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The maritime industry, a significant greenhouse gas emitter, faces pressure to shift toward 

net-zero emissions. This shift is driven by regulatory measures at both the EU and 

International Maritime Organization (IMO) levels, making it important for vessels to adapt 

to increasingly stringent regulations. This underscores the growing importance of energy 

efficiency and sustainable practices in the design of new ships. This thesis assesses the 

financial effects of FuelEU Maritime and EU Emissions Trading System (ETS) regulations 

on the operating expenses of a case vessel. 

The thesis highlights the importance of modelling the energy balance and potential 

regulatory scenarios for vessels already during the early design phases. Evaluating 

regulatory costs helps identify solutions that minimize environmental impact and economic 

risks, ensuring a future-proof vessel. The study pays particular attention to the 

interconnections among energy efficiency, fuel choice, and regulatory compliance strategies. 

The results show that regulatory costs will have a substantial impact on a vessel's lifetime 

costs. For example, an overachieving vessel might generate revenue from the beginning and 

thereby lower the total net cost. The technical and economic optimization are increasingly 

interconnected, and evaluating energy-saving technologies solely on initial investment costs 

may be insufficient, as reductions in fuel consumption and regulatory costs can improve the 

vessel’s overall economic performance and therefore justify higher initial investments.   
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Meriteollisuus on merkittävä kasvihuonekaasupäästöjen aiheuttaja, minkä vuoksi ala on 

kasvavan paineen alla ja tavoitteena on saavuttaa hiilineutraalius vuoteen 2050 mennessä. 

Tämän kunnianhimoisen tavoitteen seurauksena energiatehokkuuden ja uusien 

teknologioiden merkitys korostuu entisestään, kun uusia laivoja suunnitellaan. Tässä 

tutkielmassa tarkastellaan FuelEU Maritime- ja EU ETS- säädösten taloudellisia vaikutuksia 

tutkimuksen kohteeksi valitun (yksittäisen) aluksen operointikustannuksiin.  

Tutkielma korostaa laivojen energiataseen sekä mahdollisten sääntelyskenaarioiden 

mallintamisen merkitystä jo laivojen varhaisessa suunnitteluvaiheessa. 

Sääntelykustannusten arviointi ja mallintaminen auttavat tunnistamaan ratkaisuja, jotka 

minimoivat sekä ympäristövaikutukset että taloudelliset riskit. Työssä tarkastellaan 

erityisesti energiatehokkuuden, polttoainevalinnan ja eri säädösten noudattamisstrategioiden 

yhteyttä sekä tarkastellaan näiden säädösten mahdollisia kustannusvaikutuksia. Tulokset 

osoittavat, että sääntelystä aiheutuvilla kustannuksilla voi olla huomattava vaikutus laivan 

elinkaarikustannuksiin. Esimerkiksi hyvin suoriutuvassa laivassa voi olla pienemmät 

kokonaisoperointikustannukset jo alusta asti, joita FuelEU-mekanismi voimistaa. Tekninen 

ja taloudellinen optimointi ovat yhä tiiviimmin yhteydessä toisiinsa, ja 

energiansäästöteknologioiden arvointi pelkästään alkuinvestointien perusteella voi olla 

riittämätöntä, sillä polttoainekulutuksen ja sääntelykustannusten vähentäminen voi parantaa 

laivan kokonaistaloudellista suorituskykyä koko elinkaaren aikana ja siten perustella 

suuremmat alkuinvestoinnit.  
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1. Introduction 
 

The maritime industry is accountable for 2% of the global Greenhouse gas (GHG) emissions, 

and the combustion of fuel during maritime operations is a major contributor (World 

Economic Forum, 2024). The International Maritime Organisation (IMO) has set a goal to 

be carbon neutral around the year 2050. To achieve this goal, the IMO has enforced several 

regulations that will become more stringent towards 2050, and new regulations are under 

development. (IMO, n.d.-b) The European Union (EU) has set policies as well, such as 

FuelEU Maritime that incentivizes the use of low-emission fuels, and the Emission Trading 

System (ETS), which puts a price on CO₂ emissions (European Commission, n.d.-a). With 

decarbonisation being one of the current megatrends and ambitious global goals being set, 

the regulatory environment is evolving rapidly. For many vessels, the environmental 

regulations will result in high regulatory costs on top of already remarkable operating costs.   

The FuelEU Maritime and EU ETS have been in force since 2025 and 2024, respectively. 

The regulatory landscape is evolving and bringing uncertainty, especially for shipowners but 

also for other relevant stakeholders in the sector. This thesis highlights possible cost 

scenarios and interactions between the key regulatory variables for one case vessel, giving 

insight into why these parameters need to be considered from the beginning in the ship 

design process to ensure a future-proof vessel. During the early phases of a ship design 

process, several big decisions impacting the ship’s lifecycle costs are made. Therefore, 

understanding potential future costs already at this stage can bring valuable support for 

decision-making. However, estimating future costs is difficult due to several uncertainties 

related to the development of fuel prices, infrastructure, and the regulatory landscape.  

Several existing studies have examined the sustainability and cost competitiveness of 

alternative fuels (Solakivi et al., Baldi et al., Serra & Francello). Longva et al. (2024) 

examined the cost of reducing CO2 emissions using different measures. To achieve net-zero 

emissions by 2050, a marginal cost of 300 USD/tCO2 would be required. Rofifah et al. 

(2026) compared different marine fuel pathways under different regulatory scenarios. The 

findings indicate that the future cost drivers are heavily shaped by regulations and the 

interactions between different policies. Also, the attractiveness of marine fuels is not 

determined by lifecycle emissions alone but by the interactions between, e.g., regulatory 

exposure and fuel price development. In general, there is alignment on the uncertainty 
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surrounding the ability to reach global sustainability targets. Decarbonization is heavily 

dependent on the adoption of low-carbon technologies and fuels. Furthermore, regulatory 

pressure and the development of the regulatory landscape are uncertain, and the cost of 

reducing CO2 emissions and the impact of regulatory costs are highly relevant but relatively 

new topics for study.  

This thesis contributes to the existing research by assessing the regulatory costs under the 

FuelEU Maritime and EU ETS for a bulk carrier within the framework of an EU-funded 

project named CHEK. The impact that the regulatory costs can have on the operating costs 

of a vessel, and the feasibility of the different compliance strategies, are analysed. The 

following research questions are answered:  

Q1: How do fuel choice, energy efficiency, and regulatory costs interact? 

Q2: How is the most feasible and cost-effective compliance strategy for the shipowners 

under FuelEU determined? 

Q3: What is the cost of reducing CO₂ emissions through energy efficiency measures, and 

how is this affected by regulatory costs?  

Q4: How do variations in fuel prices, technology costs, and other key assumptions affect the 

results and the cost-effectiveness of compliance strategies?  

The calculations are performed for a bulk carrier, serving as the case vessel. The energy 

balance, with the impact of several energy-saving devices, has been previously studied 

(Sandberg et al. (2023), Elg et al. (2025-a). The fuel consumption, which is an output from 

the energy simulations work, serves as an input to this thesis.  

The structure of this thesis is as follows: first, the climate impact of the shipping industry is 

discussed. It is followed by an overview of the current regulatory frameworks, with a focus 

on those currently in force within the EU. Next is the methodology section, which presents 

the workflow and process. In the results section, the vessel's technical and financial findings 

are presented, followed by a sensitivity study. The results are interpreted in the discussion 

section, where the limitations are also addressed.   
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2. Decarbonizing Shipping: Drivers and Pathways  
 

The shipping sector is responsible for 90% of global trade and is considered the least 

environmentally damaging mode of transport when its productive value is taken into account 

(IMO, n.d.-c). Still, the maritime industry is accountable for around 0.86 Gt of Greenhouse 

Gas (GHG) emissions, which is equivalent to 2% of global carbon emissions (World 

Economic Forum, 2024). Without a strong regulatory framework, the amount is expected to 

increase as maritime trade is expected to grow. Shipping emissions connected to the EU, 

either to, from, or within, were estimated at 185 million tonnes of CO₂ equivalent on a well-

to-wake basis in 2021, accounting for around 20% of the global total shipping emissions. 

Due to the EU’s significant share of emissions, it can regulate a substantial portion of 

maritime emissions independently and thereby help decarbonise the shipping sector. 

(Transport & Environment, 2023) 

In 2018, IMO adopted its initial GHG strategy with the aim of being carbon neutral by 2100. 

However, it was considered not to be strict enough, and in 2023, IMO adopted its latest GHG 

strategy with the aim of being carbon neutral around the year 2050. The 2023 GHG strategy 

presents a framework with future visions for international shipping and guidelines on how 

to reduce GHG emissions. The strategy includes several key ambitions. One is to improve 

ship energy efficiency and reduce the carbon intensity of shipping by at least 40% by 2030, 

compared to the 2008 levels. Also, zero- or near-zero emission fuels and technologies should 

account for at least 5% of the energy used in shipping by 2030. To support these ambitions, 

the strategy proposes both technical and economic measures, e.g., a marine fuel standard and 

pricing mechanism for maritime emissions. It also promotes research and development, 

lifecycle assessment of fuels, and improvements in infrastructure. (IMO, n.d.-b) 

 

2.1 The Importance of Energy Efficiency in Maritime Decarbonization  

 

When looking at a ship from an energy point of view, it is an isolated system with high 

autonomy. The mechanical power required for propulsion and the electrical and thermal 

power required for the on-board services and auxiliary devices must always be provided. 

Therefore, the balance between the required and generated power (mechanical, electrical, or 

thermal) must be satisfied with the lowest possible fuel consumption.  (Baldi et al. 2022) 
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As the international pressure to reduce GHG emissions is strong and the regulations are 

becoming more stringent, it is clear to the different stakeholders within the industry that 

actions have to be taken, and the importance of energy efficiency is increasing. Reducing 

fuel consumption via energy efficiency measures is critical. It will lead to instant CO₂ 

emission reductions, which helps shipowners to comply with regulations while 

simultaneously providing cost savings. Over a longer time span, investing in energy 

efficiency measures will also help drive the broader development and adoption of carbon-

neutral fuels. For the foreseeable future, renewable fuels will remain more costly than 

conventional fuels, which is why combining them with energy efficiency measures will 

reduce costs and thereby improve the business case for shipowners adopting these fuels. 

(DNV, 2024) 

Up to 16% of emissions from shipping could be reduced by reducing the onboard energy 

losses through energy efficiency measures. There are several solutions on the market, 

ranging from hydrodynamic efficiency to alternative energy solutions such as wind-assisted 

propulsion systems. The impact that each measure has is dependent on various parameters, 

e.g., vessel type, size, trade route, and operational specifications. It is up to the shipowners 

to assess the different options and decide on those that represent the strongest business case. 

Decarbonisation is a complex task with several solutions. (DNV, 2024) 

Recently, there has been a major growth in the adoption of energy efficiency technologies. 

As of May 2025, a bit over 37% of the world fleet tonnage is fitted with energy-saving 

technologies. This represents a sharp growth, since it was 33% in year 2024. Newbuild 

vessels are being delivered with optimized designs, but with the average ship age currently 

being around 13 years and over one-third of capacity falling into poor Carbon Intensity Index 

(CII) ratings, owners have turned to retrofitting devices to boost the performance of their 

vessels. Energy efficiency is one crucial part that will help the maritime industry reach the 

ambitious goals set.  (ABS, 2025)  

 

2.2 Low-Emission Energy Solutions for Shipping  

 

The transition to zero- or near-zero-emission fuels and technologies is one of the key 

pathways to achieve net-zero emissions from international shipping by 2050. To meet the 

goals, implementing energy-saving measures needs to be supplemented by low- and 
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potential zero-carbon fuels. For the alternative fuels to be sustainable and have low climate 

impact, it is important that they are produced from renewable energy sources. The main 

renewable energy sources available are biomass, solar, wind, and hydroelectric energy. Fuels 

produced from renewable energy sources are, for example, liquefied biogas (LBG), 

methanol, ethanol, and synthetic diesel. The fuels could also be produced from renewable 

electricity, so-called electrofuels, where electrolysis of water happens. (Baldi et al. 2022) 

Biofuels are already being used to some extent and are flexible as they can be blended with 

conventional fuels or used as drop-in fuels in existing installations with limited technical 

modifications. These alternative fuels can significantly reduce life-cycle emissions, although 

new production systems and dedicated infrastructure are required. The technical feasibility 

of various biofuels has been tested, and the main challenge that remains for their adoption 

on a larger scale is the possibility to secure the required production volume. Also, some 

scepticism about their GHG reduction potential has been raised. Some studies state that they 

are not fully carbon neutral due to the sacrifice of for example, forests for their production.  

(Serra & Fancello, 2020)  

The fuel technology transition has begun. For example, the dual-fuel engine technology for 

liquefied natural gas (LNG) is already a fully mature option and is growing rapidly for 

methanol as well. Currently, about half of the vessels in the orderbook consist of dual-fuel 

capable vessels. Furthermore, some conventionally fuelled ships are being constructed with 

measures implemented to allow for easier conversion to alternative fuels or Carbon Capture 

and Storage (CCS) technologies. (DNV, 2025)  

During the past years, electrification has gained strong interest in the maritime sector since 

it improves the onboard energy efficiency and reduces emissions. It is used both for onshore 

power (OPS) and to charge batteries for fully electric or hybrid ships. On a full-electric ship, 

all the power needed comes from the batteries that are charged at shore while the ship is at 

berth. Battery-hybrid ships do not bunker electricity from shore but use the batteries to 

increase their engine performance and improve energy efficiency. Hybridization using 

batteries can be achieved at many levels between a traditional and full-electric system. The 

hybrid solutions are suitable for several ship types and believed to have a big potential for 

improving the energy efficiency. Their adoption is increasing rapidly, and more than 320 

hybrid ships were reported either in operation or on order in 2019. Especially for larger 

vessels, increasing the use of electric systems on board can improve the overall energy 
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management. The cost-effectiveness of electric propulsion systems will largely depend on 

battery costs and technology development. (Serra & Fancello, 2020) The key challenges 

currently related to battery systems are safety, material availability, cost, and lifetime 

performance (DNV GL, 2015).  

The potential effects and benefits of integrating electrical energy storage systems into short-

sea shipping ships were examined by Barone et al. (2024). The study aimed to analyse the 

impact of electrical energy storage systems on the energy system of ships and their 

environmental footprint during port stays. The feasibility of charging electrical storage 

systems while operating and utilising them as alternatives to diesel generators while in port 

was investigated. The results show that lithium-ion batteries and supercapacitors are 

effective for reducing pollutant emissions when in port, due to minimizing the use of diesel 

generators. This corresponded to a significant reduction in fuel consumption as well, ranging 

from 1.148 kt/year to 0.511 kt/year.   

The most significant barrier to the green transition is that sustainable alternative fuels are 

not produced anywhere near the required scale. Fossil LNG, that can be seen as a transitional 

fuel has developed infrastructure, but the green versions of methanol, ammonia, and 

hydrogen are in their infancy still. This is rather a green energy and infrastructure problem 

than a fuel problem itself. The core of the availability challenge scales down to the 

dependency on limited amount of renewable electricity and sustainable supply of feedstocks. 

The production of E-fuels is critically dependent on renewable energy to power the 

electrolyzers. The availability is directly tied to the global energy transition, and the 

competition for green electricity and hydrogen between other sectors such as aviation, steel, 

and road transport will further constrain the supply. For biofuels, the challenge is the finite 

supply of sustainable feedstocks. There is not enough sustainable biomass or waste oil 

globally to power the maritime sector without creating negative consequences such as 

indirect land-use change or impacting food security. (ABS, 2025)  

 

 

 

 



14 

 

 

3. Regulatory and Research Context  
 

The regulatory push for the shipping sector to decarbonise is strong and constantly evolving. 

Several environmental regulations from IMO have been in force for a while already, and 

new ones are being developed. All of these are gradually tightening, in line with the goal of 

carbon neutrality around the year 2050, which puts pressure on the whole industry. (IMO, 

n.d.-b)  

Currently, the major environmental regulations from IMO and the EU can be divided into 

two parts: design-focused and operational regulations. For example, the Energy Efficiency 

Design Index (EEDI) from IMO has been in force since 2013 and requires the ships to be 

designed energy efficiently.  In addition, the Carbon Intensity Indicator (CII) entered into 

force in 2023 and requires ships to annually calculate their operational carbon intensity 

against the target intensity set by IMO, which annually gets more stringent. (IMO, n.d.-d)  

In general, the environmental regulations can be divided into two categories: design-based 

regulations and operational regulations. For example, the EEDI evaluates the energy 

efficiency of a vessel at a single design point and mainly limits the installed power onboard. 

In contrast, the CII evaluates the carbon intensity of the vessel based on its actual annual 

operation, encouraging operational practices that reduce emissions.  

In 2025, the FuelEU maritime entered into force with the aim of incentivizing the use of 

low-carbon fuels. In addition, there is also the ETS, including a carbon tax, and the 

alternative fuels infrastructure (AFIR), which focuses on the infrastructure for recharging or 

refuelling of ships. For instance, it sets demands for ports to arrange shore power for 

container vessels and passenger ships by 2030 (Bureau Veritas, 2026). IMO is currently 

developing the Net-Zero Framework, which would be the first regulation to globally put 

threshold for the GHG intensity of fuels.  

The following sections will give a more comprehensive overview of the FuelEU Maritime 

and the EU ETS. The calculation methodology is covered in later chapters, where the 

equations will also be presented and explained.  
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3.1 FuelEU Maritime  

 

The FuelEU Maritime, which is part of the EU's “Fit for 55” package, entered into force in 

EU and EEA member states in 2025. The Fit for 55 package aims to reduce EU emissions 

by 55% in 2030, compared to a baseline in 1990. The regulation aims to promote the 

decarbonisation of fuels used on board vessels and increase the demand for renewable fuels. 

This is done by setting a limit for the GHG intensity of the energy used and requiring the use 

of shore power or other zero-emission technologies when in port for containerships and 

passenger vessels. (Lloyds register, 2024) 

The regulation applies to all vessels over 5000 gross tonnage (GT) that are arriving or 

departing from EU ports. The GHG intensity is measured in GHG emissions per unit of 

energy (gCO₂eq/MJ), and the GHGs covered are CO₂, methane (CH4), and nitrous oxide 

(N2O). When calculating the GHG intensity of the vessel, the whole lifecycle of the fuel is 

considered. The lifecycle chain, or Well-to-Wake (WtW) chain, is often divided into two 

parts: the Well-to-Tank (WtT) and Tank-to-Wake (TtW). The WtT part consists of the GHG 

emissions during the production, distribution, and storage of the fuel, while the TtW includes 

the GHGs from on-board ships. Together, these two make up the lifecycle of the fuel. When 

calculating the attained intensity, the GHG emissions are converted to CO₂ equivalent 

emissions, and the amount of energy used is based on the fuel consumption of the vessel. If 

the vessel is operating solely within the EU, 100% of the emissions are covered. If operating 

between EU and non-EU ports, 50% of the emissions are covered. (ClassNK, 2023) 

The GHG intensity of each fuel is calculated as the sum of the determined emission factors 

for the WtT and TtW parts, respectively. The GHG intensity limit is tightened every 5 years 

based on the baseline in 2020 of 91.16 gCO₂eq/MJ.  (ClassNK, 2023) 

 

3.1.1 Compliance Mechanisms and Strategies  

 

For vessels that do not meet the required GHG intensity, there are several methods to achieve 

compliance. Every year, the compliance balance of the ship is calculated. The compliance 

balance tells how far the ship is above or below the target intensity. If the ship is above the 

target intensity and has a negative compliance balance, it has four alternatives to choose 
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from. These are referred to as banking, borrowing, pooling, or paying the penalty. (Lloyds 

register, 2024.)  

A vessel that is overachieving and has a positive compliance balance can bank its surplus 

for later use. The banked surplus has no end date, meaning that a surplus banked in e.g. 2025 

can be used whenever needed. If the vessel achieves a negative compliance balance later on 

the banked surplus can be used to meet compliance. (Gundersen et al. 2024.) 

It is also possible for a vessel with a negative compliance balance to borrow compliance 

surplus in advance from the following year. The borrowed amount, plus an additional 10%, 

is deducted from the following year’s compliance balance. If the vessel is not able to meet 

the target during the following year, the responsible company is required to pay a penalty. 

A vessel is not allowed to borrow for two consecutive reporting periods. (Gundersen et al. 

2024) 

The compliance balance can also be distributed between several ships in a so-called pool. 

The compliance strategy called pooling gives shipowners flexibility in achieving 

compliance. In a pool, the compliance balance is distributed between several ships. This 

means that the surpluses from ships with lower emissions can offset the deficit in others, 

with no changes required to how the deficit vessels operate. Pooling is commercially one 

attractive option since it allows vessels from different owners and verifiers to combine their 

compliance balances.  (AhtiClimate, 2024) A vessel is only allowed to join one pool for each 

compliance period, and the total balance of the pool must be positive (Lloyd’s Register, 

2024). 

By pooling, it is possible to turn over-performance on one vessel into a financial asset rather 

than only additional cost. For the deficit vessels, pooling with more sustainable ships comes 

in at a cost below the €2,400/tonne-Very Low Sulfur Fuel Oil (VLSFO) equivalent penalty 

rate, making it a cost-efficient path for several vessels, especially for vessels that are not 

switching fuels or retrofitting. (Ahticlimate, n.d.) 

Vessels that still have a negative compliance balance after considering the compliance 

methods are required to pay a penalty, corresponding to the compliance deficit. The penalty 

is set by the EU to be 2400 € per ton of VLSFO energy equivalent. Also, the penalty 

progressively increases by 10% for each consecutive year that the vessel has a compliance 

deficit. As an example, currently a vessel that uses fossil fuel with a GHG intensity of 91 
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gCO₂eq/MJ is required to pay a penalty of about 643 €/tCO₂eq. This means that paying the 

penalties will become very expensive for the ship owners, and other compliance options 

should be favored. (Gundersen et al. 2024) 

 

3.2 EU Emissions Trading System  

 

The ETS is a part of the EU's “fit for 55” package and was extended to cover the shipping 

sector in January 2024. The ETS encompasses the CO₂ emissions from all ships with a GT 

over 5000 that enter EU ports, regardless of the country where they are registered. By 

increasing the cost of CO₂ emissions, the aim is to incentivize the shift towards alternative 

fuels and propulsion technology, as well as operational changes to increase energy 

efficiency. (Flodén et al. 2024) 

 The ETS is a carbon emissions trading scheme and puts a price on emissions emitted from 

ships. The ETS is implemented through a “cap and trade” system, which means that every 

emitter is required to buy allowances corresponding to their emissions via an auction system. 

This system should generate revenues to partially finance decarbonization. The ETS applies 

to all cargo and passenger vessels above 5000 GT operating in voyages touching an EU port. 

Similar to FuelEU Maritime, the coverage is 100% of emissions for solely EU voyages and 

50% of emissions for extra-EU voyages.  (Bureau Veritas, 2026-b) 

The “cap” is a threshold that defines the total amount of greenhouse gases that can be 

emitted. To be in line with the EU’s climate target, the cap is reduced annually. The cap is 

expressed in emission allowances, where one allowance equals one tonne of CO₂eq 

emissions. The operators are not allowed to generate more emissions than what their 

allowances cover. If they do, penalties are imposed. The emission allowances are auctioned, 

and companies sell/buy them through secondary markets. (Bureau Veritas, 2026-b)  

The cost of the allowances fluctuates according to the current supply and demand. As the 

cap on the total allowances will gradually tighten, the allowance cost is expected to rise. The 

development of the ETS cost is uncertain but expected to increase progressively.  Figure 1 

presents the history of the ETS cost from March 2024 until March 2026 (Ship & Bunker, 

2026).  
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Figure 1 History of the ETS cost in USD / mt (Ship & Bunker, 2026)  

 

Offshore vessels above 5000 GT will be included in the scope from 2027 onwards, meaning 

that the first surrounding year is in 2028 (based on the emissions in 2027). Smaller vessels 

(offshore and general cargo ships) above 400 GT might be included in the scope in the future. 

From 2026 onwards, methane and nitrous oxide emissions are also included in the scope. 

(European Commission-b, n.d.) One of the main concerns related to the ETS is that it may 

drive a shift to other modes of transport and attempts to circumvent the legislation, e.g. by 

berthing at ports just outside of the EU (Flodén et al. 2024). 

 

3.3 Review of Existing Research   

 

The typical energy use on vessels is already quite a well-studied topic. Also, studies 

regarding different energy-saving measures have been done. Nevertheless, ship energy 

systems are complex, and the energy-saving measures behave differently depending on the 

vessel and the energy system in context. The impact of the regulatory push on shipowners is 

quite a new area of study in the sense that the FuelEU maritime, with the first financial 

impact, has been in force for only a short period. There are reports published, especially from 

classification societies, focusing on the impact that the regulation has on shipowners, as well 

as presenting the different compliance options.  
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Sontakke et al. (2026) made a techno-economic analysis of different decarbonization 

pathways for a deep-sea container vessel. They studied the techno-economic viability of 

various energy-saving devices (e.g., air lubrication system (ALS) and wind-assisted 

propulsion systems (WAPS)), and alternative fuels within the regulatory constraints. They 

found that operational measures such as speed reduction, ALS, and hull maintenance are the 

most cost-effective options until 2030. They also analysed cost savings related to the EU 

ETS tax and FuelEU Maritime penalties and found ammonia to be the most cost-effective 

fuel option beyond 2030, assuming strict regulatory conditions. This study did not 

investigate in more detail the regulatory costs and financial differences between the different 

compliance options, but the study confirms that fuel attractiveness is highly sensitive to 

regulatory stringency and investment horizons.  

Different classification societies have also published papers regarding compliance with the 

different regulatory measures. For example, the classification society Det Norske Veritas 

(DNV) published a white paper regarding the requirements, compliance strategies, and 

commercial impacts of the FuelEU Maritime on the shipping industry. They evaluated 

different compliance strategies with different fuels and compared total lifetime costs for each 

compliance option. Their findings imply that paying FuelEU penalties is likely to be the 

most expensive option. Also, energy-efficiency measures can significantly reduce the total 

operating costs, especially when complying via paying penalties or blending in biofuels. 

Still, the energy-efficiency measures cannot act alone as a compliance measure for FuelEU 

Maritime. (Gundersen et al. 2024)  

Solakivi et al. (2022) studied the cost competitiveness of alternative maritime fuels within 

the existing regulatory framework at that time. Their research estimates under what 

assumptions the renewable fuels will be cost-competitive against fossil fuels, while also 

taking into account the cost impact on an individual vessel. The main result of their research 

was that emission reduction with alternative fuels will not be cost-effective for the 

foreseeable future, and alternative fuels will be uncompetitive under the FuelEU Maritime 

and EU ETS. Hydrotreated vegetable oil (HVO) and other advanced biofuels are still 

expected to gain competitiveness as the penalties for conventional fuels increase. It should 

be noted that this study was done before the FuelEU Maritime was adopted and the net-zero 

framework by IMO was discussed.  
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Serra & Fancello (2020) provide a critical overview of the main measures that the shipping 

industry can adopt to meet the requirements set by IMO. According to their study, the main 

drivers pushing the shipping industry to take major efforts in minimizing its emissions are 

the following: regulatory and institutional pressures, market factors and issues related to 

resource availability, and social pressures combined with ecological awareness. As an 

example, the constant fluctuation in fuel prices has always led to exploring alternative energy 

options or operational practices. Also, market factors have traditionally been one of the main 

drivers for innovation in shipping.  Achieving the sustainability targets is not straightforward 

and depends heavily on the adoption of low-carbon technologies and fuels. The emissions 

from the shipping industry are strongly related to fuel consumption.   

Flodén et al. (2024) assessed the impacts of the EU ETS on the shipping sector’s potential 

reduction in GHG emissions for different ship types. Their findings indicate that to promote 

a large-scale fuel shift, an ETS allowance price of 150-200 €/tCO₂ would be reasonable, 

unless the cost difference between renewable and fossil fuels is drastically reduced due to 

other reasons. The uncertainty regarding the future development of technologies, market 

developments, carbon abatement costs, and policy incentives makes choosing abatement 

measures challenging for shipowners and cannot therefore be classified only as a technical 

issue. For example, a new ship that turns out to be less attractive in the common market will 

lose value on the second-hand market, require expensive retrofits, or even become 

prematurely obsolete. The price of the allowances is expected to increase as the amount of 

available allowances will drop, creating a market for more expensive abatement methods. 

This will additionally increase the uncertainty in the already volatile market as the price of 

emission allowances becomes a more significant part of the operational costs.  

A study by Rofifah et al. (2026) compares twelve marine fuel pathways from 2026 to 2050 

under the FuelEU Maritime, EU ETS, and IMO Net-Zero Framework scenario. The aim is 

to evaluate their combined effects on compliance costs, carbon pricing exposure, and 

investment performance. The results demonstrated that the economic attractiveness of the 

alternative fuels is shaped by regulatory interaction rather than fuel price alone. Confirming 

that fuel selection is no longer only a fuel-cost decision but rather a combined question 

involving the compliance burden, capital intensity, and policy credibility. In this study, a 

FuelEU Maritime pooling scenario was also studied, confirming that pooling can improve 

the economic feasibility under the regulation.  
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The cost of reducing CO₂ emissions using different technologies or measures was studied by 

Longva et al. (2024). By assessing this cost, it helps policymakers assess the economic 

impact of climate policies and helps shipowners evaluate technologies and fuels for reducing 

emissions cost-effectively. By using the Marginal Abatement Cost Curve (MACC) method, 

Longva et.al. concluded that net-zero emissions in 2050 can be achieved at a marginal cost 

of 300 USD/tCO₂. The variables having the highest impact on that result is the future cost of 

carbon neutral fuels as well as the growth in seaborne trade. To achieve 20-30% GHG 

emission reduction in 2030 (relative to 2008), the marginal cost would be between 50-100 

USD/tCO₂; an emission reduction of 70-80% in 2040 can be achieved for 230-240 

USD/tCO₂,  
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4. Methodology  
 

This thesis aims to analyse how fuel choice, energy efficiency, and regulatory costs interact. 

Also, to be able to determine cost-effective compliance strategies under the FuelEU 

Maritime, calculations have been conducted comparing the different strategies and analysing 

how the cost of emission reductions is affected by regulatory costs. The aim is to, via the 

calculations, in general, present the impact of the regulatory costs for the different scenarios 

and the possible future costs through the different compliance strategies. 

To answer the research objectives, the workflow has been following: The energy balance, 

performance data of the energy-saving devices, and the fuel consumption of the case vessel 

have been used as input for the GHG emission and FuelEU Maritime calculations. The key 

assumptions, such as fuel and carbon prices, have been gathered from open-source data. The 

workflow is presented in Figure 2 as a flowchart.  

A bulk carrier that has been studied and developed during an EU-funded project CHEK 

(CHEK, 2023), has been used as a case vessel in this thesis. In total, seven different scenarios 

consisting of different energy-saving devices and two different fuel types have been studied. 

Kamsarmax-sized bulk carriers are designed for global operation, and the EU regulations 

might not be applicable most of the time. Therefore, it is assumed in most of the calculations 

that the ship would operate for a third of its time within the EU. To evaluate the impact that 

the operating profile has on the regulatory costs, one exercise was done assuming that the 

vessel operates solely within the EEA.  

The FuelEU Maritime calculations were performed in a digital FuelEU tool developed by 

Deltamarin, following the official EU Guidelines. The tool includes modules for input data, 

calculations, and output/scenario analyses. 

The operating costs for each scenario were calculated, analysing the different regulatory 

compliance options, namely paying the penalties, banking, pooling with other vessels, and 

blending with biofuel. The cost assumptions are based on open-source data and are assumed 

to be a very crucial part of the calculations. Therefore, a sensitivity analysis was conducted, 

demonstrating the impact that the assumed costs have on the results.  
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Figure 2 Flowchart representing the workflow  
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4.1 Project CHEK  

 

Project CHEK stands for “deCarbonising sHipping by Enabling Key technology symbiosis 

on real vessel concept designs”, to develop a future-proof vessel (FPV) and demonstrate a 

decarbonisation pathway through different technologies operating in cooperation (CHEK, 

2023). During the project, the vessel’s energy balance and the selected energy-saving 

devices were analysed throughout the project in collaboration with the project partners. 

Therefore, the fuel consumption results can be considered accurate and suitable for this 

thesis.  

The CHEK project focused on two vessel concepts: a bulk carrier and a cruise ship. Both 

designs integrate selected technologies to work in interaction to reduce greenhouse gas 

emissions by 99% and achieve at least 50% energy savings. The idea behind the FPV 

platform is to maximise the interaction between the technologies, considering real operating 

profiles rather than focusing only on sea-trial performance. The developed FPV platform in 

this project can also be used to expand the outcomes from the case vessels towards the global 

fleet. (CHEK, 2023) 

 

4.1.1 CHEK Bulker – General Design Data 

 

A Kamsarmax bulk carrier was used as the reference hull during the CHEK project. The 

Kamsarmax-sized bulkers have standardized basic parameters and rather similar hull forms. 

For this particular vessel, the ship design has been developed by Deltamarin, and the basic 

parameters are presented in Table 1. This thesis uses this bulk carrier as the case vessel.  

Table 1 Basic particulars of Kamsarmax bulk carrier in project CHEK from Krishnan et al. 

(2023)  

Length overall (LOA) 229.00 m 

Length between perpendiculars (LPP)  225.06 m 

Breadth 32.26 m 

Deadweight and draft 80900 MT at 14.475 m  

Laden- service speed and shaft power 14 knots at 80% MCR 
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4.2 Energy Modelling Process 

 

As stated earlier, the vessel’s fuel consumption serves as the primary input in this study. 

Therefore, the methodology behind the energy modelling processes and the energy model 

itself for the bulk carrier can be found in greater detail in already published papers (Sandberg 

et al. (2023) and Elg et al. (2024). This section will briefly present an overview as well as 

the typical configuration and output of the energy model.  

The digital model for the case vessel, i.e., a system-level energy model, was configured in 

Matlab and Simulink environments. The following parameters are necessary inputs to the 

digital energy model: the operational profile, the vessel’s machinery configuration, fuel data, 

ship energy consumption, and various energy-saving equipment, which are configured if 

included in the modelled system. Figure 3 Presents the typical layout of the configuration, 

inputs, and outputs to allow an overview of the modelling environment. The digital model 

and philosophy are presented in more detail in a conference paper by Sandberg et al. (2023). 

The paper discusses the necessary inputs that are being configured in the model, such as the 

key machinery components, configuration, and power demand. More about the energy 

system modelling, naval architectural considerations, as well as the CHEK technologies and 

main simulation results are also discussed in the following papers: Elg et al. (2024) & Elg et 

al. (2025-b)  
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Figure 3 Typical configuration and output of the model (Sandberg et al. 2023) 

 

4.3 Calculation Framework 

 

Table 2 Lists the simulated scenarios with explanations for each scenario. All calculations 

include Deltamarin BA2 hull form and Hasytec’s Ultrasound Antifouling system by default. 

The ultrasound antifouling system is explained in more detail in an article by Elg et al. (2025-

a). In addition, a 2 MW  power take-off (PTO) / power take-in (PTI) capacity is included in 

all scenarios. The battery energy storage system (BESS) is also included in every simulation 

as a spinning reserve. The key benefit of using the BESS as a spinning reserve is that it 

enables the engines to operate over a wider load range, allowing to keep one engine at high 

loads (up to 100% load) instead of engaging the second engine.  

This thesis considers only a four-stroke machinery concept. Bulk carriers are typically 

equipped with two-stroke main engines; however, one of the objectives of the CHEK project 

was to investigate new alternative vessel concepts. Therefore, all scenarios in this study are 

based on a four-stroke machinery configuration to ensure consistent comparisons between 

the simulated scenarios. Simulations using a conventional two-stroke machinery concept 

were carried out during earlier phases of the CHEK project, and a more detailed description 

of those results is provided in a conference paper by Sandberg et al. (2023).  
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The starting configuration is the 8-cylinder engine, which has sufficient installed power to 

cope with harsh weather and fully laden conditions. The hybridisation and resistance-

reducing technologies make it possible to consider the 6-cylinder engines, which under some 

circumstances will bring additional energy savings compared to the 8-cylinder 

configuration. This engine model is not commercially available in a 6-cylinder 

configuration. However, during the CHEK project, such a configuration was discussed and 

evaluated as a potential future option in collaboration with the project partners. Therefore, 

the 6-cylinder engine was assumed for the marine diesel oil (MDO) & liquefied biogas 

(LBG) Combo scenarios but not for the scenarios with less energy-saving technologies. The 

main engine model for the four-stroke model is 2 x Wärtsilä31DF, which results in a main 

engine total power of 9600 kW for the 8-cylinder scenarios and 7200 kW for the 6-cylinder 

scenarios.  

The scenarios outlined in blue are simulated for a four-stroke scalable powerplant concept 

with 8-cylinder engines. The MDO combo scenario, outlined in another shade of blue 

represent 6-cylinder engines with a combination of technologies. Finally, the last scenario 

outlined in green represents a simulation with LBG as the primary fuel and with 6-cylinder 

engines. Electric heaters in ports and solar power have been added to that scenario as 

additional energy-saving technologies. 

Table 2 Simulation Matrix - Scenarios in blue are for the powerplant concept with 8-

cylinder engines. The MDO combo scenario in another shade of blue represent 6-cylinder 

engines with a combination of technologies. The LBG Combo in green is with 6-cylinder 

engines and LBG as the primary fuel  

Scenario #   

MDO Base Scalable power plant, 8-cylinder engines, PTO/PTI 

and battery as spinning reserve included   

MDO OPS Scalable power plant, 8-cylinder engines, PTO/PTI 

and battery as spinning reserve included. Shore 

power (1500 kW) available in all ports 

MDO ORC Scalable power plant, 8-cylinder engines, PTO/PTI 

and battery as spinning reserve included. 2 Climeon 

HP150 units integrated to the system.  

MDO ALS Scalable power plant, 8-cylinder engines, PTO/PTI 

and battery as spinning reserve included. Air 

lubrication is enabled at sea.  
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MGO WAPS Scalable power plant, 8-cylinder engines, PTO/PTI 

and battery as spinning reserve included. 2 

WindWing sails from BAR Technologies installed.  

MDO Combo  Scalable power plant, 6-cylinder engines with 

PTO/PTI and battery as spinning reserve included. 

All power technologies, sails, and ALS included as 

well.  

LBG Combo Same as the MDO Combo, with LBG as the primary 

fuel, with electrical heating in port and solar panels 

enabled.  

 

 

4.4 Technologies Evaluated 

 

The following technologies are included in the simulations, both as stand-alone simulations 

and in combination to provide a holistic perspective. A short overview of the working 

principle for each considered stand-alone technology is presented in this chapter.  

 

4.4.1 Wind-Assisted Propulsion System (WAPS) 

 

WAPS utilize the wind for propulsion and can provide up to 40% fuel and emission 

reductions. Wind energy delivers zero-emission propulsion power and is cost-free. (DNV, 

2024) There are several WAPS technologies on the market currently, and two WindWings 

were selected as the technology in project CHEK. 

The WAPS technology uses the same physical principles as traditional sails, but the modern 

systems include advanced aerodynamics, modern materials, as well as automation and 

routing for improved sail efficiency. (DNV, 2024) As a part of the CHEK project, a bulk 

carrier was fitted with two wind wings. which is presented in Figure 4.  
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Figure 4 Bulk carrier Pyxis Ocean fitted with two WindWings (Elg et al. 2025-a) 

 

4.4.2 Air Lubrication  

 

When a vessel is moving through water, the resistance consists of several components, of 

which the frictional resistance is the most dominant. The ALS provides a constant flow of 

air bubbles that lubricate specific parts of the vessel’s hull. This injection of air reduces the 

frictional resistance of the hull and results in power savings for the vessel. Figure 5 shows a 

schematic illustration of the system on a vessel. (DNV, 2024) 

ALS is a promising energy-saving technology that effectively can lower the fuel 

consumption and GHG emissions from ships. The frictional resistance of a vessel generally 

accounts for the largest portion of a ship’s total resistance. Air supplied from the ALS to the 

bottom of the hull can reduce frictional resistance by reducing the effective wetted surface 

area of the vessel through lubrication between the water flow and the hull surface. (Kim & 

Steen, 2023) 

 

Figure 5 Air lubrication system (DNV, 2024) 
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4.4.3 Waste Heat Recovery  

 

A Waste heat recovery (WHR) system is a technique that utilizes low-temperature waste 

heat, such as jacket water or scavenging air, to produce useful energy in the form of 

electricity or service heat. WHR systems can be categorised into two types: high-temperature 

systems and low-temperature systems, based on the heat source and system complexity. 

(DNV, 2024) In short, the organic rankine cycle (ORC) system, belonging to the low-

temperature systems, utilizes organic fluids that have a lower boiling point than water. Heat 

evaporates in the fluid, turning it into pressurized gas that drives a turbine and generates 

power. The fluid is then cooled, condensed back to liquid, and recirculated. In this context, 

an ORC system with 2 x HP150 kW units by Climeon was studied. (Cliemon, n.d.)  Figure 

6 presents a simple overview of an ORC system.  

 

 

Figure 6 ORC system (DNV, 2024) 
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4.4.4 Onshore Power Supply (OPS) 

 

When a vessel is at idle, it no longer needs propulsion energy. Still, many of the ship's 

functions are running, which may be large energy consumers. Different control systems, 

pumps, as well as ventilation, heating, and cooling systems, are examples of these functions. 

If the generators are running in port to produce power, it results in emissions that could come 

from shore power instead. (IMO, n.d.-a)   

Shore power can be installed for all vessels that require power when in port. However, for 

the larger vessels that have higher power requirements, relatively costly installations are 

required, both on board and in port. Examples of these are upgrading the grid capacity, 

frequency converters, and transformers. (IMO, n.d.-a)   

The reduction potential in port for the electrical motors of the vessel can be large. This could 

mean annual fuel savings between 0.5% and 15%. Naturally, the savings are highly 

dependent on the vessel segment, operational profiles, availability in port, etc. (IMO, n.d.-a)   

 

4.5 FuelEU Maritime Compliance Calculation Method  

 

In this section, the formulas for calculating the vessel’s GHG intensity, compliance balance, 

reward factor for wind-assisted propulsion, and the FuelEU penalties are presented. All 

equations (Equation 1 to 5) presented in this section follow what is specified in the regulation 

“Regulation (EU) 2023/1805”. The following equation is used to calculate the vessel's 

attained GHG intensity. Equation 1 presents the final GHG intensity, given in gCO₂eq/MJ. 

It is a sum of the calculated GHG intensities for the WtT and TtW sections separately, 

multiplied by the reward factor for wind-assisted propulsion. The detailed calculations for 

the WtT and TtW chains, along with the methodology behind the reward factor, are presented 

later in this chapter, with explanations in Table 3 and Table 4.  

                                         Equation (1) 

 

The formulas for calculating the WtT (gCO₂eq/MJ) and TtW (gCO₂eq/MJ) are presented in 

Equations 2 and Equation 3, respectively. In Equation 2, the GHG intensity of the fuel’s 
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production chain, until it is bunkered on the ship, is calculated. It considers the emissions 

from the extraction and processing of the feedstock, transportation, and conversion to the 

end fuel product. In Equation 3, the GHG intensity of the fuels when used on board the vessel 

is calculated. The Tank-to-Wake emissions include emissions from the combustion of the 

fuel onboard and slip emissions that escape without being oxidized. Table 3 explains the 

variables used in both equations.  

.  

                 Equation (2) 

 

 

          Equation (3) 

 

 

Table 3 Variables for calculating the WtT and TtW intensities explained (Regulation (EU) 

2023/1805) 

Variable  Explanation 

i Fuel type 

j Fuel consumer units on board the vessel 

k Index corresponding to the OPS connection points 

n Number of fuel types delivered to the ship 

c Number of OPS connection points 

m Number of fuel consumer units 

Mi;j Mass of fuel consumed by fuel consumer unit (tonnes) 

Ek Electricity delivered to the ship (MJ) 

CO₂eq;WtT WtT GHG emission factor of fuel (gCO₂/MJ) 
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CO₂eq 

electricity, k 

WtT GHG emission factor associated with the electricity 

delivered per OPS point (gCO₂eq/MJ) 

LCV Lower Calorific value of fuel (MJ/gFuel) 

RWDi Reward factor for RFNBO fuels  

Cslip;j Non-combusted fuel (%) 

Cf factor  TtW GHG emission factors by combusted fuel 

(gGHG/gFuel) 

CO₂eq;TtW TtW CO₂ eq emissions (gCO₂eq/gFuel) 

Csf factor  TtW GHG emission factors by slipped fuel (gGHG/gFuel) 

CO₂eq;TtW 

slip 

TtW CO₂ eq emissions from slipped fuel (gCO₂eq/gFuel) 

GWP CO₂, CH4, N2O global warming potential over 100 years as 

defined in Directive (EU) 2018/2001 

 

When WAPS are installed on board, a reward factor can be applied. This decision by the EU 

should incentivize the use of WAPS. The reward factor is determined based on the factors 

Pwind and Pprop and presented in Table 4. Pwind is the available effective power of the WAPS 

and is calculated according to the EEDI guidelines set by IMO in document 

MEPC.1/Circ.896. Pprop represents the propulsion power of the ship and is based on the EEDI 

guidelines, MEPC.364(79) and MEPC.333(76). By multiplying Equation 1 by the calculated 

reward factor, the GHG intensity of the vessels with sails installed is achieved.  

Table 4 Determining the reward factor for the installed wind-assisted propulsion system 

(Regulation (EU) 2023/1805)  

 

The calculation of the compliance balance is presented in Equation 4. The compliance 

balance measures how far the ship is above or below the target intensity and must be 

calculated annually. A positive compliance balance indicates that the ship is below the target, 
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while a negative compliance balance indicates that the ship is above the target and does not 

meet the requirements. The equation for calculating the compliance balance consists of the 

following variables: GHGIEtarget, which is the GHG intensity limit of the energy used. and 

the GHGIEactual, which is the calculated annual average GHG intensity of the energy used on 

board the vessel.  

The difference between the GHG intensity limit and the calculated annual average intensity 

is then multiplied by the energy use on the vessel to get the achieved compliance balance. 

The variables for calculating the energy use are also listed in Table 3.  

 

                      Equation (4) 

 

Vessels with a negative compliance balance, still after the alternative compliance options 

have been considered, become subject to paying a penalty. The penalty corresponds to the 

compliance deficit and is currently set to be 2400 € per tonne of VLSFO energy equivalent. 

Equation 5 presents the calculation for the FuelEU penalty. It consists of the compliance 

balance, achieved GHG intensity, the energy content of 1 metric ton of VLSFO (41 000 MJ), 

and the amount of € to be paid per equivalent metric ton of VLSFO.  

 

     Equation (5) 

 

 

4.6 Input Data and Assumptions 

 

This section presents the input data and assumptions used. First the assumptions for fuel 

properties and prices are presented, followed by the vessel’s energy consumption and 

methodology for calculating the cost of CO2 abatement.  
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4.6.1 Fuel Properties and Price Assumptions 

 

The assumed fuel properties are listed in Table 5. The fuel properties align with the 

assumptions presented in an article by Dong et al. (2024), which reports a life cycle 

assessment of the vessels included in the CHEK project. The article presents the 

methodology behind the fuel properties for LBG and HVO in more detail. The final values 

are aligned with the renewable energy directive (RED II), and the properties for LBG include 

a liquefaction process powered by renewable energy. To estimate the carbon factors of LBG, 

the typical GHG savings for close digestate and off-gas combustion are used.  

The fuel properties for MDO are aligned with the official EU guidelines (Regulation 

2023/1805). Electricity is currently viewed as zero-emission under the FuelEU Maritime. 

This might however change in the future when EU revises the regulation.  

The acronyms of the energy sources listed in the table below are as follows: Marine Diesel 

Oil (MDO), Liquified BioGas (LBG), and Hydrotreated Vegetable Oil (HVO).  

Table 5 Assumed fuel & electricity properties 

 

The assumed price scenarios are presented in Table 6. The scenarios for the blending fuel 

are outlined in green. The rest of the scenarios are outlined with different shades of blue, 

such that the optimistic scenarios have a light shade of blue, the base scenarios a middle 

shade, and the pessimistic scenarios a darker shade. For the simulation with LBG, the price 

scenarios for Fatty Acid Methyl Ester (FAME) were assumed for the consumption of pilot 

fuel (HVO). All the prices reported in USD in the referenced sources were converted to € 

using an exchange rate of 1 USD = 0.88 €. The ETS base cost was the only value originally 

reported in € and was therefore left unchanged.  

Since the calculations are sensitive to the assumed fuel prices and their developments, three 

different approaches per cost type were used. This allows for a sensitivity study with a focus 

on simulating how the assumed price scenarios affect the total operating costs in each 
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simulation case. In Chapter 5.3, where the compliance costs and options are assessed, the 

base cost scenarios are assumed in all calculations.  

Table 6 Assumed development of the different price scenarios with respective sources  

 

4.6.2 Vessel Energy Consumption 

 

Table 7 presents the simulation results per case. Each case has been simulated in the energy 

model during the CHEK Project. The outputs of the energy model, more accurately, the total 

amount of annual fuel and shore power consumed, will serve as input to the calculations of 

this thesis. The rest of the cases with MDO use MDO in all engines. The case with LBG uses 

LBG for main and auxiliary engines, and HVO as pilot fuel and for boilers. 

Table 7 Annual fuel consumed per scenario 

 

 

2025 2030 2040 2050

MDO Optimistic (€/GJ) 9 9 10 10 Longva et al. (2024)

MDO Base (€/GJ) 13 12 12 12
Mærsk Mc-Kinney Møller Center for Zero Carbon 

Shipping (2024)

MDO Pessimistic (€/GJ) 18 17 17 17 MDO Base scaled upwards with 40%

FAME Base (€/GJ) 26 32 44 56 Lloyd's Register & UMAS (2020)

FAME Pessimistic (€/GJ) 37 45 62 78 FAME Base scaled upwards with 40%

LBG Optimistic (€/GJ) 21 24 26 29
CHEK_D8.3 Report on cost comparison for the fuel 

options (2021)

LBG Base (€/GJ) 27 36 48 62
Average price of optimistic and pessimistic scenario for 

LBG

LBG Pessimistic (€/GJ) 48 48 71 96
CHEK_D8.3 Report on cost comparison for the fuel 

options (2021)

ETS Optimistic (€/tCO2) 80 112 168 280 ETS base scaled downwards with 20%

ETS Base  (€/tCO2) 100 140 210 350 Pietzcker et al. (2021)

ETS Pessimistic (€/tCO2) 106 198 308 374 Rofifah et al. (2026)

Cost of pooling (€/tCO2) 225 225 225 225 Nieves (2025)

Electricity (€/GJ) 12 11 11 11  Longva et al. (2024) 

Price Scenario
Price development

Source: 

Name MDO Base MDO OPS MDO ORC MDO ALS MDO WAPS MDO Combo LBG Combo

Main Engine fuel, t/y 5751 5751 5671 5244 5002 3843 3066

Main engine pilot fuel, t/y 0 0 0 0 0 0 203

Auxiliary engine fuel, t/y 785 481 718 536 633 49 39

Auxiliary engine pilot fuel, t/y 0 0 0 0 0 0 2

Oil-fired boiler fuel, t/y 42 42 42 42 43 44 2

Cold Iron MWh 0 1300 0 0 0 1300 1200

Total fuel cons, tons 6578 6274 6431 5822 5678 3936 3312
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4.6.3 CO2 Abatement Cost Methodology 

 

The CO2 abatement cost was calculated for each simulated scenario by comparing the 

lifetime energy + capital expenditure (CAPEX) of the associated energy-saving device and 

the lifetime WtW emissions with the reference scenario (MDO Base). The regulatory costs 

(FuelEU Maritime and EU ETS) were intentionally excluded from this calculation to 

enable an independent assessment. These costs are included separately in the section for 

regulatory cost analysis. 

The CAPEX values used in the analyses represent simplified estimates collected from 

literature and project data. As investment costs vary considerably depending on vessel 

characteristics, equipment selection, and installation requirements, the results should be 

regarded as representative rather than exact. The objective is not to perform a detailed 

investment analysis but rather to establish a representative baseline for comparing the 

economic impact of different technology combinations. Therefore, the individual CAPEX 

values for the simulated technologies are not presented separately in the CO2 abatement 

cost analysis. Instead, only the total CAPEX of the combined technology scenarios is 

reported, as the objective is to evaluate the overall economic performance rather than 

compare the investment costs of individual technologies.  

The scenario MDO Combo includes a total estimated CAPEX of 7.55 million €, compared 

to MDO base, while the CAPEX for the LBG Combo was estimated to be 24.95 million €. 

The LBG Combo includes an assumed additional investment of 17.4 million € for the dual-

fuel machinery (Bui et al. 2022). The CAPEX of the combined scenarios consist of the 

investments associated with OPS, ORC, ALS and WAPS, with the dual-fuel machinery 

included only in the LBG Combo scenario.  

Since the primary objective of this thesis is to evaluate the impact of maritime 

environmental regulations on vessel operating costs, the simplified CAPEX estimates 

provide sufficient accuracy for illustrating how the inclusion of regulatory costs can 

improve the economic attractiveness of energy-saving technologies and low-emission 

fuels.  
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5. Results and Analysis 
 

This chapter presents the results of the study by gradually expanding the analysis from a 

technical perspective towards a broader regulatory perspective. First, the simulation results 

are presented in subchapter 5.1, where the energy use and emissions are presented for the 

evaluated scenarios. In subchapter 5.2. the analysis is extended to include energy costs and 

the cost of CO2 abatement. Subchapter 5.3. focuses on regulatory costs and compliance 

options, illustrating how the regulatory burden of the selected simulation scenarios may vary. 

The impact of the operating profile is examined in subchapter 5.4. Finally, subchapter 5.5 

presents the sensitivity analysis, which evaluates how the different price scenarios affect the 

overall results.  

5.1 Energy and Emissions Performance of the Evaluated Scenarios 

 

Table 8 below presents changes in fuel consumption, CO₂eq emissions, and energy 

consumption for each simulated case compared to the base case. As shown, the change in 

energy consumption already indicates that integrating various energy-saving technologies 

into the ship design can yield a significant improvement. However, when several energy-

saving applications are combined, the total energy savings compared to the baseline are not 

the sum of each technology's savings. This is due to numerous interconnections among the 

processes, which are also present when simulating individual technologies. For example, the 

sails alone reduce engine loads, resulting in less waste heat available for the waste heat 

recovery system. Therefore, modelling the simultaneous impact of various technologies 

provides insight into the vessel's projected environmental performance.  

The MDO and LBG combo scenarios result in the most significant emission reductions. The 

MDO Combo achieved a 40% reduction in both fuel consumption and GHG emissions. 

Furthermore, the LBG Combo scenario achieved a 49% reduction in fuel consumption but a 

108% reduction in GHG emissions. The larger reduction in emissions can be explained by 

the fuel's substantially lower GHG intensity. The renewable LBG pathway has a negative 

WtW intensity, resulting in net negative emissions.  
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Table 8 Annual fuel consumption and emissions for each scenario  

 

 

5.2 Pure Energy and CO2 Abatement Costs 

 

In Table 9 the lifetime WtW emissions, lifetime energy costs, and the CO₂ abatement cost 

per scenario are presented. A vessel lifetime of 25 years is assumed. The energy costs assume 

the base fuel price scenario. Negative CO₂ abatement costs indicate that the scenario reduces 

both emissions and costs compared to the reference scenario (MDO Base), whereas positive 

values represent an additional cost for each tonne of CO₂ abated.  

The stand-alone energy-saving devices result in negative CO₂ abatement costs. The only 

exception is the MDO OPS scenario, which results in a CO₂ abatement cost of around 4 

€/tCO₂. The LBG scenario achieves the largest reduction in lifetime WtW emissions but has 

a higher CO₂ abatement cost due to a higher fuel price assumption and total CAPEX. 

Table 9 Lifetime WtW emissions & energy costs vs CO2 abatement cost/savings per scenario 

Scenario 
Lifetime WtW 

emissions, tons 

Lifetime energy 

costs, € 

CO2 abatement 

cost/savings, 

(€/tCO2 )  

MDO Base                    637 282  84 311 368 € 132.3 € 

MDO OPS                    607 830  84 270 019 € 3.9 € 

MDO ORC                    623 040  82 427 243 € -97.2 € 

MDO ALS                    564 040  74 621 585 € -105.0 € 

MDO WAPS                    550 089  72 775 912 € -80.7 € 

MDO Combo                    146 052  51 720 569 € -51.8 € 

LBG Combo -                    34 454  175 545 153 € 172.4 € 

 

The results demonstrate that when only energy costs and CAPEX are considered, several 

energy-saving devices are capable of reducing emissions while simultaneously saving 

money. These results represent a part of the overall economic picture as they exclude 

MDO Base MDO OPS MDO ORC MDO ALS MDO WAPS MDO Combo LBG Combo

Total fuel cons, tons 6 578                   6 274                6 431               5 822                5 678                3 936               3 312               

Fuel consumption change, tons REF -5 % -2 % -11 % -14 % -40 % -50 %

CO2eq Emissions, tons 25 491                 24 313              24 921             22 561              22 003              15 253             (1 891)              

CO2eq Emissions change % REF -5 % -2 % -11 % -14 % -40 % -107 %
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regulatory costs. Still, the energy consumption of the vessel is expected to remain 

relatively stable throughout the vessel lifetime. In contrast, the regulatory costs are 

expected to become increasingly significant under the future climate policies. Therefore, 

evaluating the energy-related costs separately provides a useful reference for the 

subsequent regulatory cost assessment. The following sections will demonstrate how the 

regulatory costs of FuelEU Maritime and EU ETS may affect the economic feasibility of 

the different scenarios.  

 

5.3 Assessment of Regulatory Costs and Compliance Strategies 

 

This chapter presents the financial findings of the FuelEU Maritime calculations. The focus 

is on the compliance costs associated with different compliance pathways for the selected 

scenarios of the case vessel. The results provide economic implications and a base for 

evaluating the cost-effectiveness of different compliance strategies. First, an overview of 

compliance is presented, followed by comparisons of compliance strategies and costs.  

 

5.3.1 Overview of Compliance  

 

Figure 7 Presents the target intensity defined by the EU and the achieved intensity for the 

following scenarios: MDO Base, MDO Combo, and LBG Combo. As the FuelEU Maritime 

focuses on the GHG intensity of the energy/fuel used, the total emissions or energy 

consumption do not directly affect the result. The energy-saving technologies reduce the fuel 

consumption and emissions, but since the GHG emissions decrease proportionally, the 

achieved intensity does not change. i.e., the energy-saving technologies decrease the total 

emissions, but they do not lower the attained GHG intensity. Therefore, the focus in this 

chapter is on the three scenarios mentioned above.  

The scenarios focusing on one stand-alone energy-saving device (except the scenarios 

simulations OPS and WAPS as stand-alone) will have the same intensity as the MDO Base. 

Onshore power supply is classified as zero-emission under the FuelEU, and when part of the 

fuel is replaced with electricity, the average energy mix changes, and thereby also the 

achieved GHG intensity decreases. Currently, wind is also classified as a zero-emission 

energy source, and vessels using wind-assisted propulsion systems can apply a wind reward 
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factor to achieve a lower GHG intensity. Since the scenario MDO Combo includes both OPS 

and WAPS it has a lower GHG intensity compared to the scenario MDO Base.  

The case with LBG as primary fuel results in the lowest intensity since the emissions per 

unit of energy are significantly lower. In this case, since the WtW intensity of the LBG is 

negative, the achieved intensity also remains negative. The methodology behind the fuel 

properties of the LBG is described in the article by Dong et al. (2024). 

 

 

Figure 7 Achieved intensity for MDO Base, MDO Combo, and LBG Combo relative to the 

target intensity 

 

5.3.2 Comparison of Compliance Strategies  

 

In this chapter, the results of comparing the compliance strategies are presented. The 

strategies are compared for the following scenarios: MDO Base, MDO Combo, and LBG 

Combo. All scenarios assume 33% of operations within the EEA and the base cost scenarios. 

The CAPEX for the energy-saving devices is not included. The compliance strategies 

analysed are: 1. paying penalties to comply, 2. pooling with other vessels, or 3. blending 

with biofuel. When pooling with other vessels, a constant pooling price of 225 €/tCO₂ is 

assumed.  Figure 8 to Figure 10 present the annual operating costs via the different 



42 

 

 

compliance pathways for the MDO Base scenario. In Figure 11, the annual costs of the 

different compliance strategies are compared.  

 

Figure 8 Annual operating costs when paying penalties – MDO Base 

 

 

Figure 9 Annual operating costs when pooling – MDO Base 

 

For the blending strategy presented in Figure 10 below, it is assumed that the vessel blends 

the minimum amount of sustainable fuel each year to meet the target intensity. The 

“Sustainable fuel, annual premium” presents the additional cost on top of the fossil fuel that 

must be paid when increasing the amount of sustainable fuel. The cost of ETS decreases 

when the amount of biofuel increases due to fewer TtW emissions. With the assumed ETS 

and fuel price scenarios, it would make sense to increase the amount of biofuel more rapidly 

after the year 2039 to avoid ETS costs.   
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Figure 10 Annual operating costs when blending with sustainable fuel – MDO Base 

 

 

 

Figure 11 Annual operating costs through different compliance strategies – MDO Base 

 

Next, the compliance pathways for the scenario MDO combo are presented. In this scenario, 

the vessel is able to bank its surplus compliance until the year 2034 and use it until the year 

2041 to avoid penalties completely and pay fewer penalties in the year 2042. This is 

presented in Figure 12. The annual total costs with and without banking of surplus 

compliance are presented in Figure 13 and Figure 14.  The comparison of the annual costs 

for each of the different compliance scenarios is plotted in Figure 15. In Appendix 1, the 

breakdown of the annual costs when the vessel is blending with biofuel or pooling to comply 

is presented. 
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Figure 12 Banking of compliance balance – MDO Combo 

 

 

Figure 13 Annual operating costs when paying penalties – MDO Combo 

 

 

Figure 14 Annual operating costs when banking surplus compliance - MDO Combo 
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Figure 15 Annual operating costs through different compliance strategies – MDO combo 

 

Figure 16 presents the annual operating costs when pooling of compliances for the case LBG 

Combo. As can be seen, when pooling with other less sustainable vessels at a constant 

pooling price of 225 €/tCO₂, the vessel is able to generate revenue already from the 

beginning, and thereby lower the total net cost. As the requirements by the EU get more 

stringent, the vessel is able to pool with less vessels compared to the starting years. As the 

cost of fuel and ETS is expected to increase, the total net cost will increase as well towards 

2050. The breakdown of the annual operating costs without pooling included and the annual 

development of the compliance balance is shown in Appendix 1.  

 

 

Figure 16 Annual operating costs when pooling – LBG Combo 

 

 



46 

 

 

5.3.3 Comparison of Costs Across Scenarios 

 

In this section, the lifetime (25 years) costs of different scenarios are compared. This 

provides an overview of the cost-efficiency depending on the compliance option and 

simulation scenario. The total lifetime costs per compliance strategy for scenarios MDO 

Base, MDO Combo, and LBG Combo, are presented in Figure 17. It should be noted that 

for the scenarios MDO Combo and LBG Combo, the extra cost of the selected energy-saving 

devices is not included. At most, there is a difference of about 63 million € between the 

MDO Base and the LBG combo. The result is highly sensitive to the assumed energy prices 

and key variable costs, such as the cost of pooling and ETS. The sensitivity will be discussed 

in more detail in chapter 5.5. 

 

Figure 17 Comparison of total lifetime costs per scenario and compliance strategy 

 

Even though the FuelEU maritime regulation is about the GHG intensity of fuels and not 

energy efficiency per se, it is in favour of sails and shore power, as presented earlier. To 

show the impact that the sails and shore power have on the regulatory costs, and how cost-

efficiency can be increased by avoiding the penalties, the annual total costs for the scenarios 

MDO Base and MDO combo were compared. The result is presented in Figure 18. Already 

from the beginning, the annual savings are around 1.3 million €, steadily increasing to reach 

around 3 million € by the year 2050. Due to the impact of the installed energy-saving devices, 

the fuel consumption in the MDO combo cost is also much lower, resulting in lower fuel 

cost and lower ETS cost.  
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Figure 18 Comparison of annual total costs assuming that the vessel pays penalties to 

comply – MDO Base & MDO combo 

 

5.4 Impact of Operating Profile on Compliance Costs  

 

As an exercise, calculations were performed assuming 100% operation within the EEA, 

rather than the 33% used as the base. By calculating this hypothetical scenario, the maximum 

regulatory burden is established. While the FuelEU Maritime applies only to voyages within 

its geographical scope, the introduction of similar global measures by the IMO in the future, 

could lead to regulatory costs irrespective of operating area. For all scenarios, the base costs 

are assumed.  

As can be seen, when looking only at energy costs, as presented in Figure 19, the energy-

saving devices affecting fuel consumption are the only ones affecting costs in the scenarios 

with MDO. If switching to LBG, the lifetime costs increase significantly. However, when 

adding the regulatory costs to the calculation, the result becomes vice versa, which is 

presented in Figure 20. When operating on LBG, the vessel is over-compliant and able to 

sell its surplus compliance to less sustainable ships. However, when operating on MDO and 

assuming the vessel pays the penalties, the lifetime costs increase significantly, making 

MDO unattractive. For all scenarios, it is assumed that the vessel banks its surplus 

compliance, if possible, except for LBG combo where pooling is assumed. 
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Figure 19 Lifetime energy costs vs emissions, assuming 100% operation within EEA 

 

 

Figure 20 Lifetime energy and regulatory costs vs emissions, assuming 100% operation 

within EEA 

 

5.5 Sensitivity Analysis  

 

This section analyses the impact that the different price scenarios have on the total costs in 

the different simulation scenarios. How do the results and costs evolve under different 

futures?  

Figure 21 and Figure 22 present the impact that the assumed fuel price has on the 

accumulated total operating costs for the following scenarios: MDO Base, MDO Combo, 
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and LBG Combo. Due to the uncertainty associated with the development of fuel prices, 

pooling costs, and ETS costs over 25 years, the price impacts were analysed separately for 

5-year and 15-year periods. For the compliance strategy, banking of surplus compliance is 

assumed for the MDO Combo scenario, pooling for the LBG combo, and paying the 

penalties for the MDO Base.    

The baseline costs assume the base cost scenarios for the fuels and the ETS cost. The bars 

in the middle of the figures show the result when assuming that the price of MDO and ETS 

is lower and the price of LBG is higher. On the right-hand side, the cost of MDO and ETS 

follows the pessimistic scenario, while the LBG cost corresponds to the optimistic scenario. 

The figures show that, depending on the development of fuel prices, the results and the 

attractiveness of the simulated cases can be very different. For example, if the cost of MDO 

becomes lower while the cost of LBG increases, the case of the MDO combo results in much 

lower costs compared to the LBG Combo. The positive impact of the installed energy-saving 

devices is clear: the MDO Combo scenario remains more feasible compared to the MDO 

base. Naturally, when accumulating the costs further, the gap between the two cases 

increases, resulting in more savings for MDO Combo.  

 

Figure 21 Fuel price impact on total operating costs – 5-year interval 
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Figure 22 Fuel price impact on total operating costs – 15-year interval 

 

 

When analysing the competitiveness of the different compliance strategies for different 

scenarios, the assumed price of the blending fuel as well as the cost of pooling have a 

significant impact on the result.  

Figure 23 presents the annual total costs for the MDO Base under the different compliance 

pathways. When assuming the base cost scenario in all compliance scenarios, blending is the 

most cost-effective option. However, if increasing the cost of blending fuel with 40% 

(corresponding to the pessimistic scenario), the annual total costs when blending become 

close to the total costs when pooling.  
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Figure 23 Annual compliance costs per compliance strategy – MDO Base 
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6. Discussion  
 

Many factors that shape a vessel’s lifecycle costs are determined during the early phases of 

the ship design process. In these phases, major choices such as propulsion systems, fuel 

flexibility, and energy-efficiency technologies are made. Decisions at this stage have long-

term impacts, as implementing major modifications later can incur additional capital and 

operating costs. Furthermore, with global goals to decarbonize the shipping industry, 

operating an inefficient vessel in an increasingly stringent regulatory environment may lead 

to substantial regulatory costs, harming the vessel’s overall economic performance. 

As the regulatory environment rapidly evolves and becomes more stringent, investing in 

energy-saving technologies already from the beginning is often a reasonable strategy, even 

if it increases initial CAPEX. Most energy-saving devices do not directly improve 

compliance with the FuelEU Maritime regulation and its associated compliance costs, but 

they increase energy efficiency and reduce fuel consumption, which remains one of the 

largest components of a vessel’s operating costs. As fuel consumption decreases the GHG 

emissions drop. The FuelEU Maritime is designed to reward early movers and adopters of 

low-emission technologies and fuels. Therefore, compliance is the most cost-effective 

approach. Early investments and compliance not only offer regulatory flexibility but may 

also improve freight rates and the vessel’s resale value. 

The future availability and adoption of sustainable fuels remain uncertain. The shipping 

sector must compete with other sectors for limited supplies of sustainable biofuels and e-

fuels. Whether the supply of these low-emission fuels will meet demand across all sectors 

remains an open question. Future developments in fuel production capacity, policy support, 

and market demand will play a crucial role in determining the pace of maritime 

decarbonization.  

The findings of this thesis are aligned with previous research in several key areas. The results 

confirm that the uncertainty and development related to fuel prices and availability are 

among the most significant uncertainties. Furthermore, the results also show that complying 

with regulations by paying penalties is the most expensive option, while pooling with other 

vessels is a more cost-effective strategy, which is in line with the findings of earlier studies. 

This thesis reinforces the already recognized importance of energy efficiency, highlighting 

that it will remain a key factor in achieving decarbonisation. This thesis aims to contribute 
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to the existing knowledge by providing a more detailed comparison of the available 

compliance options for several simulated scenarios, and by demonstrating why regulatory 

cost calculations should be considered as one parameter in the design of new ships.  

The four research questions are answered below:  

Q1: The energy efficiency of the vessel, fuel choice, and regulatory costs interact heavily 

with each other. The non-compliant scenarios, for example the MDO Base, will face 

substantially high regulatory costs on top of the already high fuel costs. With 33% of the 

operation within the EEA, the MDO Base would face lifetime costs of around 99 million € 

if paying the penalties. Furthermore, the lifetime costs for the LBG Combo could be as low 

as 36 million €, resulting in a difference of around 63 million €. This is illustrated in Figure 

17 where a comparison of the lifetime costs for the MDO Base, MDO Combo and LBG 

combo and their different compliance strategies is visualized. The MDO Combo scenario 

could reach similar results as the LBG Combo with lifetime costs around 37 million €, 

assuming that the vessel is blending with the minimum amount of biofuel (HVO).   

Q2: The most cost-effective compliance strategy is case- and ship-dependent. The cost of 

fuel and carbon prices are heavily influenced by developments in the infrastructure, market, 

and political landscape, meaning that exact compliance costs will be determined annually. 

In addition, the operating profile and the way vessels are operated will have a significant 

impact on the regulatory burden. However, by scouting the compliance and possible costs 

early on, one can get an idea of upcoming costs and achieve a more cost-effective operation. 

As can be seen from the results, the FuelEU maritime regulation is designed such that paying 

the penalties should never be the favourable choice of compliance. E.g., for the scenario 

MDO Combo, the difference in annual total costs between blending biofuel and paying 

penalties increases steadily to reach around 3 million € in 2050. Also, between pooling and 

paying penalties, there is an annual difference of around 2 million € in 2050. For the MDO 

Base, which is subject to more penalties, the difference between blending with biofuel and 

paying penalties is even higher, reaching up to around 3.5 million €.  

Q3: The regulatory costs are heavily affecting the lifetime costs for each scenario. As can 

be seen from Figure 19 and Figure 20, where 100% operation within the EEA is assumed. If 

looking only at the energy costs, the scenario with LBG combo is by far the most expensive. 

In scenarios where MDO is assumed as primary fuel, the costs decrease, correlating with the 



54 

 

 

energy efficiency of the vessel. However, when including the regulatory costs and assuming 

a "maximized burden," the results become inverse. The LBG combo is the most 

economically feasible option while having the smallest environmental impact. The MDO 

Base on the other hand, which faces a substantial amount of penalties, accumulates lifetime 

costs close to 300 million €. Making the difference between LBG Combo and MDO Base 

around 170 million €.  

The cost of reducing CO₂ emissions through different energy-saving measures is heavily 

case- and vessel-dependent. However, it can be concluded that several investments will have 

a much shorter payback period when adding the impact of regulatory costs to the calculation. 

For example, scenario LBG Combo resulted in a CO₂ abatement cost of about 176 €/tCO₂, 

when not taking the regulatory costs into account. However, as can be seen in Figure 21 and 

the columns corresponding to the base costs, already during a time period of 5 years, the 

total energy and regulatory costs for LBG Combo are almost 9 million € less compared to 

MDO Base. Such savings would make many energy-saving investments economically 

viable.  

Q4: As can be seen from the sensitivity study the assumptions in fuel and carbon prices are 

a crucial part of the calculations since they impact the results significantly. When assuming 

the higher price scenario for LBG and the lower price scenario for MDO, the MDO combo 

becomes the most attractive option from an economic point of view. Already during a time 

period of 5 years, the accumulated costs are around 1.5 million € less for the MDO Combo 

compared to the LBG combo. However, if flipping the assumptions vice versa such that the 

price of MDO corresponds to a higher price scenario while LBG corresponds to a more 

optimistic one, the difference in the accumulated costs increases further. There, the 

difference between LBG Combo and MDO combo accumulated to almost 8 million € during 

5 years, while the difference between LBG combo and the MDO Base reaches up to about 

14  million €. During a time interval of 15 years the "core" of the results stays the same, but 

the differences increase further.  

Also, as can be seen from Figure 23 where the annual compliance costs per compliance 

strategy are shown, it can be seen that the attractiveness between the blending and pooling 

strategy depends heavily on, in this case, the price of the blending fuel. When assuming the 

base scenario, blending is by far the most feasible option, but when the cost of the blending 

fuel increases it actually becomes very close to the cost of pooling.  
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6.1 Implications of FuelEU Maritime and EU ETS for the Shipping Sector 

 

The regulatory push towards decarbonisation of the shipping sector is strong. Naturally, the 

profitability of ships is always a priority for the decisions made when designing new vessels 

or planning retrofits. From a ship designer's perspective, both the financial pressure and the 

need to increase the sustainability of ships introduce new variables to the ship design process. 

For example, simulations of the ship’s regulatory performance and costs, on top of the 

traditional design process are crucial.  

Due to the evolving regulatory framework, ship owners will face consequences due to the 

ETS and FuelEU maritime in the form of carbon taxes and penalties if not complying with 

the GHG intensity targets. Also, the path forward is complex. To remain compliant, vessels 

need to increase their energy efficiency, reduce their energy use, and/or switch to low-carbon 

fuels.  

There is an urgent need for technical solutions and collaboration between stakeholders for 

the shipping industry to be able to achieve the IMO’s carbon neutrality target by 2050; the 

pathway towards achieving this goal contains uncertainties. Can the necessary technological 

and infrastructural developments progress at the required pace?  Can the supply chains of 

biofuels and e-fuels scale quickly enough to meet the anticipated demand without creating 

competition with other industries? Nevertheless, international relations, concerns regarding 

energy security, and regional policy differences, to name a few, can all significantly affect 

and shape the pace of decarbonisation. These factors may have an impact on fuel availability 

and pricing, as well as regulatory alignment.   

Traditionally, ship design optimization has focused primarily on fuel consumption, 

operational efficiency, and payback from fuel savings. Now, regulatory compliance costs 

are becoming another important variable to optimize. Technical and economic optimization 

is increasingly interconnected, and future operational and regulatory costs can justify higher 

initial investments. For example, evaluating energy-saving technologies solely on initial 

investment costs may be insufficient, as reductions in fuel consumption and regulatory costs 

can improve the vessel’s overall economic performance over its lifetime. 
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6.2 Study Limitations  

 

The results in this thesis are limited to the case vessel, its assumed operating profile, and 

energy balance. The magnitude of these costs can vary significantly, depending on several 

factors such as the ones named above. The results are sensitive to the assumed fuel and 

carbon price scenarios. The development of fuel and carbon prices strongly depends on the 

global markets and geopolitics, making them difficult to forecast. This study is limited to the 

four-stroke machinery concept. A two-stroke configuration was not considered, which 

would have resulted in higher fuel consumption in comparison to the four-stroke concept.  

The assumed WtW intensity of LBG is one sensitive factor with high impact on the results. 

In this thesis, it was assumed to be negative, which is not nearly always the case. The WtW 

intensity depends heavily on, e.g., the feedstock, production pathway, and methodology used 

for calculating the emissions.  

Also, the actual investment costs of the energy-saving technologies can vary significantly 

depending on e.g. manufacturer, installation requirements, and project-specific issues. 

Therefore, the CAPEX estimates used in this thesis should be considered indicative rather 

than representative of any specific installation. The purpose is not to rank any individual 

devices but to provide an overview of potential economic and environmental impacts 

associated with various combinations of technologies and strategies.  
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7. Conclusions  
 

The results of this thesis indicate that the regulatory costs will have a substantial impact on 

the lifetime operating costs of a vessel. An energy-efficient and decarbonised ship can bring 

considerable fuel and cost savings to ship operators from day one. By simulating different 

compliance options and possible outcomes, it is possible to get a clear idea of future costs 

and suitable compliance strategies. When this is addressed early in the design phases, e.g., 

through careful planning of spaces, system integrations, and structural considerations, the 

transition to low-carbon energy sources can be seamless and, in the best case, result in a 

future-proof vessel. By evaluating regulatory costs alongside traditional capital and 

operating expenditures, shipowners and designers can identify solutions that minimize both 

environmental impact and long-term economic risk. Regulatory compliance should no 

longer be viewed solely as an operational consideration but as a design parameter that 

influences vessel performance and profitability throughout its lifecycle. 

Ship sustainability is an extensive and complex subject. In this thesis, the focus is 

specifically on the cost impact of two European regulations. For global trade, EU regulations 

apply only partially, and added regulatory costs will be incurred only when traveling into or 

out of the EU region. However, it is expected that more regulations will be introduced in the 

shipping industry during the coming years.    

There are several sensitivity variables and uncertainties when predicting the FuelEU 

compliance and carbon costs. Future fluctuations and developments in fuel prices are critical 

and sensitive factors. Nevertheless, there is uncertainty in infrastructure and regulatory 

development. The regulation is highly political and therefore also subject to uncertainties 

regarding future developments in the political landscape. This thesis provided examples of 

how important a holistic view is when designing a ship. It is possible to identify solutions 

that are beneficial for ship energy efficiency, regulatory compliance, and costs.  

Based on the results of this thesis, combining energy-efficiency improvements with the 

(gradual) adoption of sustainable alternative fuels is the recommended approach from cost 

and sustainability perspectives. This approach reduces regulatory costs and ensures 

compliance while maintaining flexibility as fuel availability and regulations continue to 

evolve. Depending on the current market, either pooling the compliance or blending with 
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biofuel (for a non-compliant vessel) seems to be the most cost-effective approach for 

compliance.  
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Appendix 1 – Regulatory costs and compliance balance 

 

Figure 1-1 Annual operating costs without considering pooling – LBG Combo  

 

 

Figure 1-2 Banking of compliance – LBG Combo  
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Figure 1-3 Annual operating costs when blending with sustainable fuel – MDO Combo 

 

 

Figure 1-4 Annual operating costs when pooling – MDO Combo 
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