: https://www.spglobal.com/commodity-insights/en/news-research/infographics/content-

design-infographics/platts-global-bunker-cost-calculator
[Accessed 20 July 2025].

Selvam, D. C. et al., 2025. The role of biodiesel in marine decarbonization: Technological innovations
and ocean engineering challenges. Results in Engineering, 25(103974).

Yu, J. & Skaug, L. R., 2025. Navigating net-zero: Biofuels promise cleaner shipping, but supply is
limited. [Online]

Available at: https://www.rystadenergy.com/news/biofuels-promise-cleaner-shipping-supply-is-limited
[Accessed 20 July 2025].

Le Fevre, C. N., 2018. 4 review of demand prospects for LNG as a marine transport fuel, Oxford:
Oxford Institute for Energy Studies.

Wu, P.-C. & Lin, C.-Y., 2021. Strategies for the Low Sulfur Policy of IMO—An Example of a
Container Vessel Sailing through a European Route. J. Mar. Sci. Eng, 9(1383).

Lloyd's Register, 2025. Explore liquified e-methane readiness levels. [Online]
Available at: https://www.Ir.org/en/knowledge/research/zcfim/methane/liquified-e-methane/
[Accessed 20 July 2025].

Amir, S., Paul, B. & Walter, M., 2019. Natural gas as a ship fuel: Assessment of greenhouse gas and
air pollutant reduction potential. Energy Policy, Volume 131, pp. 332-346.

Selma, B., Erik, F. & Karin, A., 2014. Environmental assessment of marine fuels: liquefied natural
gas, liquefied biogas, methanol and bio-methanol. Journal of Cleaner Production, pp. 86-95.

Al-Khalisy, H., Senior, M., Coelho, N. & Tassi Lara, G., 2025. Rotterdam biomarine fuel sales
rebound in 2Q. [Online]

Available at: https://www.argusmedia.com/en/news-and-insights/latest-market-news/2710009-
rotterdam-biomarine-fuel-sales-rebound-in-2q

[Accessed 21 July 2025].

DNV, 2023. Alternative Fuels for Containerships, Oslo: DNV.

Anner, N., 2025. MAN B&W ME-LGIM dual-fuel engines enable carbon-neutral transportation.
[Online]

Available at: https://www.man-es.com/discover/antonia-maersk-methanol-ship

[Accessed 21 July 2025].

82



Ship & Bunker, 2025. Maersk Expands Dual-Fuel Methanol Fleet to 14. [Online]

Awailable at: https://shipandbunker.com/news/world/369734-maersk-expands-dual-fuel-methanol-
fleet-to-14

[Accessed 21 July 2025].

Bahti¢, F., 2024. COSCO shells out $2.15 billion on twelve methanol dual-fuel boxships. [Online]
Available at: https://www.offshore-energy.biz/cosco-shells-out-2-15-billion-on-twelve-methanol-dual-

fuel-boxships/
[Accessed 21 July 2025].

Kriiger, J., 2025. The blueprint for converting VLCVs to methanol. [Online]
Available at: https://www.man-es.com/discover/maersk-halifax-retrofit
[Accessed 21 July 2025].

Rasmussen, P. D., 2024. Maersk completes first large container vessel conversion to dual-fuel
methanol engine. [Online]
Available at: https://www.maersk.com/news/articles/2024/11/18/maersk-completes-first-large-

container-vessel-conversion-to-dual-fuel-methanol-engine
[Accessed 21 July 2025].

Svanberg, M., Ellis, J., Lundgren, J. & Landaly, I., 2018. Renewable methanol as a fuel for the
shipping industry. Renewable and Sustainable Energy Reviews, Volume 94, pp. 1217-1228.

Methanol Institute, 2022. Carbon footprint of methanol, Singapore: Methanol Institute.

Ammar, N. R., 2019. An environmental and economic analysis of methanol fuel for a cellular
container ship. Transportation Research Part D: Transport and Environment, Volume 69, pp. 66-76.

Helgason, R., Cook, D. & Davidsdéttir, B., 2020. An evaluation of the cost-competitiveness of
maritime fuels — a comparison of heavy fuel oil and methanol (renewable and natural gas) in Iceland.
Sustainable Production and Consumption, Volume 23, p. 236-248.

Andersson, K. & Salazar, C. M., 2015. Methanol as marine fuel full report, London: FCBI Energy.

Ellis, J. & Tanneberger, K., 2015. Study on the use of ethyl and methyl alcohol as alternative fuels in
shipping, Goteborg: SSPA SWEDEN AB.

Verhelst, S., Turner, J. W., Sileghem, L. & Vancoillie, J., 2019. Methanol as a fuel for internal
combustion engines. Progress in Energy and Combustion Science, Volume 70, pp. 43-88.

Laursen, R. et al., 2022. Potential of Ammonia as Fuel in Shipping, Lisbon: European Maritime
Safety Agency.

Willmington, R., 2025. MAN to deliver first ammonia dual-fuel engines in early 2026. [Online]
Available at: https://www.lloydslist.com/LL1152410/MAN-to-deliver-first-ammonia-dual-fuel-
engines-in-early-2026

[Accessed 26 July 2025].

Thurman, A., 2025. Ammonia as marine fuel? Benefits, challenges, and smart adoption. [Online]
Available at: https://www.wartsila.com/insights/article/ammonia-fuel-for-thought-in-our-deep-dive
[Accessed 26 July 2025].

Port of Rotterdam, 2025. Port of Rotterdam takes important step in making shipping more
sustainable: pilot prepares port for safe bunkering of ammonia. [Online]

83



Available at: https://www.portofrotterdam.com/en/news-and-press-releases/port-rotterdam-takes-

important-step-making-shipping-more-sustainable-pilot
[Accessed 26 July 2025].

MPA, 2024. World's First Use of Ammonia as a Marine Fuel in a Dual-Fuelled Ammonia-Powered
Vessel in the Port of Singapore. [Online]
Available at: https://www.mpa.gov.sg/media-centre/details/world-s-first-use-of-ammonia-as-a-marine-

fuel-in-a-dual-fuelled-ammonia-powered-vessel-in-the-port-of-singapore
[Accessed 26 July 2025].

Ship & Bunker, 2025. China's Dalian Port Hosts World's First Green Ammonia Bunkering. [Online]
Available at: https://shipandbunker.com/news/apac/245411-chinas-dalian-port-hosts-worlds-first-
green-ammonia-bunkering

[Accessed 26 July 2025].

Wartsild, 2025. Extensive testing of Wdrtsild's 4-stroke ammonia engine demonstrates GHG emission
reductions by up to 90 percent. [Online]

Available at: https://www.wartsila.com/media/news/27-05-2025-extensive-testing-of-wartsila-s-4-
stroke-ammonia-engine-demonstrates-ghg-emission-reductions-by-up-to-90-percent-3590235
[Accessed 27 May 2025].

Zincir, B., 2022. Environmental and economic evaluation of ammonia as a fuel for short-sea shipping:
A case study. International Journal of Hydrogen Energy, 47(41), pp. 18148-18168.

Kim, K., Roh, G., Kim, W. & Chun, K., 2020. A Preliminary Study on an Alternative Ship Propulsion
System Fueled by Ammonia: Environmental and Economic Assessments. Journal of Marine Science
and Engineering, 8(3).

Ash, N. & Scarbrough, T., 2019. Sailing on Solar - Could green ammonia decarbonise international
shipping?. London: Environmental Defense Fund.

Ship & Bunker, 2024. DNV Sees Ammonia Bunker Demand at 2.3 Million MT/Year in 2030. [Online]
Available at: https://shipandbunker.com/news/world/549511-dnv-sees-ammonia-bunker-demand-at-
23-million-mtyear-in-2030

[Accessed 26 July 2025].

Maersk, 2025. Schedules. [Online]

Available at:

https://www.maersk.com/schedules/vesselSchedules?vesselCode=Y 30&fromDate=2025-10-01
[Accessed 26 July 2025].

DNV, 2023. Mediterranean SOx ECA, and heavy fuel oil ban in the Arctic. [Online]

Available at: https://www.dnv.com/news/2023/mediterranean-sox-eca-and-heavy-fuel-oil-ban-in-the-
arctic-249948/

[Accessed 27 July 2025].

Clarksons, 2025. Individual Fleet. [Online]

Available at: https://www.clarksons.net/n/#/sin/register#Fleet/Fleet/Individual-
Vessels/documentld/53725

[Accessed 26 July 2025].

84



EMSA, 2025. EU MRV GHG EMISSION REPORT. [Online]
Available at: https://mrv.emsa.europa.eu/#public/emission-report
[Accessed 27 July 2025].

Powell, K., 2025. DECREASING SPEED CUTS EMISSIONS, WILDLIFE COLLISIONS AND
COSTS. [Online]
Available at: https://www.arcticwwf.org/the-circle/stories/decreasing-speed-cuts-emissions-wildlife-

collisions-and-costs/
[Accessed 28 July 2025].

European Union, 2023. Regulation (EU) 2023/1805 of the European Parliament and of the Council of
13 September 2023 on the use of renewable and low-carbon fuels in maritime transport, and
amending Directive 2009/16/EC (Text with EEA relevance). Official Journal of the European Union,
Volume 234, p. 48—-100.

UNCTAD, 2024. Unprecedented shipping disruptions raise risk to global trade, UNCTAD warns.
[Online]
Available at: https://unctad.org/news/unprecedented-shipping-disruptions-raise-risk-global-trade-

unctad-warns
[Accessed 2 August 2025].

Suez Canal Authority, 2025. Admiral Ossama Rabiee: "Gradual Return of Mega Container Vessels to
the Suez Canal”. [Online]

Available at: https://www.suezcanal.gov.eg/English/MediaCenter/News/Pages/nav_18 06_2025.aspx
[Accessed 2 August 2025].

MAN Energy Solution, 2021. The Methanol-fuelled MAN B&W LGIM Engine, Copenhagen: MAN
Energy Solution.

Zhao, Y. et al., 2025. Pathways towards carbon reduction through technology transition in liner
shipping. Maritime Policy & Management, Volume 52, p. 417-439.

Lagemann, B. et al., 2022. Optimal ship lifetime fuel and power system selection. Transportation
Research Part D: Transport and Environment, 102(103145).

Lin, M., 2022. 'Conversion-ready' boxships pay well for shipowners in low-carbon future: study.
[Online]
Available at: https://www.spglobal.com/commodity-insights/en/news-research/latest-

news/shipping/092922-conversion-ready-boxships-pay-well-for-shipowners-in-low-carbon-future-
study#:~:text=19%3A39%20UTC-.'Conversion%?2Dready'%20boxships%20pay%20well%20for%20s

hipowners,in
[Accessed 2 August 2025].

Zhang, S., 2025. Overview of the IMO Net-Zero Framework, Dalian: Dalian Maritime University.

Singh, D. et al., 2021. A comprehensive review of biodiesel production from waste cooking oil and its
use as fuel in compression ignition engines: 3rd generation cleaner feedstock. Journal of Cleaner
Production, 307(127299).

Tan, R., Duru, O. & Thepsithar, P., 2020. Assessment of relative fuel cost for dual fuel marine engines
along major Asian container shipping routes. Transportation Research Part E: Logistics and
Transportation Review , 140( 102004).

85



BetterSea, 2025. Case Study 1V: Penalty vs. Biofuel vs. FuelEU Pooling — What s the Best Compliance
Option?. [Online]

Available at: https://www.bettersea.tech/post/case-study-iv-penalty-vs-biofuel-vs-fueleu-pooling-
what-s-the-best-compliance-
option#:~:text=0ption%201:%20Paying%20the%20FuelEU,creating%20a%20growing%?20financial
%20burden.

[Accessed 2 August 2025].

EIA, 2025. Annual Energy Outlook 2025, Washington, D.C: U.S. Energy Information Administration.
ClassNK, 2025. Alternative Fuels Insight, Tokyo: ClassNK.
UNCTAD, 2023. Review of Maritime Transport, Geneva: UNCTAD.

Yu, H., Lu, Y., Fang, Z. & Xu, L., 2025. How global container shipping emissions and marine primary
production are related to: A geographically and temporally weighted analysis. Marine Environmental
Research, 209(107195).

Song, D.-P., 2021. Container Logistics and Maritime Transport. 1st Edition ed. New York: Routledge.
Rodrigue, J.-P., 2024. The Geography of Transport Systems. 1st Edition ed. New York: Routledge.

OceanScore, 2025. FuelEU Maritime Pooling: A Viable Strategy. [Online]
Available at: https://oceanscore.com/insights/fueleu-maritime-pooling-a-viable-strategy/
[Accessed 1 August 2025].

Ship & Bunker, 2025. IMO 2028: How Much Will 'Surplus Units' Cost?. [Online]

Available at: https://shipandbunker.com/news/world/156111-imo-2028-how-much-will-surplus-units-
cost

[Accessed 1 August 2025].

Rystad Energy, 2025. Navigating net-zero: Biofuels promise cleaner shipping, but supply is limited.
[Online]

Available at: https://www.rystadenergy.com/news/biofuels-promise-cleaner-shipping-supply-is-limited
[Accessed 15 May 2025].

Mersk Mc-Kinney Mgller Center for Zero Carbon Shipping, 2025. Bio-diesel: Feedstock Availability.
[Online]
Available at: https://www.zerocarbonshipping.com/energy-carriers/bio-diesel ?section=feedstock-

availability
[Accessed 15 August 2025].

Transport & Environment, 2025. Shipping companies call for limits on biofuels in shipping. [Online]
Available at: https://www.transportenvironment.org/articles/shipping-companies-call-for-limits-on-
biofuels-in-shipping

[Accessed 15 August 2025].

BCG, 2024. The Real Cost of Decarbonizing in the Shipping Industry. [Online]
Available at: https://www.bcg.com/publications/2024/real-cost-of-shipping-decarbonization
[Accessed 15 August 2025].

U.S. Department of State, 2025. Joint Statement on Protecting American Consumers and Shipping
Industries by Defeating the International Maritime Organization's “Net-Zero Framework” aka

86



Global Carbon Tax. [Online]
Available at: https://www.state.gov/releases/office-of-the-spokesperson/2025/08/joint-statement-on-
protecting-american-consumers-and-shipping-industries-by-defeating-the-international-maritime-

organizations-net-zero-framework-aka-global-carbon-tax
[Accessed 16 August 2025].

Transport & Environment, 2025. IMO Net-Zero Framework Assessing the impact of the IMO's draft
Net-Zero Framework. [Online]

Available at: https://www.transportenvironment.org/uploads/files/Impact-of-the-IMOs-draft-Net-Zero-
Framework-April-2025.pdf#:~:text=t0%2027,make%20a%20significant%20contribution%2C%20it
[Accessed 16 August 2025].

Kosmajac, S., 2024. Biodiesel surges ahead in confidence as shipping industry weighs maritime fuel
options. [Online]
Available at: https://www.offshore-energy.biz/biodiesel-surges-ahead-in-confidence-as-shipping-

industry-weighs-maritime-fuel-options/
[Accessed 15 August 2025].

Li, M., 2023. China's First Green Marine Methanol Industrial Chain Cooperation Project Officially
Launched. [Online]

Available at:
https://na.coscoshipping.com/col/col27438/art/2024/art_3791065d98294d0f865a4d611acSbeed.html#:
~:text=China%27s%20First%20Green%20Marine%20Methanol, TEU%2C%20making%20them%20t
he

[Accessed 17 August 2025].

Dahl, R., 2024. Maersk Signs Long-Term Methanol Sourcing Deal. [Online]
Available at: https://www.maersk.com/news/articles/2024/10/30/maersk-signs-long-term-methanol-

sourcing-deal
[Accessed 17 August 2025].

IRENA AND METHANOL INSTITUTE, 2021. Innovation Outlook : Renewable Methanol, Abu
Dhabi: International Renewable Energy Agency.

Carlsson, 1. Y., 2025. World's first commercial-scale e-methanol plant opens in Denmark. [Online]
Available at: https://www.reuters.com/sustainability/climate-energy/worlds-first-commercial-scale-e-

methanol-plant-opens-denmark-2025-05-
13/#:~:text=S0%20far%20zero,are%20not%20produced%20at%20scale
[Accessed 17 August 2025].

ITF, 2023. ITF Transport Outlook 2023, Paris: OECD.

Transport and Environment, 2024. Study on support schemes for RFNBOs in shipping and aviation,
Harwell: Transport and Environment.

BCG, 2025. The 310 Billion Opportunity in Green Shipping, Boston: BCG.

The World Bank, 2023. Distributing Carbon Revenues from Shipping, Washington DC: The World
Bank.

The World Bank, 2022. Carbon Revenues From International Shipping: Enabling an Effective and
Equitable Energy Transition, Washington DC: The World Bank.

87



ICAO, 2025. Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA). [Online]
Available at: https://www.icao.int/carbon-offsetting-and-reduction-scheme-international-aviation-

corsia

[Accessed 15 August 2025].

IRS, 2025. Sustainable aviation fuel credit. [Online]
Available at: https://www.irs.gov/credits-deductions/businesses/sustainable-aviation-fuel-credit
[Accessed 17 August 2025].

European Commission, 2025. ReFuelEU Aviation. [Online]
Available at: https:/transport.ec.europa.eu/transport-modes/air/environment/refueleu-aviation_en
[Accessed 17 August 2025].

European Commission, 2025. About the EU ETS. [Online]
Available at: https://climate.ec.europa.eu/eu-action/carbon-markets/eu-emissions-trading-system-eu-

ets/about-eu-ets_en
[Accessed 17 August 2025].

Manzagol, O. N. & Nakolan, K., 2022. Global allowance prices for CO2 emissions increased by over
40% in 2021. [Online]

Available at:
https://www.eia.gov/todayinenergy/detail.php?id=55000#:~:text=This%20increase%20in%20fossil%
20fuel,in%20R GGI1%20remained%20relatively%20unchanged.

[Accessed 16 August 2025].

Trading Economics, 2025. EU Carbon Permits. [Online]
Available at: https://tradingeconomics.com/commodity/carbon
[Accessed 16 August 2025].

Stopford, M., 2009. Maritime Economics. 3rd Edition ed. London: Routledge.
DNV, 2023. Maritime Forecast to 2050, Oslo: DNV.

Wartsila, 2024. Vessel pooling — what is it and how does it help you avoid FuelEU Maritime
penalties?. [Online]
Available at: https://www.wartsila.com/insights/article/vessel-pooling-what-is-it-and-how-does-it-

help-you-avoid-fueleu-maritime-penalties
[Accessed 15 August 2025].

European Commission, 2021. Proposal for a REGULATION OF THE EUROPEAN PARLIAMENT
AND OF THE COUNCIL on the use of renewable and low-carbon fuels in maritime transport and
amending Directive 2009/16/EC. [Online]

Available at: https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:52021PC0562
[Accessed 15 August 2025].

DNV, 2025. FuelEU Maritime. [Online]
Available at: https://www.dnv.com/maritime/insights/topics/fueleu-maritime/
[Accessed 15 August 2025].

BetterSea, 2025. Case Study VII: FuelEU Surplus Value Versus Biofuel Premium. [Online]
Available at: https://www.bettersea.tech/post/case-study-vii-fueleu-surplus-value-versus-biofuel-

88



remium
[Accessed 18 August 2025].

ClassNK, 2024. FAQs on the FuelEU Maritime (3rd Edition), Tokyo: ClassNK.

Transport & Environment, 2024. The advanced and waste biofuels paradox, Brussels: Transport &
Environment.

Hughes, E., 2021. FuelEU Maritime — Avoiding Unintended Consequences, Brussels: European
Community Shipowners’ Associations & International Chamber of Shipping.

Faria, D. L. d., 2024. The EU Emission Trading System Tax Regime and the Issue of Unfair Maritime
Competition. Sustainability, 16(21).

Kotzampasakis, M., 2025. Maritime emissions trading in the EU: Systematic literature review and
policy assessment. Transport Policy, Volume 165, pp. 28-41.

Lagouvardou, S. & Psaraftis, H. N., 2022. Implications of the EU Emissions Trading System (ETS)
on European container routes: A carbon leakage case study. Maritime Transport Research, 3(100059).

Park, S., Hyunju, L. & Dowon, K., 2024. Regulatory compliance and operational efficiency in
maritime transport: Strategies and insights. Transport Policy, Volume 155, pp. 161-177.

Hansson, J. et al., 2022. Impact of including maritime transport in the EU ETS, Stockholm: IVL
Swedish Environmental Research Institute Ltd..

Unalan, S. & Baldino, C., 2025. FOUR CHANGES WOULD MAKE THE IMO NET-ZERO
FRAMEWORK MORE EFFECTIVE. [Online]
Available at: https://theicct.org/four-changes-would-make-the-imo-net-zero-framework-more-

effective-apr25/
[Accessed 16 August 2025].

Faber, J., Meijer, C., Nelissen, D. & van den Toorn, E., 2022. Fit for 55 and 2030 milestones for
maritime shipping: A pathway towards 2050, Delft: CE Delft.

Wu, J., Liu, J. & Li, N., 2024. The evasion strategy options for competitive ocean carriers under the
EU ETS. Transportation Research Part E: Logistics and Transportation Review, 183(103439).

Kotzampasakis, M., 2023. Intercontinental shipping in the European Union emissions trading system:
A ‘fifty—fifty’ alignment with the law of the sea and international climate law?. RECIEL, 32(1).

Psaraftis, H. N., Zis, T. & Lagouvardou, S., 2021. A comparative evaluation of market based measures
for shipping decarbonization. Maritime Transport Research, 2(100019).

Rojon, 1., Lazarou, N.-J., Rehmatulla, N. & Smith, T., 2021. The impacts of carbon pricing on
maritime transport costs and their implications for developing economies. Marine Policy,
132(104563).

Prussi, M., Scarlat, N., Acciaro, M. & Kosmas, V., 2021. Potential and limiting factors in the use of
alternative fuels in the European maritime sector. Journal of Cleaner Production, 291(125849).

Chen, S., Wang, X., Zheng, S. & Chen, Y., 2023. Exploring Drivers Shaping the Choice of
Alternative-Fueled New Vessels. Journal of Marine Science and Engineering, 11(1896).

89



Wang, Y. & Wright, L. A., 2021. A Comparative Review of Alternative Fuels for the Maritime Sector:
Economic, Technology, and Policy Challenges for Clean Energy Implementation. 4 Comparative
Review of Alternative Fuels for the Maritime Sector: Economic, Technology, and Policy Challenges
for Clean Energy Implementation, 2(4), pp. 456-481.

WLPGA, 2021. LPG for Marine Engines The Marine Alternative Fuel, Dublin: Innovation &
Technology Network of WLPGA.

DNV GL, 2019. Comparison of Alternative Marine Fuels, Hovik: SEA\LNG.

McCormick, R. & Moriarty, K., 2023. Biodiesel Handling and Use Guide, Golden: National
Renewable Energy Laboratory.

MAN Energy Solution, 2023. Biofuel operation MAN B&W two-stroke engines. [Online]
Available at: https://www.man-es.com/docs/default-source/service-letters/s12023-
741.pdf?sfvrsn=1b944467 6

[Accessed 20 August 2025].

Lloyd’s Register, 2025. LNG retrofits surge as maritime industry seeks short-term carbon reduction
solutions. [Online]
Available at: https://www.lr.org/en/knowledge/press-room/press-listing/press-release/2025/Ing-

retrofits-surge-as-maritime-industry-seeks-short-term-carbon-reduction-solutions/
[Accessed 20 August 2025].

Yao, S. et al., 2022. Design and optimization of LNG-powered ship cold energy and waste heat
integrated utilization system based on novel intermediate fluid vaporizer. Case Studies in Thermal
Engineering, 40(102528).

Sachgau, O., 2025. Can methane slip be controlled?. [Online]
Available at: https://www.man-es.com/discover/can-methane-slip-be-controlled
[Accessed 21 August 2025].

DNV, 2023. Methanol as fuel heads for the mainstream in shipping. [Online]
Available at: https://www.dnv.com/expert-story/maritime-impact/Methanol-as-fuel-heads-for-the-

mainstream-in-shipping/
[Accessed 20 Auugust 2025].

Zincir, B. & Deniz, C., 2021. Methanol as a Fuel for Marine Diesel Engines. In: P. C. Shukla, G.
Belgiorno, G. Di Blasio & A. K. Agarwal, eds. Alcohol as an Alternative Fuel for Internal
Combustion Engines. Berlin: Springer, p. 45-85.

Dierickx, J., 2024. Cconomic value of methanol for shipping under FuelEU Maritime and EU ETS,
Singapore: Methanol Institute.

Boyland, J., 2025. From pilots to practice: Methanol and ammonia as shipping fuels, Copenhagen:
Getting to Zero Coalition.

Lloyd's Register, 2021. Potential of Ammonia as a Fuel. [Online]
Available at: https://www.lIr.org/en/knowledge/horizons/april-2021/decarbonising-shipping--could-

ammonia-be-the-fuel-of-the-future/
[Accessed 2025 August 2025].

90



Bush, D., 2025. Greens defend IMO Net-Zero Framework amid US, Saudi bid to derail it. [Online]
Available at: https://www.lloydslist.com/LI1.1154596/Greens-defend-IMO-NetZero-Framework-amid-
US-Saudi-bid-to-derail-it

[Accessed 23 August 2025].

IMF, 2022. How Soaring Shipping Costs Raise Prices Around the World. [Online]
Available at: https://www.imf.org/en/Blogs/Articles/2022/03/28/how-soaring-shipping-costs-raise-

prices-around-the-world
[Accessed 25 August 2025].

OECD, 2025. The impact of container shipping costs on import and consumer prices, Paris: OECD.
OECD, 2021. OECD Economic Outlook, Volume 2021 Issue 1, Paris: OECD.

Stiell, S., 2024. "Decarbonization is the biggest transformation of the global economy of this century.
But we risk entrenching a two-speed global transition”: Simon Stiell. [Online]
Available at: https://unfcce.int/news/decarbonization-is-the-biggest-transformation-of-the-global-

economy-of-this-century-but-we-risk
[Accessed 27 August 2025].

Lurkin, N., 2025. Importance of IMO Net-Zero Framework too great. [Online]
Available at: https://kvnr.nl/en/news/importance-of-imo-net-zero-framework-too-great
[Accessed 25 August 2025].

Jenkins, M., 2025. Bio-LNG could boom by early 2030s under IMO deal. [Online]
Available at: https://www.argusmedia.com/en/news-and-insights/latest-market-news/2678260-bio-Ing-

could-boom-by-early-2030s-under-imo-deal
[Accessed 1 August 2025].

Teo, C., 2025. B100 seen attractive shipping fuel option after MEPC 83. [Online]
Available at: https://www.argusmedia.com/en/news-and-insights/latest-market-news/2681900-b100-

seen-attractive-shipping-fuel-option-after-mepc-83
[Accessed 2 August 2025].

ClassNK, 2024. FAQs on the EU-ETS for Shipping, Tokyo: ClassNK.

Solakivi, T., Paimander, A. & Ojala, L., 2022. Cost competitiveness of alternative maritime fuels in
the new regulatory framework. Transportation Research Part D: Transport and Environment,
113(103500).

Zhang, C. et al., 2024. Technical Requirements for 2023 IMO GHG Strategy. Sustainability, 16(7).

Trosvik, L. & Brynolf, S., 2024. Decarbonising Swedish maritime transport: Scenario analyses of
climate policy instruments. Transportation Research Part D: Transport and Environment,
136(104457).

BetterSea, 2024. RENBO Incentive under FuelEU Maritime: A Critical Case Study. [Online]
Available at: https://www.bettersea.tech/post/rfnbo-incentive-under-fueleu-maritime
[Accessed 15 August 2025].

Roche, P. & Hansen, K. B., 2025. 2025: A new year ahead for shipping — environmental and
regulatory compliance. [Online]
Available at: https://www.nortonrosefulbright.com/en-nl/knowledge/publications/98b274d3/a-new-

91



year-ahead-for-shipping-environmental-and-regulatory-compliance
[Accessed 20 August 2025].

Lloyd's Register, 2025. Preparing for FuelEU | Navigating the Maritime Energy Transition. [Online]
Available at: https://www.lr.org/en/services/statutory-compliance/fueleu-regulation/
[Accessed 20 August 2025].

European Commission, 2025. Carbon leakage. [Online]

Available at: https://climate.ec.europa.eu/eu-action/carbon-markets/eu-emissions-trading-system-eu-
ets/free-allocation/carbon-leakage en

[Accessed 15 August 2025].

Bureau Veritas, 2025. IMO NET ZERO FRAMEWORK. [Online]
Available at: https://marine-offshore.bureauveritas.com/expertise-sustainability/net-zero-framework
[Accessed 21 August 2025].

Bureau Veritas, 2023. FUELEU MARITIME: POOLING EXPLAINED. [Online]
Available at: https://marine-offshore.bureauveritas.com/magazine/fueleu-maritime-pooling-explained
[Accessed 18 August 2025].

Allem, N., 2025. IMO's net zero framework: A turning point for global shipping. [Online]
Available at: https://www.maersk.com/insights/sustainability/2025/08/29/imo-net-zero-framework
[Accessed 30 August 2025].

Schneiter, D., 2025. WinGD: Shipping's Net Zero Future Needs Sharper Signals, Soon. [Online]
Available at: https://shipandbunker.com/news/world/174889-wingd-shippings-net-zero-future-needs-
sharper-signals-
soon#:~:text=by%20Dominik%20Schneiter%2C%20CE0%2C%20WinGD&text=The%20IM0's%20
Net%20Zero%20Framework,across%20an%?20entire%20industry%20sector.&text=standard%2
[Accessed 28 August 2025].

Mersk Mc-Kinney Mgller Center for Zero Carbon Shipping, 2022. Preparing Container Vessels for
Conversion to Green Fuels, Copenhagen: Marsk Mc-Kinney Meller Center for Zero Carbon
Shipping.

Lloyd's Register, 2025. Explore e-methanol readiness levels. [Online]
Available at: https://www.lIr.org/en/knowledge/research/zcfm/methanol/e-methanol/
[Accessed 15 August 2025].

Meulen, T. H. v. d., Speelman, T., Dowling, R. & Gerritse, E., 2023. Green Maritime Methanol 2.0,
Amsterdam: TNO.

ITF, 2019. Decarbonising Transport in Emerging Economies, Paris: ITF.

GENA Solutions, 2025. Renewable Methanol Update (July 2025). [Online]
Available at: https://www.genasolutions.com/analysis_and_insights/49
[Accessed 15 August 2025].

Carvalho, F. & Comer, B., 2024. ALIGNING THE IMO’S GREENHOUSE GAS FUEL STANDARD
WITH ITS GHG STRATEGY AND THE PARIS AGREEMENT. [Online]

Available at: https://theicct.org/aligning-the-imos-greenhouse-gas-fuel-standard-with-its-ghg-strategy-
and-the-paris-agreement-jan24

[Accessed 1 July 2025].

92



Fortescue, 2025. THE GREEN CORRIDOR, TOWARDS ZERO CARBON SHIPPING. [Online]
Available at: https://www.fortescue.com/en/real-zero/green-pioneer
[Accessed 26 July 2025].

Pringle, J. S., 2025. Double compliance, double cost? FuelEU vs IMO's Net-Zero Framework.
[Online]
Available at: https://www.Ir.org/en/knowledge/horizons/july-2025/double-compliance-double-cost-

fueleu-vs-imos-net-zero-framework
[Accessed 27 July 2025].

Dibdin, L., Pringle, J. S. & Wibroe, A., 2025. MEPC 83 Webinar: Your guide to the mid-term GHG
measures. [Online]
Available at: https://www.Ir.org/en/knowledge/webinars/mepc-83-webinar-your-guide-to-the-mid-

term-ghg-measures
[Accessed 2 August 2025].

Lloyd's Register, 2024. Feedstock availability and aviation demand challenge biofuel adoption in
shipping. [Online]

Available at: https://www.Ir.org/en/knowledge/press-room/press-listing/press-release/2024/feedstock-

availability-and-aviation-demand-challenge-biofuel-adoption-in-shipping
[Accessed 16 August 2025].

93



Appendices

Appendix A: Annual Fuel Consumption by Vessel Type and Biodiesel Proportion

Appendix Al: Group 1 HFO vessel

Ship Fuel
Type

Group 1
(HFO)

Group 1
(BioDiesel-
B30)

Group 1
(BioDiesel-
B50)

Group 1
(BioDiesel-
B70)

Group 1
(BioDiesel-
B100)

Fuel
Consumption
Rate (kg / nm)

325

Alternative
Fuel 1
(Green)
Proportion
(%)

30%

50%

75%

100%

Alternative
Fuel 2 (Grey)
Proportion
(%)

70%

50%

25%

0%

Pilot Fuel
Proportion
(%)

Total
Proportion
(%)

100%

Annual Main
Fuel 1
(Green)
Consumption

®

9,322

15,537

23,305

31,073

Annual Main
Fuel 2 (Grey)
Consumption

®

28,542

19,979

14,271

7,135

Annual Pilot
Fuel
Consumption

®

Annual
Energy
Content (MJ)

1,155,930,750
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Appendix A2: Group 2 HFO vessel

Ship Fuel
Type

Group 2
(HFO)

Group 2
(BioDiesel-
B30)

Group 2
(BioDiesel-
B50)

Group 2
(BioDiesel-
B75)

Group 2
(BioDiesel-
B100)

Fuel
Consumption
Rate (kg / nm)

310

Alternative
Fuel 1
(Green)
Proportion
(o)

30%

50%

75%

100%

Alternative
Fuel 2 (Grey)
Proportion
(o)

70%

50%

25%

0%

Pilot Fuel
Proportion
(o)

Total
Proportion
(o)

100%

Annual Main
Fuel 1
(Green)
Consumption

®

8,892

14,820

22,229

29,639

Annual Main
Fuel 2 (Grey)
Consumption

®

27,224

19,057

13,612

6,806

Annual Pilot
Fuel
Consumption

®

Annual
Energy
Content (MJ)

1,102,580,100

95




Appendix A3: Group 3 LNG dual-fuel vessel

Ship Fuel
Type

Group 3
(LNG-Fossil)

Group 3
(BioLNG-
30%)

Group 3
(BioLNG-
50%)

Group 3
(BioLNG-
75%)

Group 3
(BioLNG-
95%)

Fuel
Consumption
Rate (kg/nm)

270

Alternative
Fuel 1
(Green)
Proportion
(%0)

30%

50%

75%

95%

Alternative
Fuel 2 (Grey)
Proportion
(%)

95%

65%

45%

20%

0%

Pilot Fuel
Proportion
(%)

5%

5%

5%

5%

5%

Total
Proportion
(%)

100%

Annual Main
Fuel 1
(Green)
Consumption
(mt)

7,051

11,752

17,628

22,329

Annual Main

Fuel 2 (Grey)

Consumption
(mt)

22,526

15,277

10,577

4,701

Annual Pilot
Fuel
Consumption
(mt)

1,186

1,425

1,425

1,425

1,425

Annual
Energy
Content (MJ)

1,154,033,838
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Appendix A4: Group 3 Methanol dual-fuel vessel

Ship Fuel
Type

Group 3
(Methanol -
Fossil)

Group 3
(BioMethanol
-30%)

Group 3
(BioMethanol
-50%)

Group 3
(BioMethanol
-75%)

Group 3
(BioMethanol
-95%)

Fuel
Consumption
Rate (kg /
nm)

Alternative
Fuel 1
(Green)
Proportion
(%0)

30%

50%

75%

95%

Alternative
Fuel 2 (Grey)
Proportion
(%)

95%

65%

45%

20%

0%

Pilot Fuel
Proportion
(%)

5%

5%

5%

5%

5%

Total
Proportion
(%)

100%

Annual Main
Fuel 1
(Green)
Consumption
(mt)

17,397

28,996

43,494

55,092

Annual Main

Fuel 2 (Grey)

Consumption
(mt)

55,092

37,695

26,096

11,598

Annual Pilot
Fuel
Consumption
(mt)

1,425

1,425

1,425

1,425

1,425

Annual
Energy
Content (MJ)

1,154,033,838
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Appendix B: Annual GHG Emission Gaps and Surpluses of Different Fuels under Fuel EU

Maritime and IMO Net-Zero Framework

Appendix B1: GHG Gaps and Surpluses for HFO (gCO,e/MJ)

Fuel Type HFO BioDiesel-B30
Gap Gap Gap Gap
between between Surplus between between Surplus
Year Attached Attached GHG from Attached Attached GHG from
GHG and GHG and Direct GHG and GHG and Direct
Base Direct Base Direct
2025 2.40 - - 0.00 - 20.26
2026 6.05 - - 0.00 - 16.61
2027 6.05 - - 0.00 - 16.61
2028 2.18 12.13 0.00 0.00 0.00 8.36
2029 4.04 12.13 0.00 0.00 0.00 6.49
2030 5.91 12.13 0.00 0.00 0.00 4.63
2031 10.01 12.13 0.00 0.00 0.00 0.52
2032 14.12 12.13 0.00 0.00 3.58 0.00
2033 18.22 12.13 0.00 0.00 7.69 0.00
2034 22.33 12.13 0.00 0.00 11.79 0.00
2035 26.43 12.13 0.00 3.77 12.13 0.00
2036 32.96 12.50 0.00 10.30 12.50 0.00
2037 39.49 12.88 0.00 16.83 12.88 0.00
2038 46.02 13.25 0.00 23.36 13.25 0.00
2039 52.55 13.63 0.00 29.89 13.63 0.00
2040 59.09 14.00 0.00 36.43 14.00 0.00
Fuel Type BioDiesel-B50 BioDiesel-B75
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Gap Gap Gap Gap
between between Surplus between between Surplus
Year Attached Attached GHG from Attached Attached GHG from
GHG and GHG and Direct GHG and GHG and Direct

Base Direct Base Direct
2025 0.00 - 35.37 0.00 - 54.25
2026 0.00 - 31.72 0.00 - 50.60
2027 0.00 - 31.72 0.00 - 50.60
2028 0.00 0.00 23.47 0.00 0.00 42.35
2029 0.00 0.00 21.60 0.00 0.00 40.49
2030 0.00 0.00 19.73 0.00 0.00 38.62
2031 0.00 0.00 15.63 0.00 0.00 34.52
2032 0.00 0.00 11.52 0.00 0.00 30.41
2033 0.00 0.00 7.42 0.00 0.00 26.31
2034 0.00 0.00 331 0.00 0.00 22.20
2035 0.00 0.79 0.00 0.00 0.00 18.09
2036 0.00 7.69 0.00 0.00 0.00 11.19
2037 1.72 12.88 0.00 0.00 0.00 4.28
2038 8.25 13.25 0.00 0.00 2.62 0.00
2039 14.78 13.63 0.00 0.00 9.53 0.00
2040 21.32 14.00 0.00 2.43 14.00 0.00

Fuel Type BioDiesel-B100
Gap Gap
between between Surplus
Year Attached Attached GHG from
GHG and GHG and Direct

Base Direct
2025 0.00 - 73.14
2026 0.00 - 69.49
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2027 0.00 - 69.49
2028 0.00 0.00 61.24
2029 0.00 0.00 59.37
2030 0.00 0.00 57.51
2031 0.00 0.00 53.40
2032 0.00 0.00 49.30
2033 0.00 0.00 45.19
2034 0.00 0.00 41.09
2035 0.00 0.00 36.98
2036 0.00 0.00 30.08
2037 0.00 0.00 23.17
2038 0.00 0.00 16.27
2039 0.00 0.00 9.36
2040 0.00 0.00 2.46

Appendix B2: GHG Gaps and Surpluses for LNG (gCO»e/MJ)

Fuel Type LNG - Fossil BioLNG-30%
Gap Gap Gap Gap
between between Surplus between between Surplus
Year Attached Attached GHG from Attached Attached GHG from
GHG and GHG and Direct GHG and GHG and Direct
Base Direct Base Direct
2025 0.00 - 13.46 0.00 - 31.27
2026 0.00 - 9.81 0.00 - 27.62
2027 0.00 - 9.81 0.00 - 27.62
2028 0.00 0.00 1.56 0.00 0.00 19.37
2029 0.00 0.31 0.00 0.00 0.00 17.51
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2030 0.00 2.17 0.00 0.00 0.00 15.64
2031 0.00 6.28 0.00 0.00 0.00 11.54
2032 0.00 10.38 0.00 0.00 0.00 7.43
2033 2.36 12.13 0.00 0.00 0.00 333
2034 6.46 12.13 0.00 0.00 0.78 0.00
2035 10.57 12.13 0.00 0.00 4.89 0.00
2036 17.10 12.50 0.00 0.00 11.79 0.00
2037 23.63 12.88 0.00 5.82 12.88 0.00
2038 30.16 13.25 0.00 12.35 13.25 0.00
2039 36.69 13.63 0.00 18.88 13.63 0.00
2040 43.22 14.00 0.00 25.41 14.00 0.00
Fuel Type BioLNG-50% BioLNG-75%
Gap Gap Gap Gap
between between Surplus between between Surplus
Year Attached Attached GHG from | Attached Attached GHG from
GHG and GHG and Direct GHG and GHG and Direct
Base Direct Base Direct

2025 0.00 - 43.15 0.00 - 57.99
2026 0.00 - 39.50 0.00 - 54.34
2027 0.00 - 39.50 0.00 - 54.34
2028 0.00 0.00 31.25 0.00 0.00 46.09
2029 0.00 0.00 29.38 0.00 0.00 44.23
2030 0.00 0.00 27.52 0.00 0.00 42.36
2031 0.00 0.00 23.41 0.00 0.00 38.26
2032 0.00 0.00 19.31 0.00 0.00 34.15
2033 0.00 0.00 15.20 0.00 0.00 30.05
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2034 0.00 0.00 11.10 0.00 0.00 25.94
2035 0.00 0.00 6.99 0.00 0.00 21.84
2036 0.00 0.00 0.09 0.00 0.00 14.93
2037 0.00 6.82 0.00 0.00 0.00 8.02
2038 0.47 13.25 0.00 0.00 0.00 1.12
2039 7.00 13.63 0.00 0.00 5.79 0.00
2040 13.54 14.00 0.00 0.00 12.69 0.00
Fuel Type BioLNG-95%
Gap Gap
between between Surplus
Year Attached Attached GHG from
GHG and GHG and Direct
Base Direct

2025 0.00 - 69.87

2026 0.00 - 66.22

2027 0.00 - 66.22

2028 0.00 0.00 57.97

2029 0.00 0.00 56.10

2030 0.00 0.00 54.24

2031 0.00 0.00 50.13

2032 0.00 0.00 46.03

2033 0.00 0.00 41.92

2034 0.00 0.00 37.82

2035 0.00 0.00 33.71

2036 0.00 0.00 26.81

2037 0.00 0.00 19.90
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2038 0.00 0.00 13.00
2039 0.00 0.00 6.09
2040 0.00 0.81 0.00

Appendix B3: GHG Gaps and Surpluses for Methanol (gCO,e/MJ)

Fuel Type Methanol - Fossil BioMethanol-30%
Gap Gap Gap Gap
between between Surplus between between Surplus
Year Attached Attached GHG from Attached Attached GHG from
GHG and GHG and Direct GHG and GHG and Direct
Base Direct Base Direct
2025 12.97 - 0.00 0.00 - 14.02
2026 16.62 - 0.00 0.00 - 10.37
2027 16.62 - 0.00 0.00 - 10.37
2028 12.75 12.13 0.00 0.00 0.00 2.12
2029 14.61 12.13 0.00 0.00 0.00 0.25
2030 16.48 12.13 0.00 0.00 1.62 0.00
2031 20.58 12.13 0.00 0.00 5.72 0.00
2032 24.69 12.13 0.00 0.00 9.83 0.00
2033 28.79 12.13 0.00 1.80 12.13 0.00
2034 32.90 12.13 0.00 5.91 12.13 0.00
2035 37.00 12.13 0.00 10.01 12.13 0.00
2036 43.53 12.50 0.00 16.54 12.50 0.00
2037 50.06 12.88 0.00 23.07 12.88 0.00
2038 56.59 13.25 0.00 29.60 13.25 0.00
2039 63.12 13.63 0.00 36.13 13.63 0.00
2040 69.66 14.00 0.00 42.67 14.00 0.00
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Fuel Type

BioMethanol-50%

BioMethanol-75%

Gap Gap Gap Gap
between between Surplus between between Surplus
Year Attached Attached GHG from Attached Attached GHG from
GHG and GHG and Direct GHG and GHG and Direct
Base Direct Base Direct
2025 0.00 - 32.01 0.00 - 54.50
2026 0.00 - 28.36 0.00 - 50.85
2027 0.00 - 28.36 0.00 - 50.85
2028 0.00 0.00 20.11 0.00 0.00 42.60
2029 0.00 0.00 18.24 0.00 0.00 40.74
2030 0.00 0.00 16.38 0.00 0.00 38.87
2031 0.00 0.00 12.27 0.00 0.00 34.77
2032 0.00 0.00 8.17 0.00 0.00 30.66
2033 0.00 0.00 4.06 0.00 0.00 26.56
2034 0.00 0.04 0.00 0.00 0.00 22.45
2035 0.00 4.15 0.00 0.00 0.00 18.34
2036 0.00 11.05 0.00 0.00 0.00 11.44
2037 5.08 12.88 0.00 0.00 0.00 4.53
2038 11.61 13.25 0.00 0.00 2.37 0.00
2039 18.14 13.63 0.00 0.00 9.28 0.00
2040 24.67 14.00 0.00 2.18 14.00 0.00
Fuel Type BioMethanol-95%
Gap Gap
between between Surplus
Year Attached Attached GHG from
GHG and GHG and Direct
Base Direct
2025 0.00 - 72.50
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2026 0.00 - 68.85
2027 0.00 - 68.85
2028 0.00 0.00 60.60
2029 0.00 0.00 58.73
2030 0.00 0.00 56.86
2031 0.00 0.00 52.76
2032 0.00 0.00 48.65
2033 0.00 0.00 44.55
2034 0.00 0.00 40.44
2035 0.00 0.00 36.34
2036 0.00 0.00 29.44
2037 0.00 0.00 22.53
2038 0.00 0.00 15.63
2039 0.00 0.00 8.72
2040 0.00 0.00 1.82
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Appendix C: Projected Fuel Prices

Appendix C1: Constant Price Scenario (2025-2040) (USD/tonne)

Fossil Bio
Year HFO BioDiesel | Fossil LNG | BioLNG Methanol Methanol
2025 410 1,100 720 1,650 330 985
2026 410 1,100 720 1,650 330 985
2027 410 1,100 720 1,650 330 985
2028 410 1,100 720 1,650 330 985
2029 410 1,100 720 1,650 330 985
2030 410 1,100 720 1,650 330 985
2031 410 1,100 720 1,650 330 985
2032 410 1,100 720 1,650 330 985
2033 410 1,100 720 1,650 330 985
2034 410 1,100 720 1,650 330 985
2035 410 1,100 720 1,650 330 985
2036 410 1,100 720 1,650 330 985
2037 410 1,100 720 1,650 330 985
2038 410 1,100 720 1,650 330 985
2039 410 1,100 720 1,650 330 985
2040 410 1,100 720 1,650 330 985
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Appendix C2: Declining Price Scenario (2025-2040) (USD/tonne)

Fossil Fossil Bio
Year HFO BioDiesel BioLNG
LNG Methanol Methanol

2025 410 1,100 720 1,650 330 985
2026 405 1,089 710 1,634 326 975
2027 399 1,078 701 1,617 321 965
2028 394 1,067 691 1,601 317 955
2029 388 1,056 682 1,584 312 946
2030 383 1,045 672 1,568 308 936
2031 377 1,034 662 1,551 304 926
2032 372 1,023 653 1,535 299 916
2033 366 1,012 643 1,518 295 906
2034 361 1,001 634 1,502 290 896
2035 355 990 624 1,485 286 887
2036 350 979 614 1,469 282 877
2037 344 968 605 1,452 277 867
2038 339 957 595 1,436 273 857
2039 333 946 586 1,419 268 847
2040 328 935 576 1,403 264 837

Assumed

Total Price

Reduction -20% -15% -20% -15% -20% -15%

by 2040

(%)
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Appendix C3: Increasing Price Scenario (2025-2040) (USD/tonne)

Increase by

2040 (%)

Year HFO BioDiesel Fossil BioLNG Fossil Bio
LNG Methanol Methanol
2025 410 1,100 720 1,650 330 985
2026 415 1,118 730 1,678 334 1,001
2027 421 1,137 739 1,705 339 1,018
2028 426 1,155 749 1,733 343 1,034
2029 432 1,173 758 1,760 348 1,051
2030 437 1,192 768 1,788 352 1,067
2031 443 1,210 778 1,815 356 1,084
2032 448 1,228 787 1,843 361 1,100
2033 454 1,247 797 1,870 365 1,116
2034 459 1,265 806 1,898 370 1,133
2035 465 1,283 816 1,925 374 1,149
2036 470 1,302 826 1,953 378 1,166
2037 476 1,320 835 1,980 383 1,182
2038 481 1,338 845 2,008 387 1,198
2039 487 1,357 854 2,035 392 1,215
2040 492 1,375 864 2,063 396 1,231
Assumed
Total Price
20% 25% 20% 25% 20% 25%
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Appendix D: Projected IMO Net-Zero Framework Remedial and Surplus Unit Prices

Appendix D1: Constant Price Scenario (2025-2040) (USD/tonne)

Year RU 1 RU 2 SU Sell Price
2028-2030 100 380 312
2031-2033 100 380 312
2034-2036 100 380 312
2037-2039 100 380 312

2040 100 380 312

Appendix D2: Escalation Scenario — 10% (2025-2040) (USD/tonne)

Year RU 1 RU 2 SU Sell Price
2028-2030 100 380 312
2031-2033 105 418 328
2034-2036 110 460 344
2037-2039 116 506 361

2040 122 556 379

Note: Tier 2 RUs increase 10% and Tier 1 RUs & SUs increase 5% every 3 years
Appendix D3: Escalation Scenario — 15% (2025-2040) (USD/tonne)

Year RU 1 RU 2 SU Sell Price
2028-2030 100 380 312
2031-2033 108 437 335
2034-2036 116 503 361
2037-2039 124 578 388

2040 134 665 417

Note: Tier 2 RUs increase 15% and Tier 1 RUs & SUs increase 7.5% every 3 years
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Appendix D4: Declining Price Scenario (2025-2040) (USD/ton)

Year RU 1 RU 2 SU Sell Price
2028-2030 100 380 312
2031-2033 110 456 343
2034-2036 121 547 378
2037-2039 133 657 415

2040 146 788 457

Note: Tier 2 RUs increase 20% and Tier 1 RUs & SUs increase 10% every 3 years
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