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summary

This thesis investigates how alternative fuels and energy reduction technologies influence the technical
and economic viability of research vessels under market uncertainties and varying operational profiles.
The study addresses the growing need for decarbonisation in the maritime sector, where research
vessels face particular possibilities due to limited regulatory requirements, and constraints due to their
demanding mission requirements.

Research vessels, which are exempt from many regulatory emission frameworks, operate under highly
variable mission profiles that challenge conventional decarbonisation approaches. The review identifies
a significant gap in existing studies, which typically overlook the unique operational demands of these
vessels.

The literature analysis evaluates a wide array of fuels - including fossil based fuels with lower carbon
intensity such as LNG and LPG, renewable, diesel like fuels as HVO, hydrogen carriers as ammonia,
hydrogen, and sodium borohydride, alcohol fuels as methanol, as well as metal-based fuels like iron
powder -, wind assisted propulsion systems, and energy reduction methods as exhaust heat recov-
ery and solar systems. Assessment is done on physical and chemical properties, emissions, safety,
technological readiness and availability, and costs.

To handle the complex and uncertain decision environment, the study proposes the Many Objective
Robust Decision Making Framework combined with an Epoch-Era Analysis that models the most im-
portant uncertainty, namely the various operational profiles. This methodological foundation allows for
evaluating the technical and economic feasibility of many different propulsive combinations across a
wide range of plausible futures.

The subsequent analysis shows that no single configuration is universally optimal across all conditions.
Fossil and diesel-like fuels such as LNG and HVO remain technically feasible but offer only slight emis-
sion reductions. Methanol-ICE configurations emerge as the most robust low-carbon option, offering
technical feasibility across all scenarios and significant emission reduction potential. Ammonia-ICE
solutions perform well under lower requirements and can approach carbon neutrality if sustainably
produced. The integration of energy reduction technologies such as exhaust heat recovery and wind-
assisted propulsion improves performance, but effects remain context-specific and do not fundamen-
tally alter the main trade-off's between cost and emissions.

The analysis further shows that blended fuels (e.g., grey/green methanol or ammonia) can serve as
transitional pathways, enhancing economic viability while preparing vessels for a green fuel future. A
design-oriented iteration of the MORDM indicate that hull form adjustments can improve robustness,
however, more detailed calculations need to be done.

In conclusion, the findings underline that future-proof research vessels will need to adopt technically
feasible, robust fuel strategies that enable compliance with long-term climate goals. Methanol, and to a
slightly lesser extent ammonia, currently offer the most promising pathways, while fossil and diesel-like
fuels cannot ensure sustainability under future conditions.
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Introduction

1.1. Background

Research vessels are important for exploring our planet. However, they should not destroy any habitats
in the process. This is why more and more research vessels are being built using low-emission fuels,
such as those built at the Fassmer shipyard in Berne, northern Germany, in recent years. Examples of
those ships include the Uthérn, a 35 m vessel powered by methanol (Fr. Fassmer GmbH & Co.KG, n.d.-
a), and the Atair, a 75 m vessel driven by diesel and Liquefied Natural Gas (LNG) engines (Fr. Fassmer
GmbH & Co.KG, n.d.-b). However, in addition to changing the fuel, wind-assisted ship propulsion
(WASP) should also be considered, as it can reduce carbon dioxide (CO,) emissions.

While international agreements like the International Convention for the Prevention of Pollution from
Ships (MARPOL) of the International Maritime Organization (IMO) regulate air pollution, research ves-
sels are exempt from certain provisions of Annex VI, Regulations for the Prevention of Air Pollution from
Ships (IMO, 1978). For instance, requirements such as the Energy Efficiency Design Index (EEDI) and
Carbon Intensity Indicator (CIlI) primarily apply to commercial vessels like containerships and cruise
ships, which are responsible for transporting cargo and passengers (IMO, 1997). The EU Emissions
Trading Scheme (ETS), which now also includes maritime transport (European Parliament & European
Council, 2023b), is also not applicable to research vessels, as it is only designed for the commercial
transport of cargo and passengers (European Parliament, 2015). This means that, unlike cargo or
passenger ships, research vessels may not be subject to the same regulatory and financial pressures
associated with implementing new technology and carbon pricing. However, independent sustainability
efforts and future regulatory developments will influence decarbonisation strategies. The transition to
alternative fuels and WASP for research vessels is not primarily driven by regulatory compliance, but
rather by institutional, scientific, and operational sustainability goals.

The economic viability of such transitions remains uncertain due to fluctuating fuel prices, technological
advancements, and operational variability. Research vessels have unique and highly variable opera-
tional profiles. These range from transit voyages to slow speed or stationary periods for sampling, often
in diverse environments such as polar regions, coastal areas, and open oceans. Their significant on-
board energy demands for laboratory equipment, acoustic systems, and environmental controls further
differentiate them from transport vessels.

1.2. Research Gap

Despite significant advances in low-emission technologies for the maritime sector, there remains a
lack of studies addressing the integration of decarbonisation strategies onboard of research vessels.
Existing research primarily focuses solely on alternative energy carriers (Streng, 2021; Tertin, 2020) or
WASP for specific types of vessels, such as cruise ships (Lange, 2024) or cargo ships (Kisjes, 2017),
often neglecting the unique operational requirements of research vessels.

Despite ongoing efforts in research and development of carbon-reducing technologies for the maritime

1



2 Chapter 1. Introduction

sector, significant uncertainties remain regarding their practical implementation. Key uncertainties in-
clude fluctuating fuel prices, the (long-term) availability of alternative fuels, and evolving regulations.
Technically, the scalability of alternative fuels, the weight of WASP, and the varying operational profiles
of research vessels add another layer of uncertainties.

The thesis aims to address these gaps by providing an evaluation of the influence of alternative fuels,
and WASP on CO, emissions, focusing on different operational profiles of research vessels. By bridging
between theoretical potential and practical implementation, this research will offer valuable insights into
optimizing design choices for sustainable maritime operations in the research sector.

1.3. Project Task

The thesis aims to assess the technical and economic viability of alternative fuels, such as hydrogen,
ammonia, methanol, and biofuels, as well as WASP, like Flettner Rotors, sails, and kites. The analysis
will be conducted with a focus on deep-sea research vessels, considering their operational require-
ments and mission types. In this way, the impact of different fuel and propulsion system choices can
be assessed for different applications.

The thesis will estimate fuel consumption and bunkering requirements for various decarbonisation
strategies, ensuring that technical feasibility is taken into account alongside economic factors. A mar-
ket analysis will be conducted under uncertainties to evaluate how fluctuating fuel prices, supply chain
challenges, and regulations influence design decisions.

1.4. Research Question
The main research question is as follows:

How do alternative fuels and energy reduction technologies influence the technical and
economic viability of research vessels under market uncertainties and different operating
profiles?

Sub-questions address the operational profiles of research vessels, efficiency of WASP, regulatory
framework, and uncertainties. Sub-questions 1 to 3 will be answered in the literature research, while
sub-questions 4 to 8 will be answered in the research period.

1. What is the current state-of-the-art in the design of research vessels, considering
regulatory requirements, operational profiles, and fuel consumption patterns?

2. What energy reduction methods and alternative energy options are technically feasi-
ble, including alternative fuels and WASP?

3. Which research methods, concerning parametric modelling, uncertainty analysis,
and economic evaluation, are best suited to assess the feasibility of alternative fu-
els and WASP for research vessels?

4. How do operational profiles of research vessels impact the feasibility and perfor-
mance of alternative fuels and WASP?

5. How does the efficiency of WASP and exhaust heat recovery systems influence the
overall decarbonisation potential of research vessels?

6. What is the economic impact of the introduction of alternative fuels and WASP for
research vessels, taking info account investment costs, operating costs and market
uncertainties?

7. What are the emission reduction potentials of combined decarbonisation strategies?

8. How can the model and results be verified and validated to ensure their reliability for
real-world application in research vessel decarbonisation?
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1.5. Expected Outcomes

The thesis aims to provide an analysis of the economic and technical feasibility of alternative energy
carriers for research vessels. Key aspects of this market analysis are the operational pattern of research
vessels, current and future fuel prices, and the influence of regulatory framework.

A key outcome of this thesis will be the elaboration and categorization of operational profiles of research
vessels, helping to understand how different voyage durations, speeds and fuel consumption affect the
selection of alternative fuels and WASP. Furthermore, international and EU directives will be analysed
to ensure compatibility with these laws, as well as to assess the economic impacts of measures such
as carbon taxes and other financial incentives.

Finally, by identifying and modelling the key uncertainties that affect the market for alternative fuels
and WASP, this study will develop a decision-making framework. This thesis aims to help identify
decarbonisation strategies and ensure that both technical feasibility and economic viability are taken
into account.
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Design of Research Vessels

Chapter 2 provides an overview of the design of research vessels, answering the first sub-question:

What is the current state-of-the-art in the design of research vessels,
considering regulatory requirements, operational profiles, and fuel
consumption patterns?

The chapter begins with an overview of the classification of different vessel types (Section 2.1). It
outlines typical operational profiles and fuel consumption patterns, which are fundamental for evaluat-
ing decarbonisation potential under real-world conditions (Section 2.2). This is followed by a survey of
current alternative fuel systems used in modern research vessels and typical geometric properties (Sec-
tion 2.3). Lastly, an analysis of relevant international, European, classification, and national regulations
that influence vessel design and decarbonisation strategies is given (Section 2.4).

2.1. Operational Profiles

While regulations define the technical envelope for ship design, the actual decarbonisation potential
depends heavily on how vessels are operated. Following Nieuwejaar et al., 2019, research vessels
can be classified in 4 different classes, namely the global class, the ocean class, the regional class,
and the coastal and local class.

Global-class research vessels operate worldwide, and accommodate more than 25 scientists (Nieuwe-
jaar et al., 2019). They support diverse scientific missions with extensive deck space, advanced lab-
oratory facilities, and specialized equipment. Some are ice-strengthened for polar operations, others
support deep-submergence vehicles or multi-channel seismic survey equipment. Examples are the
French Pourquoi pas?, the German Sonne (Figure 2.1a), or the Norwegian Dr. Fridtjof Nansen. 18 %
of the European research vessel fleet are classified as Global.

Ocean-class research vessels, while sharing many features with their global counterparts, are typically
confined to a single ocean and support interdisciplinary research and surveys (Nieuwejaar et al., 2019).
They accommodate more than 20 scientists. Examples are the Dutch Pelagia (Figure 2.1b) and the
Danish Dana. Ocean-class research vessels make up the smallest group, accounting for 15 % of the
European research vessel fleet.

Regional-class research vessels operate in a specific geographic region, closely to the coast and in
deep waters, and are designed to withstand seasonal and local conditions (Nieuwejaar et al., 2019).
Nieuwejaar et al. classify 36 % of the European Research Vessel fleet as regional. Examples include
the Polish Oceanograf (Figure 2.1c) or the Swedish New Skagerak.

Coastal-class vessels play a central role in scientific activities where human activity and resource use
have the greatest impact (Nieuwejaar et al., 2019). Missions are primarily guided by local and regional
demands. Coastal-class vessels are equipped for conducting night operations. Local-class vessels
operate in nearby waters with a very small scientific team and typically return to port daily due to a lack

5
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(a) Global Class: Sonne, (Federal Ministry of Research, Technology
and Space, 2022).

UNIWERSYTET
GDANSKI

(c) Regional Class: Oceanograf (Seatech Engineering, 2017). (d) Coastal and Local Class: CRV Leonardo (Baltic Shipping, n.d.).

Figure 2.1: Examples of Vessels for Each Class.

of overnight facilities. 31 % of the European research vessel fleet are classified as local and coastal.
Examples are the Greek Aegaeo, or the Italian CRV Leonardo (Figure 2.1d).

The list of European research vessels provided by Nieuwejaar et al. is not complete, as it only includes
vessels that are publicly available for research purposes. Furthermore, vessels operating on a daily
basis were excluded.

This thesis further narrows its focus to global- and ocean-class vessels. Although they make up only a
third of the European research fleet, there are several reasons for this choice. First, due to their longer
mission durations, greater onboard power demands, and larger size, the vessels likely account for a big
share of total fuel consumption and emissions. Targeting these high-consumption vessels offers the
greatest potential for meaningful emission reductions. Second, the integration of alternative fuels and
energy systems presents the most critical challenges on these vessel types. Their operational range
limit opportunities for refuelling. Therefore, physical limitations of low-energy-density fuels are more
pronounced on global- and ocean-class vessels than on smaller ships with a smaller range. Third, a
detailed engine load profile is only available for the relatively large research vessel Sonne. Including
smaller vessel classes would introduce inconsistency in the comparative assessment of decarbonisa-
tion technologies, as no equivalent operational data exists for those classes. Finally, global and ocean-
class research vessels are often used in missions that are the subject of international media attention.
As such, they carry strategic and symbolic weight in demonstrating technological leadership and en-
vironmental responsibility. For these reasons, the global and ocean classes are considered the most
relevant and technically demanding vessels for investigating the feasibility of low- and zero-emission
propulsion systems.

Understanding the classification and operational scope of research vessels is a key factor in assessing
their energy requirements. However, vessel class alone does not determine fuel consumption. The
nature of missions - transit, station-keeping, or active research - directly influences power demand and
engine load. To evaluate the decarbonisation potential of these vessels, the examination of typical
operational fuel consumption patterns is therefore fundamental.
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2.2. Operational Fuel Consumption Patterns

The operational fuel consumption pattern of research vessels is heavily influenced by mission-specific
tasks. Unlike commercial shipping, where transit is the primary activity, research vessels alternate be-
tween ftransit, station-keeping, and scientific operations, each with distinct fuel demand characteristics.

According to Meinders, 2025, the German research vessels Sonne and Maria S. Merian spend approx-
imately 40 % of their time in transit, 44 % on different research stations, and 16 % in ports or shipyards.

An example of different engine loads can be seen in the load profile of the Sonne under various condi-
tions as shown in Figure 2.2. The Sonne is a 116-metre research vessel equipped with a diesel-electric
propulsion system and capable of missions lasting up to 52 days, with accommodation for up to 40 sci-
entists (Deutsche Forschungsgemeinschaft e. V., n.d.). Her primary research regions are the Indian
and Pacific Oceans.

Engine Load at Different Operating Conditions

7000 1
Hotel Load
Air Conditioning Surcharchage at 35°C Air
o) - o Cartra

Central Hydraulic Release

Thrusters + Pump Jet
5000 Mechnical Propulsion
Propulsion Motor Losses
Diesel Losses at 35°C Air
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3000

Electric Power {(KW)
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Figure 2.2: Engine Load at Different Operating Conditions (Meinders, 2025), translated.

At full speed (15 knots), the vessel experiences its highest total power demand of about 6 100 kW. The
maijority of this load comes from mechanical propulsion. A significant but smaller proportion of the load
also comes from the hotel systems, which remains consistent across all operating conditions. This
driving condition is only used in exceptional cases.

At the normal transit speed of 12 knots, the vessel’'s power demand decreases significantly to around
4 000 kW. Mechanical propulsion remains the largest contributor, but the overall demand is much lower

compared to full speed. Auxiliary systems, such as air conditioning and hotel load, continue to provide
a stable base load.

During weathering - dynamic positioning (DP) at station - the power demand drops further to about
2 600 kW. Propulsion requirements are reduced significantly.

In normal research operations, where DP is maintained with precision up to 3 metres and wind forces
of up to 4 Beaufort (Bft.), power demand is about 3 100 kW. This is due to the possible activation of
the seismic equipment, but as well due to hydraulic systems and the thrusters and pump jets for the
positioning system.

Precise research demands nearly as much power as full speed (6 000 kW). This is largely due to the
intense use of thrusters and the pump jet, which holds the vessel in position with 0.5 metre accuracy -
even under wind forces higher than Bft. 4.
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During seismic operations, the vessel travels at slow speeds (around 4 knots) while running compres-
sors for seismic data collection. Although thrusters and pump jets are inactive in this mode, the vessel
still consumes a considerable amount of power (approximately 3 500 kW) due to the high energy re-
quirements of the seismic systems.

When entering the port, the power load drops to about 2 500 kW. Mechanical propulsion is minimal,
thrusters and pump jet support manoeuvring at low speeds. At these speeds, the propulsion motor
operates inefficiently, leading to additional motor losses.

Finally, during port operations, the power demand is at its lowest, at approximately 1 800 kW. Only
essential systems such as the hotel load, air conditioning, and hydraulic systems are active. There is
no propulsion or seismic activity, as the vessel is docked and not engaged in any demanding operations.

These highly variable power demands illustrate the complexity of energy provisioning on research ves-
sels. Any shift to low- or zero-emission technologies must account not only for peak and average
loads, but also for how propulsion and hotel and research systems interact across different operational
states. Actual energy use can vary due to changing mission demands and environmental conditions,
adding uncertainty to future performance predictions. The following section examines how current ves-
sel designs have responded to these demands - particularly those that have already begun integrating
alternative fuels and hybrid propulsion systems.

2.3. Current Designs

While the majority of research vessels are still powered by conventional diesel engines, the sector
is beginning to transit towards more sustainable propulsion systems. Although these vessels remain
exceptions within the global research fleet, several notable examples have successfully integrated
alternative fuels such as biofuels, LNG, hydrogen, and methanol. This section presents a selection
of such vessels. The Atair, described in Section 2.3.1, has a hybrid system that combines diesel with
LNG, while the CCRV (Section 2.3.2), combines diesel with hydrogen fuel cells (FCs). The Uthérn
(Section 2.3.3), on the other hand, uses a methanol-electric configuration avoiding diesel propulsion.

A more special case is a vessel under construction for the German Aerospace Center (Deutsches
Zentrum fiur Luft- und Raumfahrt, DLR). Instead of researching the environment, the purpose of the
vessel is to research the integration of low-carbon hydrogen-based fuels and battery systems (DLR,
2025). Building of the 48 m long vessel was contracted at the beginning of 2025 to the Lloyd Werft
Bremerhaven.

A few research vessels equipped with diesel-electric propulsion plants utilize Hydrotreated Vegetable
Oil (HVO) as alternative to diesel fuel as the Swedish R/V Svea and the British Sir David Attenbor-
ough (British Antarctic Survey, 2023; Swedish University of Agricultural Sciences, 2024). While these
alternative-fuelled vessels are promising in terms of emissions reduction and sustainability, they remain
the exception in today’s research fleet.

The following sections give an impression of research vessels using alternative fuels. Only a few
research vessels have been described in greater detail, as these vessels specifically utilize propulsion
systems based on alternative fuels which are not diesel like. These vessels were selected because their
design requirements represent more complex challenges compared to the relatively straightforward
transition from conventional diesel to renewable diesel-like fuels.

2.3.1. Atair

The survey, wreck-search and research vessel Atair (Figure 2.3a) is equipped with a dual-fuel system
using LNG and diesel (BSH, n.d.; Fr. Fassmer GmbH & Co.KG, n.d.-b). Commissioned on the 27th of
April 2021, it operates primarily in the North Sea, Baltic Sea, and the North-East Atlantic (BSH, n.d.).
Measuring 75 metres in length, the vessel accommodates up to 15 scientists.

Due to its 130 cubic metre LNG tank, the Atair can be operated entirely on LNG for up to 10 days
(BSH, n.d.). The Federal Maritime and Hydrographic Agency (Bundesamt flir Seeschifffahrt und Hy-
drographie, BSH) states, that CO,-emissions are reduced by around 20 %. Next to LNG, the dual-fuel
system can also be driven with high quality diesel. In combined diesel and gas operation, the vessel
has a range of around 8 000 nautical miles (nm) (Pospiech, 2019).



2.3. Current Designs

Table 2.1: Overview of Research Vessels (AWI, n.d.; BSH, n.d.; Fr. Fassmer GmbH & Co0.KG, n.d.-a, n.d.-b; Klebanoff et al.,

2021; Pospiech, 2019). Note: Data that the author was unable to find is indicated with 'n/a’.

Propulsion

Vessels Name System Cruise Speed Range
Atair Diesel-Gas-Electric 13 kn 8 000 nm
Hybrid:
CCRV Diesel/Hydrogen 10 kn 2400 nm
unnamed vessel for  Hydrogen-based + n/a n/a
DLR Battery
Sir David Diesel-Electric
Attenborough (HVO) 13 kn 13000 nm
Diesel-Electric
RV Svea (HVO) 11 kn n/a
Uthérn Methanol-Electric 10 kn 1200 nm

2.3.2. California Coastal Research Vessel (CCRV)

In 2020, Madsen et al. published a feasibility study for a coastal research vessel called Zero-V, designed
to be fully powered by hydrogen FCs (Madsen et al., 2020). This initial concept featured a trimaran hull
optimized for stability and efficiency. However, the vessel was never constructed.

Building on this idea, Klebanoff et al., 2021, presented a new vessel concept intended to replace the
R/V Robert Gordon Sproul. This design, called CCRV (Figure 2.3b), employs a hybrid propulsion sys-
tem that combines hydrogen FCs with a diesel-electric drivetrain. Unlike the earlier trimaran design of
Zero-V, the revised concept opted for a monohull due to its larger internal volume and cost-effective con-
struction. The design includes liquefied hydrogen (LH,) storage tanks positioned above the waterline,
decreasing the working space.

The vessel is designed to store LH; rather than high-pressure hydrogen gas, thereby taking advantage
of the similar physical and combustion properties of LH, and LNG. This similarity permits Klebanoff et
al. the application of the International Code of Safety for Ships Using Gases or Other Low-Flashpoint
Fuels (IGF) originally developed for LNG-powered vessels (Klebanoff et al., 2021). Moreover, of the
34 possible mission types, the 25 one-day missions can be carried out exclusively with the hydrogen
FC system. A suitable shipyard is currently being searched for to build this monohull research vessel
(Duran, 2025).

2.3.3. Uthorn

The research vessel Uthérn (Figure 2.3c) of the Alfred Wegener Institute (AWI), a German research
centre, is one of the smaller research vessels with a length of 35 m and a range of 1200 nm (AWI,
n.d.; Fr. Fassmer GmbH & Co0.KG, n.d.-a). According to the AWI, the Uthérn is the “first seaworthy
ship powered by green methanol”. The ship is equipped with two diesel engines of combined output of
600 kW being refitted to run on methanol. The ship will perform research in the German Bay.

While these early examples of research vessels with low-carbon fuels demonstrate that implementation
of alternative fuels is possible on research vessels, their implementation remains limited, as their long-
term viability of these designs is uncertain due to evolving fuel prices, infrastructure, and regulations.
Another reason for the slow uptake is the relatively weak regulatory pressure compared to commer-
cial shipping, which will be analysed in later sections. However, research vessel design is currently
undergoing a transition, marked by the early but increasing implementation of alternative propulsion
systems. Although conventional diesel propulsion remains predominant, recent developments demon-
strate a shift towards integrating more sustainable technologies. The next section examines the hull
proportions of existing research vessels in greater detail, analysing their typical length-to-beam ratios
to better understand geometric constraints relevant to vessel design.
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(a) Atair (Fr. Fassmer GmbH & Co.KG, (b) CCRV (Klebanoff et al., 2021). (c) Uthérn (Jann, 2022).
n.d.-b).

Figure 2.3: Vessels described in Section 2.3.

2.3.4. Hull Proportions of Research Vessels

Besides propulsion concepts and fuel systems, the fundamental proportions of a vessel’s hull strongly
influence performance and feasibility. The length-to-beam ratio (£/B) is particularly important, as it
affects resistance, propulsion efficiency and stability (Schneekluth & Bertram, 1998) and constrains
available deck area and internal volume. While textbooks on ship design often provide indicative ranges
for merchant ship types, such as 6.0 to 7.0 for cargo vessels and 6.5 to 7.5 for passenger vessels
(Molland, 2008), research vessels are not usually covered as a distinct category. Their design priorities
differ from those of cargo or passenger ships, since they must combine accommodation and laboratory
space with diverse operational requirements. For this reason, a closer look at existing research vessels
is necessary to understand their typical hull proportions. Table 2.2 shows length (L) and beam (B) of
research vessels introduced earlier in this chapter and lists their corresponding L/B-ratio:

Table 2.2: Dimensions and calculated L/ B ratios of selected research vessels. L/B rounded to first decimal place.

Vessel Length [m] Beam[m] Z/B[] Reference
Aegaeo 61.5 9.6 6.4 Eurofleets, n.d.
Atair 75.0 16.8 45 Fr. Fassmer GmbH & Co.KG,
n.d.-b
CRV Leonardo 28.0 9.0 3.1 Baltic Shipping, n.d.
Dana 78.0 17.0 4.6 Nieuwejaar et al., 2019
Dr. Fridtjof Nansen 741 17.4 4.3 Institute of Marine Research,
2024
Maria S. Merian 95.0 19.0 5.0 Nieuwejaar et al., 2019
New Skagerak 49.0 16.0 3.1 Nieuwejaar et al., 2019
Oceanograf 495 14.0 3.5 University of Gdansk, 2023
Pelagia 66.0 12.8 5.2 Eurofleets, n.d.
Pourquoi pas? 107.6 20.0 54 Ifremer, 2020
RV Svea 69.0 16.0 4.3 Nieuwejaar et al., 2019
Sir David 129.0 24.0 54 Nieuwejaar et al., 2019
Attenborough
Sonne 116.0 20.6 5.6 Meinders, 2025
Uthérn 35.7 9.2 3.9 Fr. Fassmer GmbH & Co.KG,
n.d.-a

The values span a range from about 3.1 to 6.4, with most vessels clustering around 4.3 to 5.6. Com-
pared to the ranges for cargo and passenger ships reported by Molland, 2008, research vessels thus
exhibit generally bulkier hulls, although some exceptions, such as the Aegaeo, show more slender
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proportions. The next section reviews the current regulatory landscape at international, European,
and national levels to assess how these frameworks enable or limit the adoption of decarbonisation
technologies.

2.4. Regulatory Requirements

Research vessels must comply with international and national norms and regulations in terms of safety,
emissions, and operating standards. This thesis only analyses regulations for emissions, energy re-
duction methods, and alternative energy options, as it is assumed that other regulations are the same
for all forms of propulsion.

2.4.1. International Maritime Organization Regulations

International Convention for the Prevention of Pollution from Ships (MARPOL), Annex VI

In Annex VI, Regulations for the Prevention of Air Pollution from Ships, of MARPOL, emissions of
nitrogen oxides (NOy) and sulphur oxides (SOy) are regulated specifically in Emission Control Areas
(ECA) (IMO, 1997). Marine diesel engines need to comply with Tier Il (IMO, 1997, Regulation 13), in
which the sulphur content of fuel oil is limited below 0.10 % of the weight (IMO, 1997, Regulation 14).

The EEDI and CII are frameworks for evaluating and reducing a vessels carbon footprint. These reg-
ulations target primarily commercial transport vessels as bulk carriers, combination carriers, container
ships, and cruise passenger ships (IMO, 1997, Chapter 4).

Vessel owners need to provide a Ship Energy Efficiency Management Plan (SEEMP) (IMO, 1997, Reg-
ulation 26). For the SEEMP, the energy consumption of an individual vessel - not a fleet - is to be
estimated. Various measures should be implemented to reduce this particular consumption. Ships
greater than a gross tonnage of 5 000 need to provide annually carbon intensity reduction targets. Re-
search vessel owners need to comply with this, but there are no direct restrictions, especially for ships
below 5 000 gross tonnage.

Research vessels are currently exempt from certain MARPOL Annex VI instruments, such as EEDI and
CIl. However, the broader regulatory landscape is evolving rapidly. In April 2025, during its 83rd session
(MEPC 83), the IMO approved the Net-Zero Framework, aiming for net-zero greenhouse gas (GHG)
emissions from international shipping by or around 2050 (DNV, 2025b). This framework introduces
mandatory emissions limits and a global GHG pricing mechanism, marking the first such comprehen-
sive approach in the maritime sector. The regulations are set to be formally adopted in October 2025
and may take effect from 2028, becoming mandatory for ocean-going ships over 5 000 gross tonnage.

While research vessels may remain exempt from specific measures, the overarching goals of the IMO’s
Net-Zero Framework signal increasing pressure on all vessel types to align with global decarbonisation
efforts. This highlights the importance of proactive adaptation and the consideration of alternative fuels
and energy-efficient technologies in the design and operation of research vessels.

International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels (IGF)

The IGF provides regulations for vessels using fuels with a low flashpoint (IMO, 2016, 2017b). In the
International Convention for the Safety of Life at Sea (SOLAS), this flashpoint is set at 60 °C. These
are, for example, methanol (Methanol Institute, n.d.), hydrogen (MAN Energy Solutions, n.d.-b), and
LNG (IMO, 2017b). These fuels require specific handling, storage, and challenges addressed under
the IGF Code. The code does not handle pollution matters as the majority of the mentioned regulations.
Instead, it focuses on the mitigation of risks associated with the use of low-flashpoint fuels.

International Code for Ships Operating in Polar Waters (Polar Code)

The International Code for Ships Operating in Polar Waters (also referred to as Polar Code) aims to
protect ships from the harsh environment in polar regions, but as well to protect the pristine environ-
ments (IMO, n.d.-a). The code is mandatory through SOLAS and MARPOL and applicable to all ships
operating in Arctic and Antarctic. Non-commercial ships solely used for governmental operations can
be exempted, however, SOLAS encourages governmental vessels to act consistent to the Polar Code
(IMO, 1974, Chapter XIV). In conclusion, the code is mandatory for all research vessels operating in
polar areas.
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Vessels must be structurally reinforced and able to handle sea ice and low temperatures. These re-
quirements include redundant systems, but also the capability for engines to be capable of working
in extreme cold, including coping with cold inlet air and seawater. Environmental standards as the
prohibition of discharge of sewage and garbage are set (IMO, 2017a).

2.4.2. European Regulations

EU Emission Trading Scheme (ETS)

The EU ETS is a cap-and-trade mechanism established in 2005 to reduce GHG emissions cost-
effectively by setting a limit on total emissions, which decreases annually (European Comission, n.d.-a).
Companies buy emissions allowances. In the maritime sector, the system is restricted to transport ves-
sels, exempting research vessels (European Parliament, 2015).

FuelEU Maritime

Next to the ETS, the FuelEU Maritime Regulation as part of the “Fit for 55” package aims to reduce GHG
emissions in the maritime sector by promoting the use of renewable and low-carbon fuels (European
Comission, n.d.-b). The regulation came into force in January 2025. The regulation sets emission
reduction targets of up to 80 % compared to 2020 levels by 2050 (European Parliament & European
Council, 2023b). Additionally, from 2030, passenger and container ships are required to use onshore
power supply or zero-emission technologies while at berth in major EU ports.

The regulations scope include ships “[...] of above 5 000 gross tonnage that serve the purpose of
transporting passengers or cargo for commercial purposes [...]” (European Parliament & European
Council, 2023b). Therefore, research vessels are exempted.

The regulation offers default emission factors to determine the GHG intensity for specific fuels (Euro-
pean Parliament & European Council, 2023b, Annex Il). Section 3.2 describes multiple fuels taken into
account for this thesis. The GHG intensity factors given in (European Parliament & European Council,
2023b, Annex Il) will be used to estimate emissions during this thesis.

2.4.3. Classification Societies

Classification societies fulfil a significant part in the implementation of novel marine technologies. Al-
though many leading classification societies have published their own guidelines and notations, a focus
will be set on rules by Det Norske Veritas (DNV) and Lloyd’s Register (LR), as many European research
vessels are certified under these two societies.

The LR has published frameworks for the installation of FCs (Lloyd’s Register, 2024c, Part 5, Chapter
26) and for ships using gases or other low-flashpoint fuels (Lloyd’s Register, 2024d). Next to that,
guidance notes for WASP (Lloyd’s Register, 2024a), methyl and ethyl alcohol fuels (LIoyd’s Register,
2024b), LH, systems (Lloyd’s Register, 2025), and the installation of FCs (Lloyd’s Register, 2023) are
provided.

Also DNV has developed dedicated rules and guidelines for alternative propulsion. Those are incorpo-
rated into DNV’s classification of ships (DNV, 2024, Chapter 2, Section 16 and 17). Next to that, the
society offers specific guidelines for a variety of tank concepts.

While these guidelines address detailed technical and safety aspects - such as structural integration,
load effects, and operational risks - they do not evaluate the environmental performance or emission
reduction potential of the technologies. Consequently, although these regulations are essential for
ship design and approval of the ship, they are of limited relevance for the analysis of decarbonisation
strategies.

2.4.4. National Regulations

In addition to international regulations, several national authorities have established frameworks that
support the integration of carbon reducing technologies. Germany’s Blue Angel is a voluntary environ-
mental certification for products and services, including maritime vessels. For ships, the certification
includes requirements around usage of low sulphur fuels, installation of WASP and FCs, but also struc-
tural requirements (Federal Ministry for the Environment, Nature Conservations, and Nuclear Safety
et al., 2021). The Netherlands offer incentives under the Green Deal Maritime, with the goals of reduc-
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ing carbon with 20 % in 2020, being carbon neutral in 2030, and being fully climate neutral and resilient
in 2050 within the state fleet (Nederland Maritiem Land, 2024). In 2020, already 25 % CO, reduction
compared to the level of 2008 was archived, surpassing the original target (Berger, 2025).

Together, these international, regional, and national frameworks create a patchwork of regulatory in-
fluence, where research vessels often operate under exemptions or voluntary standards. This mixed
landscape reinforces the need for proactive, technology-driven solutions that are not solely dependent
on regulatory mandates.

2.5. Conclusion

The current design landscape of research vessels is at a transitional stage. While diesel propulsion
remains dominant across the global fleet, a growing number of vessels are implementing low- and zero-
emission technologies. Hybrid systems incorporating hydrogen, methanol-electric configurations, and
dual-fuel LNG systems illustrate the potential for cleaner propulsion, but these vessels still represent
exceptions rather than the norm.

Regulatory frameworks have begun to support this transition, particularly through national initiatives
like Germany’s Blue Angel and the Dutch Green Deal. However, many international and European
emissions regulations, such as MARPOL's EEDI and the EU ETS, exempt research vessels, reducing
the immediate regulatory pressure to decarbonise. Classification societies, while essential in setting
technical and safety standards, also do not currently assess the environmental impact of new technolo-
gies.

The operational profile of research vessels significantly complicates the decarbonisation challenge.
Unlike commercial vessels, their fuel consumption is highly variable, depending on mission-specific
activities such as station-keeping, DP, or seismic surveying. This uncertainty added by the variability in
class, purpose, and actual mission demands flexible energy systems capable of maintaining efficiency
across a wide range of conditions.

Despite increasing interest in low-emission propulsion lines, existing literature lacks a structured eval-
uation of how different operational profiles influence the feasibility of alternative fuel and propulsion
systems. While a few alternative propulsion solutions have been designed, no literature could be
found that acknowledges the great mission-specific difficulties compared to merchant vessels. As a
result there is a lack of analysis of decarbonisation strategies for research vessels. The next chapter
(Chapter 3) will explore available decarbonisation technologies.
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Energy Reduction Methods and
Alternative Energy Options

Chapter 3 answers the second sub-question:

What energy reduction methods and alternative energy options are
technically feasible, including alternative fuels and WASP?

In the context of this thesis, a technology or configuration is considered technically feasible if it can
be installed and operated safely on board a research vessel in the near term - either already available
or realistically deployable within the next few years. It must meet the fundamental operational require-
ments (energy demand and compatibility with the ship’s space and weight constraint) and be supported
by at least a minimum level of technological readiness demonstrated in maritime environments. This
definition does not imply economic viability. Rather, it focuses on the technology’s functional integra-
tion, meaning its ability to be effectively embedded into the vessel’s existing systems, and its technical
operability under realistic conditions. This includes the physical integration, the compatibility with on-
board systems (e.g. a fuel cell cannot be operated with diesel), and safety of the system and the vessel
as a whole.

The chapter examines a broad spectrum of energy converters (Section 3.1), as well as a variety of
alternative fuels ranging from biofuels and hydrogen to emerging options like iron powder and sodium
borohydride (Section 3.2). It also investigates WASP (Section 3.3) and onboard energy-saving mea-
sures such as solar power and exhaust heat recovery (EHR) (Section 3.4). By evaluating each solution
through key criteria, this chapter lays the basis for identifying viable decarbonisation pathways for re-
search vessels.

3.1. Energy Converters

Energy converters deliver mechanical or electrical energy by converting chemical energy contained in
fuels (Klein Woud & Stapersma, 2019). Section 3.1 describes various energy converters as electric
motors and generators (Section 3.1.1), internal combustion engines (ICEs, Section 3.1.2), FCs (Sec-
tion 3.1.3), and steam turbines (Section 3.1.4).

Nuclear propulsion is not considered in this analysis. Research vessels regularly accommodate chang-
ing crews and visiting scientists. Due to the high safety and security requirements of nuclear systems,
nuclear reactors are considered unsuitable for this specific application and will not further be consid-
ered.

3.1.1. Electric Motors and Generator

Electric motors convert electrical energy to mechanical energy. Generators work similarly, but the other
way round (Klein Woud & Stapersma, 2019). Many research vessels are propulsed by a diesel-electric
drive. Electric generators are needed to cope with hotel and research load.

15
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3.1.2. Internal Combustion Engine (ICE)

The vast majority of prime movers installed on ships are ICEs, specifically diesel engines (Klein Woud
& Stapersma, 2019). These engines generate mechanical energy through the combustion of fuel.
Medium speed diesel engines operate with a thermodynamic efficiency ranging from 40 % to 50 % (Sta-
persma, 2010). In a four-stroke cycle, commonly used on research vessels, the process involves air
intake, compression, combustion during the expansion phase, and exhaust (Klein Woud & Stapersma,
2019; Stapersma, 2010).

ICEs have low power densities (¢) and high specific emissions, which depend on the fuel utilized (Klein
Woud & Stapersma, 2019). Power density can be expressed on a gravimetric (¢¢) and a volumetric
(¢v) basis. Representative values are summarised in Table 3.1. At present, no four-stroke hydrogen
engines for marine application are commercially available. While prototype and demonstration projects
are ongoing, they have not reached market maturity. Therefore, the lowest value within the reported
diesel engine range was taken from Stapersma, 2010.

Table 3.1: Power Densities of ICEs for Different Fuels, Rounded.

Gravimetric Power Volumetric Power

Fuel Density [K/q] Density [KW/m] Reference

MDO 150 97 Wartsila, 2024a
Ammonia 92 52 Wartsila, 2024b
Hydrogen 50 36 Stapersma, 2010

LNG 110 87 Wartsila, 2024a
Methanol 107 82 Wartsila, 2023

3.1.3. Fuel Cell (FC)

A FC converts chemical energy directly into electrical energy (Klein Woud & Stapersma, 2019). It
consists of two electrodes — an anode and a cathode — separated by an electrolyte. A continuous
supply of fuel, such as hydrogen, is delivered to the anode, while oxygen is supplied to the cathode.
Chemical reactions within the cell allow ions to pass through the electrolyte, while electrons generate
an electric current that can be utilized.

FCs are highly efficient, produce only clean water as an emission, and operate silently, making them
an environmentally friendly energy converter (Klein Woud & Stapersma, 2019).

Not every FC is applicable to maritime operations. Fu et al., 2023, state that the polymer electrolyte
membrane fuel cell (PEMFC), molten carbonate fuel cell (MCFC), and solid oxide fuel cell (SOFC) are
promising candidates for the implementation of FCs in propulsion lines. An important aspect for the
application of FCs is their durability. Mylonopoulos et al., 2024, reports typical lifetime values of around
25 000 operating hours for maritime FC systems, after which significant stack degradation requires
replacement.

FCs for maritime application are technologically ready, but not installed on many vessels. In 2025, FCs
will be installed on two Norwegian ferries with a power output of 6.4 MW (PowerCell Group, 2023). For
this power, several FCs need to be stacked. Every cell has dimensions as shown in Table 3.2.

Table 3.2: Properties of Fuel Cell “Marine System 225" from PowerCell Group, 2025.

Net Output
Power

1165 mm 915 mm 2035 mm 1220 kg 225 kW 42 % - 57 %

Width Depth Height Weight Efficiency

Capital costs of hydrogen FCs are today estimated at 1 600 US-$/kw and may fall to 425 US-$iw by 2030
(IEA, 2019).
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3.1.4. Steam Turbine

Steam turbines convert thermal energy from pressurized steam - typically around 40 bar - into mechan-
ical energy (Klein Woud & Stapersma, 2019). They have traditionally been used in marine propulsions
systems due to their ability to deliver high power output.

However, conventional steam plants have a very low thermal efficiency of 30 % and come with high
installation costs, approximately 600 EUR/kw (Stapersma, 2010). These factors, combined with the rise
of more efficient engines, led to a decline in their use for commercial shipping. Despite this, steam
turbines are regaining interest in the context of iron powder as to be seen in Section 3.2.7.

3.2. Alternative Fuels

This section investigates a range of alternative fuels, using marine diesel oil (MDO, Section 3.2.1) as
benchmark.

The selected fuels represent a broad spectrum of approaches to reduce GHG emissions in maritime
applications. These include fossil-based fuels with lower carbon intensity such as LNG (Section 3.2.8)
and Liquefied Petroleum Gas (LPG, Section 3.2.9), renewable, diesel-like fuels such as HVO (Sec-
tion 3.2.4), hydrogen (Section 3.2.5) and hydrogen carriers like ammonia (Section 3.2.2) and sodium
borohydride (Section 3.2.6), alcohol fuels as methanol, as well as metal-based fuels like iron powder
(Section 3.2.7), and solutions such as batteries (Section 3.2.3).

Each fuel is evaluated against the following criteria to ensure that its suitability for research vessel
operations is assessed from a holistic perspective.

» Physical and Chemical Properties determine the compatibility of a fuel with engine systems
and space on board. A key factor is energy density (p), which influences onboard storage re-
quirements. Fuels with low volumetric (py/) or gravimetric energy density (p¢), such as hydrogen,
can significantly affect the vessels design by increasing tank size or weight.

+ Emissions are central to the decarbonisation goal of this thesis. A fuel’s GHG profile affects both
its environmental footprint and its compliance with international maritime regulations.

Technological Readiness reflects how mature and proven a fuel or energy system is for maritime
use. Technologies at lower readiness levels may be promising but often lack real-world validation,
making their near-term adoption uncertain.

Fuel Availability is crucial for operational feasibility, particularly when considering global supply
chains and portinfrastructure. For research vessels, this port infrastructure may be less restrictive
than for commercial shipping, since these vessels are often refuelled via tank trucks at home ports.
This logistical flexibility allows the use of fuels not yet widely available at standard terminals.
However, limited availability often results in higher costs due to increased transportation effort
and supply chain uncertainty. In this way, availability directly influences economic viability.

Safety is a fundamental concern due to the hazardous nature of several alternative fuels. Proper-
ties such as toxicity (e.g. ammonia), flammability (e.g. hydrogen), or high-pressure storage (e.g.
LNG) significantly influence the design. This criterion is especially critical for research vessels,
which carry scientists who are not trained for maritime operations. Ensuring a safe environment
for all crew and passengers is essential for operational approval and mission success.

» Costs, both in terms of capital expenditure (CapFEx) for installation or retrofitting and operational
expenditure (OpE<x) for fuel price and maintenance, are decisive factors for long-term feasibility.
For publicly funded research operations, economic sustainability is essential.

These criteria were chosen to reflect the key practical, environmental, and operational challenges in-
volved in decarbonising research vessels. While all six criteria are relevant, some are especially impor-
tant in the context of decarbonisation of research vessels. Physical and chemical properties - especially
energy density - act as boundary conditions, since they have main influence on the size of the vessel.
Emissions remain the foremost concern, since reducing GHG is the core objective of this thesis.
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3.2.1. Marine Diesel Oil (MDO)
Many research vessels are utilizing diesel as explained in Section 2.3. To compare alternative fuels,
the following section gives the physical and chemical properties of MDO as a baseline.

Diesel yields 39.6 MJ/i and 44.9 GJ/t (IOR energy Pty Ltd, 2010). To determine the GHG intensity index,
the European Parliament and European Council provide emission factors for various fuels (European
Parliament & European Council, 2023a, Annex Il). For MDO, these factors are shown in Table 3.3.
Values are shown for well to tank (WtT), as well as tank to wake (TtW) emissions. C are the TtW GHG
emission factors, c,;;, is the non-combusted fuel coefficient.

Table 3.3: MDO Emissions from European Parliament and European Council, 2023a, adapted.

WIT COseqwir |2692e] 14.4
Fuel Consumer All ICEs

¢t o, |26 ] 3.206
TtW ¢f e, By 0.00005
¢f N30 2829 0.00018

As % of the mass of
Cslip the fuel used by the -
engine

Costs for engine and storage can be estimated at 636 EUR/kw and 27 EUR/gy, respectively (TNO, 2020).

3.2.2. Ammonia

Ammonia (NH3) is a compound composed of nitrogen and hydrogen that has garnered significant inter-
est as an alternative fuel in maritime applications (Bora et al., 2024). Ammonia is an indirect storage
medium for hydrogen (Valera-Medina et al., 2018), offering a higher hydrogen density compared to
LH>, which can be advantageous for energy storage and fuel efficiency (Chai et al., 2021).

Physical and Chemical Properties

With an energy density of about 22.5 MJ/kg, ammonia can be stored in liquid form by either compressing
it to 0.8 MPa at 20 °C or cooling it to -33 °C at atmospheric pressure (Al-Aboosi et al., 2021). The
volumetric energy density of liquid ammonia at -33 °C is 14.4 MJ/i (Chatterjee et al., 2021).

Emissions

As a carbon-free molecule, ammonia does not produce CO, during combustion, thereby offering the
potential for reduced GHG emissions (Hansson et al., 2020). When produced using renewable energy,
so-called “green ammonia” becomes carbon-neutral (Bora et al., 2024). Green ammonia production
involves extracting nitrogen from the air and combining it with hydrogen produced using renewable
power. This process effectively eliminates the GHG emissions associated with conventional fossil-
based ammonia production (Bora et al., 2024; MAN Energy Solutions, n.d.-d). However, most current
ammonia production relies on fossil-fuel-based hydrogen, contributing significantly to CO, emissions
(Hansson et al., 2020). According to Wartsila, 2024a, GHG emissions are reduced by at least 70 %
when using sustainable alternative fuels compared to a diesel engine.

Technological Readiness

Ammonia can be utilized in ICEs with only minor modifications, as well as in FCs (Al-Aboosi et al., 2021;
Bora et al., 2024). A 4-stroke engine, being able to combust ammonia is e.g. the Wartsila 25 Ammonia
(Wartsila, 2024a).

Ammonia can also be directly used in SOFCs and PEMFCs (Seddiek & Ammar, 2023). Several projects
are undergoing, in which vessels are designed to operate on FCs using ammonia. One of these is
ShipFC, co-funded by the European Union (ShipFC, 2020). This project aims to demonstrate the



3.2. Alternative Fuels 19

Table 3.4: Ammonia Emissions from Seddiek and Ammar, 2023 and European Parliament and European Council, 2023c,

adapted.
WtT COszeq Wit [%} 132 0.231 0.168
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feasibility of long-range, zero-emission voyages by retrofitting the offshore vessel Viking Energy with a
2 MW ammonia FC. The project was temporary suspended in February 2025 due to supply challenges
in ammonia-compatible SOFCs (ShipFC, 2025).

Fuel Availability

Ammonia is already manufactured on an industrial scale and is globally traded, with its annual produc-
tion reaching approximately 150 million tonnes in 2019 (Al-Aboosi et al., 2021; MAN Energy Solutions,
n.d.-d). However, most ammonia production today relies on fossil-fuel based hydrogen, resulting in
high CO, emissions (Hansson et al., 2020).

Safety

Ammonia is a toxic and hazardous gas at room temperature (IRENA, 2024b). It is corrosive, harmful to
health, and dangerous if inhaled. Leakages can damage both the environment and human health, so
careful handling is essential. The flammability of NH3 is limited by a high ignition temperature (Cheliotis
et al., 2021).

Safety measures like proper materials, inspection routines, and emergency protocols are essential to
manage the risks (Cheliotis et al., 2021).

Costs
In 2023, Seddiek and Ammar concluded, that SOFC operation with green ammonia is able to reduce
total costs by 5.7 % compared to conventional diesel operation.

Capital and installation costs for ammonia engines are estimated at 500 and 25 US-$/kw (Seddiek &
Ammar, 2023). For the system, 5 % of capital costs can be set. A generator is needed (400 US-$/kw),
as well as a cracker (50 US-$/kw).

For FCs, capital and installation costs are estimated at 950 and 42.5 US-$/kw, 5 % of the capital costs
should be planned for the system (Seddiek & Ammar, 2023). Auxiliary costs for motor, cracker, batteries
and converter are estimated at 1000 US-$/kw. Costs for cryogenic tanks can be estimated at 0.7 US-$/kg
(Schreuder et al., 2025).

Bunker costs of green ammonia in Northwest Europe were averaged at 924.05 US-$/tin February 2025
(S&P Gobal, 2025). In regions with optimal solar and wind resources, ammonia costs around 720 US-$/,
estimated to decline to 480 US-$/t by 2030 and 310 US-$/t by 2050 (IRENA, 2024b). In contrast, costs of
grey ammonia are around 300 US-$/t (Yang & Lam, 2023).

3.2.3. Battery Systems
As hotel and research loads on research vessels are high, they are typically already equipped with
battery packages. This section will dive deeper into batteries as energy provider.
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Physical and Chemical Properties

Heavy-duty marine lithium ion batteries in a system with cooling, racks, etc. have a specific weight of
11 to 30 kg/kwh, and a specific volume of 12 - 38 I/kwh (MAN Energy Solutions, 2019). This results in
energy densities of 0.12 to 0.33 GJ/t and 0.1 to 0.3 GJ/m°.

Emissions

The emissions associated with battery-electric propulsion depend on the WtT emissions of the electricity
used for charging. If electricity is generated from renewable energy sources such as wind or solar power,
battery systems enable zero-emission operation.

Technological Readiness

Battery systems for vessels are technologically ready and commercially available. An increasing num-
ber of ships are being equipped with diesel-electric propulsion systems. Some ferries, such as the
Aurora, operate entirely on battery power (MAN Energy Solutions, 2019). While current battery tech-
nology is sufficient for short-sea shipping and port operations, further advancements in energy density
are expected in the coming years.

Energy Availability

Currently, only a limited number of ports offer on-shore power supply infrastructure. However, beginning
in January 2030, container ships and other seagoing vessels will be required to connect to shore-side
electricity while at berth in European ports (European Parliament & European Council, 2023a, 2023c).
It can be assumed, that by 2030, a sufficient number of berths equipped with shore power supply
will be available across European ports to meet this regulatory demand. Renewable energy supply is
increased year by year (IRENA, 2024a).

Safety

One of the primary safety risks associated with battery systems on board of vessels is thermal runaway,
a process in which a battery cell self-heats uncontrollably, leading to a rapid increase in temperature
and the potential for fire or explosion (EMSA, 2023). To mitigate this risk, battery systems must be
equipped with high-temperature alarms and effective thermal monitoring systems. Additionally, the
battery room should be physically separated from other onboard spaces. This separation not only
protects the battery system from external fires but also prevents fire from spreading to other areas of
the vessel. When appropriate safety measures are in place, battery systems are considered safe and
reliable for maritime use.

Costs

According to MAN Energy Solutions, 2019, system prices of at least 500 US-$/kwn need to be considered.
Potentially, prices can decrease to 250 US-$/kwn. Operational costs depend on the actual energy prices,
renewable energy cost in 2023 differed from 0.033 US-$/kwh (onshore wind) to 0.075 US-$/kwn (offshore
wind) for different energy sources (IRENA, 2024a). Margins can be estimated by 6 % (IEA, 2024b),
leading to renewable energy prices of 0.022 US-$/mJ.

3.2.4. Biofuels - Hydrotreated Vegetable Oil (HVO)

Biofuels are derived from biomass, offering a renewable and more sustainable alternative to conven-
tional fossil fuels (Laursen et al., 2023). Following current literature, HVO produced from fats, oils, and
greases shows the greatest potential for replacing traditional fuels. Several research vessels are (e.g.
Sir David Attenborough (British Antarctic Survey, 2023) since 2023, R/V Svea (Swedish University of
Agricultural Sciences, 2024)) or can be (e.g. R/V Skagerak (University of Gothenburg, 2024)) fueled
by HVO.

Physical and Chemical Properties

HVO exhibits energy content values of approximately 43 MJ/kg and 32 MJ/i (Laursen et al., 2023). Its
properties closely resemble those of heavy fuel oil, making them a viable substitute for existing maritime
and industrial applications (DNV GL, 2019; Laursen et al., 2023).
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Table 3.5: HVO Emissions from European Parliament and European Council, 2023a, adapted.
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Emissions
HVO has the potential to reduce emissions by about 20 %. Table 3.5 gives the emissions from the
European Parliament and European Council.

The WIT emission of HVO is given as a function of the total emission from the production and use of the
fuel E, the CO, TtW emission factor C ¢0,, and the lower calorific value LC'V. European Parliament,
2018, specifies a default value of E of 50.1 9co,ed/mJ for HVO from rape seed, and a LC'V of 44 MJ/kg.

Technological Readiness

One of the key advantages of biofuels is their compatibility with existing combustion systems. They
can be used as a drop-in fuel without requiring significant modifications to current infrastructure (DNV
GL, 2019).

Fuel Availability

Despite their potential, the widespread adoption of biofuels faces challenges due to a lack of global
infrastructure and dedicated bunkering facilities (DNV GL, 2019). However, HVO can be transported
efficiently using existing fuel distribution networks.

Safety
With properties similar to heavy fuel oil, biofuels do not present any known safety concerns.

Costs
Prices in February 2025 were 131.43 EUR/1001 of HVO in Germany (Argus O.M.R., 2025). Costs for
engine and storage are the same as for MDO in Section 3.2.1.

3.2.5. Hydrogen

Hydrogen (H;) offers significant promise as an alternative fuel due to zero carbon emissions during
combustion (Atilhan et al., 2021; Sazali, 2020).

Physical and Chemical Properties

Hydrogen is the lightest of all gases, delivering an energy density of 122 MJ/kg. However, its low vol-
umetric density means that for practical storage, hydrogen must be either highly compressed (5.6 MJ/i
at 700 bar) or liquefied (8 MJ/i) (Center for Sustainable Systems, University of Michigan, 2024; MAN
Energy Solutions, n.d.-b; Xing et al., 2021).

Emissions

Hydrogen can be used either in FCs for electricity generation or directly in ICEs, all while emitting no
toxic by-products (Sazali, 2020). However, the environmental benefit of hydrogen depends heavily on
its production pathway. Currently, around 95 % of global hydrogen is produced from fossil fuel reforming
(MAN Energy Solutions, n.d.-a). To ensure low lifecycle emissions, “green hydrogen”, produced via
electrolysis powered by renewable energy or gasification of biomass, must be prioritized (Kayfeci et al.,
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2019). The European Parliament and European Council, 2023a, indicate the TtW emissions with zero
for both ICEs and FCs. Solely the N,O emissions in combustion engines need to be measured. The
WIT emissions for fossil hydrogen are 132 9co,eq/MJ and not applicable for green hydrogen.

Technological Readiness

Hydrogen is currently being deployed in a small number of short-sea and inland waterway vessels (MAN
Energy Solutions, n.d.-b), demonstrating a growing technological maturity in controlled, nearshore en-
vironments. However, this does not necessarily translate to readiness for high-sea or long-range re-
search operations. Deep-sea applications present additional challenges, including larger energy de-
mands, limited refuelling infrastructure, and stricter safety requirements due to the extended duration
and remoteness of missions. Additionally, no four-stroke hydrogen engines for marine applications are
commercially available. Therefore, while hydrogen is considered technologically ready for short-sea
shipping, its readiness for high-sea research vessels remains limited and is still in the early stages of
development and demonstration.

Fuel Availability

Global hydrogen demand reached 97 million tonnes in 2023, predominantly used in the chemical sector
(IEA, 2024a). As mentioned, only a very small percentage is green hydrogen. Hydrogen is available
worldwide, though port infrastructure is not developed (MAN Energy Solutions, n.d.-b).

Safety

Liquid hydrogen has a very low flashpoint, requiring adherence to the IGF Code (MAN Energy Solutions,
n.d.-b). To ensure safety, a double-hull tank, double walled piping, and hydrogen detection systems
are necessary. Additionally, the maximum filling level of the tanks is limited to 69 %.

Costs

Cryogenic storage is essential for the transport of LH,, with associated costs estimated at 1 180 EUR/cy
(TNO, 2020). Additionally, the costs of FCs are approximately 1 600 US-$/kw and may fall to 425 US-$/kw
in 2030 (Section 3.1.3).

Although completely renewable, green hydrogen production is highly endothermic and energy-intensive
(Kayfeci et al., 2019). Hydrogen costs will be largely dependent on electricity and gas costs (IEA, 2019).
DNV, 2022b, estimates the costs of renewable hydrogen to 5 US-$/kg in 2020 and 2 US-$/kg in 2050.

3.2.6. Sodium Borohydride
According Kaya, 2024, sodium borohydride (NaBH,) is a promising hydrogen storage option for marine
fuel due to its ability to be stored at room temperature and atmospheric pressure.

Physical and Chemical Properties

Sodium borohydride is a chemical storage medium for hydrogen (Kaya, 2024). When it comes into
contact with water, it undergoes a spontaneous, exothermic, and irreversible hydrolysis reaction that
releases hydrogen. As shown in Equation 3.1, half of the released hydrogen originates from water
(H20) (Muir & Yao, 2011). After release, the by-product sodium metaborate (NaBO,) needs to be
stored before discharged at a port.

NaBH, + 2H,0 —— NaBOs + 4H, (31)

To prevent premature reactions with moisture, sodium borohydride can be stored in a dry state under an
inert atmosphere or in a stabilized wet form using additives like sodium hydroxide (NaOH) or potassium
hydroxide (KOH) (Kaya, 2024). Wet storage offers the added benefit of acting as a thermal buffer,
though it requires additional water to be stored onboard (Kaya, 2024; Muir & Yao, 2011). Storage
temperatures ranges between 15 and 25 °C (Kaya, 2024). In wet storage systems, at least 10 % of
free volume is required to accommodate any hydrogen that might be released. NaBH, as future marine
fuel benefits from its high gravimetric (10.7 wt%) and volumetric (114 ksHz/m?) hydrogen content. The
system itself is increased by a fresh water generator, a purifier, the catalyst, etc. Furthermore, the solid
rest product needs to be stored.
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Emissions
Kaya, 2024, states, that hydrogen storage via NaBH, does not cause any airborne emission. Further
emissions are the same as for H, (see Section 3.2.5).

Technological Readiness
NaBH, as a hydrogen carrier in marine applications is still under development. Research is ongoing to
optimize storage, reaction efficiency, and safety measures (Kaya, 2024).

Fuel Availability
Sodium borohydride is not available in ports.

Safety

The flashpoint of sodium borohydride is at 69 °C (Kaya, 2024; Sigma-Aldrich, 2025). In dry storage,
flammable H, can be liberated if NaBH4 comes in contact with water or moisture. This gas can be
ignited by the heat of the exothermic hydrolysis reaction. Despite the relative stabilization, also in wet
storage flammable hydrogen may be liberated.

Costs

Unlike compressed or liquefied hydrogen, NaBH,4 hydrolysis is exothermic and occurs under moderate
conditions, avoiding the high costs and challenges of extreme storage methods (Kaya, 2024). How-
ever, regeneration of sodium borohydride is energy-intensive and inefficient compared to other storage
methods, leading to high costs. Energy is also consumed in hydrolysis-related processes such as water
purification, heating, and hydrogen release control. Wet storage requires cooling to 4 °C to prevent un-
controlled hydrogen release, increasing energy demand. Catalyst deactivation further adds to costs due
to replacement needs. Additionally, the by-products of hydrolysis require costly and energy-intensive
regeneration, making sodium borohydride a less economical option unless an efficient, low-cost regen-
eration process is developed.

3.2.7. Iron Powder

Iron fuel is a novel, recyclable energy carrier that uses iron (Fe) powder as a medium to store and
release energy, when burned (TU/e, n.d.). With its high energy density, cost-effectiveness, and safety,
iron fuel is a promising solution for energy storage, transport, and industrial application.

Physical and Chemical Properties

Iron fuel has a volumetric energy density of about 16 kWh/i and a gravimetric energy density of about
2 kWh/ig (Bergthorson et al., 2015). While the volumetric energy density is relatively high, making it
efficient in terms of storage space, the low gravimetric energy density means that a large mass of fuel
is required to store a given amount of energy. This results in a higher onboard fuel weight compared to
conventional marine fuels. Next to its energy characteristics, iron fuel has the advantage of producing a
single, solid by-product. The only by-product of the reaction shown in Equation 3.2 is iron oxide (Fe,O3,
i.e. rust, which can be recycled back into iron fuel. Both fuel and by-product are solids, making them
less easy to store compared to liquids (De Kwant, 2021).

Fe + Oy —— FeyOg3 + heat (3.2)

Emissions
Under the assumption, that all iron oxide can be filtered out the exhaust, iron powder is a zero-emission
fuel (De Kwant, 2021).

Technological Readiness

According to De Kwant, 2021, many systems required for an iron-fuelled vessel remain untested. For
instance, while solid iron powder could be stored in silos, its feasibility for use on ships and the chal-
lenges of storing large quantities in a salty marine environment have not been studied. In terms of
energy conversion, the system would require a boiler capable of combusting iron fuel-technology that
does not yet exist at an industrial scale - along with a turbine, which is already well-established and
thoroughly tested (De Kwant, 2021). To mitigate particulate emissions, exhaust gases would need to
be treated using baghouse and cyclone filters. However, these filtration methods have not yet been
tested on vessels (De Kwant, 2021).
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Fuel Availability
According to Scherpenhuijsen Rom, 2023, iron is highly available as its the 4th most common element
in the earth crust. However, iron powder as fuel is not available in ports.

Safety
According to TU/e, n.d., iron powder has the potential of being safe and transportable. Iron powder is
stable, not toxic, and as being a solid less prone to spills or leaks (Carl Roth, 2024Db).

Costs
De Kwant, 2021, estimated costs of iron fuel on 0.12 US-$/kwn, twice as expensive as MDO.

3.2.8. Liquefied Natural Gas (LNG)

Physical and Chemical Properties

LNG is liquefied by cooling natural gas to -162 °C (MAN Energy Solutions, n.d.-d; Shell Deutschland
Oil GmbH, 2019). It is a mixture which exact composition depends on its place of origin (Klebanoff
et al., 2021). It consists of around 93 % methane and 5 % ethane, with small proportions of propane,
butane, nitrogen and other trace gases. LNG has a gravimetric energy density of around 45 MJ/kg, and
a volumetric energy density of 21 MJ/| (Shell Deutschland Oil GmbH, 2019). LNG needs to be stored in
tanks for cryogenic liquids (Shell Deutschland Oil GmbH, 2019).

Emissions

By utilising LNG instead of diesel, emissions can be significantly reduced (Fun-sang Cepeda et al.,
2019). Sulphur oxides are completely eliminated and nitrogen oxides are significantly reduced. How-
ever, LNG consists mainly of methane (CH,4). Methane slip (unburnt methane) limits the benefits of
LNG, as methane has up to 30 times the GHG effect of CO,.

Emissions from LNG will be estimated using EU regulation 2024/1805 (FuelEU Maritime) as stated in
section 2.4.2, shown in Table 3.6.

Table 3.6: LNG Emissions from European Parliament and European Council, 2023a, adapted.
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Technological Readiness

LNG is a highly mature alternative fuel already used in the maritime industry. It is increasingly adopted
for vessels, including the German research vessel Atair (Section 2.3.1). LNG dual fuel engines, such
as those provided by Wartsila, 2024a, are commercially available, and ongoing developments aim to
further reduce methane slip.

According to DNV, there are currently 642 LNG-powered vessels in operation, excluding LNG carriers,
additionally 264 new orders for LNG-fuelled vessels were placed in 2024 (DNV, 2025a).
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Fuel Availability

The LNG market has seen substantial expansion, driven by the development of new liquefaction facil-
ities in the United States, Russia, and Australia (SEA-LNG, n.d.). The number of markets is growing,
with 26 import terminals currently under construction. LNG now represents approximately 11 % of
global gas consumption.

Safety

LNG is generally considered non-toxic, but its extremely low temperature poses significant hazards,
including cold burns and frostbite (Bernatik et al., 2011). Due to its low viscosity, LNG can quickly
penetrate porous materials such as clothing, and its cryogenic temperature can embrittle materials
such as carbon steel and rubber, potentially leading to cracking failures. As LNG is colourless, it is
undetectable when it evaporates and can cause asphyxiation. Finally, LNG is highly flammable.

Costs

As of March 2025, LNG bunker prices in Rotterdam were approximately 750 EUR/t (SEA-LNG, 2025).
For capital investment, cryogenic storage costs are estimated at 100 EUR/cy (TNO, 2020), while engine
costs are around 923 EUR/kw.

3.2.9. Liquefied Petroleum Gas (LPG)

LPG is composed of Butane and Propane (Ryste, 2019). Fossil LPG is a by-product of oil and gas
extraction or the refining process. Additionally, LPG can be derived from renewable sources, such as
a by-product of renewable diesel production.

Physical and Chemical Properties

LPG has a volumetric energy density between 25.3 (propane) and 27.7 MJ/i (butane), and a gravimetric
energy density between 49.1 (butane) and 49.6 GJ/t (propane) (IOR energy Pty Ltd, 2010). With an
density of 1.898 ka/m?, the gas is heavier than air (1.225 kg/m*) (Hahn, 2024). The flashpoint of LPG is
at-104 °C (Ryste, 2019).

Emissions
Using LPG, emissions can be reduced by 10 % to 30 % (Wang et al., 2022). Emission factors provided
from European Parliament and European Council, 2023a are shown in Table 3.7.

Table 3.7: LPG Emissions from European Parliament and European Council, 2023a, adapted.
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Technological Readiness

Currently, there are no 4-stroke combustion engines available running on LPG. However, 2-stroke
engines are available and are primarily used by LPG gas carriers, which utilize their own cargo as fuel
(MAN Energy Solutions, n.d.-c).
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Fuel Availability

LPG import- and export-terminals are available worldwide (Ryste, 2019). The lack of bunkering infras-
tructure for ships remains a challenge for its adoption as a fuel. However, according to DNV GL, 2019,
bunkering infrastructure can easily be developed at existing LPG storage locations.

Safety
LPGis a non-toxic fuel. It can ignite at temperatures as low as -104 °C (Ryste, 2019). Vessels operating
on LPG must comply with the IGF Code.

Costs
According to Argus O.M.R., 2024, LPG is one of the least expensive fuels. In October 2024, LPG
bunker prices were averaged at 577 US-$/.

3.2.10. Methanol

Methanol is increasingly being adopted by the shipping industry as an alternative fuel to meet decar-
bonisation goals (DNV, 2023). It is considered a promising alternative for reducing emissions and the
carbon footprint of ship operations (Ellis & Tanneberger, 2015). Production is done in three steps: First,
syngas is produced, either from natural gas, or from gasification of biogas, biomass, residual waste,
or coal. Syngas is compressed to yield crude methanol. Finally, the crude methanol is distilled, to
get methanol on chemical level (Riaz et al., 2013). In a second method, methanol can be produced
from synthesis of captured CO, and H;, which is produced via synthesis of water (H,O) using (green)
electricity (Xing et al., 2021).

Physical and Chemical Properties

Methanol is a type of alcohol with the chemical structure CH;OH (Svanberg et al., 2018; Tian et al.,
2022; Zhen & Wang, 2015). It remains in liquid form under normal temperature and pressure and
can be used in both ICEs and FCs (Tian et al., 2022). The gravimetric energy density of methanol is
20 MJ/kg (Zhaka & Samuelsson, 2024), the volumetric energy density is 15.8 GJ/m® (Kang et al., 2021).
The flashpoint of methanol is at 12 °C (Methanol Institute, n.d.).

Emissions

Methanol is a clean-burning fuel that does not produce sulphur emissions (Svanberg et al., 2018).
Although it is primarily produced from natural gas and coal, it can also be derived from renewable
sources. Svanberg et al. describe methanol as potentially carbon-neutral fuel when produced from
renewable sources. However, the European Parliament and European Council, 2023a provide specific
emission factors depending on the production pathway shown in Table 3.8.

Table 3.8: Methanol Emissions from European Parliament and European Council, 2023a, adapted.
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Also for methanol, the WtT emissions are given as a function. European Parliament, 2018, specifies
a default value of E of 10.4 9co,eq/MJ for methanol from black-liquor gasification and 16.2 9co,eq/MJ for
farmed wood methanol, and a LC'V of 22 MJ/kg.
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Technological Readiness

Methanol can be utilized in current ICEs with minimal modifications (DNV, 2023). It is easy to handle
regarding storage (MAN Energy Solutions, n.d.-e). No cryogenic or pressurized tanks are required.
However, around 2.5 times the tank size compared to diesel is needed.

Methanol-combustion engines are technological ready. 4-stroke engines are for example available
from Wartsila (Wartsila, 2023).

Methanol can also be utilized in FCs. The first system enabling power of one MW will be installed on a
vessel of Maersk in 2026 (Blue World Technologies, 2024). The plant is expected to be commercially
ready in 2027.

Fuel Availability

The characteristics of methanol allows it to be

integrated into existing fuel storage and bunker- o | st ounmsraces
ing infrastructure. Currently, methanol is avail- |75
able at more than 120 ports worldwide (DNV,
2023). Methanol bunker and storage facilities
can be seen in Figure 3.1. In 2021, global o
methanol production reached approximately 107« % R
million tons (Statista, n.d.), but the production |*™ . v
of green methanol remains limited (DNV, 2023). 3 5
However, ongoing investments aim to expand .
production capacity. of e

Safety |
The flashpoint of methanol is at 12 °C, so the
IGF Code, including its annex for methyl alco- o
hol needs to be followed (MAN Energy Solutions, Figure 3.1: Methanol Bunker and Storage Facilities (Methanol
n.d.-e). Institute, 2025).

Next to that, methanol is toxic if swallowed, how-
ever, the risk is mitigated by proper handling (Carl
Roth, 2024a).

Costs

One of the advantages of methanol is its relatively low production cost (Tian et al., 2022). Average
bunker costs in February 2025 of grey methanol were 382.27 US-$/t in Rotterdam or 1025 US-$/t of sus-
tainable methanol in Singapore (S&P Gobal, 2025). Kang et al., 2021, estimate costs of renewable
methanol at 500 US-$/t in 2050. Engine costs of methanol can be estimated at 655 EUR/kw, storage costs
at 45 EUR/gy (TNO, 2020).

3.2.11. Comparison

A wide range of alternative fuels was assessed based on their physical and chemical profiles, tech-
nological readiness, availability, safety, and costs. Table 3.9 provides a comparative summary using
colour-coded indicators, offering a visual overview of their relative performance across key criteria. If
cryogenic tanks are needed, depending on the temperature 5 to 20 % of the actual size are added on
top of the tank size. Costs are converted from US-Dollar at an exchange rate from 09th of April 2025 of
1 US-$ =0.90 EUR (European Central Bank, 2025a). Cost estimations are primarily compared on the
basis of ICE configurations, wherever applicable. In cases where FCs are employed, operational fuel
costs are expected to decrease due to their higher efficiencies. This advantage is offset by significantly
higher installation costs.

HVO offers immediate emissions reduction to a certain extent but faces supply limitations. Ammonia,
hydrogen, and methanol appear as a midterm option due to their compatibility with existing systems
and growing availability. It can be expected, that supply of sustainable fuel options will increase. While
battery systems are technologically mature and well-suited for auxiliary and peak-shaving applications,



Chapter 3. Energy Reduction Methods and Alternative Energy Options

28

Table 3.9: Summary of Fuels.
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their high weight and low energy density limit their feasibility as a primary propulsion source for long-
range research missions. Therefore, batteries will not be further considered as a stand-alone propulsion
solution, but remain essential for onboard energy storage and supporting hybrid configurations.

Novel fuels such as iron powder and sodium borohydride show conceptual promise but remain in early
development stages and are not yet practical for maritime use. Similarly, LPG is not currently viable
for research vessels due to the absence of compatible 4-stroke engines. Those fuels will not further be
investigated. Further investigated will be HVO and LNG, ammonia, hydrogen, and methanol.

3.3. Wind-assisted Ship Propulsion (WASP)

WASP offers a practical and energy-efficient way to reduce fuel consumption and emissions in the
maritime environment. By using wind as a complementary energy source, various technologies can
lower engine load and support decarbonisation. This section introduces key WASP systems as Flet-
tner Rotors (Section 3.3.1), kite sails (Section 3.3.2), rigid sails (Section 3.3.3), suction-based foils
(Section 3.3.4), and wind turbines (Section 3.3.5) with a focus on their applicability to research vessels.

3.3.1. Flettner Rotor

The Flettner rotor, a vertical installed cylinder ro-
tated by a motor, was already invented in the
1920s by Anton Flettner (Traut et al., 2014). The
rotor utilizes the Magnus Effect and produces
a thrust, that pulls the vessel forward. Due
to the economical crisis, the technology was
not investigated any further. During the ship-
ping crisis (1980s), Bergeson and Greenwald,
1985, studied WASP, including Flettner rotors,
again. Furthermore, from 2010 some vessels
were equipped with rotors, as the cargo ship En-
ercon E-Ship 1 shown in Figure 3.2, the retrofitted
Ro-Ro carrier M/V Estraden, or, for test purposes,
the cruise vessel Viking Grace (Lu & Ringsberg,

2020; Traut et al., 2014; Viking Line, 2021). Figure 3.2: E-Ship 1 Equipped with 4 Flettner Rotors (Lu &
Ringsberg, 2020).

The rotor on the Viking Grace was decommis-

sioned after three years. T. Riski, CEO of Norse-

power, the company that supplied the Flettner Rotor, stated that fuel savings of up to 20 % could
potentially be achieved (Viking Line, 2021).

In 2014, Traut et al. studied the impacts on a slow-steaming general cargo carrier, equipped with three
Flettner rotors. Their numerical performance model demonstrated an average power contribution rang-
ing from 193 kW to 373 kW. On the route between Varberg (Sweden) and Gillingham (Great Britain),
the rotors could generate more than half of the power needed by the main engine.

Lu and Ringsberg, 2020, compared three different WASP, namely Flettner rotors, DynaRigs, and Wing-
sails, on an oil tanker and two different routes. All three technologies resulted in fuel savings of be-
tween 5.6 % and 8.9 %, with the Flettner rotor providing the highest savings while requiring the smallest
sail area on the analysed route. Installation costs of a Flettner rotor with the size of 18 metre height
and a diameter of 3 metre can be accounted for with 750 000 EUR, monthly maintenance costs are
1208.33 EUR (Chica et al., 2023; Interreg, n.d.).

3.3.2. Kites

Kite-based WASP has been explored since the 1980s as an alternative means of reducing fuel con-
sumption in shipping (Duckworth, 1985; Traut et al., 2014). In 1985, Duckworth proposed parachute
kites, being more stable and easy to manage.

Kites have a few advantages to other WASP: Kites require fewer modifications to existing vessels, mak-
ing them a relatively easy solution to implement (Duckworth, 1985). A key advantage of kite propulsion
is its ability to generate a higher driving force per unit of sail area compared to traditional sails. This
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efficiency is attributed to the windmill apparent effect, which enhances aerodynamic performance. Ad-
ditionally, kites operate by flying in front of the ship rather than being mounted on the deck, thereby
preserving valuable space onboard (Traut et al., 2014).

Traut et al. demonstrated that kites achieve optimal performance in crosswind conditions. Their cal-
culations indicate that kite-assisted propulsion can lead to fuel savings of up to 32 %, depending on
the vessel’s route and wind conditions. The company Airseas projects an average fuel reduction of
approximately 20 % with their kite technology (airseas, n.d.; Traut et al., 2014).

Kites are technological ready. First kites were tested between 2004 and 2012 by the German company
SkySails (SkySails Marine, n.d.), one of the first ships equipped with a kite was the MS Beluga Sky-
sails (length of 132 m (VesselFinder, 2025)) with a size of 160 m? (BBC, 2008). Further applications
were, e.g., installed for test purposes on the ro-ro vessel Ville de Bordeaux (airseas, 2021). Modern
kite systems are typically computer-controlled and automated, improving their ease of operation and
reliability. Costs of a kite with an area of 160 m? can be estimated to 280 000 US-$ (IMO, n.d.-b).

Kites as electricity generator

SkySails shifted focus from marine propulsion to
electric power generation. In 2024, they pre-
sented an externally verified power curve (Sky-
Sails Power GmbH, 2024).

The system consists of a kite, a control pod, a ‘\\,\\\\\
tether, the launch and landing mast, the ground \\\‘“
station, namely a container, the drive train, and

a tripod with ring mount (SkySails Power GmbH,

n.d.-a).

The power kite, controlled automatically, gener-
ates electricity by flying in figures of eight, pulling

. il
up to 800 metres of a tether from a winch on the il

ground (SkySails Power GmbH, n.d.-a). This mo- UI

tion drives a generator in the ground station, pro- -

ducing power during the “work phase”. Once fully - I

extended, the kite shifts to a neutral position and Figure 3.3: Working Principle of Power Generating Kite
the generator, now working as a motor, reels in (SkySails Power GmbH, n.d.-a).

the tether using minimal energy. This circle re-

peats. The generated energy can be fed into the

grid or stored. The kite can land docking to a mast before being stored inside the ground station. The
system has a weight of about 40 t and archives power production of 100 to 200 kW per cycle (SkySails
Power GmbH, n.d.-b; Taphorn, 2024). The system is technological ready and supposed to work on-
and offshore, but is not meant for working on vessels.

3.3.3. TwinFoil Wingsalils

TwinFoil wingsails are rigid, aerodynamic sail systems designed to harness wind power more efficiently
than traditional sails (Barbu et al., 2024). The most well-known and commercially advanced example is
the OceanWing system, developed by VPLP Design (VPLP Design, n.d.). These wingsails operate on
the same aerodynamic principles as aeroplane wings, using a vertical foil with an oval-shaped cross-
section and an adjustable trailing flap to generate lift and thrust (Barbu et al., 2024).
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OceanWings are modular in design and can be
installed in tiltable or lower-able configurations.
Each sail has a surface area of 363 m2, stands
33 m high (with a total height of 38 m above deck),
and spans 11 m in width (OceanWings, 2024b,
2024c). An unit weighs approximately 45t and
can deliver a maximum equivalent engine power
of 2400 kW.

Fuel savings of up to 30 % have been reported
under favourable wind conditions (Barbu et al.,
2024), with wind power contributions ranging be- ) ) ) , , !
tween 15 % and 35 % (OceanWings, 2024a). A e 3 o sy o e
key milestone for this technology was the installa- '

tion of four Oceanwings sails on the cargo vessel

Canopée in 2023, marking the first application on a commercial ship.

Comparable twin-foil systems (9 m height, 3 m width) cost 250 000 EUR per unit and monthly another
500 EUR for maintenance (Chica et al., 2023; Interreg, n.d.).

3.3.4. VentoFoil

Suction wings, as the VentoFoil, were first investigated in the 1980s (Smeets, 2024), with sea trials on
board the Moulin a Vent I in 1983 (Charrier et al., 1985). VentoFoils use aerodynamic physics. The
foils have holes in the shell, in which fans blow air producing a suction side (Smeets, 2024). Holes on
the lee side are covered with flaps.

The VentoFoil produces thrust as shown in Figure 3.5. The figure depicts a VentiFoil, whose funda-
mental working principle is the same as that of a VentoFoil, with modifications.

Figure 3.5: Aerodynamics of VentiFoils (Econowind, n.d.-c).

Econowind offers VentoFoils with various mounting options. For newbuilds, they can be seamlessly
integrated, while smaller versions come in containerized formats or can be installed on flatracks
(Econowind, n.d.-b; Smeets, 2024). Generally, they are tiltable.

The system is technically ready and installed on several ships, as the MV Chemical Challenger
(Econowind, n.d.-a). Econowind aims to reduce fuel consumption by up to 60 % (Econowind, n.d.-
b). It should be noted that VentoFoils reduce fuel consumption and they cannot be used to produce
electricity. Installations costs for two suction wings of 11 m height can be considered with 325 000 EUR,
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monthly maintenance costs with 535 EUR (Chica et al., 2023; Interreg, n.d.). The weight of a system
with similar size can be assumed to be 9 600 kg (Conoship International, n.d.).

3.3.5. Wind Turbine

Wind turbines are widely used for energy generation both on- and offshore. In 2011, Beckmann and
Steen examined the use of a wind turbine for propulsion, specifically analysing a route between Bremer-
haven, Germany, and Peterhead, United Kingdom. This route was selected due to its strong winds and
their study found that a wind turbine with optimized blades achieved minimal greater energy savings
compared to wing sails. The main advantage of wind turbines is their ability to generate electricity even
when the vessel is stationary. However, wind turbines require significantly greater altitude compared
to other forms of WASP. The turbine being studied had a height of 40 metres (Bgckmann & Steen,
2011). Vessels of this size are unable to access many inland ports or pass under bridges. Given that
research vessels are smaller and typically stationed near research facilities, wind turbines will no longer
be considered for the decarbonisation of research vessels.

3.3.6. Comparison

WASP - including Flettner rotors, kites, and suction-based foils - demonstrate solid potential to reduce
fuel consumption and emissions. These systems can serve as effective supplements to conventional
propulsion. Table 3.10 gives a summary of the main data of the introduced WASP. Not further investi-
gated will be wind turbines due to their height and high centre of gravity as well as Flettner Rotors due
to their high installation (Inst.) and maintenance (Main.) costs.

Table 3.10: Summary of WASP.

Expected

. Size Weight Costs Considered
Savings
Inst. Main.
t 10° R
EUR month
height:
Flettner 18 m, n/a
Rotor diameter:
3m
100 -
(Power) 560 4w per S 40
Kite container
cycle
TwinFoil 15 % to 45
Wingsail 30 %
40 ft
. container,
VentoFoil foilheight: 325 535
10.3m

Wind n/a n/a n/a
Turbine

Due to the limited number of vessels currently equipped with WASP, performance data vary signifi-
cantly across and inside academic literature and manufacturer sources. Reported savings often differ
depending on vessel type, device size, operational profile, and of course wind conditions. Additional
uncertainty is added due to high dependency on wind speed and direction, which can vary significantly
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by region and season, which must be considered when evaluating their overall feasibility. To address
this uncertainty and ensure consistency in the modelling process, this thesis will consider only one
representative WASP, namely the VentoFoils. This choice is based on the relatively large amount of
publicly available performance data.

3.4. Further Energy Reduction Methods

In addition to alternative propulsion systems, there are various onboard technologies and operational
strategies that can further reduce a vessel’s overall energy demand. This section focuses on technolo-
gies such as EHR (Section 3.4.1) and solar power (Section 3.4.2).

Design-related optimizations - such as hull form adjustments or propeller optimizations - are not con-
sidered here, as research vessels are typically purpose-built and already optimized for their specific
scientific missions.

3.4.1. Exhaust Heat Recovery (EHR)

Waste heat recovery, especially from exhaust heat offers significant potential for reducing fuel consump-
tion and emissions. Especially for research vessels, which often operate in remote regions, optimizing
energy usage is of particular importance.

Depending on type and configuration of the machinery, considerable amounts of waste heat are gen-
erated (Klein Woud & Stapersma, 2016). In medium speed diesel engines, exhaust gas temperatures
reach up to 350 °C. Recovered waste heat can be utilized for onboard heating or for electricity genera-
tion (Klein Woud & Stapersma, 2016). Different principles are possible to achieve that. During the last
years, a lot of research was done on this topic.

Mondejar et al., 2018, conducted a study, showing that Organic Rankine Cycles are promising for
maritime applications. They often perform better at smaller scales, lower temperatures, and are more
compact. Specific costs can be assumed with 2000 YS-$/kw for units with around 500 to 1 000 kW.
Mondejar et al. calculated fuel savings of up to 10 %.

3.4.2. Solar Power

Solar power is gaining increasing attention as a sustainable energy source. In 2016, Jacobson et
al. conducted a study on the replacement of Washington State’s energy consumption with renewable
sources, proposing that solar energy should account for 10 % of total energy consumption by 2050.
However, solar energy is not confined to land-based applications, it also holds potential for usage
onboard vessels.

Diab et al., 2016, compared a hybrid system, which consists of a photovoltaic (PV) setup with a battery
and a diesel generator, feeding a converter and distributing electrical load both on a ship and on land. A
key difference from land installations is, that the PV system on a vessel experiences a load, which varies
depending on the vessel’'s operation. Furthermore, the radiation level is dependent on the longitude
and latitude the ship is sailing on. Efficiency is dependent on green water.

Since a research vessel solely powered by solar energy is unlikely, the variability in the electrical load
on the PV system is not a significant issue, as there will be an additional electricity source.

In 2020, Karatug and Durmusoglu designed a PV system for a Ro-Ro vessel, utilizing PS335M-24/T
Premium Panels by Solar Energy Company. With 1 274 solar panels placed on the foredeck for optimal
sun availability, the system had a peak power of 426.8 kW. On a route from Pendik, Turkey, to Trieste,
Italy, the system generated 334.06 MWh, contributing to 7.38 % reduction of the fuel consumption.
Unsurprisingly, the ship, sailing in the northern hemisphere, achieved its highest energy production
between May and August. The solar panels used in this study were of monocrystalline type with the
measurements shown in Table 3.11.

Taking a look at the research vessel Sonne, the bulwark of the deckhouse and a small area on the
upper part of the vessel can be assumed to be suitable for solar panel installation. Approximately 55
solar panels of the size given in Table 3.11 can be fitted on these areas, resulting in a peak power of

WSolar =55 PPeak: *NSolar = 318 kW (33)
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Table 3.11: Measurements and Energy Capacity of Solar Panels (Karatug & Durmusoglu, 2020).

Length Width Height Weight Peak Power Efficiency

1956 mm 992 mm 40 mm 22.5kg 335W 17.26 %

This corresponds to only about 0.05 % of the vessel’s maximum power demand. While RoRo vessels
may provide sufficient deck area for photovoltaic installation, research vessels typically need the space
for research operations. Considering these spatial limitations as well as the uncertainties of this study,
solar power is therefore considered negligible and will not be further taken into account.

3.5. Conclusion

Chapter 3 explored energy reduction strategies and alternative fuels for research vessels, focusing on
technical feasibility.

FCs offer high efficiency (up to 57 %), silent operation, and zero emissions, but they remain costly and
limited implemented in maritime use. ICEs are currently dominant due to reliability and fuel flexibility,
but they emit GHG emissions, making them unsuitable for long-term decarbonisation unless used with
low-emission or carbon-neutral fuels.

Alternative fuels were evaluated based on physical and chemical properties, emissions, technological
readiness, availability, safety, and costs. HVO and LNG provide some immediate reductions in emis-
sions, though HVO is limited by supply constraints. Ammonia, hydrogen, and methanol show strong
potential as medium-term alternatives.

WASP such as Flettner rotors, kites and suction based foils can reduce fuel consumption and emis-
sions. This thesis focuses on VentoFoils as WASP, given the high availability of relevant data. While
power-generating kites are not viable for shipboard use, they could contribute to shore-based energy
generation.

Onboard energy-saving devices such as EHR provide further efficiency improvements for auxiliary
loads.

Throughout this chapter, uncertainty has emerged as a central issue. Performance data for novel
technologies and alternative fuels is often limited, context-dependent, or inconsistent across sources.
Pricing of sustainable fuels remain volatile and dependent on external factors. These uncertainties
affect the reliability of the analysis and must be incorporated into modelling efforts.



Research Methods

To identify and evaluate decarbonisation strategies for research vessels, a decision making approach
is required. This chapter addresses the third sub-question:

Which research methods, concerning parametric modelling, uncertainty
analysis, and economic evaluation, are best suited to assess the feasibility
of alternative fuels and WASP for research vessels?

The complexity of this task arises from the high level of uncertainty surrounding future developments
in fuel and converter technologies, vessel operations, regulatory requirements, and operational and
capital expenses.

Therefore, the chosen modelling framework must be capable of

* Integrating technical, operational, and economic aspects
Decarbonisation strategies for research vessels must consider not just propulsion technologies
but also how these technologies interact with vessel operations and life-cycle costs. A model
ensures that the interdependencies between fuel choice, onboard systems, mission profiles, and
economic viability are fully captured.

» Accounting for deep uncertainty
Future developments in fuel technologies, infrastructure, and regulations are highly unpredictable
and cannot be forecast with confidence. The model must therefore accommodate a wide range
of plausible futures rather than rely on fixed assumptions or probabilities.

+ Comparing many different scenarios
To evaluate decarbonisation strategies effectively, it is essential to simulate a broad set of oper-
ational and technological scenarios.

* Finding a robust rather than an optimal strategy
Rather than identifying a single “best” solution for a specific future, the goal is to find strategies
that perform acceptably across many possible futures. This robustness ensures long-term viability
and reduces the risk obsolescence.

4.1. Uncertainties
Decarbonisation of research vessels is a complex topic, holding certainties, but also a high number of
uncertainties. The certainties - the things we already know - were explored in Chapters 2 and 3.

Assessing the feasibility of alternative fuels and propulsion technologies requires not only technical
analysis but also a deep understanding of the uncertainties that shape long-term outcomes. Terln,
2020, described three types of uncertainties, namely the technological, economic, and regulatory one.
In case of research vessel, a fourth layer - operational uncertainty - needs to be added.

Technological uncertainty refers to the unknowns associated with the development and deployment

35
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of alternative propulsion technologies (Terlin, 2020). Key concerns are the performance and durability
of FCs under maritime conditions, especially over extended periods of operation, as well as the per-
formance of EHR systems and WASP. The availability of supporting infrastructure further adds to the
uncertainty, particularly given the global and remote operational scope of many research vessels.

Economic uncertainties stem primarily from the volatility of prices for alternative fuels, which are in-
fluenced by fluctuating demand, evolving production methods, and inconsistent supply chains as also
stated by Teriin, 2020. The long-term availability of these fuels, especially in remote or underdeveloped
regions, remains difficult to predict. Capital expenditure (CapFEx) and operational expenditure (OpFEx)
for new propulsion technologies are also difficult to estimate with precision due to rapidly changing
market conditions and limited historical data. Furthermore, there is a considerable risk that early invest-
ments in specific technologies may become obsolete as standards evolve or more efficient alternatives
emerge.

Regulatory uncertainty arises from the evolving nature of maritime emission policies at both inter-
national and regional levels (Tertin, 2020). While current frameworks, such as those established by
the IMO, provide some direction, the timeline and exact scope of future regulations remain unclear.
This lack of predictability poses a challenge for shipowners and operators seeking to make long-term
investment decisions aligned with compliance requirements. Additionally, the certification processes
for emerging technologies, such as hydrogen FCs or WASP, are not yet fully standardized, further
complicating regulatory planning.

Research vessels differ significantly from commercial ships in that each voyage is typically unique and
driven by scientific mission objectives rather than fixed routes. This introduces substantial operational
uncertainty, as energy requirements, system loads, and voyage durations can vary widely between
expeditions depending on the research goals, environmental conditions, and geographic regions in-
volved. The dynamic nature of these missions - ranging from stationary sampling to long transits -
makes it difficult to predict fuel consumption patterns. Unlike commercial operations, which allow for
standardization and forecasting, research missions require flexible propulsion and energy systems.

4.2. Level of Uncertainty

Widely adopted, next to others by Terlin, 2020, and Suy, 2022, in the context of decision making under
uncertainty is the classification of Marchau et al., 2019. Asin Figure 4.1, Marchau et al., 2019, introduce
different levels of uncertainty.

Complete Level 1 Level 2 Level 3 Level 4 (deep uncertainty) Total ignorance
determinism Level 42 Level 4b
Context (X) A clear enough Alternate futures (with | A few plausible | Many plausible | Unknown future
future probabilities) futures futures *
: T « O >
¥ v
System model A single A single (stochastic) A few Many Unknown
(R) (deterministic) system model alternative alternative system model;
system model system models system models know we don’t
know
System A point estimate | A confidence interval A limited range | A wide range of | Unknown
outcomes (O) for each for each outcome of outcomes oufcomes outcomes: know
outcome we don’t know
Weights (W) A single set of Several sets of weights, | A limited range | A wide range of | Unknown
weights with a probability weights weights weights; know
attached to each set we don’t know

Figure 4.1: Levels of Uncertainty by Marchau et al., 2019.

Level 1 and 2 uncertainties are relatively certain. A system is well defined, for level 1 uncertainties, his-
torical data is assumed as predictors of the future. Level 2 uncertainties can be described by stochastic
and probabilistic properties. Potential outcomes of the future are attached by probability weights. In
the case of decarbonising research vessels, this is not feasible. For example, no universally accepted
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timeline exists for green hydrogen becoming cost-competitive or available at scale in ports. Assigning
probabilities to technological breakthroughs or regulatory decisions is not possible with current knowl-
edge.

Level 3 uncertainty implies a limited set of possible future scenarios, systems, outcomes and weights.
Probabilities cannot be assigned to them. However, the complexity of the topic contradicts this simpli-
fication. Although the complexity of decarbonising research vessels initially suggests that the number
of relevant parameters - such as port infrastructure availability, performance of FCs, WASP, and EHR,
prices or policy levers - is too large to be captured by a limited set of scenarios, some aspects can
be effectively scoped. Mission uncertainty - the main uncertainty differencing research vessels from
commercial vessels - can be represented by a manageable set of distinct futures. As such, within the
modelling framework, mission profiles can be treated in a more structured way, allowing them to be
analysed as a discrete set of possible outcomes.

Level 4b would suggest an absence of any knowledge to guide decision-making. Also this level does
not apply, as existing studies, and prototypes of alternative fuelled engines or FCs do provide partial
knowledge and a basis for structured exploration.

The overall uncertainty associated with the decarbonisation of research vessels is best categorized as
level 3 to 4a described by many plausible futures. This level captures situations in which a wide range
of plausible futures must be considered simultaneously. Decarbonisation of research vessels is charac-
terized by interdependent and evolving uncertainties across technological, regulatory, economic, and
operational domains, which cannot be reduced to a limited number of discrete or predictable scenarios.
Uncertainty levels associated with each uncertainty are described in Table 4.1.

Table 4.1: Levels for Each Uncertainty.

Uncertainty Level Explanation
Performance of 3 FC systems for use in shipping are still under
FCs development, but individual projects are in the making

(PowerCell Group, 2023). There is insufficient certainty to
establish probabilities for future results, yet the possible
directions are identifiable and describable.

Infrastructure 3 The construction of bunkering and loading facilities for
environmentally friendly fuels depends on international
investment, political incentives and technological
restrictions. However, there is a range of possible futures,
that can be thought of.

Availability of 4a Production capacities for green ammonia, hydrogen and

Fuels e-fuels are in the early stages and will be determined by
global politics, market acceptance and geopolitics - there
are no agreed scenarios or reliable probability limits
(IRENA, 2024b). However, a wide range of future
outcomes can be thought of.

Volatility of 4a Literature provides current prices and some long-term

Prices projections for alternative fuels (e.g. DNV, 2022b; IRENA,
2024b; Kang et al., 2021). However, prices are
determined by many different influencing factors. It is not
possible to draw up a probability calculation.

(Continued on next page)
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(Continued from previous page)

Uncertainty Level Explanation

Capital and 4a While some estimates of capital and operational
Operational expenses are available (Chica et al., 2023; IEA, 2019),
Expenses the cost of installing and operating novel technologies is

driven by emerging technique, volatile supply chains and
evolving markets - factors that introduce uncertainty and
make reliable modelling or scenario planning difficult.

Evolving 3 A number of policy instruments (carbon taxes (European

regulations Comission, n.d.-c), zero-emission mandates (DNV,
2025b)) are conceivable, but the timing and inclusion of
research vessels cannot be credibly estimated.

Unique Missions 3 -4a Missions are highly unique. However, taking
simplifications into account, a few scenarios can be
thought of.

Transit Speed 3 Transit speed varies due to differences in missions,

vessel characteristics, or operational practices. Based on
the data for European research vessels provided by
Nieuwejaar et al., 2019, a range of transit velocities can

be defined.
Number of 3 The number of onboard personnel, including crew and
People Onboard scientific staff, varies with vessels and operators.

However, typical values can be derived from Nieuwejaar
et al., 2019, allowing for a limited number of
representative scenarios.

4.3. Decision Making Methods

Five approaches are provided by Marchau et al., 2019, the list is extended by Moallemi et al., 2020,
and Terln, 2020. An overview of these, sorted into the different levels of uncertainties, is shown in
Table 4.2.

Table 4.2: Decision Making Methods for Different Levels of Uncertainty Based on Tertin, 2020, and Suy, 2022.

Level 2 Level 3 Level 4a Level 4b
Real Option 0 Eigilgi\?qrggsis Dynamic Adaptive Info Gap Decision
Analysis (ROA) P y Planning (DAP) Theory (IG)
(EOA)
Markov Decision Epoch-Era Analysis Dyn_am|c Adaptive
Process (MDP) (EEA) Policy Pathways
(DAPP)
Decision Scaling
(DS)

Robust Decision
Making (RDM)

Many Objective
Robust Decision
Making (MORDM)
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As outlined in Section 4.2, the decarbonisation of research vessels is best characterized by level 3 to
4a uncertainty. Therefore, the focus of this section on decision-making methods is set specifically on
these higher levels.

Engineering Options Analysis (EOA) offers a quantitative analysis for planning, design, and manage-
ment of engineering systems over time (Marchau et al., 2019; Moallemi et al., 2020). A key strength of
EOA is its explicit treatment of flexibility: It assesses the value of preserving multiple implementation
pathways and informs decision-makers of trade-offs in terms of technical performance, cost, and risk.

Epoch-Era Analysis (EEA) decomposes and combines the contextual aspects on a group of scenar-
ios (Gaspar et al., 2015). It distinguishes between short-term epochs and longer term eras. Several
epochs, each defined by a static set of key factors, define a dynamic interval of time, an era, which can
represent the lifetime of a vessel.

Dynamic Adaptive Planning (DAP) is a approach designed to maintain flexibility in face of uncertainty
and changing environments (Marchau et al., 2019). It prioritizes flexibility, adaptability, and continuous
learning to cope with uncertainty and complexity. The method typically unfolds in two main phases:
design and implementation. During the design phase, robust strategies are developed that can perform
well across a wide range of possible futures. In the implementation phase, these strategies are putinto
action, supported by monitoring systems that enable timely adjustments.

Dynamic Adaptive Policy Pathways (DAPP) is a planning approach that integrates the principles of
DAP with the concept of adaptation pathways (Marchau et al., 2019). Originally developed to support
climate-resilient strategies in water management, DAPP provides a structured method for decision-
making that emphasizes flexibility within an overarching plan. The method addresses long-term strate-
gic planning challenges under changing conditions by enabling a sequence of actions over time. These
plans typically consist of initial actions and long-term options, allowing for adjustments as the context
evolves. At the core of this approach is the recognition that policies have a limited design life and may
become ineffective as conditions change.

Decision Scaling (DS), especially developed for climate risk assessment, uses a decision-analytic
framework and structured sensitivity analysis to guide decision-making (Marchau et al., 2019). It fo-
cuses first on the decision context, identifying key objectives and thresholds. Then, through a climate
stress test, the system is exposed to a wide range of climate conditions to reveal vulnerabilities. Finally,
climate-informed risks are estimated using relevant projections, allowing decision-makers to evaluate
which climate scenarios are most critical. DS ensures that decisions remain effective under diverse
and uncertain climate futures.

Robust Decision Making (RDM) is a scenario-based, iterative approach designed to support strategic
decision-making. Rather than seeking an optimal solution based on predicted outcomes, RDM empha-
sizes the identification of robust strategies - those that perform well compared to alternatives across
a wide range of plausible future scenarios. This method involves running computational models thou-
sands of times to stress-test proposed decisions against diverse futures. The results are then analysed
using statistical tools and visualizations to help to identify robust strategies. RDM was used by Tertn,
2020, to assess alternative fuel types of Ultra Large Container Vessels and Suy, 2022, to examine the
feasibility of zero-emission walk to work vessels.

Many Objective RDM (MORDM) is used, when multiple objectives - as for example technical viability
and economic rentability - are in contrast to each other. MORDM uses the RDM structure, but integrates
concepts from multi-objective optimization to address complex decision problems involving multiple,
often conflicting, objectives.

After a comparative evaluation of decision making methods, MORDM emerges as the most appropriate
approach for the underlying topic. As part of this thesis, it is proposed to integrate the approach with
an EEA to address the uncertainty surrounding potential future missions of research vessels.

In the maritime sector, the selected propulsion systems are cost-intensive installations that will be in
operation for several decades. Considering the deep uncertainties with regard to technological devel-
opments, legal framework conditions, mission profiles, and costs, the strategies must remain viable
across a wide range of future scenarios. The ability to operate satisfactorily in many highly uncertain
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scenarios is a key factor in the decision to prioritise robustness over identifying a single optimal solu-
tion. Even if uncertain, a few plausible scenarios with the parameters of fraction of precise research
and range can be thought of. To do so, an EEA will be included in the MORDM. Furthermore, the decar-
bonisation of research vessels is inherently a multi-objective problem, requiring an approach that can
address and balance competing priorities, as the minimization of GHG emissions and the minimization
of lifecycle costs.

MORDM provides a structured and flexible framework for evaluating these objectives in parallel, en-
abling the identification of robust, non-dominated strategies that support long-term decision-making
under deep uncertainty.

4.4. Methodology

The MORDM framework was selected to evaluate the feasibility of decarbonisation strategies for re-
search vessels under deep uncertainty. As presented in Section 4.3, this method enables a structured
exploration of many possible futures, supporting the identification of vessel configurations that remain
robust across a wide range of conditions. This section describes the steps of this method, which are
shown in Figure 4.2, more in detail based on Marchau et al., 2019, Chapter 2.

1) Decision
Framing
A

5) New 2) Evaluate
Futures and Strategy

Strategies Across Futures
A

4) Tradeoff
Analysis

3) Vulnerability
Analysis

v \

SR Decision-

Strategies el van
Scenarios

Figure 4.2: Steps in a RDM Analysis by Marchau et al., 2019, Chapter 2.

The method begins with step 1 by establishing the decision context, often defined in a so-called “XLRM”
matrix. Properties are exogenous uncertainties (X), policy levers (L), relationships (R), and measures
of performance (M).

4.4.1. Exogenous Uncertainties (X)
Exogenous uncertainties are uncertainties, that come from outside the system and are not influenced
by the choice of propulsion system.

The most important uncertainty in the context of decarbonisation of research vessels is the uncertainty
of the missions. To address this, an EEA, as introduced in Section 4.4, is applied. This section defines
the final set of eras proposed and used in this thesis to structure that uncertainty. The method helps to
reduce the possible missions to a range of possible futures.
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The epoch-era diagram used is based
on the methodology described by Gas-
. par et al., 2015, and already used by

i : van Lynden, 2021. Figure 4.3 illus-
trates different research vessel types
across various operational profiles, re-
ferred to as “eras”. The diagram is
O—++—0 used to systematically cover plausible
- operating profiles. Each era repre-
Y sents a unique combination of range
and the amount of precise research op-
eration, thereby capturing the diversity
in mission demands that a vessel may
encounter. Unlike as in Gaspar et al.,
10% 15% 20% 2015, the diagram is not based on mar-
AmownEol Precie Research Operation ket forecasts, but attempts to cover as
many different ship designs as possi-
ble. As research missions are depen-
dent on current research projects, the
author believes that these cannot be predicted but should remain diverse. This is why those eras are
selected at representative low/medium/high levels of mission requirements to achieve a broad cover-
age of mission cases. Three epochs per era capture gradual changes over time. Each era has the
length of a ships lifetime, which is assumed to be 30 years. Each epoch has a duration of 10 years.
Consistency and validity is ensured by constraining the combinations to meet the statistically deter-
mined time budgets of the missions (fixed proportions for transit and port time as stated in Section 2.2),
and by restricting transitions to remain within the same range row or shift between epochs by no more
than one row to avoid unrealistic swifts.

tnr = T — tiransit — tport - tpr (41)

, Where T denotes the total mission duration, and ¢ represents the time allocated to normal research
(tnr), transit (t4rqnsi), POrt or yard stay (¢,0r+), and precise research (t,,).
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Figure 4.3: Epoch-Era-Diagram Based on a Figure by Gaspar et al., 2015.

Figure 2.2 showed the engine load of different operations. Times of entering the port and weathering
are assumed to be very low. For simplifying purposes, these operations will be neglected. Normal
research, and seismic research will be combined to normal research, as the engine loads are quite
similar. Table 4.3 describes the eras shown in Figure 4.3.

Table 4.3: Description of Proposed Eras.

Era Epochs Description

1 1-2-3 The vessel performs research within a range of 5 000 nm. After each ten
years, the amount of precise research operations is increased to enable
more detailed exploration.

2 4-5-3 This vessel is performing research within a range of 7 500 nm. After 10 years,
it increases its amount of precise research operation. After another 10 years,
it is going to support vessel 1.

3 5-7-9 Vessel 3 starts with a medium percentage of precise research in the range of
7 500 nm. After 10 years, it increases the range from 7 500 to 10 000 nm,
while performing with a small fraction of time precise research. After another
10 years, the fraction is doubled.

Transit Speed
Transit speed v can vary due to differences in missions, vessel characteristics, or operational practices.
Table 2.1 showed transit velocities ranging between 10 and 13 knots for various research vessels. For
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this study, a reference transit speed of 12 knots is assumed, with an uncertainty factor xy of 25 %,
resulting in a velocity range from 9 to 15 knots. This approach not only accounts for the inherent
uncertainty in transit velocity but also allows for evaluating the influence of speed variation on technical
feasibility and economic performance.

Number of Crew and Scientific Staff

The number of people onboard, including both crew and scientific staff, can vary due to differences in
mission profiles. The Sonne has accommodation for up to 72 people (Briese Research, n.d.). The ma-
jority of the European deep sea going research vessels have capacities for 20 to 40 scientists (Nieuwe-
jaar et al., 2019). With crew, a standard number of people onboard Np,g is assumed to be at 60, with
a deviation (x ) of 50 %.

Fuel Cell Performance

The performance of FCs represent a critical exogenous uncertainty in the assessment of low-emission
propulsion systems. The technology is still undergoing rapid development and have yet to reach full
technological maturity in maritime applications. Including FC performance uncertainty in the model
allows for a more realistic appraisal of energy system viability across diverse futures. PowerCell Group,
2025, gives the efficiency with 42 to 57 %. To reflect long-term performance, an efficiency (nr¢) of 50 %
is used with a deviation (zr¢) of 20 %.

WASP Performance

The performance of VentoFoils depends highly on the external factor of wind condition. In this study,
WASP efficiency (nwasp) is treated as a continuos uncertainty parameter, representing the relative
reduction in fuel consumption. Based on literature and manufacture estimates shown in Section 3.3,
the saving potential is modelled to range between 5 and 15 %, reflecting both pessimistic, conservative,
and optimistic scenarios. The uncertainty factor is called zy a5p.

EHR Performance

The baseline efficiency for EHR (ngn r) is set at 10 %, based on calculations from Mondejar et al., 2018.
To reflect variability in technology, an uncertainty factor g r of + 50 % is applied. This yields a 5 -
15 % efficiency range and keeps the value consistent with the second energy reducing technology of
WASP.

Fuel Prices

Energy carrier prices are subject to volatility. Fuel costs have a substantial influence on both the op-
erational expenditure and the overall economic feasibility of alternative propulsion systems. However,
these prices are difficult to predict due to their dependence on a range of external factors, including
fluctuations in global energy markets, geopolitical developments, and technological progress in fuel
production and distribution.

Closely linked to fuel price is the uncertainty surrounding future fuel availability. As already described,
research vessels are only bound to a limited extent to the availability of fuel in ports, as they are typically
refuelled by tank trucks, but this nevertheless has an impact on fuel costs.

Based on literature review and actual port price data, plausible base prices for the years 2025 and
2050 were described in Section 3.2, summarized in Table 4.4. Prices for ammonia, hydrogen, and
methanol are forecasted to decrease, however, forecasts of HVO and LNG are not available, so they
will be priced as in 2020.

Suy, 2022 defined an uncertainty range of 4+ 30 % for fuel prices, while also defining a range for fuel
availability. In this thesis, they are combined, as it is assumed, that the measurable influence of fuel
availability is shown in the price. For this reason, a deviation (zt,.;) of 40 % of the base price is
assumed. As in Suy, 2022, short-term volatility is neglected to not further complicate the analysis.

Capital Expenditure

Unlike fuel prices and political parameters, capital costs can be traced back to literature as indicated in
Section 3.2. Therefore, arange (zcaqprz) Of = 25 % is used, which is narrower than for other exogenous
factors, while it still follows a modest approach.
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Table 4.4: Summary of Fuel Prices Based on Section 3.2
(Argus O.M.R., 2025; DNV, 2022a; IRENA, 2024b; Kang

6000y etal., 2021; SEA-LNG, 2025; S&P Gobal, 2025).

—Ammonia
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—Hydrogen
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- Fuel Price 2025 Price 2050
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D [EURA] [EURA]
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% Ammonia 648 279
T 2000 HVO 1760 1760
1000 Hydrogen 4 500 1800
r\
0 , ‘ ‘ ‘ ‘ LNG 750 750
2025 2030 2035 2040 2045 2050 2055
Year Methanol 923 450
Figure 4.4: Projected Fuel Prices with zp,,¢; = 0.4 Based on MDO 456 456

Figures by Suy, 2022.

4.4.2. Policy Levers (L)

In the context of decarbonising research vessels, the most likely policy lever is a carbon trading scheme,
such as the EU ETS. As with many current regulations, non-commercial vessels are often exempted,
therefore, the introduction of a zero-carbon mandate for research vessels is considered unlikely.

900 -

Expected Carbon Price Spread
800 H——Mean Carbon Price

700 -
600 -
500
400 -

300 -

Price of CO, [EUR/]

200 -

100 -

O | | | | | |
2025 2030 2035 2040 2045 2050 2055
Year

Figure 4.5: Projected Price of CO, under the EU ETS Based on Figures by Suy, 2022.

Within the EU ETS, a cap is placed on total emissions, and companies must hold allowances equal to
their emissions. These allowances can be traded, creating a market-based price for carbon (see also
Section 2.4.2). To ensure a smooth introduction of the expanded system (ETS2), a soft price cap of
45 EUR/t may be introduced (European Comission, n.d.-c). However, market analysts expect the actual
starting price in 2027 to be closer to 60 EUR/t co, (BloombergNEF, 2025), reaching 150 EUR/t co, by 2030.

To estimate the long-term cost implications, a linear extrapolation from this forecast suggests a potential
price of 900 EUR/tco, by 2055. This extrapolated value is used as a conservative upper bound in the
analysis, representing the potential cost impact if this policy lever is applied to research vessels. The
assumed price range is illustrated in Figure 4.5.

4.4.3. Relationships (R)
The relationships R of the XLRM matrix are the links between the uncertainties and levers as input of
a scenario and the measures as output (Lempert et al., 2003).
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A state-of-the-art research vessel as described in  Table 4.5: Technical Data of RV Sonne (Briese Research, n.d.;
Section 2.3, namely the RV Sonne, is selected to Meinders, 2025).

assess technical feasibility. This approach relies
on using a representative baseline vessel, rather | ength over all L,, 116.00 m
than designing a vessel from scratch for each sce-
nario. While this method may yield different out-
comes compared to a full vessel design process,
it significantly simplifies the modelling task given  Beam B 2060 m
the limited availability of detailed public data and
research on this specific type of vessels. More-

Length between L,, 102.86 m
perpendiculars

Draught D 640 m

over, it allows for a more practical and transpar-  Service Speed Vg 12  kn

ent evaluation of current technological capabili-

ties within varying operational contexts. Range 7500 nm
Endurance T 50 d

The RV Sonne is selected, as she is the vessel
with the greatest data available. Nieuwejaaretal., Power P 6000 kW
2019, classified her as a global vessel, however,
her main research area is the Indic and Pacific.
Main technical data is shown in Table 4.5.

max. number of persons NpoB 80
onboard

4.4.4. Measures of Performance (M)

To evaluate the decarbonisation strategies, two

measures of performance are applied: GHG emissions and expenses associated specifically with the
propulsion system. These represent the “M” component of the XLRM matrix. Emissions are calculated
on a life-cycle basis, covering Well to Wake (WtW) contributions of each fuel type. This way, the analysis
provides insight into the effectiveness of each decarbonisation strategy. This enables a fair comparison
between fossil and renewable fuels, as well as an understanding of how auxiliary technologies such as
WASP or EHR contribute to GHG reduction. Expenses include both capital and lifecycle operational
costs of the propulsion system. The detailed formulations of these measure are provided in Chapter 6,
where they form the basis of the performance evaluation.

In step 2, simulation models are used to test the proposed strategies across a wide range of possi-
ble futures, creating a large database of results. These strategies may originate from public debate,
optimization routines, or a broad initial set that is refined into more viable options. In this thesis, the
parametric model utilizing the XLRM-matrix, will be used to create many plausible futures.

Table 4.6: Possible Propulsion Configurations. Red: Technically not Plausible.

EHR no EHR EHR no EHR
Fuel Converter WASP no WASP

Ammonia
HVO
LH, ICE
LNG

Methanol

Ammonia
HVO
LH, FC
LNG

Methanol
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A total amount of 40 propulsion configurations could be constructed, however, some are technically
implausible, as shown in Table 4.6. For instance, EHR is only useful, if exhaust heat is produced, so
only in combination with ICEs. Furthermore, HVO and LNG cannot be utilized in FCs. In total, 26
configurations are plausible, although they do not necessarily have to be technically feasible. Each
configuration is examined across all combinations of uncertainties shown in Table 4.7. Hence, the
parametric model evaluates 128 304 unique possible futures.

Table 4.7: Uncertainty Factors.

Uncertainty Factor Range or _Scenarlo Number of
Option Scenarios
Mission Profile Era1,Era2,Era3 3
Transit velocit 25 %, +0%, +25 % 3
y v (from base velocity)
Number of . -50 %, 0 %, +50 % 3
personnel on board N (from base number)
_ o) [s) 0,
Fuel Cell 20 .A” 0%, 20 ./°
TFC (relative to baseline 3
Performance .
efficiency)
-50 %, 0 %, 50 %
WASP Performance TWASP (relative to baseline 3
efficiency)
-50 %, 0 %, 50 %
EHR Performance TEHR (relative to baseline 3
efficiency)
. -40 %, 0 %, 40 %
Fuel Prices T Fuel (from base price) 3
_ o, (s o,
CapEx Uncertainty LCapEax 25 %, 0 %, 25 % 3

(from estimate)

Not introduced,
lgTs -33 %, 0 %, 33 % 4
(from base price)

Emission Trading
Scheme

In contrast to the approach taken by Suy, 2022, where the parametric model was constructed and
analysed before introducing uncertainty through RDM, this thesis integrates uncertainty already in the
examination of the technical feasibility. Due to the critical influence of uncertainty factors such as the
operational profiles of research vessels and the technological performance of FCs, these uncertainties
will be considered already during the parametric model setup.

In step 3, the dataset is explored using statistics and visualised through box and scatter plots. The ob-
jective is to identify configurations that exhibit vulnerabilities, such as exceeding geometric constraints,
limited robustness across operational profiles, and sensitivity to fuel price assumptions, or that per-
form consistently well across uncertainty scenarios. Uncertainty drivers are analysed regarding their
influence on the results. To identify the most influential uncertainty parameters, the data set is divided
according to the parameters. For each subdivision, the shifts in the boxes across parameter settings
are compared and the stability of the fuel ranking is checked.

For the visualization of distributions, mainly two approaches are available: box plots, as used by Terun,
2020, and violin plots, as applied by Suy, 2022. Box plots provide a summary of the distribution by
indicating the median, quartiles, and potential outliers, making them a precise tool for identifying the
spread and extreme values (Yi, n.d.-a). Violin plots, by contrast, extend box plots with a mirrored kernel
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density curve, which visualizes the shape of the distribution (Yi, n.d.-b). They are based on a kernel
distribution function rather than the actual data points. This smoothing may exaggerate the tails of
the distribution, making configurations that are fully robust appear less reliable. Since the optimistic
and pessimistic scenarios in this thesis are already conservatively defined, a direct visualization of the
available data points is more appropriate. For this reason, box plots are chosen as the visualization
method.

Figure 4.6 illustrates the structure of a box-
plot. The central box represents the interquar-
tile range, which covers the middle 50 % of the
data. The line inside the box indicates the me- .

dian (Q2). The whiskers extend to the smallest T O S
and largest values within 1.5 times the interquar- ) 0195*‘“02 s ds )
tile range, thereby capturing the main spread of

the data. Any points beyond this range are clas- Ii —‘ . .
sified as outliers and shown individually as dots. v
This visualization provides insights into both the QR=03- 01 Upper whisker imit | 1"
central tendency and the variability of the results, =Q3+1.500R)

while also showing extreme cases.

. Figure 4.6: Visualization of box plots from Yi, n.d.-a.
Trade-off's are displayed and evaluated to sup-

port decision-making processes in step 4. A

multi-objective analysis is conducted to assess the two competing criteria, namely lifecycle GHG emis-
sions and costs. Results are visualised as scatter plots to make the trade-offs explicit, and technical
robustness is assessed against predefined feasibility constraints. Those that maintain acceptable per-
formance - of technical feasibility, economic and emission-related performance - across most scenarios
are identified as robust strategies.

Finally, step 5 enables to use the scenarios to identify potentially more robust strategies. The iterative
process can be started from the beginning.

4.5. Conclusion

Chapter 4 presented the methodology that will be used to evaluate decarbonisation strategies for re-
search vessels in the face of deep uncertainty. Levels were assigned to these uncertainties - described
in Section 4.1 - in Section 4.2. From the decision making methods Section 4.3, it was decided to apply
the MORDM framework in combination with a parametric model. A structured process was described
to generate, simulate and assess a wide range of vessel configurations in Section 4.4. The model incor-
porates essential technical requirements to ensure that only configurations capable of reliably meeting
energy demands for propulsion and hotel loads are considered.



Parametric Model

Building on the review of vessel design, energy options, and research methods, the next step is to
translate these findings into a tool to evaluate the feasibility of alternative fuels and propulsion systems
for research vessels. This chapter contributes to step 1 of the MORDM framework, the problem framing.
While developing a parametric model, it links the “X” and “L” specified in Section 4.4 through the “R”
to “M” in Chapter 6. Together, Chapters 5 and 6 complete step 1 by specifying the XLRM structure.
The model developed links the choice of fuel, converter and auxiliary technologies with hull geometry,
displacement and power requirements. By introducing a geometric constraint, the model ensures that
only technically consistent and feasible configurations are considered. The following sections describe
the main components of the model, starting with the geometric constraints, through the evaluation of
the basecase vessel, time calculations, and energy requirements, to the volume and displacement
updates.

Figure 5.1 provides an overview of the model structure. Inputs such as vessel data, operational profiles,
and fuel properties are processed through the model, which calculates energy demand, additional
length, costs, and emissions. Results are expressed as performance measures including technical
robustness, lifetime GHG emissions, and associated costs of the propulsion system (Chapter 6). Base
values used in this chapter are summarised in Table A.1. The uncertainty deviations x are directly
applied to the variables in the model.

5.1. Geometrical Constraint

To ensure that all vessel configurations remain technically realistic and applicable across different ship
types, a relative constraint for the hull geometry is introduced. Rather than applying an absolute limit
on the added length, the vessel’s length-to-beam ratio (Z/B) is used as the primary geometric boundary.
As summarized in Section 2.3.4, the reviewed research vessels exhibit Z/B-ratios between 3.1 and
6.4, with most clustering around 4.3 to 5.6. In comparison, cargo ships typically fall in the range of
6 to 7 and passenger vessels in 6.5 to 7.5 (Molland, 2008). To ensure that the parametric model
remains consistent with these observed proportions, while still allowing for somewhat more slender
hulls than those currently common, a maximum Z/B of 7.0 is applied. This threshold lies above the
values observed in current research vessels, but it remains within the ranges considered acceptable for
both cargo and passenger ships. In this way, the model avoids excluding potential future designs with
more slender forms, while at the same time preventing unrealistic hull geometries beyond established
practice.

Lpcv + AL

<7.0 51
Bpcv - 1)

, where the subscript BC'V denotes the base case vessel.
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Figure 5.1: Flowchart of Parametric Model.

5.2. Evaluation of Basecase Vessel

The available data for the base ship must be analysed according to the parameters required for the
subsequent calculations. Important measures, as cg, ¢);, and F'n equations provided by Schneekluth,
1985, are used. These formulas are relatively old, and mainly used for cargo vessels. Cargo and re-
search vessels share the requirement for large, unobstructed volumes within the hull. In cargo vessels,
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this space is needed for holds that can accommodate goods, while in research vessels it is required to
integrate laboratories and storage areas for scientific equipment.

N 0.14 LPP/B =+ 20

2
°B= Fn 2 (5:2)
CM :09+0163 (53)
, Where
Fn=_—_%__ (5.4)
(Lpp - 9)

, Where g = 9.81m/5s? represents the gravity of earth. Equations 5.2 to 5.4 are applied to the basecase
vessel, yielding calculated values of cg = 0.6926, ¢, = 0.9693, and F'n = 0.1943. Barrass and Derrett,
2012, state that medium-form vessels have a block coefficient of around 0.70, so it is assumed that the
equations give some good indicates.

To estimate the actual tank size of the basecase vessel, the operational profile introduced in Chapter 2
is applied. 40 % of the time is used for transit, corresponding to a sailing distance of 7 500 nm. A further
15 % of the mission time is spent in port. It is assumed, that the rest of the time is equally used for
normal and precise research.

Range
T=—"--(1 —1 =55d 55
0 10% (100 % — 15 %) = 55 (5.5)
As shown in Equation 5.5, this yields an endurance of 55 days, which is close to the reported endurance
in Table 4.5.

The energy consumption per mission is the sum of the power for each mission part -transit, normal
research, and precise research - multiplied by the time for that specific part as in Equation 5.6. The
utilized power in the port is neglected, as it is assumed, that the vessel can be fuelled before and after
the port stay.

E=Y Pt (5.6)

Where E denotes the total energy consumption, and i is the part of the mission. In all operating modes,
propulsion and research power is handled separately from hotel load, to avoid double counting later
on. The term }_ P, - t; includes all mission components:

Z Pz . ti = Ptransit : ttransit + PnR . tnR + PpR : tpR + PHotel . (ttransit + tnR + tpR) (57)
Values as introduced in Figure 2.2 are shown in Table 5.1.

Table 5.1: Estimated Energy Consumption per Mission RV Sonne.

i P t
transit, 2750 kW 04T
normal speed
normal 1950 kW 0.225T
research
precise 4750 kW 0.225T
research
hotel 1250 kKW 0.85T
sSum Epcy 4 874 634 kWh

The tank size (Vrqn,1) is calculated with the energy density of the used fuel, namely MDO.
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Viank = _E 443 m3 (5.8)
PV, MDO
The calculated tank size (Equation 5.8) is 443 m3, which is close to the 600 m3 LNG tank for the research
vessel Atair. Considering the lower energy density of LNG compared to MDO, this indicates that the
calculated value is realistic and of representative size.

The vessel will most likely be subject to a lengthening if alternative energy carriers are used, since
their lower volumetric energy densities compared to MDO require significantly larger fuel volumes. To
accommodate these larger tanks within the geometric constraints of the hull, additional length becomes
necessary. Only in a few configuration where the range is reduced to 5 000 nm this effect can be offset.
The effective power Pg can be calculated as a function of density of the water, the velocity v,, the
wetted surface S and the coefficient of total resistance ¢ (Schneekluth, 1988). Assuming, that only v,
and S are variables, the factor ¢ can be calculated. Please note, that within Equation 5.9 efficiencies
of the shaft line (np - ng) are already taken into account.

PB:nD'nS'PE:nD'nS'pSTw'CT'UE'S (5.9)
ﬁ_/
C
Ptransit
_ A
=5 (5.10)

The wetted surface area S is estimated using the formula of Danckwardt given in Schneekluth, 1988.

\Y 1,7 B

S =_. =
B cg — 0.2 (03—0.65) + D

(5.11)

, Where
V=L, -B-D-cp (5.12)

This formula was originally derived for cargo and passenger ships. While research vessels are designed
for different operational purposes, their hulls also fall within the general family of displacement forms.
This suggests that the correlation can still provide a useful approximation of wetted surface areas,
especially as it is only used here to establish a baseline value. Since relative changes in wetted surface
are updated iteratively, the results of these are more sensitive to variations than the absolute baseline
itself.

Variations in people onboard lead to in- or decrease of hotel power demand. Based on Figure 2.2,
where a hotel load of 1250 kW is shown, an average value of 16 kW per person is assumed. It is
acknowledged that this simplification does not capture the non-linear nature of hotel load scaling with
personnel number, since some systems are only partially dependent on occupancy. However, this is the
best approximation available to the author, as alternative estimation methods, such as the equations
provided by Taen et al., 2016, showed significant deviation from the load diagram of the base case
vessel and were therefore deemed unsuitable for this study.

5.3. Available Tank and Converter Midship Areas

Before evaluating configuration-specific space demand, the available installation areas of the vessel
must be defined. These represent static geometric constraints that apply to all configurations equally
and are directly dependent on the basecase vessel. In the parametric model, geometry changes are
expressed through the additional vessel length AL. Since the required volumes of fuel and converters
are obtained later from energy and power requirements (Sections 5.5 and 5.6), a link is needed to
convert these volumes into length increments. This link is provided by the available installation areas
of the hull. The following section therefore defines the tank and converter areas available based on the
geometry of the Sonne.

For the definition of tank areas, two storage cases are considered. For both cases, the additional vol-
ume for fuel and converter will be located below the design waterline to allow for scientific workspace
and crew area above the waterline. Furthermore, from both bottom and sidewalls a double hull with
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B/20 is taken into account. Ammonia, hydrogen, and LNG require cryogenic storage, which is repre-
sented in the model by circular tanks. Here, three circular tanks are arranged side by side, each with
a diameter equal to the draught excluding the double bottom. This layout results in a combined width
of approximately 16 m, leaving about 4 m free for corridors and auxiliary systems. The loss of effective
tank area due to wall thickness of the cryogenic tank is represented by a factor 7;,,. This factor is set
to 97 %. In contrast, HYO and methanol are stored under ambient conditions. The available area is
derived from the midship area and adjusted by an space efficiency factor 7,,, accounting for space for
corridors, steel structures, and equipment. Suy, 2022, used a coefficient of 85 %, which included the
double bottom. Since this double bottom is already taken into consideration, an n, of 90 % is used.

(5.13)

B 2 . : .
4 ) (Deev — B88Y )" T nranks * Mews if fuel is cryogenic
Tank — 2.

B;écv) . (DBCV — BBCV) Ny, Otherwise

cm, Bev - (Beev — 56

For additional converters, the available installation area is likewise derived from the midship section of
the basecase vessel.

Ay =cm, Bov - Beev - Deev - 1 (5.14)

5.4. Time

The duration of a research mission is divided into several operational phases, each with different power
requirements. As shown in Section 2.2, research vessel operations typically consist of transit, precise
research, normal research, and time in port or shipyard. First, the transit time (¢;.4.5i¢) is calculated
based on the required mission range as part of the epoch and the vessel’s average service speed (v;).

Range

tiransit =

(5.15)

Vs

As discussed in Section 4.1, the transit speed is subject to uncertainty and can vary depending on
mission profiles and vessel characteristics. For this thesis, a baseline value of 12 knots is used, with a
variation range of + 25 %.

Given the assumed transit fraction (f;,.nsit), Which is 40 % according to operational patterns observed
in two German research vessels (see Section 2.2), the total mission duration 7" is determined according
Equation 5.16:

ttransit
T— 5.16
ftransit ( )
The time spent in port or shipyard is derived from operational data discussed in Section 2.2, where
the Sonne and Maria S. Merian show average port times of approximately 15 % of their total mission
duration.

2fport = fport -T (517)

While this phase is not directly relevant for the calculation of the required hull length - as it is assumed
that the vessel can bunker before and after the port stays - it is still essential for an accurate assessment
of lifecycle emissions in later steps of the analysis.

The time allocated to precise research is defined as a fraction f,r of the total time. These fractions
are scenario-dependent and are derived from the epoch-era framework presented in Section 4.1 and
visualized in Figure 4.3.

tor = for- T (5.18)

Finally, the normal research time is derived by subtracting transit, port and precise research time from
the total mission time.

thr =T — tiransit — tport - tpR (519)

These time values form the foundation for calculating the vessel’'s energy demand during each oper-
ational mode, enabling an estimation of required fuel volumes, system dimensions, and associated
emissions and costs.
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5.5. Power and Energy Demand

Building upon the operational time splits calculated in Section 5.4, the vessel’'s energy requirements are
quantified for each operational mode - transit, normal research, and precise research. These values
depend not only on the operational duration but also on the type of installed converter and optional tech-
nologies like WASP or EHR. The power calculations are integrated into an iteration loop, as changes
in hull length and displacement influence resistance, thereby altering transit power requirements.

The transit power is calculated as a function of the vessels resistance. For each configuration, the
propulsion power is adjusted to account for the converter efficiency 7. and, if installed, WASP. WASP
reduces the propulsion demand by the efficiency ny asp. Transit propulsion power is estimated follow-
ing the common cubic speed scaling with wetted surface as provided by Schneekluth, 1988:

Ne

";ji cc-v3- (Spey + AS), otherwise

NeBOV. | (1 _ ce-v3 (S AS if WASP is applied
p:{ T e (5.20)

, Where

+ c: constant derived from the baseline vessel, see Equation 5.10.

+ AS: added wetted surface due to the hull extension. In the first iteration round, before the geom-
etry has been updated, AS = 0.

For normal and precise research operations, power demand is based on fixed loads from the basecase
configuration in Figure 2.2 and Table 5.1, scaled with the efficiency of the converter system. These
phases are typically conducted at very low transit speed, but with high power demand for winches,
positioning systems, and scientific equipment. The following equations are used.

P.r = P,rBcv - ncf;i (5.21)
P,r = PyrBCV - lle scv (5.22)

It should be noted that these power demands are not updated as a function of hull geometry. Since
they are mainly determined by scientific equipment and DP requirements, only minor changes would
be expected within the geometric constraints considered here. A detailed recalculation would not only
require significant computational effort but also operational data that is not available at this stage. There-
fore, these loads are kept constant in order to avoid unnecessary model complexity. The hotel load is
calculated assuming 16 kW per person, as stated in Section 5.2.

Phioter = 16 kW - Npop - 15V (5.23)

C

, where Np,pg is the number of people onboard, which varies between scenarios.

The total energy consumption per mission includes all power demands over time - propulsion, research
operation, and hotel load - summed across all operational phases. If an EHR system is installed, the
entire energy demand can be reduced by the factor nz r, as exhaust heat is generated in all operation
modes where fuel is burned - including transit, normal research, and precise research. Therefore, EHR
savings apply globally.

In contrast, WASP only reduces the propulsion power during transit as the aerodynamic thrust provided
by WASP can only be used when the vessel is moving. In principle, this thrust could also be used to
increase speed at constant power. However, since research vessels are not designed to operate at
high speeds, and maintaining a common service speed improves comparability between scenarios, this
model considers only power reductions. During normal and precise research operations, the vessel is
either stationary or manoeuvring slowly, making WASP infeasible. Likewise, hotel load and auxiliary
systems are unaffected by WASP.

(5.24)

g J(1=nemr) X Pi-ti, if EHR s applied
Pt otherwise



5.6. Space Demand of Configurations 53

5.6. Space Demand of Configurations

In the vessel design evaluation, different types of internal volume are required to accommodate addi-
tional systems, such as fuel tanks and energy converters, and increased personnel. Equations 5.25 to
5.27 are applied to estimate additional volume requirements. The relations follow directly from design
logic: fuel tank volume scales with the required energy content and energy density of the fuel, converter
volume depends on the installed power and the specific power density, and additional accommodation
space is assumed to increase proportionally with the number of persons on board.

E
AViyer = — — Viuel, BCV (5.25)

4%
AV, = max(Pp,) - oo — Ve, Bov (5.26)
AVpop = (Npo — Npop, pov) - 30m? (5.27)

When calculating the required hull extension to accommodate additional volumes for fuel, converter
and additional person on board, the space demand can be distributed between below and above the
waterline. Two lengths are calculated:

* AL,: Required length extension below the waterline, where fuel and converters are installed.
* AL,: Length extension above the waterline, where accommodation and crew space is located.

Avauel Ach
AL, = + —-— 5.28
A, Ay ( )
AL, = AVpos (5.29)

(Hpev — Dpev) - Bpev

If L, > L., there is free space available above the waterline. The corresponding free volume is ex-
pressed as
Viree = (AL, — AL,) - (Hpcv — Dpev) - Bpev (5-30)

,Where (Hgcv —Dpcv) - Bpov represents the area that can be used between depth and main deck. In
contrast to the hull volume below the waterline, the above-waterline areas are less efficient for technical
installations, as they are interrupted by corridors and scientific facilities, and therefore cannot provide
the same usable area, as the area below the waterline. Therefore a relocation factor 7,.ciocation IS
introduced here, which is set at 50 % and represents the efficiency with which volume can be shifted
above the waterline. The updated below-waterline length demand is then expressed as

Avfuel + A‘/(' _ Vfree

AL/ - * Tlrelocation 5.31
u 14]\17 . AM AM Trelocat ( )
while the updated above-waterline length demand becomes:
AL, = BVros - Vree (5.32)

(Hpcv — Dpev) - Beev (Hpov — Dpev) - BBov - Nretocation

This iterative relocation process is repeated until the difference between AL/, and AL/, falls below 0.5 m.
Finally, the governing added length is taken as the maximum of both and rounded up to the next 0.5 m,
corresponding to the typical frame spacing of research vessels. This ensures that the modelled length
extensions remain consistent with realistic structural subdivisions and avoids unrealistic partial-frame
additions.

5.7. Displacement

The increase in displacement must be evaluated as a consequence of design adaptations required
to meet the energy demand of the selected propulsion configurations. This step integrates structural,
outfitting and system-related weight contributions into the model to ensure technical feasibility under
the given constraint. These values feed back into resistance and power demand calculations.

AW = AWs; + AW, + AW, + Aquel + AWw asp (533)
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The steel weight added due to hull lengthening is estimated using an empirical formula by Chapman, as
reported in Schneekluth, 1985. This formula links steel weight to the principal dimensions of the vessel.
Since only the additional length contributes to additional steel weight, the calculation is simplified to:

AWgy = 0.007 - ALY™ - BRL - HREY (5.34)

The coefficient 0.007 is an empirically derived constant for the density of conventional steel construction
in ocean-going vessels.

The weight of outfitting, which includes systems such as piping, insulation, furniture, and electrical
installations, is estimated using a simplified formula (Schneekluth, 1985) based on the added volume.

AW(, =K -AL- Bpcev - Hpev (535)

with K = 0.039t/m?. The coefficient K reflects an average oulffitting weight density. Schneekluth, 1985,
suggests a value between 0.036 and 0.039 Ym®. Based on the characteristics of modern research
vessels, the installation density is assumed to lie at the upper end of the values reported for passenger
ships of that time. Accordingly, the factor K is set at the upper bound.

The converter weight depends on the maximum power required during operation and the gravimetric
power density of the converter ¢¢:
maz(F;)

AW, = ———= — W, pcv (5.36)
PG

Similarly, the fuel weight is computed using the missions total energy demand E, divided by the fuel
gravimetric energy density ¢, and compared to the baseline fuel weight:

E
AWiyer = — — Wiuel, Bcv (5.37)
ge;

Finally, the additional weight introduced by the WASP, if part of the configuration, is included as a
constant:
AWwasp =9.61 (5.38)

The added weights from hull extension, energy systems, and fuel storage contribute to a change in
vessel displacement. These changes are carried forward into the next iteration of the model, where
their effects on draught, resistance, and propulsion power are evaluated.

5.8. Iteration Procedure

To ensure consistency between structural adaptions and vessel performance, the parametric model
includes an iteration loop. The parametric model starts from the values of the basecase vessel Sonne.
This provides the first set of values for transit power, energy demand, and added volumes. These
results then enter the iterative loop, in which the ships length, displacement, resistance, and required
power are successively updated. In this loop, the calculated increase in length and therefore displace-
ment is used to update the ship’s draught, wetted surface area, and propulsion power - all of which
influence energy demand and space requirements.

First, the new draught D is estimated from the updated displacement and hull dimensions:

D_ Apov + AW
p-(Lpev +AL) - Bgev - ¢ Bov

(5.39)

, Where p donates the density of sea water of 1025 kg/m®. This ensures that the effect of added weight
or length is directly reflected in the vessel’'s immersion. Based on this new draught, S is recalculated.
The increase in surface comes from two extra areas: the additional length adds extra side and bottom
panels, the greater (or smaller) depth increases the side area along the original hull length. This can
be expressed as follows:

S/:S+AL'(2'D+B)+2'(Lpp+B)(D7DBCV) (5.40)
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Since S determines the frictional resistance, the updated value directly influences the propulsion power.
Alarger D and S therefore lead to higher power and energy demand, which in turn modify the required
tank volume and converter size, and thereby the additional length and displacement of the vessel. The
cycle is repeated with the updated parameters until convergence is achieved, which is defined here
as a change in S of less than 1 m2. Through this iterative process, the model ensures that structural
adaptions remain consistent with vessel performance measures.

5.9. Definition of Feasibility

The iterative procedure described in the previous section provides the basis for assessing how con-
sistently a configurations satisfies the defined technical constraints across a wide range of uncertainty
scenarios. In this context, feasibility expresses the proportion of simulations in which a configuration
remains technically valid and operationally functional. The feasibility fraction F.,, is calculated as
Fconf _ N feasible, conf (541)
Ntotal, conf
, Where ngeqsinie, cong denotes the number of scenarios in which the configuration con f fulfils the geo-
metric constraint, and n¢ota1, conys i the total number of evaluated scenarios of the same configuration.
In line with Lempert et al., 2003, robustness describes the extent to which a configuration maintains
its feasibility when exposed to varying and uncertain future conditions. Configurations with a higher
F.ony are thus more robust, as they remain technically feasible under a larger share of the explored
uncertainty space.

5.10. Conclusion

Chapter 5 introduced the parametric model that links operational profiles and power and energy de-
mands with the resulting volume, weight, and structural adaptions. By connecting these requirements
to displacement, draught, and wetted surface, the model captures the key interdependencies between
ship geometry, system installation, and performance. A central feature is the iterative procedure, which
repeatedly updates geometric values and corresponding energy demand.

The model relies on simplifications to remain computationally efficient and transparent. Increase in
wetted surface is approximated by flat panels, and power is scaled primarily with wetted surface and
velocity, which avoids the need for full hydrodynamic calculations at every step. Furthermore, the
energy demand of the research modes is held fixed. Within the geometric constraints considered here,
these loads are expected to increase only marginally, whereas detailed recalculations, for example
of DP systems, would not only require substantial computational effort but also detailed operational
and technical information that is not available at this stage. These simplifications represent a balance
between accuracy and practicality: while they reduce the level of detail in absolute predictions, they
allow the model to remain consistent, transparent, and effective for comparative scenario analysis.

In the following chapter, the model is extended to include the performance measures.
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Performance Measures

To evaluate the technical feasible decarbonisation strategies for research vessels within the MORDM
framework, two central performance metrics are defined: GHG emissions and total expenses. These
measures represent the “M” component of the XLRM matrix and form the basis for comparing vessel
configurations across a wide range of uncertain futures.

6.1. Greenhouse Gas Emissions

To quantify the environmental impact of different vessel configurations over time, GHG emissions are
calculated using a WiT and TtW approach. The total emissions over the vessel’s operational lifetime
of 30 years are derived from summing the emissions of each epoch, as outlined in Equation 6.1:

10 years

T (6.1)

3
GHG =Y (GHGwir, o + GHGruw, ) -
e=1

Where

s , . Table 6.1: Emission Factors from Climate Change
* e denotes the epoch within a vessel’'s operational era. Connection. 2020.

* GHGwyr,. and GHGryw, . are the WIT and TtW
GHG emission of one mission in each epoch e as in
Equation 6.2 and Equation 6.3, respectively.

j g

+ 10 years is the duration of one epoch e. CO, 1

» T is the duration of one mission in epoch e. CH, 25

* f; represents the factor of global warming potential N,O 208
compared to CO,.

* jare the GHG CO,, CHy, or N,O.
The WIT emissions are determined by the total energy de-

mand E per mission and the associated emission factor
COa¢q wer Of the chosen fuel (Section 3.2):

GHGwr = CO2eqwir - E (6.2)

The TtW emissions account for direct emissions from fuel combustion and slip. These emissions are
calculated as a function of the energy demand FE, the fuel-specific gravimetric energy density ps, the
GHG-specific emission factors Cy, ; presented in Section 3.2, the global warming potential factors f;,
and the methane slip emissions Cy;p,.

E
GHGryw = p—G 'Z(Cf’j 'fj)+CSlip'CfCH4 'fCH4 (63)

57
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6.2. Expenses
Economic performance is the second key measure in the XLRM matrix and represents the total cost
of a propulsion strategy over the vessel’s lifecycle. The cost assessment is divided into capital and
operational expenses.

6.2.1. Capital Expenses (CapEx)

CapEx represent investment required to install and integrate a specific propulsion configuration on-
board. In the context of this thesis, these expenses include the energy converter, the onboard storage
system, any required structural hull adaptations, and optional auxiliary systems such as WASP and
EHR. As shown by Gao et al., 2023, expenditures can be represented as the sum of individual cost com-
ponents. Following this approach, Equation 6.4 gives the total capital expenditure, which expresses
CapEx as the sum of converter, tank, hull extension, and costs of EHR and WASP.

CapEx = CapFExc + CapEzy + CapExpgy + CapExppr + CapExw asp (6.4)

The investment cost for the energy converter is calculated as:

CapExc = Cc - (max(P;, ¢) + Proter) (6.9)

Here, maxz(P;, ) is the highest mechanical power demand across all mission phases and epochs of
the specific era, while Py refers to the average hotel load. The total installed power must cover
both propulsion and non-propulsion loads to ensure reliable operation across all scenarios. The cost
coefficient C reflects the specific price per installed kilowatt of the selected converter type.

If the required tank and machinery volume exceeds the available internal space of the reference vessel,
a hull extension is triggered. To capture the associated cost increase, the steel cost model by Papaniko-
laou, 2014, shown in Equation 6.6, is applied only to the additional steel weight of each configuration
resulting from propulsion-related changes. It should be noted that this thesis does not consider retrofits,
but a design adaptation, with the resulting configurations considered as new builds. Consequently,
costs for physically cutting and extending an existing vessel are not included.

CapExpyy = Csr1 - Wst + Csra - Crr - Wt (6.6)

, Where

» Cs71: Cost of unprocessed steel per ton.
* Cs7o: Cost of man-hour.
* Crgr: Specific production time.

In 2023, cost of steel was around 1 000 EUR/t, however, prices were volatile (Jactio, 2023). Labour costs
in the steel industry were reported at 30 EURh in the European Union. Kerlen, 1985, provided a specific
production time for a vessel of this size with approximately 32 h/t... Although this values is dated, more
recent shipbuilding productivity data could not be identified in the literature and even Papanikolaou,
2014, presents cost relations derived from the 1960s. The value is therefore used here as an indicative
estimate, consistent with established practice, while recognising that modern production methods are
likely more efficient. Given the structural complexity of research vessels, the number is treated as a
conservative estimate, and potential deviations are addressed through the CapEx uncertainty factor.

Tank costs are only explicitly modelled for cryogenic fuels. These fuels require specialised tanks with
insulation and pressure containment, resulting in higher cost compared to ambient-pressure fuels. For
these fuels, costs are given on a EUR/kg, ., basis as described in Section 3.2, and are applied here in
Equation 6.7. For non-cryogenic fuels, tank costs are assumed to be integrated into the hull steelwork
and are therefore not considered separately. This simplification avoids the over-estimation of non-
cryogenic fuel tank costs. Tank costs are modelled as:

CTank - p%, if fuel is cryogenic

. (6.7)
0, otherwise

CapE:ETank = {
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, where Cr,,, represents the cost of the tank per kg of fuel. CapEx for the storage system can be
taken into account with 0.7 US-$/kg for ammonia storage, 5 US-$/kg for LNG storage, for hydrogen with
12.5 US-$/kg LNG equivalent (Ryste, 2019; Schreuder et al., 2025).

Where applicable, technologies such as WASP or EHR add extra investment costs. If not used, the
corresponding terms are set to zero.

1 . . .
CapErpn = | Temm - (max(P;, e) + Protel) - Ceur, |if EHR-IS installed 6.8)
0, otherwise
, Where
* maxz(P; o) + Proter: installed power.
* Cggr: cost per kilowatt of EHR installation.
C , if WASP is installed
CapExwasp = wAsp . (6.9)
0, otherwise

, Where Cyy 45 p denotes the costs per WASP installation. These costs for EHR and WASP are treated
as a one-time investment. WASP expenses do not scale with vessel size or power.

6.2.2. Operational Expenses (OpEx)

Operating costs are the recurring costs incurred during the service life of a ship. Those costs play
a critical role in the long-term economic feasibility of decarbonisation strategies. These costs are di-
rectly influenced by fuel consumption, converter type, maintenance requirements and potential policy
mechanisms such as carbon pricing.

All costs are evaluated over the vessel's 30-year operational lifetime, split into three 10-year epochs,
as defined in Section 4.4. The total operational costs for each configuration in each year are calculated
as

OpExyeqr = Fuel Exyeqr + Maint Exyeqr + CarbonEzyear (6.10)

distinguishing between fuel, maintenance, and carbon expenses. Each of these components is de-
scribed in the following subsections.

Fuel costs are a major driver of operational expenditure and a key differentiator between propulsion
system configurations. Their impact is determined by both the vessel’'s energy demand and the market
price of the selected energy carrier.

E
FuelExyeqr = p—G “Clyer - i;? (6.11)

, Where

* Cryer: price per kg of the fuel.
» 365/7: number of missions per year.

This approach assumes that the vessel completes a certain number of missions per year. It enables
the model to capture differences in operational patterns and to account for the fuel type.

Maintenance requirements vary depending on the propulsion system. FCs, in particular, have a limited
service life and require periodic replacement of the stack. Based on Mylonopoulos et al., 2024, a FC
lifetime of 25 000 hours is assumed.

MainExyeqr =

Crc - (max(P;, c + Proter)), if FCis installed and replacement is needed
0, otherwise (6.12)

n Crnain, wasp, if WASP is installed
0, otherwise



60 Chapter 6. Performance Measures

Although FC replacement is a large investment, it is modelled as OpEx in this thesis, as it recurs at
regular intervals and is linked to system usage rather than the initial acquisition.

In scenarios where an emission trading mechanism applies, emissions from onboard fuel consumption
are monetised based on a CO, price. The cost is calculated from the WtW GHG emissions as

CarbonEmyear = GHGyear . CVCarbon7 year (613)

, Wwhere Ccurpon represents the carbon price as in Section 4.4.1. Four scenarios of carbon pricing
ranging from no carbon price to a strong pricing scheme are implemented in the model.

To reflect the decreasing economic weight of future expenditures, the model applies a present value
(PV) approach to operational expenses. This reflects the principle of the time value of money, whereby
financial costs incurred in the future are economically weights less than those occurring today. Dis-
counting ensures that operational configurations with later cost peaks, such as FC stack replacements
or rising carbon prices, are assessed consistently alongside alternatives with higher up-front expendi-

tures.
2055

PVO[)E.’IJ - Z

year=2025

OpE-Tyear

(1 + r)year—2025 (614)

, Where

* OpExyeqr: total operational expenses in each year as in Equation 6.10.
 r: discount rate.

The discount rate r is set to 3.01 %, based on the average interest rate for 10-year government bonds
in the euro zone, as published by European Central Bank, 2025b.

As this study focuses on research vessels, no direct revenue streams are included in the analysis.
These vessels are often government-funded or institutionally operated (Chapter 2), so competitiveness
in the commercial sense plays only a limited role. Nevertheless, the use of alternative fuels could
strengthen their sustainability profile and thereby improve their chances in future funding decisions.
However, unlike the technological and economic uncertainties and policy levers discussed earlier, this
type of advantage is determined case by case at the level of individual research projects, rather than
across a set of possible futures. As such it cannot be represented in the calculations of expenses
and is therefore only acknowledged qualitatively. Accordingly, the net present value (NPV) is not used.
Instead, the present value of total costs serves directly as the economic performance metric in the
MORDM framework.

The resulting lifecycle expenses are defined as the sum of capital and discounted operational expenses.
Ex = CapEx + PVopg, (6.15)

This value is used for multi-objective evaluation alongside GHG emissions to identify robust and eco-
nomically viable decarbonisation strategies under deep uncertainty.

All input parameters used in this section are summarised in Table A.2. With the XLRM structure com-
plete, the MATLAB model is run to evaluate the strategies, which corresponds to step 2 of the frame-
work.



Verification and Validation

Chapter 7 aims to answer Sub-question 8.

How can the model and results be verified and validated to ensure their
reliability for real-world application in research vessel decarbonisation?

In line with Law, 2015, verification is the process of determining whether the assumptions and concep-
tual formulations of the model have been correctly translated into the simulation program. In contrast,
validation concerns itself with whether the simulation model provides an accurate representation of the
real-world system, relative to the specific goals of the study.

7.1. Verification

Verification is a critical step in the simulation modeling process, focused on confirming that the con-
ceptual model has been correctly translated into a functioning computerized simulation. The goal of
verification is to detect and eliminate programming errors, logical inconsistencies, and incorrect imple-
mentations.

Within this thesis, the conceptual model comprises the parametric relationships and system structure
described in Chapter 5. The computer simulation implemented in MATLAB simulates a variety of re-
search vessel configurations under future decarbonisation scenarios. Its core functions include calcu-
lating energy requirements, dimensioning tanks, scaling converters, changes to vessel geometry, life
cycle emissions and operating costs.

Law, 2015, explained different techniques of verification of programs:

1. Modular Implementation
Simulation programs should be written in modules and subprograms, allowing different parts of
the model to be developed and debugged more easily. In this thesis, the MATLAB model was
implemented step by step. Each logical component, including energy demand, tank sizing, hull
geometry, emissions, and lifecycle costs, was developed in sequence. Although the subpro-
grams were not tested fully independently, their incremental development allowed each step to
be visually analysed, making it easier to isolate and correct errors early in the modelling process.

2. Code Review
Having a second programmer review the model can help identify implementation errors and im-
prove reliability. Since this thesis was developed independently, no external review of the code
was performed.

3. Input Variation
Running the simulation under a variety of input conditions is a key verification technique to identify
implementation errors. In this thesis, both realistic and extreme values were tested to assess
whether the outputs responded logically and consistently.
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Similar to the approach taken by Suy, 2022, inputs were changed to challenge the model. The
applied test cases are summarized in Table 7.1.

Table 7.1: Test Cases for Verification Purposes.

Parameter Value Used Expected Behaviour Result
Modified

PV, Ammonia 1000 kWh/m®  Very high values for AL, since low volumetric Passed
energy density requires large tank volume.

nNFe 100 % Approximately half of AL, because perfect ef- Passed
ficiency eliminates converter losses and re-
duces overall energy demand.

NpoB 0 Proier 1o 0 and AL smaller, as hotel load is Passed
eliminated leading to decreased energy de-
mand.

NEHR 100 % E for scenarios with EHR and zggr = 1 to Passed

zero, since complete recovery of exhaust heat
removes the need for additional fuel input.

NWASP 100 % Pr,.qnsit to zero for scenarios with WASP and Passed
Twasp = 1, because perfect wind assistance
fully replaces propulsion power.

Crco 0 MainExz to 0 for configurations with FCs Passed
and without WASP, as instalment for FCs be-
comes cost-free.

4. Trace

In a trace, variables are displayed after calculation and checked by hand calculations. In this the-
sis, tracing was applied by monitoring key variables, for example the evaluation of the basecase
vessel. Values like block and midship coefficient, tank volume, and hotel load were compared
against hand-written calculations. For example, the tank volume for the base case configuration
using MDO was verified manually. With an energy demand of 4 874 219 kWh and an energy
density of 39.6 MJ/i, the expected volume is:

4874219kWh 3.6 MJ m3

: : =443.11m? 7.1
30.6 MJ/, FWhToop  Asdlm (7-1)

VTank =

This matches the model output (443 m3) and confirms the correct implementation of Equation 5.8.
Similar checks were carried out for other intermediate results during the model construction.

. Simplifying Assumptions

Simplifying assumptions can be useful both for testing specific parts of a model in isolation and
for managing model complexity. Simplified conditions should be used to trace errors and verify
that individual components function as expected. During verification, certain input conditions
were deliberately simplified to isolate the effects of specific parameters. For example, P;,.qnsit
was calculated without increasing the resistance, to archive a more linear solution. In addition,
parts of the model structure itself remain intentionally simplified. For instance, the power demand
during normal and precise research phases is treated as a constant and does not vary with other
factors. While this limits detailed realism, it ensures that the model structure remains transparent
and verifiable.

. Animation

Animation can be used as a tool to verify dynamic behaviour in simulation models and detect unex-
pected changes over time. The model used in this thesis is structured around static yearly outputs,
S0 an animation was not possible. However, Figure 7.1 shows the PV of the fuel expenses over



7.2. Validation 63

the years of a randomly selected propulsion configuration and uncertainty composition. It can be
observed that within each decade, the fuel expenses decrease linearly due to the expected de-
crease of fuel prices and exponential due to the effect of the discount rate. After each decade, a
visible jump in prices appears - this corresponds to changing mission requirements within different
epochs.
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Figure 7.1: PV of Fuel Costs per Year Over the Years 2025 - 2055 for a Random Configuration.

These visual checks were used to check the model’s internal consistency and the correct imple-
mentation of time-based economic effects and were repeated multiple times.

7. Compute sample mean and variance

Simulation inputs generated from probability distributions should be checked whether they pro-
duce outputs with the expected statistical characteristics, such as mean and variance. While the
model used in this thesis is deterministic for any given input combination, it is applied across a
wide range of scenario inputs that reflect uncertainty in mission profiles, future pricing of carbon
and fuel, and efficiencies of WASP, EHR, and FCs. The resulting output distributions, such as
added hull length were analysed statistically using techniques like box plots and summary statis-
tics. These distributions were visually evaluated to check for internal consistency.

8. Usage of Commercial Simulation Package
Using dedicated commercial simulation software can reduce programming effort and decrease
the likelihood of implementation errors. These platforms often include predefined logic blocks.

In this thesis, the model was developed using MATLAB, a commercial but general-purpose nu-
merical computing environment. MATLAB offers many built-in tools. For example, box plots and
grouped scatter plots were used to examine output distributions across future scenarios, helping
to detect trends, or - for verification - inconsistencies. The table-based structure allowed for easier
organization and comparison of results.

In summary, the verification confirmed that the model was correctly implemented and logically consis-
tent. While no external code review was possible, the combination of modular implementation, input
variations, hand calculated checks, and visual inspection demonstrated that the computer model struc-
ture follows the mathematical model.

7.2. Validation

To assess the credibility and real-world applicability of the developed simulation model, several valida-
tion strategies were applied, as recommended by Law, 2015. These include comparisons with existing
systems, expert opinion, and related modelling approaches.



64

Chapter 7. Verification and Validation

1. Comparison with an Existing System

The model should be compared to an existing system. If they are “similar”, the model can be
seen as valid. In this case, no alternative-fuelled research vessel of comparable size could be
identified in literature or operation. This absence of direct reference cases underlines the novelty
and relevance of the research question.

As a partial reference, the Maersk Halifax underwent a 15-metre hull extension during its methanol
dual-fuel retrofit in 2024 (Maersk, 2024). While this vessel type differs significantly from research
vessels and cannot be directly compared, the magnitude and purpose of the lengthening provide
a useful reference point. It supports the conclusion that alternative fuels require more space.

Partly, estimated values were compared to the original system. In Section 5.2, the endurance
was calculated and found to align with the values provided by the operator of RV Sonne.

. Comparison with Expert Opinion

Furthermore, the model should be compared to expert opinions. In the case of this thesis, the
output of the model was compared to existing literature.

DNV GL, 2019, highlighted, that due to the low energy density of hydrogen, hydrogen may not be
reasonably integrated into international shipping. This evaluation is consistent with the outcome
of the model used, where hydrogen solutions were not technical possible for many configurations.
In the same publication, it is stated, that methanol will be technical feasible for many applications,
however, is more expensive than fossil fuels. The model similarly founds methanol configurations
to be more expensive than MDO and LNG solutions.

Also highlighted in DNV GL’s assessment, LNG, sustainable biofuels, and methanol, can be a
viable option in deep-sea shipping. According DNV GL, LNG produces the least CO,-emissions
of all relevant fossil fuels, also the model developed shows this. Furthermore, it is stated, that
LNG propulsed vessels can compete in terms of costs with MDO-fuelled vessels. However, the
model developed in this thesis showed LNG expenses without carbon pricing higher than for
MDO. Only, when carbon pricing is added, LNG is competitive to MDO. This divergence may be
due to specific fuel cost pricing, or the particular adaption in research vessels, with higher energy
consumption. Nonetheless, LNG was still found to be technically feasible and more robust than
some alternative fuels like hydrogen.
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Figure 7.2: Present Value of Expenses With and Without Carbon Costs.

In DNV GL, 2019, ammonia was not further examined, instead it was stated, that the fuel will
be discussed in follow-up literature. According to DNV, 2022a, ammonia will be introduced in
larger quantities from 2030 ongoing. The model developed in this thesis, showed, that ammonia
is technical feasible in many scenarios and competitive, underlining the opinion from DNV.
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3. Comparison with Another Model

Finally, Law, 2015, recommends comparing a simulation model with other independently devel-
oped models as a means of validation. However, in the context of this thesis, no publicly available
model exists, that simulates decarbonisation strategies for research vessels under long-term un-
certainty using multi-objective approaches. Nevertheless, MORDM has been applied in other
maritime and energy-sector studies, e. g. Suy, 2022; Tertin, 2020. Suy, 2022, came to the con-
clusion, that for zero-emission walk to work vessels, both ammonia and methanol are technically
and economical feasible, which is somewhat consistent with the results of this model. Similarly,
the poor performance of hydrogen aligns with findings from most decarbonisation studies focusing
on deep-sea shipping.

Overall, the validation confirms that the simulation model behaves plausibly in line with existing techni-
cal systems, expert assessments, and comparable models. While direct validation through operational
data or identical models was not possible, the strong consistency between model results and expert
literature build confidence in its outcomes.

A notable deviation from expert trends was observed in the case of LNG, which DNV typically de-
scribes as cost-competitive. In the model developed, LNG configurations showed higher present-value
expenses than MDO. This can be attributed to specific assumptions in the model. While this difference
highlights the sensitivity of model outcomes to input assumptions, it does not diminish the model’s va-
lidity. Instead, it underlines the value of the appliance of decarbonisation strategies for different kind of
vessels.

7.3. Conclusion

The verification showed that the MATLAB implementation represents the conceptual model and is inter-
nally consistent. Through stepwise development, input variations, manual checks, and figure analysis
of output trends and distributions, potential programming errors were minimized.

Validation further confirmed that the model outcomes are in line with available literature and expert
assessments. The feasibility of methanol and ammonia and the limited applicability of hydrogen corre-
sponds well with external evaluations. The observed deviation in LNG cost competitiveness illustrates
the model’s sensitivity to assumptions. After re-checking the underlying assumptions, it was decided
to keep this deviation as it highlights the sensitivity of such results to technological progress and chang-
ing economic conditions, as the literature used is from DNV GL, 2019. At the same time, the limited
availability of existing systems and similar models underscores the importance of this research.

Taken together, verification and validation provide confidence that the conceptual formulations of the
model has been correctly translated into the simulation program and provides a sufficiently accurate
representation of the real-world system for the purpose of this study.
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Evaluation

Within the MORDM framework, steps 1 and 2 (decision framing and strategy evaluation) were carried
outin Chapters 5 and 6. Chapter 8 continues with steps 3 to 5, assessing vulnerabilities, exploring trade-
off’s, and considering new futures and strategies under uncertainty. Building on the methodological
foundation, the following chapter applies the model outputs to address Sub-questions 4 to 7.

» Section 8.1 assesses which configurations are technically viable and how robust they are under
different assumptions. It directly addresses Sub-question 4 examining the role of operational
profiles in the feasibility of alternative configurations, and Sub-question 5 assessing the efficiency
of WASP and EHR and its contribution to decarbonisation potential.

» Section 8.2 analyses the economic impact of alternative fuels, WASP and EHR, thereby answer-
ing Item 6.

» Section 8.3 investigates the influence of decarbonisation strategies on emission reduction, an-
swering Section 8.3.

+ Section 8.4 combines the analysis of emission and costs and starts to answer the main research
question.

» Two iterations are evaluated in Section 8.5. Iteration A introduces transitional blended fuels. In
Iteration B, a fuller hull design is applied.

Together, these sections evaluate alternative propulsion strategies under uncertainty, beginning with
feasibility and sensitivity, and progressing through economics, emissions, and combined trade-off anal-
yses. This structure ensures that each sub-question is addressed systematically, while also building
up toward the overall answer to the main research question.

8.1. Feasibility and Sensitivity

This section evaluates the technical feasibility of alternative fuel-converter configurations and tests
how robust these results remain under different operational, technological, regulatory, and economic
assumptions.

8.1.1. Feasibility

Feasibility is determined according to the geometric constraint introduced in Section 5.1, where a con-
figuration is considered infeasible if the required hull extension leads to a length-to-beam ratio greater
than 7. The overall feasibility of each configuration is quantified by the feasibility fraction F; defined in
Section 5.9. The assessment is conducted across all fuel-converter combinations, the three operational
eras, and the optional technologies EHR and WASP. Figure 8.1 shows the distribution of the required
added hull length AL across all fuel-converter combinations and eras. The dashed line indicates the
threshold where /B exceeds 7.
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Figure 8.1: Technical Feasibility Visualised in Box Plot of AL by Configuration. The Area Above the Dashed Line has an L/B
Ratio of More Than 7.

The results show three distinct groups of fuels: Table 8.1: Technical Feasibility by Fuel-Converter
Combination.
* Robust Fuels

HVO, LNG, MDO, and methanol in combination

with an ICE are feasible in 100 % of the cases. Fuel Converter | Feasibility

Their high energy density and moderate con- conf Frons

verter space demand ensure compliance with

the geometric constraint under all assumptions. Ammonia FC 94.8 %
* Borderline Fuels Ammonia ICE 94.7 %

Methanol FCs and ammonia systems are fea-

sible in most, but not all cases. Methanol HVO ICE 100.0 %

FC achieves feasibility fractions close to 100 %, Hydrogen FC 58.3 %

while ammonia ICE and FC show lower feasibil-

ity, with fractions around 95 %. Hydrogen ICE 53.2%
« Highly Infeasible Fuels LNG ICE 100.0 %

Hydrogen configurations reach feasibility in less MDO ICE 100.0 %

than 60 % of the scenarios. These cases rep-

resent favourable assumptions, while in many Methanol FC 99.6 %

scenarios hydrogen remains infeasible due to its Methanol ICE 100.0 %

very low volumetric energy density and the need
for cryogenic tanks.

To investigate whether borderline fuels and highly in-

feasible fuels can be made more robust, feasibility was further analysed across different WASP and
EHR configurations. Percentages are presented in Table 8.2. Please note, that FCs don’t produce
heat, which is why EHR is not technically logical in those configurations.

For ammonia, feasibility improves with the integration of auxiliary systems from 95 % for both FC and
ICE without EHR and WASP to 97 % for ICE configurations with both EHR and WASP. Robustness of
configurations with methanol and FCs also benefits slightly, increasing feasibility from 99.6 % to 100 %,
when WASP is installed. The results confirm that auxiliary systems, particularly EHR, can make bor-
derline fuels more robust, and in the case of methanol-FCs fully feasible, by reducing energy demand
and thereby mitigating tank volume constraints. Hydrogen, by contrast, reaches feasibility with auxiliary
systems included in only about 60 % of the scenarios and therefore cannot be considered robust. It can
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Table 8.2: Technical Feasibility by Fuel-Converter-Combination separated by WASP-EHR-Combination.

Fuel Converter no EHR, no no EHR, EHR, no EHR and
WASP WASP WASP WASP
Ammonia FC 93.8 % 95.1 % n/a n/a
Ammonia ICE 88.9 % 91.4 % 92.6 % 97.1 %
Hydrogen FC 51.9% 60.5 % n/a n/a
Hydrogen ICE 44.4 % 48.1 % 51.9% 56.4 %
Methanol FC 98.8 % 100 % n/a n/a

be said, that WASP and EHR do not increase feasibility significantly. Although WASP increased fea-
sibility to 100 % for methanol-FC configurations, this improvement originated from a baseline already
close to full feasibility. In contrast, neither EHR nor WASP were able to raise the feasibility of ammonia-
or hydrogen-based configurations to being fully feasible.

Technical feasibility is not only shaped by fuel and converter properties but also by the operational profile
of the vessel. The role of missions in influencing robustness is therefore examined in Section 8.1.2,
providing a direct follow-up to the baseline analysis presented here.

8.1.2. Role of Operational Profiles

Building on the baseline feasibility assessment in Section 8.1.1, this section examines how different op-
erational profiles (eras) influence the feasibility and performance of propulsion strategies. The analysis
directly addresses Sub-question 4:

How do operational profiles of research vessels impact the feasibility and
performance of alternative fuels and WASP?

The operational profiles of global-class research vessels are represented by the three eras defined in
Section 4.4.1. These eras, constructed of different epochs varying in combinations of mission range
and share of precise research, represent distinct mission profiles: Era 1 represents shorter missions
with lower research intensity, era 2 forms an intermediate case, and era 3 reflects long-range missions
with higher fractions of precise research.

The added length of the configurations are shown in Figure 8.2, where the doted line marks the fea-
sibility. Naturally, the additional hull length increases with higher operational requirements. In the
lower-demand missions of era 1, the energy needed - and therefore the added length - remains mod-
est, while both rises with higher requirements. This accounts for all fuels and converters. The box plot
shows that - at least for non-carbon fuels with lower energy density - the interquartile range of era 1
ends approximately where the one of era 2 begins. In turn, era 2 ends, where era 3 begins. A dis-
tinct shift is visible towards larger AL with each era, underlining the strong influence of the operational
profile on feasibility and robustness.

For some fuels, this influence insures complete robustness under less demanding conditions. Methanol-
FC and ammonia configurations remain fully feasible in eras 1 and 2. This is not the case for hydrogen.
In era 1, the feasibility fraction rises, suggesting that hydrogen can perform under favourable conditions
for low-demanding vessel designs. However, even in this case feasibility does not reach 100 %, mean-
ing that the design cannot be relied upon under the uncertainty presented. Overall, hydrogen remains
infeasible as it fails to demonstrate robustness for lower-demanding eras. Given the high uncertainty
in these profiles, hydrogen is excluded from further consideration.

Operational profiles also affect the lifecycle GHG emissions and costs of the vessel. Figure 8.3 shows
the distribution of lifecycle GHG emissions for fossil fuels and HVO across the three eras.

A trend is visible: Era-1-vessels generally produce lower emissions, while era-3-vessels yield the high-
est values due to longer range and higher research intensity. However, the influence of the operational
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Figure 8.3: Lifecycle GHG Emissions, Visualised with Box Plot by Fuel-Converter Combinations and Eras (Colour-Coded).
Left: Fossil/Diesel-Like Fuels, Right: Low-Carbon Fuels.

profile remains relatively small. Especially for era 1 and 2, the emissions are similar. In era 3, more
emissions are produced, but the difference is of smaller magnitude than the difference between for
example HVO and MDO. The increasing spread of emissions in era 3 is more pronounced. Both the
interquartile range and the whiskers are larger than in era 1 and 2, indicating that the individual sce-
narios vary more widely. This can be explained by the overall higher energy demand in era 3: Minor
differences in assumptions, such as auxiliary systems savings or efficiency of converters, lead to much
larger absolute changes in total emissions, when the mission is long and energy-intensive. In contrast,
era 1 and 2 show narrower distributions, as the lower baseline energy demand limits the impact of such
uncertainties.

The same trends can be seen in ammonia and methanol configurations, with the exception of non-
polluting methanol FCs. These low-carbon fuels have significantly lower emissions, yet they follow
the same stepwise increase from era 1 to era 3 and display a wider spread under higher demands.
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Inside the group of low-carbon fuels, methanol FCs, which were assumed to be carbon neutral archive
the lowest, namely zero, lifecycle emissions. Ammonia configurations emit less than methanol-ICE
configurations. Across all profiles, the ranking of fuels remain stable. For fossil and diesel-like fuels,
HVO achieves the lowest emissions in every era, while MDO consistently shows the highest value and
LNG falls in between. This underlines that although operational profiles affect the absolute level of
emissions, they do not alter the relative positions of fuels.
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Figure 8.4: Lifecycle PV, Visualised with Box Plot by Fuel-Converter Combinations and Era (Colour-Coded). Left: Pure Market
Prices, Right: Politically Influenced Prices.

The influence of operational profiles on lifecycle costs is illustrated in Figure 8.4. To allow for easier
interpretation across different policy scenarios, the figure compares the results with and without an ETS.
At this point, the ETS is used only as a scenario splitter to show how operating profiles behave under
both conditions. The influence in terms of costs are presented and analysed in Section 8.1.4.

In case the ETS is not introduced, the costs of all three eras overlap strongly within the configurations,
indicating that the mission profile itself has only a small effect compared to the fuel-converter choice.
With carbon pricing included, the absolute cost level rises significantly for fossil fuels, while low- and
zero-carbon options such as ammonia and methanol improve their relative competitiveness. Neverthe-
less, the variation between eras remains limited, confirming that the fuel choice is a more dominant
driver of lifetime expenses, not the operational profile.

8.1.3. Efficiency of WASP and EHR

The influence of auxiliary technologies is further explored by varying their efficiency levels. This directly
addresses Sub-question 5:

How does the efficiency of WASP and exhaust heat recovery systems
influence the overall decarbonisation potential of research vessels?

In the model, both energy reducing technologies were parametrised as efficiency gains correspond-
ing to a 5 %, 10 %, or 15 % reduction in propulsion or total energy demand. The efficiency of EHR
constitutes primarily a technological uncertainty, as it reflect the design of the recovery system. In con-
trast, the efficiency of WASP combines technological and operational aspects. Next to technological
uncertainties, the realised savings depend strongly on route-specific wind conditions.

Figures 8.5 and 8.6 show the effect of varying efficiencies of WASP and EHR, respectively, across all
fuel-converter combinations. In all cases, higher efficiencies lead to a stepwise reduction in lifecycle
GHG emissions. A stepwise downward trend is visible and was expected. Higher assumed efficiencies
consistently lead to lower emissions, while the added weight was not sufficient to increase energy
demands highly. This pattern holds for both WASP and EHR.
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Figure 8.5: GHG Emissions, Visualised with Box Plot by Fuel-Converter Combinations and Efficiencies of EHR
(Colour-Coded). Left: Fossil/Diesel-Like Fuels, Right: Low-Carbon Fuels.
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Figure 8.6: GHG Emissions, Visualised with Box Plot by Fuel-Converter Combinations and Efficiencies of WASP
(Colour-Coded). Left: Fossil/Diesel-Like Fuels, Right: Low-Carbon Fuels.

The influence of WASP and EHR is clearly visible for fossil fuels, where higher efficiency levels reduce
lifetime emissions. HVO also responds, though the absolute reductions are smaller due to its lower
baseline intensity. For ammonia, the effect of WASP and EHR on GHG emissions is small in absolute
terms due to the already low baseline, similarly the effect on methanol-FCs is zero as no emissions are
produced. For methanol-ICEs, WASP and EHR also reduce lifecycle emissions by a similar relative
share as for the other fuels.

As in Section 8.1.2, where the influence of operational profiles (eras) was found to be smaller than
the differences between fuels, the same general trend holds true for auxiliary efficiencies. WASP and
EHR reduce the absolute level of emissions, but the underlying fuel choice continues to dominate over-
all performance. Nevertheless, auxiliaries can influence the relative position of fuels with comparable
baseline intensities as illustrated in Figure 8.5. For example, configurations with MDO and a highly
efficient EHR may emit less over their lifetime than LNG without auxiliaries. Similarly, at an EHR effi-
ciency of 15 %, the median and interquartile values for ammonia of ICE configurations equipped with
EHR fall below those of FCs, where EHR do not work. The lower whiskers of the FC cases, however,
remain below the ICE values, showing, that energy reduction measures can shift the “typical” perfor-
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mance but do not eliminate the best-case advantage of FCs. These cases demonstrate that while those
technologies do not close the gap to inherently low-emission fuels such as methanol or ammonia, they
can significantly affect comparisons within the fossil fuel group and even blur the distinction between
converters at certain efficiency levels.
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Figure 8.7: PV by Fuel-Converter Combination and Efficiencies of EHR (Colour-Coded). Left: Pure Market Prices, Right:
Politically Influenced Prices.
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Figure 8.8: PV by Fuel-Converter Combination and Efficiencies of WASP (Colour-Coded). Left: Pure Market Prices, Right:
Politically Influenced Prices.

Figures 8.7 and 8.8 show the influence of WASP and EHR efficiencies on lifecycle present value, both
without (left column) and with (right column) the ETS. Without ETS, cost are only slightly affected by
auxiliary efficiencies. For most fuels, the variation in costs between efficiencies of 5 %, 10 %, and
15 % are small relative to the overall spread of the results. The interquartile ranges of the different
efficiency levels overlap strongly, showing that auxiliary efficiency assumptions have only a limited
influence on lifecycle costs in the absence of carbon pricing. In some cases, notably for EHR, costs
without auxiliaries appear slightly lower, since the additional capital investment is apparently not offset
by fuel savings in the absence of carbon pricing.

With ETS, the picture changes for high-emission fuels as HVO, LNG, and MDO. Here, energy reduc-
ing technologies reduce both emissions and carbon costs, so higher efficiencies lead to systematically
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lower lifetime PV. For the low-emission fuel ammonia, the influence of efficiencies on WASP and EHR
remains small. FCs do not provide exhaust heat, so these cases were not analysed as stated in Sec-
tion 4.4. For ammonia in particular, EHR does not deliver a positive economic case: the additional
capital investment outweighs the marginal savings on fuel and carbon expenses, even at higher ef-
ficiencies. ICEs remain generally cheaper than FCs across ammonia and methanol, both with and
without ETS.

8.1.4. Sensitivity of Economics
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Figure 8.9: Present Value illustrated in Box Plots by Fuel-Converter Combination and Uncertainties of Expenses.

In order to assess the economic impact, it is necessary to understand the economic roles of uncertain-
ties and policy levers. Figure 8.9 illustrates the influence of uncertainties in fuel prices (left) modelled
as a + 40 % variation and CapEx (right) modelled as a 4+ 25 % variation. Fuel price differences lead to
visible shifts in lifetime costs, while the overall ranking of fuels remains unchanged. For CapEx varia-
tion the distributions almost overlap. First of all, this is because the deviation is smaller than the one of
fuel prices. However, it also indicates that the level of CapEx is important for the structural differences
between ICEs and FCs, but the uncertainty in CapEx itself is small compared to the influence of fuel
prices. The influence of efficiencies of energy reduction technologies, discussed in Section 8.1.3, is
also relatively minor.

In contrast to that, the introduction of a ETS exerts by far the strongest influence on economic outcomes.
Figure 8.10 shows this impact. Unlike uncertainties, which mainly affect the spread of outcomes, ETS
reshapes the economic order. Carbon-intensive fuels such as MDO, LNG, and HVO shift from being
the cheapest solutions to the most expensive once emissions are priced. Conversely, ammonia and
methanol ICEs improve their competitiveness and move into the lower cost range. FCs remain more
expensive than ICEs, but the difference narrows when carbon costs are included.

8.2. Economic Impact
The sixth sub-question asks:

What is the economic impact of the introduction of alternative fuels and
WASRP for research vessels, taking into account investment costs, operating
costs and market uncertainties?

With this section, the analysis enters step 3 of the framework, namely MORDM. In this and the follow-
ing section, the two key performance measures - economic impact and emission reduction - are first
examined individually before being combined into a full trade-off evaluation in later sections.

Figure 8.11 illustrates the effect of all possible propulsion configurations. Fuel-converter combinations
are shown on the x-axes of both panels, while energy reduction technologies are colour-coded. The
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Figure 8.10: Lifecycle Present Value, Visualised with Box Plot by Fuel-Converter Combinations and Uncertainty of Policy
Lever ETS (Colour-Coded). Left: Pure Market Prices, Right: Politically Influenced Prices.

panels distinguish between the introduction of an ETS, which is the most influential uncertainty pa-
rameter. Without ETS (left panel), the fundamental cost hierarchy is clear: fossil and diesel-like fuels
remain in the lowest cost range, while ammonia and methanol occupy systematically higher cost levels.
Within each fuel the spread between configurations with and without WASP or EHR is narrow, and in
several cases EHR slightly increases costs, as savings do not fully offset the additional investment,
as also shown in the previous section. With ETS (right panel), the ordering is reshaped: fossil and
diesel-like fuels shift upwards on the cost axis, while ammonia and methanol become absolutely cost-
competitive. Under this circumstances, energy reducing technologies gain economic importance for
fossil and diesel-like fuels. WASP and EHR systematically lower PV for this group by reducing fuel con-

sumption and therefore the carbon-cost component. For ammonia, EHR still lacks a positive business
case.
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Figure 8.11: Lifecycle PV, Visualised with Box Plot by Fuel-Converter Combinations and Energy Reducing Technologies
(Colour-Coded). Left: Pure Market Prices, Right: Politically Influenced Prices.

In summary, the results and figures allow a direct answer to Sub-question 6: Without an ETS, the
baseline fuel MDO is the cheapest option, followed by LNG and then HYO. Ammonia and methanol
appear more expensive. ICE configurations are consistently less costly than their FC counterparts.



76 Chapter 8. Evaluation

When ETS is introduced, however, the order changes fundamentally: carbon-intensive fuels (MDO,
LNG, and HVO) become the most expensive options, while ammonia and methanol ICEs shift into the
competitive range and achieve the lowest cost levels. The figure also shows that the spread in the
left panel (without ETS) is much more narrow for fossil- and diesel-like fuels, meaning they are not
only cheaper but also less sensitive to uncertainties. Once ETS is introduced, their distributions shift
upwards and become wider, which indicates that these fuels are not only more expensive but also
riskier in economic terms. This effect is mainly driven by the highly uncertain future carbon price. FCs
remain more costly than ICEs for ammonia. For methanol emitting more CO,-equivalents, FCs can be
the cheaper option for certain futures. For ammonia, the figure also illustrates again, that EHR does
not provide a positive business case, as the additional investment offsets the expected savings. The
overall economic impact is therefore strongly shaped by policy conditions, with carbon pricing able to
reverse the hierarchy between fossil and diesel-like renewables on one side and alternative low-carbon
fuels on the other side.

8.3. Emission Reduction Potential
After considering the economic outcomes in Section 8.2, the focus now shifts to the environmental
perspective. This is expressed in the seventh sub-question:

What are the emission reduction potentials of combined decarbonisation
strategies?

To address this, the following section evaluates the lifecycle GHG emissions of different fuel-converter
combinations and energy reducing systems. Figure 8.12 presents the distribution of lifecycle emissions
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Figure 8.12: GHG Lifecycle Emissions, Visualised with Box Plot by Fuel-Converter Combinations and Energy Reducing
Technologies (Colour-Coded).

across all scenarios. The baseline fuel MDO shows the highest emissions, reaching values in the
order of 10° tonnes of CO, ¢q over the vessels lifetime. Compared to that, the interquartile ranges
and medians of LNG and HVO are shifted downwards, indicating systematically lower emissions in
typical scenarios. Within this group, HVO achieves the largest reduction relative to MDO. Nevertheless,
these relative differences remain modest compared to the difference that results from switching to low-
carbon fuels. Relative to the fossil/diesel-like group, ammonia and methanol exhibit substantially lower
WtW emissions. Ammonia shows the lowest distribution, laying two orders of magnitude below the
fossil/diesel-like fuels. Methanol obtains lifecycle emissions about one order of magnitude below the
fossil/diesel-like cases.
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The comparison between ICE and FC configurations shows that FCs tend to achieve lower median
emissions. However, the interquartile ranges and whiskers overlap strongly, indicating that under
favourable assumptions some ICE cases can perform similarly to FCs. This pattern suggests that while
FCs provide a systematic advantage in typical scenarios, the overall range of outcomes is dominated
by technological uncertainties.

The effect of auxiliary systems is illustrated by the colour-coded distributions in the same Figure 8.12.
For fossil and diesel-like fuels, both WASP and EHR reduce lifetime emissions, naturally with the
strongest effect visible when both are applied together. While the relative reduction is modest com-
pared to the effect of a fuel change, the shift is still noticeable. Interquartiles move downward by tens
of thousand of tonnes CO5 ¢4, particularly for MDO and LNG. For ammonia and methanol, those tech-
nologies also lower emissions, though the effect is less pronounced given the already low baseline.

In summary, sub-question 7 can clearly be answered. Compared to the baseline fuel MDO, all other
fuels achieve lower lifecycle GHG emissions in typical scenarios. Within the fossil and diesel-like group,
HVO shows the strongest relative reduction, followed by LNG. A decisive improvement, however, re-
quires a switch to alternative fuels: ammonia reduces emissions by more than 99 % relative to MDO,
while green methanol in combination with FCs effectively eliminates lifecycle emissions altogether. FCs
tend to improve typical performance further, but ICEs remain close in best-case cases.

8.4. Multi Objective Trade-off Analysis

With the previous sections addressing economic impact (Section 8.2) and emission reduction potential
(Section 8.3) individually, the analysis brings both perspectives together now. As part of step 4 of
the framework (Marchau et al., 2019), this section further contributes to answering the main research
question by identifying configurations that perform robustly across multiple objectives and by clarifying
where synergies exists and where trade-off’'s must be accepted.
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Figure 8.13: Lifecycle PV against GHG emissions, Visualised with Scatter Plot by Fuel-Converter Combinations
(Colour-Coded). Left: Pure Market Prices, Right: Politically Influenced Prices.

Figure 8.13 presents the trade-off between lifetime PV of the expenses related to the propulsion system
and lifecycle GHG emissions across all fuel-converter configurations, separated into scenarios without
(left) and with (right) ETS. Each point represents one scenario outcome. Since Section 8.2 demon-
strated that the ETS is by far the most influential uncertainty for economic outcomes, the trade-off
analysis is shown in two separate panels. The left panel reflects purely market driven scenarios, while
the right one shows the reshaping under policy levers.

Without ETS, the trade-off space is characterised by a opposition between economic and environmental
performance. Fossil fuels in combination with ICEs dominate the low cost, high emission corner, with
LNG emitting less than MDO but both setting the cost frontier in the absence of carbon pricing. HVO
attains the lowest emission within the fossil/diesel-like set, yet is systematically more expensive than
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MDO and LNG. The group shows noticeable variation in both dimensions due to differences in tech-
nical properties, market assumptions, and operational requirements, but compared to ammonia and
methanol they remain consistently emission-intensive. Low-carbon fuels cluster in the low-emission
region at higher present values. Ammonia attains the lowest GHG levels, and is not excessively ex-
pensive. However, as shown in Section 8.1.2 its technical feasibility is not fully robust, especially for
higher operational requirements. Methanol-ICE combinations exhibit lower, but non-zero emissions
than MDO, LNG, and HVO. Both ammonia and methanol FCs show very low emissions, but at system-
atically higher costs than ICE combinations.

With ETS, the order on the cost axis is restructured. Fossil (LNG and MDO) and diesel-like (HVO) fuels
shift sharply upward in PV of their costs. Methanol with FC combinations become cost-competitive
to the ICE configuration, however, both methanol and ammonia move into the cost competitive range
compared to fossil and diesel-like fuels. Overall, ETS reduces the tension between economic and
environmental objectives by eliminating the fossil/diesel-like cost advantage and pushing low-carbon
fuels to the low-cost, low-emission domain. Ammonia enters a competitive region, offering both low
emissions and costs that are not higher than fossil and diesel-like fuels penalised by carbon pricing.
Methanol remains systematically more expensive than ammonia, but is close to being fully technical
robust. Thus, ETS reduces the conflict between economic and environmental objectives.
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Figure 8.14: Lifecycle PV against GHG emissions for Low-Carbon Configurations, Visualised with Scatter Plot by
Fuel-Converter Combinations (Colour-Coded).

A closer look at the role of converter choice shows that, for ammonia, ICE and FC configurations overlap
strongly in both cost and emissions. As illustrated in Figure 8.14, FCs achieve lower emissions in some
cases, but there are also many scenarios, where they perform worse than ICEs. At the same time, ICEs
are systematically cheaper. This means that FCs do not provide a robust advantage and cannot be
considered a clearly superior option.

Another observation concerns the robustness of outcomes under uncertainty. Fossil fuels show the
widest spread in lifetime costs, driven by the possibility of carbon pricing for research vessels, as well
for GHG emissions. Ammonia and methanol exhibit much more compact distributions in both costs
and emissions. This indicates that, beyond their environmental advantages, alternative fuels also pro-
vide more predictable outcomes under uncertainty, which increases their attractiveness in long-term
planning.

The trade-off analysis demonstrates that no single propulsion configuration provides a universally su-
perior solution under all conditions of cost and emissions. Ammonia and methanol consistently occupy
the low-emission region but differ in economic and technical robustness: Ammonia is relatively cost-
competitive but only around 95 % technically feasible, while methanol consistently achieves carbon
neutrality but at systematically higher cost levels. Once ETS is introduced, however, both fuels are
definitely cost-competitive, with ammonia in the lowest cost range, which increases their robustness.
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Converter choice does not completely overturn these findings. In general, FCs do not provide a robust
advantage, as they are more expensive and not reliably cleaner than ICEs, with one exception: For
methanol configurations under an ETS, FCs can be cost competitive to ICEs.

8.5. Iterations within the MORDM Framework

The purpose of step 5 of the MORDM is to find new strategies or future scenarios based on the findings
from the first four steps. In Section 8.4, a clear trade-off between emissions and costs was identified,
at least prior to the introduction of ETS.

8.5.1. A:Blended low-carbon fuels

This iteration reflects a practical approach: configurations for methanol or ammonia, where the fuel
consists of grey and green methanol and, with the introduction of an ETS, can be switched to green
fuel. In this iteration, ammonia and methanol are tested with a supply of 80 % grey and 20 % green
fuels. All technical assumptions remain unchanged, as the fuels properties are the same for green
and grey fuel. Only fuel prices and emissions are mixed according to the 80/20 split. The results are
evaluated with and without ETS using the same scatter plots.

Equations 8.1 and 8.2 are applied to compute WIT and TtW emissions. For the 80/20 blended fuel, the
factors are obtained by linear mixing of the grey and green pathways.

GHGWtT, blend = 0.8 - GHGWtT, grey +0.2- GHGWtTA, green (81)

GHG1w, biend = 0.8 - GHG 1w, grey + 0.2 - GHG 14w, green (8.2)
Where

* GHGw+r, biena and GHGruw, pienqd are the WtT and TtW GHG emissions for blended fuel.
* GHGw1r, grey and GHGryw, grey are the WET and TtW GHG emissions for grey fuel.
* GHGw1r, green @Nd GHG 1w, green are the WtT and TtW GHG emissions for green fuel.

Fuel costs are treated similarly:
Ofuel =0.8- C(fuel7 grey +0.2- Cfuel, green (83)

Where

* Crye is the price per kg of the blended fuel.
* Cruel, grey I8 the price per kg of grey fuel.
* Ctuel, green 18 the price per kg of green fuel.

The blended factors and prices are then used exactly as in the first iteration, in particular, fuel costs
enter the model via Equation 6.11, and results are reported with and without ETS using the same scatter
plots.

Figure 8.15 shows the distribution of lifetime costs, after applying Equations 8.1 to 8.3. Without
ETS, medians are lowest for MDO, already followed by ammonia in combination with ICEs, and LNG.
Methanol-ICE combinations are more expensive, while the upper bound is formed by HVO and less
expensive combinations with FCs. FC variants also show the widest interquartile ranges and frequent
high-cost outliers, indicating limited cost robustness. Introducing an ETS, reverses this ordering. In this
case, HVO-options are the cheapest option, with LNG and MDO close by and overlapping ranges. The
80/20 blends exhibit higher medians, but the difference is moderate. However, the interquartile range
is - particularly for ammonia - greater than for MDO, HVO, and LNG. FC variants have medians similar
to their ICE counterparts, while their interquartile ranges and outliers are wider spread. Figure 8.16
shows the WtW lifetime emissions by fuel-converter under four different energy reducing technology
settings, when ammonia and methanol consists of 80 % grey and 20 % green fuels. Lowest emissions
are now archived by Methanol-FC combinations, followed by HVO and LNG. MDO and methanol-ICE
configurations have very similar lifetime GHG emissions, while ammonia achieves the highest emis-
sions.
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Figure 8.15: Lifecycle PV, Visualised with Box Plot by Fuel-Converter Combinations and Uncertainty of Policy Lever ETS
(Colour-Coded). Left: Pure Market Prices, Right: Politically Influenced Prices. Ammonia and Methanol as Blended Fuel with
80 % Grey and 20 % Green Composition.
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Figure 8.16: GHG Lifecycle Emissions, Visualised with Box Plot by Fuel-Converter Combinations and Energy Reducing
Technologies (Colour-Coded). Ammonia and Methanol as Blended Fuel with 80 % Grey and 20 % Green Composition.

Figure 8.17 presents now the combined distribution of lifetime costs and GHG emissions, ammonia
and methanol are again blended by 80 % grey and 20 % green fuel. Each point is one scenario, while
the left panel shows the distribution if no regulatory lever is applied. The right panel shows all scenarios
with an ETS applied. On the left panel, the clusters appear as clouds distinguishable by fuels. Com-
pared to Figure 8.13, the left panel of Figure 8.17 does not show a clear trade-off between expenses
and emissions anymore. Rather, the fuels are more clustered. However, HVO is still the most expen-
sive option with lowest emissions. Ammonia-ICE combinations show similar attributes as MDO: This
clusters more in the medium to high emission area at low costs. Methanol has lower emissions, but is
also a bit more expensive. ICEs span again the economically more relevant frontier, while emissions
are similar, if not higher.

With ETS (right panel), the form of the clouds change to bands, with positive slopes, indicating that the
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Figure 8.17: Lifecycle PV against GHG emissions, Visualised with Scatter Plot by Fuel-Converter Combinations
(Colour-Coded). Left: Pure Market Prices, Right: Politically Influenced Prices. Ammonia and Methanol as Blended Fuels with
80% Grey and 20% Green Composition.

higher the emissions are, the higher the costs are. Under this regime, the blended fuels also lie in the
group of the other fuels, while HVO has the lowest spread in emission direction and methanol is less
costly than ammonia.

In summary, the 80/20 blends can increase the cost-robustness for ammonia and methanol relative
to fully green supply. 80/20 blends place ammonia and methanol in a middle-cost area, where they
are not prohibitively more expensive than MDO, in the case of ammonia even cheaper than LNG, but
definitely less expensive than HVO. Emissions are slightly higher than for other fuels, for HVO the
interquartiles are hardly overlapping. This makes the blended supply a practical transitional choice
when green availability or price is constraining. With ETS in place, the step from 80/20 to fully green
fuel is small, only the fuel type needs to be changed when bunkering.

8.5.2. B:Increase of c3

In this iteration cp is increased from the baseline value cg = 0.69 to a scenario value of cg = 0.80.
In this design variant, the hull volume is increased to reduce space constraints and enable larger tank
capacities. Itis introduced here not because it would be a conventional design choice, but to investigate
whether a fuller hull form can improve the feasibility and the cost—emission trade-off of alternative
propulsion concepts by providing additional volume.

The increase of ¢g directly influences the c;;, which is recalculated using the same relation as in Equa-
tion 5.3. All subsequent formulas remain unchanged, with the exception of those explicitly adapted
below for the fuller hull form. The transit power is recalculated via the constant ¢ from the base case.

Ptransit =cC- ’U? . S/ (84)

This represents a very simplified approach, as ¢ contains resistance effects that would most likely
increase for a fuller form. However, to the knowledge of the author, no empirical correlation is available
to adjust this factor directly. In the present equations, the effect of a higher block coefficient is therefore
approximated by recalculating the wetted surface area, such that the resulting power demand still
reflects the increased hull-water interaction, even if the change in resistance coefficient itself cannot
be modelled here.

The initial additional enclosed volume created by the fuller form is expressed in Equation 8.5 and con-
verted into an usable length below the waterline in Equation 8.6.

VcBadd = (C/B - CB) . Lpp -B-D (85)

Vepadd
LcBadd = :57,“ * Nrelocation (86)
M
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This conversion is required because the additional volume does not occur as a block at midship, but
is mainly distributed in the fuller fore- and aftbody sections of the hull. To use this volume effectively
for tanks or converters, internal arrangements must be relocated and adapted. The same relocation
factor 9,ciocation that was introduced for shifting spaces from above to below the waterline is therefore
applied here.

The below-water length demand is reduced accordingly:

AVfuel + A‘/c o Vf’ree
At Ay An

AL; = * Nrelocation — LcBadd (87)

All other steps of the framework including the iterative loop remain unchanged.

Table 8.3 shows that the design change to a fuller hull

increases technical feasibility for borderline and infea- Table 8.3: Technical Feasibility by Fuel-Converter
sible fuels. All non-hydrogen solutions are now feasi- Combination with increased .

ble in 97 % or more, while hydrogen remains limited

but definitely more robust. The improvement is con- Fuel Converter | Feasibility
sistent with the mechanisms shown before: a higher

cp increases the usable midship areas and the addi- Ammonia FC 97.5%
tional enclosed volume V., 444, reducing the required . o
added length. As more configurations satisfy the /5 Ammonia ICE 99.1%
constraint, feasibility rises. HVO ICE 100 %
These findings should be interpreted with care. The hy- Hydrogen FC 70.4 %
drodynamic constant c.is held'from the basg case, fora Hydrogen ICE 66.7 %
fuller form the underlying resistance coefficient would

likely increase. Currently, this is approximated only LNG ICE 100 %
through the larger wettgd surface S, so the gddmonal MDO ICE 100 %
power may be underestimated. A more detailed recal-

culation would in principle be possible using empirical Methanol FC 100 %
methods such as Holtrop and Mennen, 1982, but this Methanol ICE 100 %

would require further assumptions, which would also
introduce uncertainty and limit the precision of the re-
sults. Alternatively, resistance could be determined
through CFD analyses or ultimately by conducting physical model tests, requiring substantially greater
modelling effort and resources. Likewise, in the structural weight estimation, the increase in cp does
not trigger any extra weight, as the used Equation 5.34 is a function of only AL and B. Changing the full-
ness at constant B and H does not change the steel weight beyond what comes from the lengthening
itself, neglecting effects as possible local reinforcements.

Figure 8.18 compares lifetime PV and emissions for the fuller hull design with and without the introduc-
tion of an ETS. The plot closely resembles the baseline figure: fuel-converter clusters occupy almost
identical regions in the cost-emission plane, and the relative ordering does not change. Apparently,
the fuller hull may increase feasibility by providing more usable space, while costs and emissions are
only very slightly affected. These results must again be treated with caution. As already explained, ¢
is retained from the base case, meaning that additional resistance is likely to be underestimated. If
so, required energy and fuel costs are also underestimated. Likewise, steel weight and capital costs
for energy converters may be too low. In addition, seagoing properties such as sea-keeping, manoeu-
vrability, and passenger comfort can be influenced by a fuller hull form, but are not reflected in the
present framework. A reliable assessment of a fuller hull form would therefore require a dedicated
design process, including hydrodynamic evaluation through CFD or model-scale testing.

Within these limitations, the results are still interesting: They show that increasing the block coefficient
can improve feasibility without visibly worsening cost and emissions. This suggests that hull-form ad-
justments may open new options for integrating high-volume fuels, but the present outcomes should be
seen as indicative signals rather than quantitative predictions, highlighting where more detailed design
investigations could be worthwhile.
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Figure 8.18: Lifecycle PV against GHG Emissions for Fuller Hull, Visualised with Scatter Plot by Fuel-Converter Combinations
(Colour-Coded). Left: Pure Market Prices, Right: Politically Influenced Prices.

8.6. Conclusion

Chapter 8 evaluated the technical, environmental, and economic performance of alternative strategies
under deep uncertainty. This resulted in three levels of feasibility:

* Robust options are technically feasible in 100 % of the scenarios. These are propulsion systems
with HVO, LNG, MDO and methanol-ICEs.

+ Borderline options achieve a feasibility of ~ 90 % (ammonia) to 99 % (methanol-FCs).

+ Infeasible fuels are feasible in only about 10 % of the scenarios. This is the case for hydrogen
configurations, which are no longer being considered.

Additional energy reducing technologies can improve borderline cases (e.g. the feasibility of ammonia
ICEs with EHR and WASP increases to 97 %), but none of them achieve complete robustness. How-
ever, technical feasibility is era-sensitive. Operating profiles (eras) shift the energy demand and thus
AL, leading to fully feasible configurations in era 1 and 2 for ammonia and methanol-FC configurations,
whereas the higher eras stay below 100 % for these configurations.

On emissions, all alternatives outperform MDO, which forms the high-emission benchmark. Within fos-
sil and diesel-like fuels, HVO achieves the lowest WtW emissions, followed by LNG. FCs offer lower
emissions than their ICE counterpart for methanol configurations. Energy-saving technologies consis-
tently reduce emissions across fuels, with the largest absolute effects for fossil/diesel-like options. The
relative ordering by fuel remains dominated by fuel choice rather than auxiliary efficiencies, as - at least
WASP - has the same relative effect on all fuels. Nevertheless, the efficiencies of EHR are not large
enough to outweigh the emission-related advantages of FCs in methanol configurations.

The sensitivity analysis on the economics showed that fuel price uncertainty dominates CapEx uncer-
tainty. Still, CapEx differences explain the structural cost hierarchy between converters: across all
fuels, FCs are systematically more expensive than ICEs, due to higher capital expenses, with only
a few exemptions. A clear fuel-based cost hierarchy also emerges: without ETS, fossil and diesel-
like fuels (MDO, LNG and HVO) cluster in the lowest cost range, while low-carbon fuels (ammonia and
methanol) are more expensive. However, as the most influential uncertainty factor on the lifecycle costs
is the policy lever ETS, fossil/diesel-like options shift sharply upward on the cost axis, when introduced.
Low-carbon fuels move into the cost-competitive region. In this regime, ammonia-ICE configurations
belong to the most economical solutions, and, methanol FCs are cost-competitive to methanol ICEs.
This demonstrates, that policy design can outweigh converter and fuel choice.

The trade-off analysis confirms the structural opposition between cost and emissions. Without ETS,
fossil and diesel-like fuels dominate the low-cost/high-emission corner, while ammonia and methanol
occupy the low-emission/high cost region. Converter choice does not overturn this pattern: FCs are



84 Chapter 8. Evaluation

systematically more expensive and only marginally cleaner than ICEs. For methanol, only FCs achieve
full carbon neutrality, whereas ICEs still produce non-negligible emissions. This outcome is closely
linked to the assumptions applied in this thesis, particularly the treatment of methanol pathways. With
more detailed or updated data, especially from European regulatory sources, these results may shift.
Once ETS is introduced, the trade-off space is reshaped: fossil and diesel-like fuels shift sharply upward
on the cost axis, while ammonia and methanol are both more clean and less expensive. Under these
circumstances, the tension between economic and environmental performance is strongly reduced,
and low-carbon fuels emerge as attractive solutions. However, technical robustness limits these results:
methanol-ICE remains fully feasible in all scenarios, while ammonia configurations achieve a feasibility
of around 95 %. Although ammonia appears to be very competitive in economic and emission-related
trade-off, its limited robustness must be taken into account.

A fuel-oriented iteration with blended fuels consisting of 80 % grey ammonia or methanol and 20 %
green fuel shows how transitional strategies can enhance economic robustness. These blends im-
prove costs and shift ammonia and methanol in lower cost-regions. However, their emissions remain
significantly higher than fully green variants and, on average, even higher than MDO cases. With ETS
in place, the transition to fully green fuels is very easy, with significantly lower costs.

A design-oriented iteration evaluated the effect of increasing cg. The results show that this change
improved technical feasibility. The underlying mechanism is the additional enclosed volume, which
reduces required added length. The cost-emission trade-off remains essentially unchanged. These
results must be treated with caution, as resistance effects are only approximated through the wetted
surface, and seagoing properties such as sea-keeping and manoeuvrability are not reflected. Neverthe-
less, Iteration B provides an interesting indication that hull-form adjustments could be a viable lever in
a newbuilt context including design steps, improving feasibility without fundamentally worsening costs
and emissions. Taken together, Iterations A and B demonstrate that the MORDM framework can be
applied not only to explore alternative fuel mixes but also assess design changes. This highlights its
flexibility as a tool guiding both operational and design-oriented pathways towards the decarbonisation
of research vessels.



Conclusion

This chapter discusses the results obtained with the developed model in relation to the research ques-
tions. It first reviews how the research questions have been addressed in Section 9.1, before reflecting
on the limitations of the thesis (Section 9.2). Scientific contribution is then outlined in Section 9.3 to-
gether with an outlook (Section 9.4). In this way, the chapter brings together the findings of the thesis
and positions them within the wider context of research vessel decarbonisation.

9.1. Research Questions

The literature review has established a theoretical and methodological foundation for evaluating decar-
bonisation strategies for research vessels. As outlined in Chapter 1, the motivation for this research is
the increasing need to reduce GHG emissions from maritime transport. The research gap identified in
the introduction - namely the lack of studies addressing the integration of decarbonisation strategies
onboard of research vessels - has framed the literature analysis in the preceding chapters.

The central research question,

Which alternative fuels and WASP achieve the highest technical and
economic viability for research vessels under market uncertainties and
different operating profiles?

has been divided into eight subquestions. The literature review, covering Chapter 2 through Chapter 4,
has provided detailed answers to the first three of them:

1. What is the current state-of-the-art in the design of research vessels, considering
regulatory requirements, operational profiles, and fuel consumption patterns?

Chapter 2 characterised research vessels by operational class (coastal, regional, ocean, global). For
the German research vessel RV Sonne, the power demand, and for her and the Maria S. Merian the
fraction of transit and port operation were shown. Chapter 2 also mapped the fragmented regulatory
environment, confirming that emission constraints are limited or absent. These findings underscore the
necessity of self-directed sustainability efforts and context-specific decarbonisation solutions.

2. What energy reduction methods and alternative energy options are technically feasi-
ble, including alternative fuels and WASP?

Chapter 3 offered a comparative assessment of low- and zero-emission fuel options. Examined were
low-emission fossil fuels as LNG and LPG, the renewable fuel HVO, hydrogen carriers like ammonia,
hydrogen, and sodium borohydride, alcohol fuels as methanol, as well as metal-based fuels like iron
powder, and energy carriers as batteries. Each option was evaluated across criteria including physi-
cal and chemical properties, emissions, technological readiness and fuel availability, safety and costs.
The fuels were analysed alongside energy converters and auxiliary technologies. While no single con-
figuration emerged as universally superior, several combinations were identified. Notably, WASP and
EHR show potential for emission reduction.

85
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3. Which research methods, concerning parametric modelling, uncertainty analysis,
and economic evaluation, are best suited to assess the feasibility of alternative fu-
els and WASP for research vessels?

In Chapter 4, the literature review dealt with various decision-making frameworks and uncertainty ty-
pologies. It concluded, that the MORDM framework in combination with an EEA is best suited for
this context, given the level three to four uncertainties across technological, economic, and regulatory
dimensions. MORDM supports the identification of robust, non-dominated solutions across two perfor-
mance metrics - emissions and expenses. The approach differs from classical optimisation by shifting
focus from an ideal outcome to the identification of strategies that perform acceptably well across a
wide range of uncertain future scenarios. To be able to implement this approach, a parametric model
was implemented within the XLRM matrix. The model integrates uncertainty factors directly into its
structure and evaluates vessel configurations to simulate ship performance over the defined eras.

The remaining sub-questions, which deal with operational and technical sensitivity, economic impacts,
emission reductions, and validation, are addressed in the research section, which comprises Chapters
510 8.

4. How do operational profiles of research vessels impact the feasibility and perfor-
mance of alternative fuels and WASP?

Operational variability was formalised with an EEA implemented in the MORDM framework to span
plausible mission patterns over a 30-year vessel life. The analysis shows that operational profiles
are a decisive factor for feasibility. Operational profiles (the defined eras) shift energy demand and
the required added hull length, which in turn governs technical feasibility via the L/B constraint. Less
demanding profiles keep added length modest, while more demanding profiles push low-density options
toward infeasibility. Within this pattern, methanol-FC and ammonia configurations remain fully feasible
in the lower-demand eras. The profiles also shift lifecycle emissions and costs, but these affects smaller
than the influence of fuel choice, and the relative ranking of fuels remains stable across eras.

5. How does the efficiency of WASP and exhaust heat recovery systems influence the
overall decarbonisation potential of research vessels?

The efficiency of WASP and EHR systems is characterised by uncertainties that depend on external
conditions of technical and operational nature. EHR and WASP reduce emissions across all efficiency
levels. Onthe cost side, WASP can reduce expenses in all cases. EHR, on the other hand, only reduces
costs slightly due to its high capital investment, and in some cases it cannot reduce costs at all. With an
ETS, efficiency improvements also avoid CO, costs, which means that EHR can significantly reduce
the cost of carbon fuels.

6. What is the economic impact of the introduction of alternative fuels and WASP for
research vessels, taking into account investment costs, operating costs and market
uncertainties?

The economic outcomes are primarily driven by fuel choice and policy, rather than by technical, opera-
tional, or economic uncertainties. Without ETS, MDO, LNG, and HVO cluster in the high emissions/low
costs region, while HVO has the lowest emissions and the highest costs in this group. Methanol-ICEs
have medium emissions and medium costs in the range of HVO, while ammonia and methanol-FCs
have the lowest emissions, with costs close to them of HVO and methanol. The ETS reverses the cost
hierarchy and pushes fossil and diesel-like fuels from the cheapest to the most expensive options once
emissions are priced. Also methanol shows increased expenses, while ammonia and methanol-FCs
are highly untouched. WASP and EHR have little effect on costs without ETS. EHR in particular lacks a
positive business case for all ammonia-configurations due to the initial investment required. However,
it becomes more important under ETS reducing the CO; costs of fossil/diesel-like fuels. ICEs are struc-
turally cheaper than FCs. Blended fuels with 20 % green content improve the cost position of methanol
and ammonia, under the absence of ETS.

7. What are the emission reduction potentials of combined decarbonisation strategies?

Combined strategies show that fuels and converters drive most of the decarbonisation potential, while
WASP and EHR only shift results slightly. Green methanol and ammonia provide the largest reduc-
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tions, while HYO and LNG remain emission-intensive. Blended fuels (with 20 % green and 80 % grey
composition) leave emissions close to or even higher than MDO. FCs can lower emission in specific
cases though their benefit is small.

8. How can the model and results be verified and validated to ensure their reliability for
real-world application in research vessel decarbonisation?

Verification was ensured through modular implementation with visual analysation. Systematic input
variations confirmed stable behaviour and plausible monotonic responses. Hand-calculations were
done to trace parts of the model. Simplified assumptions are used to trace interims wise, but also sim-
plified structures are kept to ensure transparency. Visualised samples showed internal consistency and
correct implementation of time-based economic effects, while resulting outputs are visually evaluated
regarding means and variances. Furthermore, a commercial but general purpose computing environ-
ment, namely MATLAB, was used, reducing the likelihood of implementation errors. The validation is
based on available literature, models and expert opinions, which confirm that the relative ranking of
fuels and converters is consistent with published data. While these steps strengthen confidence in the
results, real-world data for alternative fuels, FCs, WASP and EHR systems remain limited, meaning
that external validation is constrained.

Finally, an answer on the main research question can be found.

How do alternative fuels and energy reduction technologies influence the technical and
economic viability of research vessels under market uncertainties and different operating
profiles?

To answer that question, results from the technical robustness assessment, and the cost and emis-
sions evaluations are combined. Table 9.1 summarises these results of all fuel-converter combinations.
WASP and EHR are not included in the table, as Chapter 8 showed that they do not have decisive in-
fluence.

The results across all scenarios show that no single propulsion configuration provides a universally
superior solution. LNG and HVO are technically fully feasible. Methanol-ICE configurations are the only
low-carbon configuration that is fully feasible across all operational profiles and uncertainties. Ammonia-
ICE performs well, and is fully feasible when lower requirements are given. FCs are generally less
robust, while hydrogen is not robustly feasible.

LNG and HVO remain consistently emission-intensive and therefore cannot contribute sufficiently to
long-term decarbonisation. Methanol and ammonia provide substantial emission reductions, with am-
monia reaching near carbon-neutrality if produced from sustainable feedstocks. Both, however, are
more expensive without carbon trading, while fossil and diesel-like fuels occupy the low-cost high-
emission corner. The introduction of an ETS reverses this hierarchy, aligning methanol and ammonia
with competitive costs. FCs offer additional emission reductions, but remain structurally more expen-
sive than ICEs. Blended fuels can play an important transitional role in this context. By equipping
vessels already with methanol- or ammonia based ICEs and initially operating them on blends of grey
and green methanol, owners can ensure technical feasibility and prepare for future green fuel availabil-
ity. This approach reduces exposure to high fuel prices and creates a pathway for future-proof research
vessels. In this way, blended fuels enhance the robustness of methanol and ammonia by making them
cheaper now, but enabling the switch to green fuels, when availability increases or an ETS is applied.
Iteration B further provided an indication of how design changes could influence feasibility. By testing a
fuller hull form, it became apparent that space constraints can be softened without fundamentally shift-
ing the cost-emissions trade-off. These results must be treated carefully, but they suggest directions
in which a full design process - supported by hydrodynamic testing and detailed structural assessment
- could be explored in the future.

Taken together, these findings underline that future-proof research vessels must be based on fuels
that are both technically feasible and robust under uncertainty, while also enabling compliance with
long-term climate targets. Methanol - and to slightly lesser extent ammonia - meet these requirements,
while fossil and diesel-like fuels do not.

The results show that fuel and converter choice are the decisive factor for decarbonising research ves-
sels. Methanol in ICE configurations emerge as the only low-carbon option being fully robust across all
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Table 9.1: Possible Propulsion Configurations. Red: Technically Not Plausible or Infeasible. Green: Robust in This Criterion.

Fuel Converter Technical Feasibility Economic Viability Emission Performance
Ammonia 95 % feasible, fully feasible more expensive without
inera1and 2 ETS, competitive with ETS
more expensive than fossil more emissions than
HVO
fuels low-carbon fuels
LH, ICE
competitive with MDO with
LNG ETS, slightly more slightly less
expensive without
more expensive with ETS
Methanol without ETS, competitive low emission, if green
with ETS
A . 95 % feasible, fully feasible more expensive than ICE
mmonia : ' .
inera1and 2 configuration
HVO
LH, FC
LNG
99 % feasible, fully feasible more expensive than ICE
Methanol : ' .
inera1and 2 configuration
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uncertainties, while ammonia represents a strong alternative for lower-demand vessels. LNG and HVO
remain technically feasible but offer only slight carbon savings. LNG is slightly more expensive than
MDO, while HVO doubles costs. In case an ETS is applied, both fossil and diesel-like fuels are highly
expensive. FCs are constrained by cost and feasibility: for methanol they offer additional carbon sav-
ings, while for ammonia emissions can even rise as only WtT emissions are present. Complementary
measures such as WASP and EHR support emission reduction and can improve in most cases, but
they do not change the overall ranking. Blended fuels support viable pathways to future-proof research
vessels by offering a short-term pathway until green fuel availability is higher leading to reduced costs
or ETS is applied.

90.2. Limitations and Future Work

While this thesis identifies robust pathways for the decarbonisation of research vessels, several limita-
tions should be noted. Safety concerns associated with alternative fuels such as ammonia (toxicity, low
temperature), methanol (low flammability), and LNG (low flammability, low temperature) were already
addressed in Section 3.2 but could not be addressed in the modelling framework. Similarly, the study
relied on several simplifications to manage deep uncertainty: operational profiles were generalised into
eras, complex tank and hull integrations were simplified to added length, and cost modelling relied on
assumed ranges excluding factors such as crew training. The effect of a fuller hull form was approxi-
mated, but additional resistance, and sea-keeping behaviour were neglected. Furthermore, validation
was limited by the absence of real world data for alternative fuels and EHR. These simplifications limit
the precision of individual results but do not undermine the robustness of the overall findings. The model
developed in this thesis is therefore not sufficient to directly derive an individual vessel design, but it
can serve as a valuable indication and starting point for the design process, helping to narrow down
feasible and robust fuel-converter pathways before more detailed naval architecture is undertaken.

Building on these limitations, several directions for future work emerge. The mostimmediate step would
be to sample and incorporate high-resolution operational data into the modelling framework, in order
to capture realistic load profiles, seasonal variations, and peak conditions more accurately. Further
improvements should focus on a more detailed representation of cost structures, fuel availability, and
safety measures. Finally, the framework can be developed towards a design tool by integrating naval
architectural aspects more explicitly, for instance through detailed tank and hull modelling, while also
applying CFD calculations in a further step. Together, these extensions would increase the precision
of the model while preserving its strength as a tool for decision-making under deep uncertainty.

9.3. Scientific Contribution

The scientific contributions of this thesis can be summarised in three main aspects, which build di-
rectly on the identified research gap and research questions: addressing the gap itself, developing a
methodological innovation, and generating insights with practical relevance.

* Research Gap

As outlined in Section 1.2, existing studies on maritime decarbonisation primarily focus solely
on specific technological measures, or commercial vessels and therefore neglect the particular
challenges of research vessels. This thesis addresses that gap by systematically analysing re-
search vessels as a distinct case, characterised by regulatory exemptions, high auxiliary loads,
and highly variable operational profiles. By incorporating an era-based sensitivity analysis, re-
flecting operational profiles from low demand (era 1) to high demand (era 3) vessels, the thesis
shows that fuel choices are not universally applicable but shift with operational intensity. The
results highlight that ammonia can be a robust, competitive, and more emission-free variant for
lower-demand vessels, whereas methanol remains the only fully robust low-carbon fuel for high-
demand vessels. In doing so, the thesis not only closes the research gap identified in Section 1.2
but also introduces a dynamic perspective on how operational diversity reshapes decarbonisation
strategies for research vessels.

* Methodological Innovation
Building on this research gap, a second scientific contribution of this thesis lies in the develop-
ment of what is, to the knowledge of the author, a novel methodological framework for evaluating
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decarbonisation strategies under deep uncertainty. This integration was done specifically to ad-
dress the uncertainties arising from diverse operational profiles of research vessels, ensuring that
both feasibility and robustness across varying demand levels could be evaluated. The framework
enabled the exploration of thousands of propulsion configurations under changing assumptions
of fuel prices, energy demand, and technological performance. By structuring the analysis into
eras of increasing vessel requirements, the methodology not only captures average performance
but also reveals how the competitiveness of fuels shifts with operational intensity. In this way, the
methodological innovation directly arises from the identified research gap and offers a richer and
more realistic perspective than conventional scenario-based approaches, which typically assume
static operating conditions.

+ Empirical Insights

Finally, and very much as a necessary outcome of the research gap and questions defined in the
introduction, this thesis provides a third scientific contribution in the form of new empirical insights
into the decarbonisation of research vessels. By systematically applying the developed method-
ological framework, it was possible to uncover how fuel feasibility shifts across different opera-
tional demand levels. The results show that ammonia can be a robust and competitive option for
lower-demand vessels, while methanol remains the only consistently robust low-carbon solution
across all operational requirement levels. In contrast, LNG and HVO, though technically feasible,
provide only marginal emission reductions and lose competitiveness under applied regularities.
Furthermore, the analysis showed, that hydrogen is highly infeasible even under era 1 require-
ments. The analysis moreover indicates that auxiliary systems such as WASP and EHR improve
efficiency, yet their overall impact on feasibility and measures remains limited and not decisive.
The method further demonstrates in an iterative step how blended fuels can serve as transitional
pathways, improving cost robustness in early adoption phases while enabling a smooth shift to
carbon neutrality or at least high carbon savings once supply chains and regulations mature.
These findings not only represent a contribution that directly follows from the identified research
gap and question, but also carry practical relevance: they provide actionable guidance for ship
designer in the early stages of concept development, and for operators in planning long-term fuel
strategies.

Taken together, these contributions address the research gap, advance methodology, and provide new
and useful insights for creating a future-proof pathway to the decarbonisation of research vessels.

9.4. Outlook

The findings of this thesis highlight that fuel and converter choice is the decisive factor in decarbonising
research vessels, with methanol emerging as the only fully robust low-carbon option and ammonia as
a strong alternative for vessels with lower energy demand. These insights, however, will evolve as
external developments reshape the option space.

Shifts are expected from the scale-up of green methanol and ammonia production. At present, their
competitiveness is constrained by limited availability and high costs. This aspect was already explored
in the thesis through varying fuel price assumptions across the years, yet future developments may
exceed the considered ranges. Large-scale production facilities and new bunkering infrastructure could
lower costs more rapidly than anticipated, while geopolitical or supply-chain shocks could equally push
them higher. On the contrary, as better data is available, models like the one developed can be refined
to deliver more precise insights.

Technological progress will also influence the option space. In this thesis, ICEs proved being more
robust than FCs, primarily due to cost and maturity constraints. However, continued development of
high-power methanol or ammonia FCs may alter this balance by combining higher efficiency with near-
zero emissions. If cost reductions and reliability gains are achieved, FCs could become a stronger
alternative for certain vessel classes. Beyond the fuels analysed in depth, novel energy carriers such
as iron fuel or sodium borohydride, excluded during the literature review due to low technological readi-
ness, may become relevant in the longer term. In deep sea vessels, batteries are today limited to
auxiliary applications such as peak shaving. However, with ongoing improvements in storage capacity,
batteries may in the longer term evolve into a viable option for a wider range of missions.
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Regulatory change is another factor. Although research vessels are currently exempt from many in-
ternational and European instruments, initiatives such as the IMOs Net Zero Framework suggest that
exemptions may not last. If research fleets were to fall under carbon pricing, the competitiveness of
fossil fuels would decline sharply, strengthening the case for methanol and ammonia.

Taken together, these developments suggest that the model presented in this thesis should be under-
stood as a model in progress. It can and should be adapted as new data on fuels, technologies, and
regulations becomes available, ensuring that the insights remain relevant and continue to support the
transition towards truly climate-neutral, future-proof research vessels.

9.5. Reflection

The aim of this work was to develop and evaluate strategies for decarbonising research vessels under
conditions of high uncertainty. After introduction of motivation, background, and research questions,
the state-of-the-art technologies, regularities, and methods were presented in the research review.
Based on these findings, a parametric model was developed, verified and validated to represent fuel
pathways, converter technologies, and integration into ships under different scenarios. This model was
then applied to identify robust and unfeasible options, evaluate emissions and costs, and test exten-
sions trough iterations A and B. In this way, the sub- and central research questions were answered.
The analysis shows which fuel pathways and configurations remain feasible in a wide range of future
scenarios. Finally, the necessary simplifications are highlighted, and directions for further research are
indicated.

Conducting this research has been both challenging and rewarding, and | hope it can serve as a useful
step towards designing cleaner, more sustainable vessels in the years ahead.
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Input Parameters

Table A.1: Overview of Input Parameters used in Parametric Model.

Category Parameter Value Unit Source

P 1.025  tm?

K 0.039 t/m? Schneekluth, 1985

g 9.810 m/s2

Npop 60 Section 4.4.1

Vg 12 kn Section 4.4.1
Converter $a, FC 184 KW/ PowerCell Group, 2025

PG, ICE Ammonia 92 kW Wartsila, 2024b

Y@, ICE Hydrogen 50 kW/h Stapersma, 2010

$G, ICE HVO/MDO 150 kWi Wartsila, 2024a

$a, ICE LNG 110 kWi Wartsila, 2024a

©G, ICE Methanol 107 KW/ Wartsila, 2023

v, FC 104 KW/m3 PowerCell Group, 2025

YV, ICE Ammonia 52 KW/p? Wartsila, 2024b

YV, ICE Hydrogen 36 KW/m? Stapersma, 2010

PV, ICE HVO/MDO 97 KW/ Wartsila, 2024a

YV, ICE LNG 87  KW/md Wartsila, 2024a

PV, ICE Methanol 82 KW/ Wartsila, 2023
Efficiencies NEHR 10 % Mondejar et al., 2018

yie] 50 % Section 4.4.1

NICE 45 % Stapersma, 2010

Nrelocation 50 % Section 5.6

New 97 % Section 5.3
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(Continued from previous page)

Category Parameter TtW  Unit Source
Nu 90 % Section 5.3
MW ASP 10 % Section 3.3
Fuel PG, Ammonia 6250 KkWh/ Chatterjee et al., 2021
PG, HVO 11944 kWh/ Laursen et al., 2023
PG, Hydrogen 33889 kwhj Xing et al., 2021
PG, LNG 12500 kwh/ Shell Deutschland Oil GmbH, 2019
PG, MDO 12472  kwWh/j IOR energy Pty Ltd, 2010
PG, Methanol 5556  kWh/p Zhaka and Samuelsson, 2024
PV, Ammonia 4000 KWh/pm3 Al-Aboosi et al., 2021
PV, HVO 8889  kWh/p? Laursen et al., 2023
PV, Hydrogen 2222 kWh/p? Xing et al., 2021
PV, LNG 5833 kWh/p? Shell Deutschland Oil GmbH, 2019
PV, MDO 11000 kWh/m3 IOR energy Pty Ltd, 2010
PV, Methanol 4389 KkWh/m? Kang et al., 2021
Sonne Bpev 20.600 m Briese Research, n.d.
Dpev 6.400 m Briese Research, n.d.
fport 15 % Meinders, 2025
Jtransit 40 % Meinders, 2025
Lyp, BV 102.860 m Briese Research, n.d.
P.r, BCV 3200 kW Meinders, 2025
Pyr, Bov 6000 kW Meinders, 2025
Piransit, BCV 4000 kW Meinders, 2025
Range 7500 nm Briese Research, n.d.
Npon 80 Briese Research, n.d.
Vs, BOV 12 kn Briese Research, n.d.
Fport 15 % Meinders, 2025
Jtransit 40 % Meinders, 2025
Table A.2: Overview of Input Parameters used in Measure Formulations.
Category Parameter Value Unit Source
r 3.010 % European Central Bank, 2025a
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(Continued from previous page)

Category Parameter TtW Unit Source
Carbon Prices  Ccarbon, 2027 45 EUR/o, Section 4.4.1
Ccarbon, 2055 675 EUR/i,, Section 4.4 .1
Emission feco, 1 Climate Change Connection, 2020
fom, 25 Climate Change Connection, 2020
.0 298 Climate Change Connection, 2020
Cf CH,, HVO 0.00005 9CHs/gFuel  European Parliament and Euro-
pean Council, 2023a
Cf CH,, MDO 0.00005 9CHs/gFuel European Parliament and Euro-
pean Council, 2023a
Cf COs, HVO 3.115 9CO2/gFuel European Parliament and Euro-
pean Council, 2023a
Cf CO,, LNG 2.750 9CO2/gFuel European Parliament and Euro-
pean Council, 2023a
Cf COs, MDO 3.206 9CO2/gFuel European Parliament and Euro-
pean Council, 2023a
Cf CO,, Methanol 1.375 9CO2/gFuel  European Parliament and Euro-
pean Council, 2023a
Cf N2O, HVO 0.00018 9N20/gFuel  European Parliament and Euro-
pean Council, 2023a
Cf N2O, LNG 0.00011 9N20/gFuel  European Parliament and Euro-
pean Council, 2023a
Cf N2O, MDO 0.00018 9N20/gFuel  European Parliament and Euro-
pean Council, 2023a
Cslip, LNG 3.100 % European Parliament and Euro-
pean Council, 2023a
CO2¢q wit 0.605 9CO2./kwh  Seddiek and Ammar, 2023
Ammonia, green
CO2¢q wir, 475.200 9CO2e0/kwh  European Parliament and Euro-
Ammonia, grey pean Council, 2023a
CO2eq wit, HVO —74.504 9COz2eq/kwh  European Parliament, 2018
COszeq wit, LNG 66.600 9CO2e0/kwh  European Parliament and Euro-
pean Council, 2023a
COgze¢q wir, MDO 51.840 9CO2e/kwh  European Parliament and Euro-
pean Council, 2023a
COs2eq wir, —210.060 9CO2eq/kwh  European Parliament, 2018
Methanol, green
COzeq wir, 31.300 9CO200/kwh European Parliament and Euro-

Methanol, grey

pean Council, 2023a
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Category Parameter TtW  Unit Source

Fuel Prices C Ammonia, Green, 2025 648 EUR/ IRENA, 2024b
C Ammonia, Green, 2050 279 EUR/j IRENA, 2024b
C Ammonia, Grey 270 EURA Yang and Lam, 2023
Cuvo 1760 EURA Argus O.M.R., 2025
CHydrogen, 2025 4500 EURj DNV, 2022b
ChHydrogen, 2050 1800 EUR/} DNV, 2022b
CinG 750 EURA SEA-LNG, 2025
CMethanol, Green, 2025 923 EURj S&P Gobal, 2025
CMethanol, Green, 2050 450 EUR} Kang et al., 2021
CMethanol, Grey 344 EURj S&P Gobal, 2025
Cmpo 456 EUR/ S&P Gobal, 2025

Hull Csr2 30 EWR/ Jactio, 2023
Cst 1000 EUR/} Jactio, 2023
Crr 32 hi Kerlen, 1985

Inst. Cost Crur 1800 EUR/kw Mondejar et al., 2018
Crc, Ammonia 1836 EUR/kw Seddiek and Ammar, 2023
CFrc, Hydrogen 1440 EUR/kw IEA, 2019
CFrc, Methanol 1836 EUR/kw
CICE, Ammonia 900 EUR/w Seddiek and Ammar, 2023
Crcr, HVO/MDO 636 EUR/kw TNO, 2020
CrcE, Hydrogen 900 EUR/kw
CicE, LnG 923  EUR/kw TNO, 2020
CIcE, Methanol 655 EUR/kw TNO, 2020
CTank, Ammonia 28 EUR/gy Schreuder et al., 2025
C'Tank, Hydrogen 1180 EUR/gy TNO, 2020
CTank, LNG 100 EUR/gy TNO, 2020
Cwasp 325000 EUR Chica et al., 2023

Main. CMain., WASP 535  EUR/month Chica et al., 2023
tMain., FC 25000 h Mylonopoulos et al., 2024
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