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Background

The International Maritime Organization (IMO) has set goals to achieve low carbon shipping by 2050.
The decarbonization strategy is certain to provoke regulations to reduce greenhouse gas emissions.
The uncertainty of to which degree and in which form presents a considerable risk for the shipping
stakeholders, mainly shipowners. To set the global maritime industry on a climate-aligned course and
meet the goals of the Paris Agreement, zero-emission vessels must be the dominant and competitive
choice by the end of this decade. With a fuel transition characterized by a wide range of fuel options
and unknown future regulations, the shipowners face a complex and uncertain decision process
regarding fuel selection.

Main goal and focus area

The aim of the thesis is to develop a decision support method for shipowners selecting among a wide
range of fuel options on the road to decarbonize shipping. The method shall be able to move beyond
cost-efficiency and take technical, environmental, and social factors into consideration.

Main activities
The candidate should presumably cover the following main points:

1. Aliterature review of ship fuel options

Develop a multi-criteria optimization model and a belonging decision support method for

ship fuel selection

Map the decision basis for fuel selection and the preferences of different stakeholders

Compare and evaluate different fuel options for deep-sea shipping

5. Apply the decision support method to a case study concerning shipowner fuel selection for
operation at deep sea

6. Discuss and conclude the thesis work

pw

Modus operandi

At NTNU, Professor Stein Ove Erikstad will be the responsible advisor. @yvind Endresen from DNV
and Martin Wattum from Klaveness will be co-supervisors. Klaveness will provide data and
information to the case study.

The work shall follow the guidelings given by NTNU for the MSc Project work.

Stein Ove Erikstad u '
Professor/Responsible Advisor
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SUMMARY

Around 80% of global trade by volume and over 70% by value is carried by sea. Global shipping over
deep seas ensures the most cost-effective transport of import and export of food and manufactured
goods and has a significant impact on the world economy. At the same time, maritime transport
is responsible for about 3% of global greenhouse gas (GHG) emissions. The United Nations’
International Maritime Organization (IMO) has set goals to achieve low carbon shipping by 2050.
The decarbonization strategy is certain to provoke regulations to reduce greenhouse gas emissions.
The uncertainty of to which degree and in which form presents a considerable risk for the shipping
stakeholders, mainly shipowners. The aim of decarbonization has provoked a new fuel transition,
characterized by a wide range of fuel options and unknown future regulations. Shipowners face a

complex and uncertain decision process regarding future proof fuel selection.

To support the process, a multi-criteria optimization model and a belonging decision support
method for ship fuel selection are developed. The model is open to including a wide range of
technical, economic, environmental, and social decision criteria and numerous fuel options. The
criteria are selected and weighed by the decision-maker. The fuel performance are quantified and
evaluated based on defined performance levels. The method combines the stakeholder’s subjective
preferences of criteria with an objective evaluation of the fuel performance. Criteria, barriers, and

fuel performance were evaluated in three different approaches;

1. Comparison-based screening of fuel options for deep-sea shipping based on six key

performance indicators (KPIs)
2. Survey among stakeholders

3. Case study considering shipowner fuel selection for operation at deep sea.

In the comparison-based screening of fuel options for deep-sea shipping, twelve fuel options were
evaluated based on their performance on six KPIs covering technical, economic, environmental,
and social aspects. Within each criterion, five performance levels were defined, referred to as the
performance level system. The screening process took the energy source for production (fossil, bio,
or green) into account. The results showed no clear choice among the alternative fuels. LNG will
probably continue to be an important fuel for deep-sea in the transition to more carbon-neutral
fuels. Another possible transition solution might be the fossil version of potential carbon-neutral

fuels, combined with CCS technology (so-called blue fuels). This will contribute to increasing the
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technology maturity level and the available bunkering facilities and facilitate a future transition to

the greener version of the fuel.

The subjective preferences of decision-makers were mapped through a questionnaire survey among
stakeholders in the industry and a focus interview with a shipowner. VLSFO/HFO and battery-
electric propulsion gained the overall highest score on the average of all 12 criteria included in
the survey. Green/blue methanol, renewable biofuels, and green/blue ammonia were, on the other
hand, stated as the top three preferred fuels. All criteria, both technical, economic, environmental,
and social criteria, were ranked as ’fairly important’ or more important, which confirms a complex
decision problem. Even if all barriers were stated as significant, the results showed a will to act.
Among the participants in the survey, which mainly were forward-leaning Norwegian stakeholders,
79% believed that the first move toward green fuels will be within ten years for their own fleet and
operation. Governmental and international regulators were ranked as the top driver in shipping

decarbonization, followed by a group of cargo owners, market and customers, and ship owners.

Finally, the decision support method was applied to a case study concerning shipowner fuel se-
lection for operation at deep sea. The case study shows that if business continues as usual, LNG
will continue to be the preferred fuel until 2050. However, with sustainable development, green
methanol and renewable biodiesel can obtain a competitive performance and be the preferred fuel
for shipowners. Notice that the results for such a case study will depend on the decision context,

the selected criteria, and the fuel options included.

Both the screening of fuels, the survey results, and the case study show that there still exists
large barriers to implementing low carbon emission fuels. The greener fuel alternatives face several
challenges, but common main barriers are low technology maturity levels, low energy densities,
poorly developed infrastructure, deficient safety regulations, and high costs. A crucial decision
for the industry is where the stakeholders should invest time, research, and money to bring the

decarbonization of shipping forward and reach the goal of reducing 50% of GHG emissions by 2050.

The thesis argues that better mapping of the fuel selection process is required in order to acceler-
ate the decarbonization of shipping. The decision support method for ship fuel selection provides
clearer objectives, greater robustness, and traceability to the choices made during the decision
process. The decision support method can assess a wide range of criteria and perspectives of the
decision-maker and pay attention to the changing performance of the different fuel alternatives,
which will improve the communication of factors influencing the fuel selection process. The iden-
tification of criteria and barriers can be used to map where support and development is needed to
increase the fuel performance on key criteria. Better insight into the stakeholder preferences can
provide knowledge of decision criteria and identify current showstoppers for green action. Dialog
and cooperation between stakeholders will improve policies and accelerate the establishment of
decarbonization incentives. As proposed in this thesis, better mapping and structuring can be

achieved through a more systematic decision-making method.
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SAMMENDRAG

Rundt 80% av verdenshandelen etter volum og over 70% av verdi fraktes til sjgs. Global skipsfart
over dype hav sikrer den mest kostnadseffektive transporten av import og eksport av mat og
produserte varer og har en betydelig innvirkning pa verdensgkonomien. Samtidig er sjgtransport
ansvarlig for om lag 3% av globale klimagassutslipp (GHG). FNs internasjonale sjgfartsorganisasjon
(IMO) har satt seg mal om & oppna lavkarbon skipsfart innen 2050. Avkarboniseringsstrategien
vil med sikkerhet fremprovosere reguleringer for a redusere klimagassutslipp. I hvilken grad og
i hvilken form er enda usikkert, noe som utgjgr en betydelig risiko for aktgrer i skipsfarten, i
hovedsak rederier. Malet med avkarbonisering har skapt en ny drivstofftransisjon, preget av et
bredt spekter av drivstoffalternativer og ukjente fremtidige reguleringer. Redere star overfor en

kompleks og usikker beslutningsprosess for et fremtidssikkert og robust valg av drivstoff.

For & stgtte prosessen utvikles en multi-kriterie optimaliseringsmodell og en tilhgrende beslut-
ningsstgttemetode for valg av drivstoff. Modellen er apen for a inkludere et bredt spekter av
tekniske, gkonomiske, miljgmessige og sosiale beslutningskriterier og en rekke drivstoffalternativer.
Kriteriene velges og vektlegges av beslutningstaker. Drivstoffytelsen blir kvantifisert og evaluert
basert pa definerte ytelsesnivaer. Metoden kombinerer beslutningstakerens subjektive preferanser
av kriterier med en objektiv evaluering av drivstoffytelsen. Kriterier, barrierer og til hvilken grad

ulike drivstoff oppnar ulike kriterier ble evaluert i tre ulike tilnserminger;

1. Sammenligningsbasert screening av drivstoffalternativer for dyphavsfart basert pa seks
ngkkelindikatorer (KPIs)

2. Spgrreundersgkelse blant aktgrer i skipsfart

3. Casestudie om reders valg av drivstoff for operasjon pa dypt hav

I den sammenligningsbaserte screeningen av drivstoffalternativer for dyphavsfart, ble tolv drivstof-
falternativer evaluert basert pa deres ytelse pa seks ngkkelindikatorer som dekker bade tekniske,
gkonomiske, miljgmessige og sosiale aspekter. Innenfor hvert kriterium ble det definert fem ytelses-
nivaer, referert til som ‘performance level system’. Screeningsprosessen tok hensyn til energikilden
for produksjon (fossil, bio eller grgnn). Resultatene viste ikke noe klart valg blant de alterna-
tive drivstoffene. LNG vil trolig fortsatt veere et viktig drivstoff for dypvann i overgangen til
mer karbonngytrale drivstoff. En annen mulig overgangslgsning kan veere den fossile versjonen av
potensielle karbonngytrale drivstoff, kombinert med CCS-teknologi (sakalte bla drivstoff). Dette



vil bidra til a gke teknologimodningsnivaet og tilgjengelige bunkringsfasiliteter og legge til rette
for en fremtidig overgang til den grgnnere versjonen av drivstoffet.

Beslutningstakernes subjektive preferanser ble kartlagt gjennom en spgrreskjemaundersgkelse blant
aktgrer i neeringen og et fokusintervju med en reder. VLSFO/HFO og batterielektrisk fremdrift
fikk den samlede hgyeste poengsummen pa gjennomsnittet av alle 12 kriteriene som var inkludert
i undersgkelsen. Grgnn/bla metanol, fornybart biodrivstoff og grgnn/bla ammoniakk ble likevel
oppgitt som de tre foretrukne drivstoffene. Alle kriterier, bade tekniske, gkonomiske, miljgmessige
og sosiale kriterier, ble rangert som ”ganske viktige” eller viktigere, noe som bekrefter et kom-
plekst beslutningsproblem. Selv om alle barrierer ble oppgitt som betydelige, viste resultatene en
vilje til & handle. Blant deltakerne i undersgkelsen, som hovedsakelig var fremoverlente norske
skipsfartsaktgrer, mente 79% at det fgrste grepet mot grgnne drivstoff vil veere innen ti ar for
egen flate og drift. Statlige og internasjonale regulatorer ble rangert som den stgrste driveren for

avkarbonisering, etterfulgt av en gruppe med lasteeiere, marked og kunder, og redere.

Avslutningsvis ble beslutningsstottemetoden brukt pa en casestudie om reders valg av drivstoff for
operasjon pa dypt hav. Case studien viser at dersom driften av skipsfart fortsetter som vanlig, vil
LNG fortsette a veere det foretrukne drivstoffet frem til 2050. Med beerekraftig utvikling kan grgnn
metanol og fornybar biodiesel oppna en konkurransedyktig ytelse og veere det foretrukne drivstoffet
for redere. Merk at resultatene for en slik casestudie vil avhenge av beslutningskonteksten, de valgte
kriteriene og drivstoffalternativene som er inkludert. Bade screening av drivstoff, resultatene fra
sperreunderspkelsen og casestudien viser at det fortsatt eksisterer store barrierer for & implementere
drivstoff med lavt karbonutslipp. De grgnnere drivstoffalternativene star overfor flere utfordringer,
men lav modenhet av teknologi, darlig utviklet infrastruktur, mangelfulle sikkerhetsforskrifter og
hgye kostnader ble konstatert som betydelige barrierer. En avgjgrende beslutning for skipsfart er
hvor aktgrene skal investere tid, forskning og penger for a bringe avkarboniseringen av skipsfart

fremover og na malet om & redusere 50% av klimagassutslippene innen 2050.

Masteroppgaven argumenterer for at bedre kartlegging av drivstoffutvelgelsesprosessen er ngdvendig
for & akselerere avkarboniseringen av skipsfart. Beslutningsstgttemetoden for valg av skipsdrivstoff
gir klarere mal, stgrre robusthet og sporbarhet til valgene som blir tatt under beslutningsprosessen.
Beslutningsstgttemetoden kan vurdere et bredt spekter av kriterier og perspektiver til beslut-
ningstakeren og ta hensyn til den endrede ytelsen av ulike drivstoffalternativ, noe som vil forbedre
kommunikasjonen av faktorer som pavirker drivstoffvalgsprosessen. Identifikasjon av kriterier og
barrierer kan brukes til a kartlegge hvor stgtte og utvikling er ngdvendig for a gke drivstoffytelsen
pa sentrale kriterier. Bedre innsikt i aktgrenes preferanser kan gi kunnskap om beslutningskriterier
og identifisere aktuelle showstoppere for grgnn handling. Dialog og samarbeid mellom aktgrer vil
forbedre politikken og fremskynde insentiver for avkarbonisering. Bedre kartlegging og struk-
turering kan oppnas ved en mer systematisert beslutningsmetode, slik som metoden foreslatt i

denne oppgaven.
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This thesis is the work of a Master of Science degree at the Department of Marine Technology
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CHAPTER 1

INTRODUCTION

This chapter introduces the problem assessed, presenting the background and objective of the
study, including scope and limitations. The chapter also gives an overview of the report structure,

including a short description of each chapter.

1.1 Background

Around 80% of global trade by volume and over 70% by value is carried by sea. Global shipping
over deep seas ensures the most cost-effective transport of import and export of food and manu-
factured goods and has a significant impact on the world economy. At the same time, maritime
transport is responsible for about 3% of global greenhouse gas (GHG) emissions [1]. These emis-
sions are projected to increase significantly if mitigation measures are not put in place swiftly. The
International Maritime Organization (IMO) has set decarbonization strategies that follow sustain-
able development goals. Alternative marine fuels play an essential role in the road to achieving
low carbon shipping by 2050. The wide range of ship fuel options makes the situation messy and
challenging to handle for stakeholders involved.

IMO has established a GHG strategy to reduce the total annual GHG emissions from international
shipping by at least 50% by 2050 compared to 2008 levels. The world seaborne trade are expected
to grow further, a factor that pulls in the opposite direction of IMOs ambitions. According to the
4th IMO GHG study, shipping emissions could, under a business-as-usual scenario, increase up to
130% of 2008 emissions by 2050. At the same time, technical innovations and tactical operations
present an untapped potential for cost-effective reductions of the emissions [2]. To set the global
maritime industry on a climate-aligned course and meet the goals of the Paris Agreement, zero-
emission vessels must be the dominant and competitive choice by the end of this decade. With a
fuel transition characterized by a wide range of fuel options, the ship owners face a complex and
uncertain decision regarding fuel selection.

Current methodologies for comparing alternative fuels are mainly based on economic and environ-
mental performance. However, there is limited work on the numerous additional factors influencing
the selection process. These factors must be included better to understand the overall performance

of the different fuel options and handle the complexity of the problem, including technical and so-
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cial considerations. For other research studies assessing multiple criteria in the evaluation of ship
fuels (e.g., [3], [4], [5], [6], [7] and [8]), there are large variations in which decision criteria that
are assessed. There are also limited studies that include the subjective preferences of stakeholders,
which is a central element in the final decision. Stakeholders have thoughts about which crite-
ria are important and their relative importance, but they also have considerations about the fuel
performance. A feasible fuel option should meet multiple technical, economic, environmental, and
social criteria. However, the performance stated by the shipowner is not necessarily consistent

with the real performance of the fuel option.

Therefore, this thesis has attempted to combine the subjective preferences of the decision-maker
regarding criteria selection and weighting with the objective performance of a wide range of fuel
options stated from literature research. The thesis wish to draw out hidden and unconscious factors
influencing the fuel decision process and identify main barriers to the uptake of alternative fuels.
The insight of criteria and barriers for the ship fuel selection problem shall serve as guidance in an

important but uncertain decision for the future.

1.2 Objectives

Finding the most suited fuel option for global shipping is a challenging task dependent on numerous
technical, economic, environmental, and social factors. The thesis seeks to map the current decision
basis for fuel selection, to identify decision criteria and barriers of action. The thesis aim to use
the insights to systematize a decision support method for shipowners selecting among a wide range

of fuel options.

A multi-criteria optimization model that can include a wide range of criteria and perspectives of
the decision-maker and pay attention to the changing performance of the different fuel alternatives
will improve the communication of factors influencing the fuel selection process. The thesis collects
information, from a general, qualitative description to processed and adapted quantitative data
that will serve as input to the decision model. A case study for deep-sea shipping is prepared to
illustrate the decision support method and highlight the subjectivity of the fuel decision. However,
the method is open to include a wide range of criteria and numerous fuel options, making it able

to support all shipping stakeholders.

1.3 Scope and limitations

The study assesses the prospects for eight energy carriers by applying a multi-criteria decision
analysis approach, mainly considering the stakeholders’ preferences. Figure 1.1 shows the graph-
ical abstract of the thesis problem and fuel options in scope. The study includes an assessment
of technical, environmental, economic, and social factors influencing the selection of ship fuels.
Questionnaires and focus interviews are applied to elicit key criteria and their relative importance

from different stakeholders, explicitly focusing on shipowners.
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Figure 1.1: Ship Fuel Transition Challenge (inspired by ’Graphical abstract’ figure in [9])

The thesis focuses on the benefits and challenges of different alternative fuels and how stakeholders
compare them in fuel selection. The collection of subjective preference information concentrates on
Norwegian stakeholders. Therefore, the findings must be evaluated and handled cautiously before
drawing lines to other geographical regions or cases. The scope of this thesis is deep-sea shipping
due to its large impact on global emissions. Still, general considerations and contrasts to short sea

shipping are included to understand the overall picture of ship fuels better.

In this thesis, alternative fuels referrers to all fuels that are not designated as conventional fuels
(fuel oil, etc.). Green fuels are used as a common destination for low- and zero-carbon emission

fuels.

The study results depend on the included fuel types and the opinions of the individuals included
in the stakeholder preference study. Only mono-fuelled options are assessed, but other possibilities
are discussed. Assumptions regarding fuel production pathways and current fuel performance will
also affect the outcome. A high-level approach is used for modeling due to the extensiveness of
the thesis objective. Only a selection of technical, economic, environmental, and social criteria are
addressed. Due to the target to decarbonize shipping, the main environmental focus will be on

C'O5 emissions.

1.4 Report structure

This section presents the structure of the thesis. As shown in Figure 1.2, the first four chapters
form the literature background of the thesis. The methodology is presented in chapter 5. Further,
the fuel selection optimization modelling is presented chapter 6. In chapter 7, a selection of
fuels is evaluated using a comparison-based approach that combines KPIs and performance in a
performance level system. Subjective information from stakeholders is collected in chapter 8. The

developed decision support method is applied to a case study in chapter 9.
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Figure 1.2: Overview of the thesis structure

The following list includes a more detailed description of the content in each chapter:

e chapter 2 presents a literature background for maritime fuels and addresses the fuel transition
provoked by the decarbonization of shipping.

e chapter 3 introduces different ship fuel pathways. The chapter includes fuel families based on
primary energy sources, main energy converters, and a selection of fuel options for shipping.

e Based on a literature review, chapter 4 presents key criteria and barriers to the uptake of zero-
and low-carbon emission fuels in shipping. The chapter also presents the decision context
and expectations for ship fuels in terms of design for operation. The chapter introduces a

range of factors influencing the fuel type decision.

e chapter 5 introduces the methodology for the project work, including relevant theory and
methods for modelling and information collection. System perspectives, multi-criteria deci-
sion making and soft analysis in terms of survey and focus interview are central components.

e chapter 6 presents two mathematical multi-criteria optimization models which take the rel-
ative importance (weighting) of the criteria into account. Both models are based on the
weighted sum method (presented in subsection 5.2.3). The first model is simple and handles
all criteria as qualitative. The second model opens up to include real quantitative perfor-
mance of specific criteria. Model 1 will be applied to the case study.

e chapter 7 presents a specific performance level system that quantifies qualitative performance
within a selection of criteria. The level system is defined for six key performance indicators
(KPIs) and used to perform a comparison-based screening and evaluation of the fuels for
operation at deep sea. All KPIs have been allocated the same relative importance (weighting)
in this screening process.
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chapter 8 presents a soft analysis of the ship fuel selection. The chapter includes the collect-
ing of information on criteria and barriers in a survey among stakeholders and a focus inter-
view with a shipowner, Klaveness. The interview section includes a shipowner selection and
weighting of criteria. A selection of fuel types is further pairwise compared by the shipowner
using the analytic hierarchy process (AHP). The AHP is described in subsection 5.2.1.

In chapter 9, a case study is performed to gain insight into how the relative importance of
criteria influences the decision outcome. This case study aims to combine the subjective
criteria selected and weighted by the shipowner with the objective performance values for
the different fuel options. Two case scenarios are studied: 1) ’business as usual’ and 2)

‘sustainable development’.

chapter 10 discuss future proof fuel selection, both in general and from a shipowner per-
spective. The chapter also discusses how the knowledge of barriers and fuel flexibility can
be used to increase the willingness to select greener fuels among shipowners and where the

stakeholders should invest resources to accelerate the fuel transition.

chapter 11 concludes the project work and presents further recommendations.




CHAPTER 2

MARITIME FUEL TRANSITION

This chapter presents the history of maritime fuels and key drivers on the road toward the decar-
bonization of shipping. The chapter also addresses the operational difference between short-sea

and deep-sea shipping.

2.1 History of maritime fuels

Since the beginning of time, humanity has used the sea to transport cargo. Starting with minor
trading routes with ships propelled by human and wind power, continuous development and higher
demand have inspired faster, more cost-efficient, and effective transport at sea. The power systems
of ships have been through several global and innovative revolutions, shown in Figure 2.1. The
three first revolutions of shipping propulsion, from wind to coal, coal to steam, and steam to oil,
were all characterized by every vessel making the same transition. The fourth revolution appears

to be different, as the transition includes a wide range of fuel alternatives.
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Figure 2.1: Shipping’s four propulsion revolutions [10)]
To date, fossil fuels have dominated the energy supply for maritime transport. The primary

"bunker” fuel in shipping is fuel oil, including both heavy fuel oil (HFO), used in combination with
exhaust treatment technologies, and Low Sulfur Heavy Fuel Oil (LSHFO) or Very Low Sulphur
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Fuel Oil (VLSFO). HFO has a high content of carbon and air pollutants such as sulfur (SOx) and
nitrogen (NOx) and is a very viscous residual fuel. Therefore, regulations on marine emissions
(including GHG emissions and other emissions to air) have been gradually tightened, mainly led
by IMO.

In Figure 2.2, DNV predicts the energy mix development in maritime sector until 2050. Until
2020, when "'IMO 2020’ entered into force, over 79% of the energy fuel mix was covered by HFO,
with the remaining parts mainly covered by other fossil fuels (e.g., marine diesel oil (MGO) and
liquified natural gas (LNG)) [11]. 'IMO 2020’ is known as the rule that limits the sulfur content
in fuel oil used on board ships operating outside designated emission control areas to 0.50% m/m
(mass by mass) [12]. The effect of 'IMO 2020’ is shown in Figure 2.3, where a change in the fuel
mix already can be spotted. A trend is that marine fuel demand is changing from ’cheaper and

powerful’ to ’eco-friendly and sustainable’.
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Figure 2.3: Aggregated annual amount of fuel
Figure 2.2: Energy mix development in type consumed by all ships above 5,000 GT (fig-
maritime sector (adopted from [13]) ure 2 in [14])

Never before have there been so many options for shipping fuel. Today’s available fuel mix ranges
from the fossil HFO, MDO and LNG, methane and methanol to greener mineral oil, bio-fuels,
hydrogen, ammonia, and battery power. Notice that the illustration in Figure 2.1 has a negative
forecast for LNG (red line), decreasing already from the year 2000. This may be discussed, but in
this project, the evaluation of LNG is based on the development and increased number of vessels
built and on order with LNG-fuelled propulsion systems.

Several trends in the industry indicate that environmental regulations at some point will favor low-
and zero-emission fuels over traditional fossil fuels. So far, this is not the case, and fossil fuels with
a few additional equipments (e.g., scrubber) to meet the current requirements for emissions are
still the most straightforward and cheapest choice for a shipowner.

Figure 2.4 shows the current uptake of alternative fuels and technologies in shipping, including
hybrids. The large number of scrubbers are mainly covered by bulk carriers, container ships,
crude oil tankers, and oil/chemical tankers. These vessels typically operate at deep sea. New fuel
alternatives and greener technology are primarily implemented on vessels operating at short sea,
such as ferries and fishing vessels. Even if the initiative is positive, it has little impact on shipping’s

significant emissions as they primarily come from large cargo vessels operating at deep sea.
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Figure 2.4: Number of ships with alternative fuels and technology, in operation and on order
(accessed through DNVs AFTI platform, May 2022 [15])

2.2 Decarbonization of shipping

The maritime industry faces a ’chicken-or-egg’ scenario, where both fuel supplies and ship owners
are waiting for new, alternative low and zero carbon emission fuels to enter the market. The ship
owners do not dare to build new vessels with zero-emissions fuel systems, as they do not know if
the fuel will be globally available. At the same time, the ports and fuel suppliers do not see an
existing demand for green fuel and, therefore, are concerned about the return on investment. The
variety in the numerous alternative fuels makes it even harder for both actors to know what type

of fuel to commit. The question is who should lead the venture.

The limited customer demand and lack of global regulations for zero-emission shipping are essential
barriers to initiating investments from both sides of the industry. Most potential alternative fuels
have limited infrastructure, lower energy density, extensive storage and safety requirements, and
hence significantly higher costs than today’s dominant fossil fuels [16]. However, one thing is clear:
to meet IMOs ambitions for shipping’s decarbonization within 2050, the industry must perform a
fuel transition led by 'net’ zero carbon fuels. The fuel alternatives require mature international

regulations and economic competitiveness for the transition to be successful.

With 2008 as a baseline year, IMO’s strategy is to reduce at least 50% of total GHG emissions from
shipping by 2050. At the same time, the average carbon intensity (CO2 per tonne-mile) shall be
reduced by at least 40% by 2030, and 70% before 2050. The ambitions are illustrated in Figure 2.5.
This put increased pressure for accelerated decarbonization and reduction of shipping’s emissions
to air. Policies and regulations, demands from cargo owners and consumers, and access to capital

are three fundamental factors that will drive the sector toward lower emissions.
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Figure 2.5: IMO’s GHG reduction ambitions for shipping towards 2050 (adopted from DNV [17])

To achieve IMO’s ambitions, new technology must be implemented, and system boundaries must
be re-evaluated. New and promising technology is under development, but it must be scaled up and
made available to have acceptable costs. The revolution must be driven by both operators (ship
owners, cargo owners, and charterers), suppliers (designers, shipbuilders, engine manufacturers, fuel
suppliers), investors (banks, insurance), and regulators (policymakers). The many stakeholders in

the industry must take incentives and drive sustainable development.

2.2.1 Regulations and policies

Regulations and governmental policies are key drivers for shipping decarbonization, strongly led by
IMO. To achieve the ambitions of reduced GHG emissions, IMO divides decarbonization measures
into two; (i) a limited set of short-term measures, and (ii) more comprehensive medium- and
long-term measures. IMO introduces a combination of technical and operational measures, and
several short-term measures shall be set into force by 2023. An overview of IMOs GHG measures
is presented in Table 2.1. Note that IMO also regulates other emissions, such as SOx and NOx
emissions, but this will not be addressed in detail in this thesis.
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Measure Into force | Description

For newbuilds mandating up to 30% or more improvement in design
performance depending on ship type and size. It aims at promot-
ing the use of more energy-efficient (less polluting) equipment and
engines. The EEDI requires a minimum energy efficiency level per
capacity mile (e.g., tonne mile) for different ship types and size seg-
ments.

For all ships above 400 GT in operation — although it contains no
explicit and mandatory requirements for content and implementation.
SEEMP is an operational measure that establishes a mechanism to
Active improve the energy efficiency of a ship cost-effectively. The SEEMP
also provides an approach for shipping companies to manage ship and
fleet efficiency performance over time using, for example, the Energy
Efficiency Operational Indicator (EEOI) as a monitoring tool.

Energy Effi-
ciency Design | Jan. 2013
Index (EEDI)

Ship Energy
Efficiency Man-
agement Plan
(SEEMP)

Fuel Oil Con-
sumption Data Active Mandating annual reporting of C'O2 emissions for all ships above
Collection Sys- 5,000 GT.

tem (DCS)

Energy Effi-
ciency  Design
Index for Ex- | By 2023
isting Ships

A retroactive application of the EEDI to all existing cargo and cruise
ships above a specific size. This will impose a requirement equivalent
to EEDI Phase 2 or 3 (with some adjustments) to all existing ships
regardless of the year of build and is intended as a one-off certification.
EEXI is a technical measure, just looking at the design of the ship

(EEXI) comparably as the EEDI does for newbuildings.

E.g. Annual Efficiency Ratio [AER — grams of CO; per dwt-mile]) -

and rating scheme where all cargo and cruise ships above 5,000 GT
Carbon Inten- are given a rating of A to E every year. For ships that achieve a D
sity  Indicator | By 2023 rating for three consecutive years or an E rating, a corrective action
(CI1) plan needs to be developed as part of the SEEMP and approved. CII

is an operational measure considering the actual consumption and

distance travelled for each individual ship in service[18].
Strengthening To include mandatory content, such as an implementation plan on
of the SEEMP Bv 2023 how to achieve the CII targets, and making it subject to approval.
(Enhanced Y Verification and audit requirements for the SEEMP will only apply
SEEMP) to ships above 5,000 GT subject to the CII requirements.

A voluntary monitoring tool provided by the IMO to measure and

monitor the actual C'O2 emission per ton-mile of transport work done
Energy-efficient by the ship. The EEOI enables operators to measure the fuel effi-
operation index | Voluntary ciency of a ship in operation and to gauge the effect of any changes in
(EEOTI) operation, e.g., improved voyage planning or more frequent propeller

cleaning, or introduction of technical measures such as waste heat
recovery systems or a new propeller.

Table 2.1: IMOs key decarbonization measures [19]

IMO regulations are currently only considering tank-to-propeller emissions. The whole lifecycle
(well-to-wake) of COs and other GHG emissions must be considered in order to fulfill the decar-
bonization of shipping and evaluate possible zero-emission concepts, as the new fuel alternatives
can be produced from both fossil and renewable energy sources. IMO are working on GHG lifecycle

guidelines [20].

In addition to IMO setting global guidelines, the EU has taken responsibility and aims to take
the lead on the decarbonization through the European Green Deal strategy [21]. The European
Commission aims to make Europe the first climate-neutral continent by 2050. The ”Fit for 55”

strategy has the goal of reducing emissions by at least 55% by 2030 compared to 1990 levels [22].

The development and implementation of new technology are influenced by shipping policies entering
into force, both over short-, medium- and long term. In addition to the global regulations, regions,

nations, and ports establish their own regulations and policies, all affecting decisions for the design

10
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and operation of ships. All these regulations and incentives indicate that shipping intends to reduce
environmental impact and GHG emissions, forcing the ship owners and suppliers to act if they wish
for investors and to be competitive in the future. This push can be included in the term ”carbon

risk”.

2.2.2 Carbon risk

Carbon risk refers to the negative impact of unexpected changes due to carbon costs and regu-
lations, embracing financial, regulatory, and cargo risks. Regulatory carbon risk primarily covers
the risk of not satisfying future emissions regulations, leading to either denied operation of the
vessel or costly retrofitting. Cargo risk is the risk of charterers and cargo owners, including carbon
footprint and tracking of emissions as a central part of negotiating contracts. Cargo owners are
already taking action and aiming for carbon-neutral transport within 2040 [23]. The combination
of not being within regulations and neither being an attractive operator for charterers affects the
financial risk, which covers loss of investors and capital, as well as risk of losing contracts and

hence revenue. Figure 2.6 illustrates the increasing carbon risk as the decarbonization of shipping

develops.
Increasing carbon risk
] (charter, finance and regulatony risks)
A, e e e e Ionaner e neeandreguidtonyrisks) L = ii===5
e— ™, , Hi==s
2023 |
. , HiE=s
2030 |
{:]
L Sli==="
2040 2050
SDNV 2021

Figure 2.6: The decarbonization stairway and potential exposure to carbon risk (figure 4.1 in [13])

2.3 Deep-sea versus short-sea shipping

Shipping can be divided into two main categories: Short-sea and deep-sea shipping. Short-sea
shipping embraces vessels operating in limited geographical areas with frequent port calls on short
routes. The ships have a relatively low energy demand per round-trip and are often picked as
candidates for pilot projects of new fuels. Norway has utilized this opportunity and is electrifying
and developing hybrid-powered solutions for the ferry sector [24]. Deep-sea shipping covers large,
oceangoing vessels operating at long routes, often without a regular schedule. This requires global
fuel availability and infrastructure. In addition, the ship owners will maximize the cargo space,
requiring high energy density fuels [25]. Zero-emission for deep-sea vessels is generally more com-
plicated and challenging than for vessels operating short-sea. At the same time, these deep-sea
vessels are the major cause of emissions from shipping. Hence, this is where we need to act.

As the current battery technology makes it impractical as a primary propulsion energy source

for vessels operating at deep sea, other alternatives must be considered. Options such as LNG,

11
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biofuels, methanol, and LPG are discussed, providing a globally adequate bunkering infrastructure
and quantities that satisfy the demand. Nuclear propulsion is another option that is technically
feasible for large vessels. However, this option presents numerous political and societal barriers.
Wind-assisted propulsion and weather routing can also decrease the costs of reduced emissions for
large tankers and bulk carriers. However, a case study done by TU Delft showed that the fuel
savings depends largely on the specific routes and travelling month (stronger wind conditions in

the winter months) [26]. In this report, wind-assisted propulsion will not be further investigated.

A number of options and combinations are under development to decarbonize the maritime in-
dustry. The ’correct’ fuel alternative for a small ferry sailing across a fjord might not be optimal
for a large tanker sailing across the Atlantic ocean. The solutions will vary based on ship type
and size, location, and operational factors. The large variety makes the process of decarbonization
even harder, as there today does not exist a straightforward solution for the stakeholders.

12



CHAPTER 3

SHIP FUEL PATHWAYS

This chapter focus on primary sources of energy, energy conversion, and ship fuel types. First, the
fuel energy sources will be presented in terms of ”fuel families”. Thereafter, the chapter presents
relevant types of energy converters and a selection of fuel types. The chapter summarizes possible
ship fuel pathways (energy source - fuel type - converter). This will serve as a knowledge basis for
the further mapping and evaluation of ship fuel options.

In the mission to decarbonize shipping, fuels and energy are the measures with the highest potential
for reducing emissions (see Figure 3.1). The combination of energy source, converter, and fuel al-
ternative opens up a wide range of opportunities than include several factors of uncertainty. As the
industry starts to look at the whole value chain, future regulations and the whole decarbonization
of shipping require a clean fuel pathway.

<
[ |
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i, [l owomnc ol [l
Speed reduction Hull coating Machinery LNG, LPG Carbon capture
improvements and storage
Vessel utilization o:;::;mn Wasta-hoat recovery
Vessel size Air lubrication Engine de-rating
Alternative routes Cleaning Battery hybridization

Figure 3.1: Available technologies to decarbonize shipping and their GHG emission reduction
potential, highlighting fuels and energy as the focus area of this paper (figure 3 in [13])
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3.1 Fuel ”families” - based on primary energy source

Fuel options in type of same energy carrier can originate from different energy sources, giving
significant variations in life cycle cost and emission. Deciding whether a fuel can be referred to as
green mainly depends on the primary energy source and how the fuel is produced. The different
fuel alternatives can be categorized into ”fuel families”, depending on the primary energy source

of the fuel. This section will give a short introduction to the four fuel families;

e Fossil fuels - from the decomposition of buried carbon-based organisms that died millions of years

ago (fossil sources)
e ’Blue’ fuels - from reformed natural gas with CCS
e Biofuels - from sustainable biomass sources

e Electrofuels - from renewable electricity, and nitrogen or non-fossil carbon

'Blue’ fuels, biofuels, and electrofuels present possible solutions that will challenge the conventional
fossil fuel family in the green shift. An important notice is that even these families must be produced
in a sustainable way. This includes using renewable electricity only, limiting the amount of water
used during biomass production or only using biomass that can not be used for food, and ensuring

that the carbon capture and storage (CCS) process is safe and secured.

3.1.1 Fossil fuels (grey)

Fossil fuels are formed by natural geological processes. Fossil fuels utilize the energy of organic
sources that have been going through a geological process of millions of years, transforming the
organisms into fossil sources. The process transforms the minerals into several high-carbon miner-
als, such as coal, oil, and natural gas. These transformed minerals are extracted through mining

and drilling and further exploited as energy through combustion.

Fossil fuels are the dominant global energy source. In shipping, fossil fuels such as HFO and MGO
play an essential role in the dependability of global fuel supply. However, the high dependability
comes with significant negative consequences. When burning fossil fuels, carbon dioxide (CO3) is
produced. C'O is the largest driver of global GHG emissions and a major contributor to local air

pollution.

3.1.2 ’Blue’ fuels (fossil sources + CCS)

Blue fuels use carbon capture and storage (CCS) technology to meet zero-emission demand. CCS
is an additional solution to reduce C'Oy emissions from ships. In general, CCS takes the C'Os
emissions and stores them underground. For two decades, the Norwegian Oil Industry has stored
COy from facilities such as the Sleipner and Snghvit field [27][28]. Now, Norway is moving to
the forefront of CCS technology with the Longship CCS Project. This is the first industrial
CCS project developing significant C'O5 store capacity and belonging infrastructure, storing C'O5
emissions from the European continent [29]. CCS is primarily developed for large, stationary
emissions points such as power generation plants or factories. The maritime industry has also
taken an interest in using carbon capture and temporary storage technology onboard vessels to

contribute to the decarbonization of shipping. Figure 3.2 shows the concept of post-combustion
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capture onboard vessels. Liquid absorption technology, with or without membranes, is interesting
for CCS system concepts onboard vessels. However, system complexity, costs, space requirements,
and lack of regulations are challenges for onboard CCS systems. In addition, the concept still
needs a large-scale demonstration with persuasive results. Another major barrier is the lack of
infrastructure for the total CCS value chain, which is necessary for easy-accessible systems where
the captured COy can be stored (Ch. 3 in [13]).

POST-COMBUSTION CO, CAPTURE

BOILER

COMPRESSOR Q

Figure 3.2: Conceptual illustration of post combustion capture onboard vessels (adopted from [30])

A maritime CCS system does also have important requirements for land-based infrastructure.
There must be reception facilities and ways to transport the CO;. Possible solutions could be
dedicated C'Oy carriers, underground storage, or utilizing the COs for other purposes. The low
maturity of onboard CCS technology and support infrastructure are main challenges that need
further development. However, embedded CCS systems can play an important role in meeting
emissions targets before carbon-free fuels become viable due to the high maturity of onshore appli-
cations. Ship-based CCS will probably also be a long-term measure given the long life of existing
and planned hydrocarbon-powered ships.

3.1.3 Biofuels

Biofuels are derived from primary biomass or biomass residues, both vegetable, animal, or a com-
bination, that are converted into liquid or gaseous fuels. The fuels are obtained from a variety of
feedstocks and conversions. Figure 3.3 shows a simplified life cycle of biofuels; COs absorption for
biomass biosynthesis, generation of renewable raw materials, biofuel processing and production,

and fuels burning and gas emissions.
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Figure 3.3: Simplified life cycle of biofuels (adopted from [31])

Photosynthesis

Biodiesel and liquid biogas (LBG) are the most promising biofuels for ships. Common types of
biodiesel are fatty acid methyl ester (FAME), biomass-to-liquids (BTL), and hydrotreated vegetable
oil (HVO), suitable for replacing MDO and MGO. LBG can replace fossil LNG, while straight
vegetable oil (SVO) is suitable for replacing HFO [25]. To produce a more stable fuel, biodiesel
is often added in small quantities to mineral diesel. The possibility for direct replacement of the
traditional fossil fuels is favorable for both bunkering infrastructure and the fuel system onboard

the vessel.

Biofuels contain no sulfur and reduce C'O5 emissions compared to fossil fuels. However, a commer-
cial challenge is a high price and that it may not be available in suitable quantities for shipping.
Biofuels compete with other sectors such as food production. Utilizing waste products for fuel is
still a possibility, but with a growing world population, area for food crops will, in all cases, be
prioritized over fuel production. Renewable biofuels from sustainable biomass sources are required
for sustainable well-to-wake production.

3.1.4 Electrofuels

Electrofuels, also called e-fuels or green fuels, are fuels produced through water electrolysis with
hydrogen (Hz) as the building block. Water and electricity are needed to produce electrofuels.
During the electrolysis, electricity splits water into oxygen and hydrogen. It is critical to use
renewable electricity to ensure a fully sustainable fuel. Hydrogen is either used alone or combined
with nitrogen or carbon dioxide to form liquid or gaseous energy resources through synthesis
processes. Depending on the desired fuel product, these synthesis processes use different catalysts
to produce fuels, such as ammonia, methane, or methanol. In most cases, electrofuels only require
small modifications to fuel and engine systems to replace or blend with traditional fuels used
in internal combustion engines (ICE). They are therefore often referred to as drop-in fuels [32].
Figure 3.4 and Figure 3.5 shows the production pathway of carbon-based and nitrogen-based

electrofuels, respectively.

Renewable energy can be variable. Electrofuels can utilize or store the surplus energy of times with
high energy production and add stability to the grid. Another advantage of electrofuels is that
it limits the required expansion of the electricity network, as it can be used on islanded systems
where delivery of fossil fuels has high costs. Unfortunately, electrofuels currently have relatively

high prices due to high conversion losses and high costs for transportation and distribution. The
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Figure 3.5: Production pathway of ni-
Figure 3.4: Production pathway of carbon based trogen based electrofuels (adopted from
electrofuels (adopted from [33]) [31])

low overall efficiency of electrofuels (compared to, e.g., battery electric vehicles) is another dis-
advantage. Up-scaling and more knowledge will decrease these costs, but the price of renewable
electricity will remain a key factor. The high availability and low price of renewable electricity can
make electrofuels dominant in shipping. Hydrogen and ammonia produced through electrolysis are

stated as promising fuel alternatives still under development.

Carbon-based synthetic fuels such as methanol and ammonia have similar properties to conven-
tional fossil fuels. These chemical syncretization processes can be known as power-to-gas (PtoG)
and power-to-liquid (PtoL), or 'power-to-fuel’ (PtoF) processes [25]. Figure 3.6 shows the principal
production pathway of power-to-fuel.

ELECTRICITY HYDROGEN CO, SUPPLY, SYNTHESIS PtF FOR
GENERATION PRODUCTION AND CONDITIONING SHIPS

|

N -
N LS cHa L)
A~ —— Methanol
| TIKS) i Diesel

NH3
Source: DNV GL

Figure 3.6: Principal production pathway for power-to-fuel (power to liquid (PtL), power to gas
(PtG) = power to fuel (PtoF)) (figure 14 in [25])
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3.2 Energy conversion

Energy conversion is the process of changing energy from one form to another; in this case, the
transformation of energy from the form of primary energy sources provided by nature to forms that
can be utilized as fuel on a ship. A conversion process transforms chemical energy into thermal
energy. Combustion is the chemical conversion of fuel and air (reactants) to combustion products,

where the combustion releases the chemical bond energy of the fuel.

For vessels, energy conversion is a central part of the powering system. The overall purpose is
to convert the fuel’s energy into thrust and propulsion, matching the ship’s resistance for a given
speed. A conceptual sketch of energy conversion in ship propulsion is shown in Figure 3.7. A given

energy converter may apply many alternative fuels.

Fuel v
Propulsor efficiency JL _—
Main
T |Py_p Transmission P engine R
’mpeier i\“‘ efficiency H_efficiency Hull resistance
thrust
Figure 3.7: Overall concept of energy conversion in ship propulsion (adopted from [35])

Figure 3.8 illustrates an overview of possible prime movers for ship propulsion. Only a selection
of energy converters will be presented, including internal combustion engines (ICEs), gas turbines,
batteries, and fuel cells (FCs). In addition, the section will present hybrid solutions and summarize

the main characteristic of prime movers.

Gas turbines ]

Internal
combustion engines

Conventional
fuel-consuming

Steam turbines

with boilers
Fuel cells |
Prime | | | Radioactive Nuclear-powered
movers fuel-consuming systems

Photovoltaic systems

L No Wind-assisted
fuel-consuming systems

Battery-electric
systems

Figure 3.8: Possible power sources for ship propulsion (adopted from [5])

3.2.1 Internal combustion engine

An internal Combustion Engine (ICE) is the most common device for converting fuel energy
to mechanical energy. The ICE uses thermal power to transform the energy through internal
combustion. ICEs are available in a broad power and speed range and can be designed to use
a large variety of fuels. The ICE has comparatively high energy utilization. Large, two-stroke

engines are most commonly used for vessels operating at deep sea.

Figure 3.9 shows the basic mechanisms of how an ICE works. The reciprocating engine consists of
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a cylinder, piston, and a crank mechanism — the cylinder volume changes due to piston motion.
The crank mechanism transfers linear piston motion to the rotation of the crankshaft. Fuel and
air are transferred into the cylinder. It is an intermittent process where compression, combustion,

and expansion happen in the closed volume. The gas exchange consists of exhaust and induction.

Rocker arm
Camshaft

Intake valve

Piston

Crankshaft

Figure 3.9: The basic mechanics of how an internal combustion engine works, one cylinder (adopted
from [36])

ICEs are the most common application for energy conversion, both at sea and on land. It is
compatible with several different fuels, ranging from the conventional HFO and MGO to newer fuel
alternatives such as hydrogen and ammonia. The reciprocating engine and rotary engine are basic
designs. Spark (SI) or compression (CI) ignition is used for ignition. For the gas exchange, both
four-stroke and two-stroke engines are used. Naturally, aspiration, supercharging, or turbocharging
is used for air supply. The engine can be designed for low-speed (<300 rpm), medium-speed (300-
1000 rpm), and high-speed (>1000 rpm).

3.2.2 Gas turbines

Gas turbines are a type of continuous internal combustion (IC) engine. The gas turbine burns
an air-fuel mixture and produces hot gases that spin a turbine to produce power. In contrast to
other IC engines, which combustion occurs intermittently, the combustion of gas turbines occurs
continuously [37]. Figure 3.10 illustrates the working concept of gas turbines, with the three
primary sections mounted on the same shaft: the compressor, the combustion chamber, and the
turbine. Gas tubines have been used on ships for more than fifty years. It was commercially
developed to operate warships and merchant fleets. Gas turbines have a excellent power to weight
ratio (PWR, or specific power), which is the main advantage compared to ICEs.
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Figure 3.10: Working of gas turbines (adopted from [38])

3.2.3 Batteries

A battery is an electrochemical energy conversion device for storing electricity using chemicals.
The stored energy will eventually go empty, and the battery will "go dead”. By providing the
ability to directly store electrical energy for propulsion, batteries give opportunities to optimize
power systems. The electrification of the Norwegian ferry industry is a good example of this. The
global interest and demand for batteries accelerate technology development and decrease costs.
However, battery volume and weight, implying reduced cargo capacity, still limit the pure battery-
electric propulsion to short-sea shipping. By installing batteries on board vessels, the dependency
on producing the exact amount of energy required by the vessel at any given time can be modified
[39]. This includes peak shaving when a battery discharges on high loads and charges on low loads
while the engine remains on a stable load level. Peak shaving can potentially reduce the overall
energy consumption, especially for very dynamic loads (e.g., during thruster or crane operations).
The characteristics of batteries depend on factors such as the chemical composition and charging
rates [10]. Today, lithium-ion batteries dominated the field of batteries. The Maritime Battery
Forum has concluded that ”The potential of batteries on board large ocean-going vessels (deep-sea
shipping), with the currently available technology, lies in hybridization” [11]. Hybridization is
further explained in subsection 3.2.5

3.2.4 Fuel cell

A fuel cell is an electrochemical energy conversion device (similar to batteries), but the chemicals
constantly flow into the cell (it never “goes dead”, as the battery). Fuel cells convert the chemical
energy in a fuel directly into electrical and thermal energy through electrochemical oxidation.
Depending on the fuel cell and fuel type, the direct conversion can give an electrical efficiency of
up to 60%. This way of conversion also minimizes vibration and noise, which is a challenge in

conventional ICEs. Most fuel cells use hydrogen & oxygen, producing water & electricity.

Figure 3.11 shows the functional principle of a fuel cell. There exist several types of fuel cells capable
of operating with various fuels for various applications. Common to all fuel cell types is that they
consist of an anode, an electrolyte, and a cathode. Proton Exchange Membrane (PEM) and Solid
Oxide Fuel Cells are the most relevant fuel cell technologies available for maritime applications.

20



CHAPTER 3. SHIP FUEL PATHWAYS

Electric currert

Fuel in

==

!
1

Excess
fuel

===

Anade'l

Electrolyte

Figure 3.11: Functional principle of a fuel cell, in this case a Proton Exchange Membrane (PEM)
Fuel Cell (adopted from [12])

Fuel cells differ by low temperature (< 100°C) and high temperature (600 — 1100°C). Low-
temperature fuel cells, such as the Proton-Exchange Membrane (PEM) fuel cell, have a rapid
start-up and low efficiency and require hydrogen or methanol as fuel. This type is most suitable
for compact or portable devices with frequent on/off cycles, typically in short sea shipping. High-
temperature fuel cells, such as solid oxide fuel cells (SOFC), require a long start-up but provide
high efficiency and flexibility. This can be an advantage in deep-sea shipping, where a high share
of the energy consumption is related to ship propulsion over long distances at steady speed [13].
There is a more extensive selection of fuel cell technology than PEMFC and SOFC, but not all are

suited for vessel power generation.

Fuel cells have several advantages, such as improved air quality (by reducing pollutants such as
NOx and SOx), reduced CO emissions, minimal vibration and noise, reduced maintenance, and
provided economic viability by being independent of fossil resources. The modular and flexible
design is also highly favorable for an industry in constant transformation. The system also has
low weight, low energy consumption, a high level of redundancy, and fast ”charging”, which are
essential aspects of the vessel’s operation. In addition, the technology can be utilized for load
management by peak load shaving, as for batteries. However, barriers such as low durability, high
costs, regulatory uncertainties, and lack of infrastructure for hydrogen as fuel puts the widespread

implementation on hold [13].

3.2.5 Prime movers and hybrid solutions

The propulsion system’s efficiency depends on the engine converter system (converting the fuel
energy into useful transmittable power), the efficiency of the propulsor converter (converting the
power into useful thrust), fuel type properties, and quality. An engine, also called a prime mover,
converts one or more forms of energy (chemical, electrical, fluid pressure/flow, etc.) into mechanical
force. For the propulsion of commercial ships, diesel engines (low, medium, or high speed), gas
turbines, electric motors, and steam turbines are the most common types of ship engines. Diesel
engines have typically had a 95% market share, and gas turbines and steam plant the remaining

5%. In the later years, electric engines and batteries have had a significant increase, in addition to
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the fuel cells that have caught the interest of the maritime industry. Table 3.1 presents the main

characteristics of common prime movers in the maritime industry.

. Power range | Spec. power | Spec power Efficiency | Spec Cost
Engine MW KW /ton KW /m?] Fuel type % EUR /KW
. . MGO, MDO,
Diesel engine 0.5-90 17-440 18-350 HFO, NG 38-52 140-450
Gas turbine 1-40 550-1000 220-400 JF, NG, MGO 20-42 320-500
Steam plant 20-45 HFO, NG 28-33 550-620
Fuel cell (SOFC) 0.005-10 50 50 NG, MGO 45-60 4-14[43]

Table 3.1: Comparison of prime movers, with common fuel types; Marine Gas Oil (MGO), Marine
Diesel Oil (MDO), Heavy Fuel Oil (HFO), Natural Gas (NG), Jet Fuel (JF) [14]

Table 3.1 and Figure 3.12 presents main characteristics of common prime movers in maritime
industry, in addition to some specific new developments. Potential for reduced emissions, fuel
flexibility, and when the technology reaches the market are other characteristics of high importance.
Several new concepts are under development, such as two-stage turbocharging, hybrid electric
turbochargers, and advanced combustion engines. One such advanced combustion concept is the

reactivity-controlled compression ignition (RCCI).

Diesel engine DF engine GD engine RCCI SOFC LT-PEMFC
Emission reduction Low (after Medium (after
potential (NOX & treatment High treatment High =99% >99%
P required) required)
. O.nl).r diesel [|nlcl. Medium (high . . Sulphur-free | Only pure
Fuel Flexibility bio- & synthetic) & Octane High High
Fuels hydrogen
DME number)
Efficiency <> 45-50% <> 45-55% 50-60% 45-55%
Ti k ket 10
ime to marke Now Now + 5 years i 5-10 years <1-3>
(MW scale) years
Modularity pri
I e Low Medium Medium Medium High High
maover
Power density High Medium Medium Medium LUWI(FUMFG: High
medium)
Figure 3.12: Overview of prime mover options (adopted from [15])

The use of dual-fuel (DF) engines on vessels is rapidly increasing. A DF engine is an ICE where
the primary fuel, usually natural gas, is mixed with air in the cylinder, as in a SI engine. When
the engine operates in gas mode, the NO, emissions reduce significantly. The engine runs at
liquid fuel (e.g., MDO, HFO, or liquid biofuels) in situations with a lack of gas fuel supply. The
DF technology takes advantage of the environmental benefits and low costs offered by gas and
provides fuel flexibility that is highly valuable in a transition phase. DF engines have supported
LNG to take a larger market share in maritime fuels. In addition, the flexible power generation

solution is capable of adapting to several new types of fuels, such as hydrogen or methane.
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However, the existing DF engines are limited to fuels with high Octane numbers (e.g., hydrogen and
methane). The combustion of other fuels (e.g., ammonia and methanol) requires new developments
or solutions. The gas-diesel (GD) engine is a solution capable of combusting fuels in a diesel-like
process. A GD engine must apply additional measures such as exhaust gas after-treatment (e.g.,
water injection) to combat the NO, emissions. This engine system is still under development, and

the manufacturers are looking for ways of retrofitting diesel or DF engines with low effort [45].

Hybrids

Hybrid propulsion systems are obtained by combining different converter types. Combustion en-
gines and battery power are the most common hybrid solution. The combination aims to optimize
engine operation while reducing emissions, a suitable option for ships with flexible operation pro-
files and varying power demands. Hybrid solutions provide several benefits such as flexibility and
optimum efficiency, lower NOx, SOx, and COs emissions, and give the opportunity of both silent
and zero-emission operation [16]. Depending on the ship type and the operational profile of the
engine, hybrids have a C'Os emission reduction potential of 10-30%[47]. The peak shaving effect
presented in subsection 3.2.3 is another benefit of hybrid solutions. In this case, the battery equal-
izes the engine loads, reducing pressure on the machinery and thus lower maintenance demand. For
vessels using dynamic position (DP), a hybrid solution with batteries can provide backup power
that reduces the energy consumption from reserve engines [48]. A fully electrical solution with high
efficiency can be obtained by combining batteries (with up to 80% efficiency) and fuel cells (up to
60% efficiency). Understanding the operational profile and finding the best efficiency is necessary
for optimal operation. There is a potential to increase efficiency by using hybrid solutions and

combinations.

3.3 Energy carriers

Today’s maritime fuel market is broad and without any clear winner, but a trending focus is
alternative fuels with low or zero emissions. In this section, a selection of fuel alternatives will be
presented. The selected fuels are listed below:

1. Conventional fuels

(a) Marine Diesel Oil (MGO)
(b) Heavy Fuel Oil (HFO)
(¢) Very Low Sulphur Fuel Oil (VLSFO)

2. Liquefied Natural Gas (LNG) and Methane
3. Liquefied Petroleum Gas (LPG)

4. Methanol

5. Advanced Biodiesel

6. Hydrogen

7. Ammonia

8. Battery-electric propulsion

9. Nuclear powering
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3.3.1 Conventional fuels: MGO, HFO and VLSFO

Marine gas oil (MGO) and Heavy fuel oil (HFO) are the dominant fuels in the shipping industry
today. These conventional fuels and their combinations are the main reason for shipping being
responsible for approximately 3% of global COy emissions. Low Sulphur Fuel Oil (LSFO) and
Very Low Sulphur Fuel Oil (VLSFO) are variants of fuel oil that contain less sulfur and therefore
complies with the IMO 2020 regulations.

MGO is a blend component of light cycle (gas) oil (LCGO), containing approximately 60% aromat-
ics. The high aromatic nature gives a higher density than gas oil from an atmospheric distillation
refinery. The MGO is considered as a low sulphur fuel oil (LSFO) due to a sulphur content from
0.10-1.50 m/m% [19]. Another traditional marine fuel is the marine diesel oil (MDO), covering
marine fuels composed of various blends of distillates (e.i. MGO) and HFO. MGO and MDO are

expensive fuels for commercial shipping compared to HFO.

HFO is the remnant from petroleum’s distillation and cracking process and has a viscous and
sticky consistency. HFO is highly concentrated in sulfur (maximum sulfur limit of 3.5%(mass))
and nitrogen, giving a highly polluting combustion process. Other environmental concerns such as
oil spills and emissions of toxic compounds and particulates are also introduced by the use of HFO
on board vessels. However, HFO is approximately 30% cheaper than other alternatives. The low
cost and high availability make HFO highly attractive despite its negative environmental impact
[50]. HFO combined with scrubber technology (exhaust gas treatment) is commonly used on board
vessels, keeping the SO, emissions within regulated limits.

From 2020, IMO implemented a global sulfur limit of 0.50% (mass/mass). This implies that SO,
scrubbers or equivalent technology are mandatory on vessels still consuming HFO, reducing the
global demand for HFO [51]. For the same regulatory reason, the demand for MGO is expected
to rise, and so is the MGO fuel price. As seen in the DNVs fuel mix presentation (Figure 2.3),
the share of vessels operating on HFO was predicted to decrease drastically in 2020 (from approx.
8 EJ/year to 1 EJ/year), with MGO and LSFO taking a more dominant market position before
alternative fuels fully enters the market. A challenge in this transition is still to monitor emissions

and ensure that vessels follow these standards.

Summary of HFO, VLSFO and MGO:

Conventional fuels have high energy density and fully developed technology, making them the
preferred fuel system on board ocean-going vessels. The high availability, fully developed infras-
tructure, and mature safety regulations make it the safest choice for a shipowner regarding low
cost and reliable operation. However, the sulfur limits forcing a transition from HFO to MGO
will affect the low cost. High MGO prices may force the ship owners to consider alternative fu-

els. In addition, the significant adverse environmental impact gives high carbon risk and is facing

uncertainties regarding future regulations of emissions and demands from stakeholders.
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3.3.2 LNG and methane

LNG is a colorless and non-toxic liquid formed when natural gas is cooled down to -163°C (at 1 bar
of absolute pressure). LNG has a similar composition as the natural gas used for households and
power generation in the industry. With the cooling process compromising the gas volume about
600 times and the fact that LNG will not ignite, the fuel becomes both safer and more efficient to
store and transport on vessels. LNG must be stored in insulated tanks for cryogenic application
due to its low boiling point. LNG has a growing position as a maritime fuel, both for LNG carriers
but also for other ocean-going vessels. Methane (C'Hy) is the main component of LNG, which is
the hydrocarbon fuel with the lowest carbon content and hence the highest potential to reduce
C'O4 emissions. However, methane is a GHG, and the methane slip must be controlled to reduce
GHG emissions when using LNG. LNG does not produce any SO, emissions. LNG is expected to
be the most important transition fuel before the decarbonization of shipping reaches zero-emission

vessels.

The LNG technology is commercially available today. Since the 1950s, LNG has fuelled LNG
carriers. The current global LNG fleet has 294 vessels in operation and 502 vessels on order, with
2028 as the expected year of delivery. In addition, 229 vessels are prepared for conversion to LNG
as fuel, so-called "LNG ready” (information accessed through afi.dnvgl.com [15]). The concept of

being ”fuel-ready” will be further discussed in chapter 10.

LNG’s volumetric density [MJ/]] is approximately 40% lower than diesel, but the gravimetric
energy density [MJ/kg] is around 18% higher. LNG has a volumetric density equal to 1/3 of
diesel by including the storage system, which implies more than twice the volume to store the fuel.
This is potentially a loss of valuable storage capacity for cargo. The required technology for using
LNG as ship fuel, including piston engines, gas turbines, and storage and processing systems, are

commercially available [25].

The production capacity of LNG has no problem with serving the maritime fuel market. The
dedicated LNG ship bunkering infrastructure is still limited but improving rapidly due to the
significant interest. The industry is investing in LNG infrastructure. Several bunkering vessels are
ordered and expected to be delivered for operation in parallel with the many LNG-fuelled deep-sea
ships ordered for the next years. LNG bunker vessels are already operating in key locations in
Europe (e.g., Amsterdam, Rotterdam, the North Sea, and the Baltic Sea) and on the Florida coast.
Local bunkering depots and bunkering by trucks are also expected to have a central role in a fuel
market with increased demand for LNG. While waiting for the LNG bunkering network to develop
for operation at deep sea, dual-fuel engines can be a risk-limiting choice that offers flexibility and

redundancy.

As mentioned, LNG has no SO, emissions. In addition, particle emissions are low, and NO,
emissions are lower than for traditional fossil fuels. Today, LNG is the cleanest fossil fuel com-
mercially available. A main challenge is the GHG emissions during production (well-to-tank) and
methane slip. Depending on the engine cycle (diesel cycle or Otto cycle), LNG fuelled engines
has a potential of 10-20% COs reduction compared to similar engines fuelled by fuel oil. The DF
engine technology is also tested with a fuel mix of natural gas and hydrogen, providing reduced
GHG emissions [25].

Since 2017, IMO has regulated LNG through the International Code of Safety for Ship Using Gases
or Other Low-flashpoint Fuels (IGF Code, further explained in subsection 4.2.6). Regulation of
LNG bunkering is still only covered by national regulations, and only a few ports have local rules
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for LNG bunkering. Well-developed, standardized regulations are an advantage for the further

market development of LNG fuel, but its lack is not considered a barrier.

LNG is moving towards fully developed technology with various suppliers in the market. The
effect of scaling and increasing competition positively affects the CAPEX for such a fuel system.
Compared to a combined HFO-scrubber system, LNG systems’ costs are still higher. LNG must
be stored in insulated tanks, which provides additional capital cost, both for the vessel and the
bunkering infrastructure. However, a gas engine system provides about the same efficiency as
continual engine systems, providing roughly the same energy consumption. The costs of operat-
ing a vessel are approximately the same for an LNG-fuelled and an HFO-fuelled vessel (without
scrubber). The maintenance cost does also have the potential of being lower for cleaner fuels, but
this will develop with increased knowledge and experience. The fuel price of LNG is currently
competitive with MGO and has the potential to challenge both low-sulphur HFO and high-sulphur
HFO with scrubbers. An additional bonus for selecting LNG as a fuel is that some ports offer
discounts to LNG-fuelled ships [52].

Summary of LNG:

The LNG fuel system technology is developed and in operation, but the storage requires more
volume than HFO. Global bunkering infrastructure is under development, and the production
capacity has no limit for maritime fuel applications. There are frequent variations in the fuel price,
but in general, LNG’s economic aspect competes with MGO. LNG is the cleanest fossil fuel on
the market but still has high emissions. LNG is currently regulated through the international IGF
Code.

3.3.3 LPG

LPG is any mixture of propane and butane in liquid form. An oil and gas production or a byproduct
of an oil refinery are the two main types of LPG sources. LPG from renewable energy sources can
be produced if the byproduct comes from renewable diesel production. Propane has a boiling
point of —42°C' and is gaseous under ambient conditions. Butane is found in two types of forms;
iso-butane and n-butane, which have a boiling point of —12°C' and —0.5°C, respectively. Propane

and both types of butane can be liquefied at moderate pressure (lower than 8.5 bar at 20°C') [32].

LPG can be used in a two-stroke diesel-cycle engine, a four-stroke lean-burn Otto-cycle engine, or
a gas turbine for ship fuel. However, the MAN ME-LGI series, a single two-stroke diesel engine,
is currently the only commercial engine available for LPG [53]. By mixing LPG and steam with
CO4 and hydrogen, it can be turned into methane, which can be used in a regular gas or dual-fuel

engine.

LPG has low energy density than traditional fuel oil and requires larger fuel tanks. Storing of LPG
is done either under pressurized or refrigerated conditions. Specialized bunkering equipment (e.g.,
an LPG fuel tank) is required for keeping the correct pressure and temperature.

The global production of LPG is approximately the same as HFO and MGO and is enough to
cover the global demand for marine fuel. Currently, there is no fully developed infrastructure for
LPG ship bunkering, but it can be developed by adding distribution installations to existing LPG
storage locations and terminals. For distributing the fuel to ships, dedicated facilities or special
bunker vessels can be used.
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The fuel production and combustion of LPG have approximately 17% lower COs emissions than
HFO. However, LPG slip is a threat as propane and butane are significant contributors to GHG
emissions, with a global warming potential (GWP) that is three to four times higher than COs.
On another side, LPG has no sulfur emissions and significantly reduces particulate matter (PM)
emissions. The applied technology decides the reduction potential of NO, emissions [25].

LPG is not included in IMO’s IGF Code, and there is no planned implementation of the inter-
national regulation of LPG. Each LPG case must follow the alternative design approach to prove

that its level of safety is in line.

Regarding capital costs, the installation of an LPG system (including ICE, fuel tanks, and process
system) on board a vessel is half the price of an LNG system (assumed pressurized type C tanks in
both cases), because LPG do not need any special materials to handle cryogenic temperatures. The
costs of operating an LPG system are considered similar to an oil-fuelled vessel without scrubbers,
even if they still are limited practical experience [25]. As for all fuels, the fuel price fluctuates but

is in the range of LNG and fuel oil.

Summary of LPG:

The LPG fuel technology is commercially available but not yet common in operation. LPG has
a lower energy density than diesel and requires specialized storage tanks. There is no developed
bunkering infrastructure, but it can easily be expanded by the use of distribution installations.
The CAPEX of LPG is approximately halved compared to LNG, while the fuel price is in the same
range. LPG includes propane and propane, which contributes to GHG emissions. Even if some

concepts of LPG are approved, safe regulation still requires an alternative design approach.

3.3.4 Methanol

Methanol (CH30H) is the alcohol with the lowest carbon content and highest hydrogen content
of any liquid fuel. On a commercial scale, methanol is commonly produced from natural gas.
It can also be produced from other feedstock resources, such as coal or renewable sources (e.g.,
biomass or recycled COs). The renewable pathway of methanol complies with IMO’s 2050 carbon
emissions targets [541]. With a flashpoint of 11-12°C, methanol is considered a low-flashpoint fuel.
By converting methanol to dimethyl ether (DME), it can be used as fuel for diesel engines.

Wirtsila and MAN offer methanol-fuelled engines, where the engine systems are adopted from
the high-pressure diesel combustion process [55]. Methanol has powered ships by use of diesel
engines modified to operate at both marine diesel and methanol, showing an equivalent or higher
performance level than diesel engines [56]. Another option is to use methanol as a hydrogen carrier
using fuel cells. The Viking Line ferry MS Mariella has test operated with such a fuel cell system

since 2017, but the concept is not yet commercially available [32].

As a liquid fuel, methanol can be stored in conventional liquid fuel tanks as long as modifications
regarding its low-flashpoint properties and requirements from IMOs IGF Code are fulfilled [55].
Methanol has a liquid form between -93°C and 4+65°C' at atmospheric pressure. Its density and
lower heating value (19.5 MJ/kg) make storage more manageable and less costly than LNG, hy-
drogen, and ammonia. However, methanol still requires fuel tanks that are more than double as
large as the conventional oil (e.g., MGO) tanks. Compared to LNG, the required size of methanol

fuel tanks is similar, or smaller [32].
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There is an increasing demand for methanol (doubled from 2006 to approx. 80 million tonnes in
2016), mainly due to the high consumption in Asia (more than 60%). The production capacity
of methanol is not enough to cover the whole fuel demand in shipping [25]. Methanol production
capacity must increase if the methanol fuel suppliers aim to cover 25-30% of the marine market.
The increased capacity is not necessarily a problem but will require large investments. Renewable

feedstocks or electrofuels could also partly serve the demand.

The bunkering infrastructure of methanol as a marine fuel is poorly developed and a challenge for
widespread adoption. Currently, methanol-powered ships are mainly receiving fuel by trucks or, in
some cases, bunkering vessels [55]. Due to its application to diesel engines and storing tanks, only
minor modifications to terminal infrastructure are required for developing a bunkering network for
methanol. Even so, there already exist available bunkering options for methanol in over 88 of the

world’s top 100 ports [54].

Methanol combined with an ICE will give around 10% reduction of COs emissions (tank-to-
propeller) compared to conventional fuel oil. In a well-to-tank perspective of methanol from
natural gas, the CO, emissions are equal to or around 5% higher than fuel oils. If methanol
is produced from renewable biomass sources, the emissions are significantly lower [25]. Methanol
is a clean-burned fuel and has lower emissions of both NOx and PM than conventional fuels. The
NOx emissions depend on the technology applied but are 30-60% lower than for HFO. The NOx
emissions are still not below Tier 11T NOx limits for operating in Emission Control Areas (ECA),
and exhaust gas reticulation (EGR) or selective catalytic reduction (SCR) systems must be applied
in order to satisfy the standards [57]. Methanol produces close to zero SOx emissions and is within

IMOs sulfur emission limits.

Methanol has a history of safe handling at sea, as it has been shipped globally for over 100 years
[54]. For methanol as a marine fuel, the regulations of the IGF Code are the main applicable
guideline. An alternative design approach is still needed for methanol fuel systems, but more
specific regulations are under development by IMO. Class societies such as DNV can also provide

rules and guidelines directly for methanol, which may shorten the process.

Methanol is a cost-competitive fuel alternative compared to other non-conventional options. Maersk
presented dual-fuel engine, complex fuel supply system, and tank size as the key drivers of ad-
ditional CAPEX cost of methanol compared to VLSFO [58]. Compared to LNG systems, the
installing cost onboard a vessel is around 60% lower for methanol fuelled system [25]. The cost of
retrofitting a ship to run on methanol is also lower than for alternative fuels, which is mainly due to
the compatibility with existing storage and bunkering infrastructure [54]. The practical experience
of operating with methanol systems is still limited, but the operational costs are expected to be

similar to oil-fulled systems without scrubbers.

The price of fossil methanol has earlier been in the range of HGO and MGO prices, with an
increased price in the later years. Methanol prices show regional variation and usually follow the
price of natural gas. Lower oil prices will easily make methanol more expensive than distillate fuels.
Carbon-neutral methanol and methanol from renewable resources bring the fuel price further up.
An advantage of the dual-fuel methanol engines is that when the methanol price is high, the vessel

can still operate on marine diesel [56].
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Summary of Methanol:

The methanol fuel system technology is commercially available but not commonly used. The
fuel is more manageable than LNG but has a low energy density compared to conventional fuels.
The bunkering infrastructure is poorly developed, and the production capacity is relatively low.
However, only minor modifications are required to already established infrastructure. The costs
of methanol are competitive with fossil production. Methanol has only 10% reduction of COs
emissions for fossil methanol compared to fuel oil, but the reductions are potentially better with

renewable production. An alternative design approach is still required for safety regulation, but

regulations are under development.

3.3.5 Hydrogen

Hydrogen (H2) is an energy carrier that can be produced from various energy sources. Almost all
hydrogen is produced by reforming natural gas, but another option is to produce it by electrolysis
of renewables. By using renewable energy sources or adding carbon capture and storage (CCS) to
natural gas production, carbon neutral production can be achieved. The large energy required for
producing Hs as fuel must also be renewable for this to be complete. Hydrogen can be converted
in adapted combustion engines or fuel cells, where fuel cells provide the highest efficiency of 50-
60% or higher. Producing hydrogen by electrolysis can be used to transport and store renewable
energy and hence stabilize the energy output of renewable resources such as wind power plants [15].
The hydrogen production from electrolysis has no strict requirements to location as long as the

electrical power supply is adequate, which gives more flexibility to the distribution infrastructure.

Hydrogen can either be stored as compressed gas, a cryogenic liquid or chemically bound for
use on vessels. The main barrier to hydrogen is transportation and storage as hydrogen requires
specially-designed storage tanks and bunkering systems. Hydrogen has approximately three times
larger energy density per mass than HFO. At the same time, liquified Hs has a volumetric density of
71 kg/m?, implying that it needs five times more volume to store the same energy amount as HFO.
Liquified hydrogen also requires cryogenic storage due to its low boiling point (—253°C at 1 bar),
increasing the cost of storage. Chemically bound hydrogen would also give a volumetric energy
density lower than both ammonia and carbon-based synthetic fuels. In addition to requiring large
space for storage, hydrogen is highly flammable and requires costly storage systems due to safety
issues [59]. Depending on the pressure, hydrogen stored as compressed gas takes approximately

10-15 times more volume than HFO for the same energy amount [25].

The yearly production of hydrogen, mainly from natural gas, corresponds to 150 million tonnes of
ship fuel. The production capacity has no principal limitations due to the many energy sources
to produce hydrogen from, and shipping could be served by hydrogen fuel without problem [15].
Currently, the chemicals sector (mainly ammonia synthesis) covers 65% of the hydrogen demand,
while the refining sector for hydrocracking and desulphurization of fuels covers 25%. Technology
for land-based hydrogen storage is available, but as for now there is limited experience with the
storage of hydrogen onboard vessels. Hydrogen is new to the maritime fuel market and bunkering
infrastructure are under development, but technical and safety of storage remain as challenges.
Today, there is one prototype of a hydrogen bunker vessel under testing [60]. Liquefied storage
tanks are under development and the first tank for marine applications was recently installed [61].

The combination of hydrogen and fuel cells produces zero C'O5 emissions tank-to-wake and removes
all NOx, SOx, and particular matter (PM) emissions from vessels. Using an ICE as an energy

converter will produce NOx emissions while GHG emissions still could be kept to a minimum.
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Hydrogen produced by electrolysis with renewable energy and converted by fuel cells is close to

the definition of zero-emission fuel.

Hydrogen is not transported as marine cargo such as LNG and methanol. There is neither any
large-scale experience with hydrogen as a marine fuel, mainly due to the safety aspects of storing
hydrogen onboard ships. Hydrogen-powered propulsion systems are new to shipping and are under
testing for ferries and cruise ships. Regulations of hydrogen (as a low-flashpoint fuel) in fuel cells
are under development to be included in the IGF Code. Still, there are no existing international
regulations or class rules covering hydrogen as fuel. However, through the Joint Industry Project
MarHySafe, DNV has developed a Handbook for hydrogen-fuelled vessels, giving guidelines for the
application [62]. There are several ongoing projects focusing on hydrogen, with the aim to gain
more knowledge and understand the related risks and hazards.

The main capital cost of hydrogen as a marine fuel is the storage tanks for liquefied hydrogen,
which, compared to LNG tanks, requires higher insulation quality, lower storage temperatures,
and currently has limited marine applications. Costs of combustion engines and the additional fuel
system and the operation of these are estimated to be similar to engines using LNG [25]. Fuel cells
have a shorter lifetime than conventional piston engines and turbines, depending on fuel quality
and system management operation. This gives an extra expense for more frequent replacement.
Green hydrogen, produced by electrolysis powered by renewable electricity, is a one-step production
process. This makes the production less energy-demanding and gives a cost advantage compared
to ammonia, and synthetic fuels [63]. A reduction in the price of electrolyzers will also affect the
CAPEX and hydrogen production costs.

Hydrogen produced from electrolysis has an average cost of 1770 USD/t crude oil equivalent, while
production from natural gas gives an average price of 1370 USD/t crude oil equivalent (including
production, compression, storage, and transport) [15]. This is more than double the conventional
fuel price. The hydrogen fuel price depends on the production and distribution of the energy. The
cost of green hydrogen, produced by electrolysis, highly depends on the price of electricity, while
hydrogen produced from natural gas depends on the gas price. Locally produced hydrogen will
minimize the cost of distribution. Hydrogen production that uses surplus intermittent renewable
energy might lower hydrogen prices. The cost of liquid hydrogen is around 30% more costly than
compressed hydrogen [32].

Summary of Hydrogen:

There is limited technological experience with hydrogen as a marine fuel, but the technology is
of high interest and under development. Hydrogen has a very low energy density, requires large
storage space, and has safety challenges due to characteristics such as high flammability. Hydrogen
production capacity is potentially high and flexible, as its only requirement is an adequate electrical
power supply. There is currently no established bunkering infrastructure for hydrogen as a marine
fuel. Hydrogen is costly, and the economic aspects depend on the cost of electricity and natural
gas. Hydrogen as a fuel option is potentially zero-emission if produced with renewable energy. Safe

regulation can be obtained by an alternative design approach, but standard regulations are under

development.
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3.3.6 Ammonia

Ammonia (NH3) is a chemical energy carrier and a potential fuel for shipping. The energy is
released by breaking chemical bonds. Ammonia can either be obtained from fossil feedstocks
(such as natural gas) or from renewable energy sources. Green ammonia is obtained by producing
hydrogen through the electrolysis of water powered by renewable energy sources and collecting
nitrogen from the air using an air separation unit. The Haber-Bosch process is currently the only
commercially available method for directly synthesizing ammonia from hydrogen and nitrogen.

The technique has been used in large-scale applications on land [64].

Combustion of ammonia is challenging due to its high auto-ignition temperature, narrow flammabil-
ity limits, high heat of vaporization, and toxicity. Ammonia also has some requirements regarding
which materials can be used in the engine due to corrosion. Fuel cells can also be used to convert
the energy of ammonia. However, this technology is still limited to qualitative studies and is not
mature at a large scale. Ammonia weighs twice as much as HFO and requires triple the volume to

deliver the same energy amount.

Ammonia has a yearly production volume of 170-180 million tonnes, most of it from natural
gas. Agriculture is responsible for 80% of the ammonia demand, mainly for fertilizer and some
industrial products [34]. The annual production corresponds to approximately 76 million tonnes
of fuel oil. The widespread demand for ammonia in the land-based industry has given a well-
developed distribution network on land. The production of ammonia from hydrogen and nitrogen
is a mature and commercially available technology, well-suited for local production as long as
adequate electricity is available. This may be an advantage for the development of bunkering
infrastructure in ports. Ammonia has more than 50% higher energy density per unit volume than
liquid hydrogen, which makes the storage and distribution more manageable and increases the

feasibility for deep sea shipping [32].

Currently, there are no ammonia-fuelled ships and no bunkering infrastructure for vessels. However,
the shipping industry is increasingly interested in this carbon-free, potential fuel. The demonstra-
tion of effective onboard converters and bunkering infrastructure development remain as barriers.
As ammonia has similar characteristics to LPG, this technical advantage can be used to store and

transport ammonia as fuel. In addition, the toxicity must be taken into account.

Ammonia releases no C'O, emissions and can be close to zero-emission if renewable energy is used
for the production [34]. However, with the current production mainly from fossil energy sources,
the carbon emissions are high without CCS technology. Nitrous oxide (N20) is another GHG that

will have increased importance if ammonia becomes a common option for maritime fuel.

Ammonia is a low-flashpoint fuel and subject to IGF Code. There is currently no initiated de-
velopment of specific international regulations of ammonia as a fuel, and the alternative design
approach by SOLAS must be followed to prove safety. However, DNV has recently established
class rules for ammonia, included in the ”Fuel Ready” class notation [65]. Hoegh Autoliners has
already got this class notation for a vessel, making it the first vessel ready to be operated with
ammonia. At the end of 2019, the Green Shipping Program and Color Line started a pilot project
on ammonia as a maritime fuel [66]. The pilot is currently under development, and a safety hand-
book for ammonia has been developed as a part of the project [67]. Both the handbook and the
class rules are valuable guidelines for stakeholders that consider the implementation of ammonia

as fuel.
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The cost of renewable ammonia production depends highly on electricity and the electrolyzer load
factor (number of running hours per year), similar to hydrogen. A lower load factor will increase
the price drastically. The transportation costs of ammonia are similar to LPG costs, as long as
the lower energy density of ammonia is accounted for [32]. The fuel price of ammonia is estimated
to be in the range of methane gas. Assuming a mature and available ammonia fuel technology in
2030, the price is estimated to be between 1800 and 2300 USD/t of fuel oil equivalent [25]. IRENA
do also predict ammonia to have high fuel costs in the future, see Figure 3.13. From Maersk
estimations, the additional capital costs of ammonia compared to VLSFO are the dual-fuel engine,

the complex fuel supply system, and the need for larger and cryogenic tanks [58].

Figure 24 Ammonia cost projections
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Figure 3.13: Ammonia cost projections (figure 24 in [68])

Summary of Ammonia:

Ammonia as a maritime fuel has low technology maturity level but is under research and develop-
ment. Ammonia has a low energy density, but it is higher than hydrogen, making it more feasible
for deep sea operation. The global production capacity is high and can be compatible with LPG
infrastructure. Ammonia has high costs, and it is even higher if produced from renewable energy

sources to obtain zero carbon emissions. There are no international regulations for ammonia, but

handbooks and class rules are established.

3.3.7 Advanced biodiesel

Biodiesel is the most promising biofuel for ships and is suitable for replacing or blending with
MDO/MGO. Biodiesel covers biofuels such as hydrotreated vegetable oil (HVO), biomass-to-
liquids (BTL), and fatty acid methyl ester (FAME) [25]. Advanced biofuels are the second and
third-generation biofuels derived from sources such as woody crops, wastes/residues, and aquatic
autotrophic organisms (e.g., algae). Advanced biofuels do not compete with food production and
are hence considered more sustainable than first-generation biofuels [15]. In this thesis, advanced
HVO will be the main biofuel assessed. In HVO, the oxygen has been removed using hydrogen,
making it a high-quality fuel with long-term stability.
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As a possible drop-in fuel, biofuels are in general compatible with existing engine systems and
infrastructure of conventional fuel oils. In addition, biodiesel matches the energy density of diesel,
eliminating the barrier of fuel storage onboard the vessel. There is still limited commercial experi-
ence with biofuels in shipping. In Norway, several ferries are fitted with biodiesel systems and have
operated without reported problems [69]. However, some of these ferries are operating at regular

diesel due to high prices and uncertainties in the fuel supply of biodiesel [70].

Regarding the production capacity, 81 million tonnes of conventional transport fuel were produced
globally in 2017. This includes oil crop biodiesel, sugar, and starch-based ethanol and HVO [25].
Even if the fuel is compatible with current infrastructure, there is still a lack of available biodiesel.
Only a few ports offer biofuels (e.i. in Norway and the Netherlands), but the future development
of algae-based fuel production may provide better supply [15].

The potential reduction of emissions for biofuels depends highly on feedstock, biofuel generation,
and engine type. For HVO, the GHG emissions from well-to-wake are halved compared to diesel.
The PM and NOx emissions are also lower, and there are no SOx emissions. Note that other
biofuels, such as FAME, have higher NOx emissions. The overall sustainability of biofuels is
debated; some doubt the GHG reductions while others claim biofuels to be a decisive fuel for deep

sea shipping if aiming for the 2°C' climate goal [25].

Regulation of biofuels is covered by several standards, both regarding technical and sustainable
aspects. ISO 8217:2017 is an essential standard for marine fuels used in marine diesel engines and
boilers [71]. In addition, both the EU Renewable Energy Directive and the Routable on Sustainable
Biofuels (RSB) address sustainability criteria for biofuels [15].

The modification of ship engines and infrastructure to comply with biofuels is around 5% of the
engine costs. Operating on advanced HVO does not bring any additional costs. There is limited
experience with biofuel systems operation, which needs further investigation, but the operational
costs are currently expected to be similar to oil-fuelled systems without scrubbers. In general,
advanced biofuels are more expensive than fossil fuels. The high price and currently low production
volume challenge the large-scale use of biofuels in shipping. The development of second- and third-

generation biofuels may lower costs, but this is hard to predict.

Summary of Advanced Biodiesel:

Advanced biodiesel is compatible with conventional diesel engines and can easily be used as a drop-
in fuel. It has a similar energy density as conventional fuel, making it suitable for deep-sea operation
without loss of cargo-carrying capacity. The production capacity is low, and the infrastructure is

poorly developed. Biodiesel has high costs, and the related emissions are discussed. The fuel is

regulated by standards that cover both technical and sustainable aspects.
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3.3.8 Battery-electric propulsion

Fully electric powering is another ”fuel” alternative on the road toward decarbonization of shipping.
This power system consists of batteries connected to onshore chargers and an electric grid when in
port. Plug-in hybrid vessels are more common, combining battery operation with a conventional
fuelled engine. The batteries are mainly used for hybrid ships to optimize the power system
and reduce fuel consumption. Currently, there are 439 ships with batteries in operation, where
20% of them are fully-electric [15]. More than half of the fully-electric vessels are located in
Norway, primarily thanks to the electrification of the Norwegian ferry industry. The shore-based
infrastructure of charging vessels is globally limited and density-located in areas of initiative.

The high weight and large volume of batteries combined with short-range capacity remain a main
barrier to fully-electric deep-sea vessels. Currently, fully-electric systems are only suitable for
specific vessel types with short sailing distances. Fully-electric powering systems can be zero-
emission by using electricity from renewable sources. Another feasible alternative is to use CCS

technology during electricity production.

Installing battery systems is very costly compared to diesel engines and has a long pay-back period
on the investment. The interval of power system replacement also increases, and a battery must
typically be replaced after approximately ten years [72]. The implementation also requires charging
stations and land-based infrastructure providing electricity. The price of operating a fully-electric
power system is subject to large regional and seasonal variations and depends heavily on the price

of electricity.

Summary of Battery-electric Propulsion:

The technology of battery-electric propulsion is mature and in common operation for short sea
vessels, but the high energy density makes it unfeasible for deep-sea vessels. A widespread and
global bunkering infrastructure does not exist, and bunkering is mainly customized for local sup-
ply. Battery and electricity costs are high, the latter with large regional and seasonal variations.
Battery-electric propulsion has zero emissions if produced from renewable electricity or with CCS

technology.

3.3.9 Nuclear powering

Nuclear powering covers the propulsion of ships (or submarines) with heat provided by a nuclear
reactor. The power plant heats water to produce steam for a turbine to move the ship’s propeller.
Nuclear powering is mainly suitable for ships that require long-range without refueling or powerful
propulsion, such as submarines. Over 160 ships, mostly naval warships such as submarines, are
powered by nuclear reactors. Some civil nuclear ships also exist, such as icebreakers or aircraft

carriers [73].

Nuclear powering is a possible technology that can provide zero-emission propulsion for ships
operating at deep sea. The propulsion power generation has the potential of emitting zero COs,
CHy, NOz, SOz and PM emissions [74]. In addition to this, nuclear power is much more energy-
dense than conventional fuels. In [75], Scheyen and Steger-Jensen investigate ”Nuclear propulsion
in ocean merchant shipping: The role of historical experiments to gain insight into possible future
applications”. The paper provides a list of insights about merchant nuclear propulsion: it may

be technically feasible, nuclear-powered ships may meet restricted access in ports or canals, the

34



CHAPTER 3. SHIP FUEL PATHWAYS

costs are vast and uncertain compared to conventional ships, and a regulatory framework is a
prerequisite for operation. In general, nuclear power energy can produce zero carbon emission

fuels, for example, with hydrogen or ammonia as energy carrier [76].

There is extensive experience with nuclear propulsion in naval vessels. The technology is not
commercially feasible and brings safety and security risks. Public opinion also affects nuclear
power, mainly due to nuclear accidents such as Hiroshima, Nagasaki, Fukushima, and Chernobyl.

Other barriers are radioactive waste disposal, and accidental release of radioactivity [77].

Nuclear powering is only presented in this section because it is included in the survey presented in
section 8.1. Except for this, it will not be further evaluated in this thesis.

Summary of Nuclear Powering:

Nuclear power has a very high energy density and can provide zero-emission for all vessels at
sea. The technology is used for naval vessels but is not commercially available. Nuclear power is
a highly debated topic that meets opposition in the population due to radioactivity and related

accidents.

3.4 Summary of ship fuel pathways

The insight into fuel pathways is essential to understanding the well-to-wake perspective of fuel
production. Table 3.2 summarize the possible pathways (energy source - energy carrier - converter)
for the discussed fuel alternatives. In addition to the green pathways, CCS technology can be added
to fossil production to create blue, low-to-zero-carbon emission pathways.

Fuel Alternative | Fuel family | Pathway
HFO/MGO Fossil Fossil - HFO/MGO - ICE
LNG Fossil NG - LNG - ICE
Fossil NG - LNG - FC
LPG Fossil Fossil - LPG - ICE
Methanol Fossil NG - Methanol - ICE
Bio Biomass - Methanol - ICE
Advanced Biodiesel | Bio Biomass - Advanced biodiesel - ICE
Hydrogen Fossil NG - Hy - ICE
Fossil NG - Hy - FC
Green Renewable - Hy - ICE
Green Renewable - Hy - FC
Ammonia Fossil NG - NH; - ICE
Fossil NG - NH; - FC
Green Renewable - NH3 - ICE
Green Renewable - NH3 - FC
Fully electric Green Energy mix - Electricity - Battery-electric system

Table 3.2: Summary of pathways (inspired by section 5.9 in [32])

Figure 3.14 presents an overview of alternative fuel pathways, while Figure 3.15 summarizes mar-
itime energy conversion and propulsion options. The first figure also illustrates how some fuels
are produced from synthesis. These are often referred to as ”synthetic fuels”, which are liquid
or gaseous fuels that are produced artificially but still have the same properties as fossil fuels.
Synthetic fuel production uses renewable resources and mimics the properties obtained from the
natural fossil fuel process [78].
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Overview of different fuel production pathways
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Figure 3.14: Overview of different fuel production pathways (adopted from [79])
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Figure 3.15: Maritime energy conversion and propulsion options (adopted from [79])
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CHAPTER 4

CRITERIA FOR FUEL SELECTION AND BARRIERS OF
ACTION

Several factors will influence the decision of a decision-maker (e.g., a shipowner or a set of stake-
holders) to select a fuel option. The decision basis is formed by design preferences and operational
requirements, and guidelines. Whether conscious or not, these preferences and requirements state
the criteria. As the criteria are decisive for the final selection, they also establish barriers of action
if not fulfilled at a sufficient level.

This chapter will define expectations for design and operation and present criteria for selecting
alternative ship fuels and barriers to the uptake of alternative fuels. Most criteria are based on
fuel characteristics, which will be the foundation of how well a fuel alternative performs within

specific criteria.

4.1 Decision context: Design for operation

The shipping industry is a traditional industry with a high level of experience, leading to high
expectations. However, this solid foundation is put out of play in the green shift of shipping.
With low or no experience, common incentives, knowledge sharing, and being open to change

expectations are essential to reach the desired goal of decarbonizing the industry.

Expectations from shipping are mainly based on the vessels’ design and operation, which is further
based on the market demand. Operational requirements must be established already in the pre-
liminary design phase, where main ship specifications such as capacity, speed, range, and stability
are defined. For a shipowner building a fleet, a set of design variables (e.g., number of ships and
individual ship size and speed) must be stated and evaluated according to related technical, eco-
nomic, environmental, and legal restrictions. When several combinations of design options satisfy
the requirements, the ideal solution could be found based on optimizing some measure of merits.
However, expectations of design and operation set the terms for deciding which ship system to

build and which fuel option to adapt.
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4.1.1 Design

Ship design is an iterative process that is commonly described by the spiral model shown in
Figure 4.1. However, as the design spiral focus on the improvement of an initial concept rather
than the generation of new designs, it has limitations for innovative solutions. By using the mission
of the ship as the starting point for the design process, the number of loops to find a feasible solution
can be reduced. The mission defines tasks, capacity, and performance expected by the owner or
operator. The method uses a system engineering approach and defines systems and functions
initially. Further, dimensions are selected based on estimated requirements for capacity stated by

the mission. Eventually, the performance is evaluated, and adjustments are made.

Performance
* Hull Structure
+ Quftfitting
+ Machinery
Economics - Sea keeping
* Building cost Station keeping
+ Operating cost
+ Charter rate
* Profitability
Mission Function
+ Tasks « Task related system
+ Capacity + Ship systems
+ Operating area *DWT fa
+ Performance * Power — Bollard Pull Form
L r « Geometric definition

+ Space balance
«Weight balance

Mission — Function — Form —» Performance — Economics

Figure 4.1: System-Based Ship Design Process (adopted from [30])

The expectations for design can be generalized in the System Based Design (SBD) process, which

can be summarized as shown in Table 4.1.

System Based Design Process

i. Task, capacity, performance demands, range and endurance
ii. Rules, regulations and preferences

iii. Operating conditions (e.g wind, waves, currents, ice)

i. Based on capacity, where the areas and volumes needed for
cargo spaces and task related

ii. Based on weight, where the cargo weight, the weight of task
related equipment and weight of the ship itself defines the size
of the vessel

Customer Mission
requirements | statement

Functional Initial sizing
requirements | of the ship

Form Parametric i. Variation of main dimensions, hull form and lay out of spaces
exploration on board to satisfy the demands for both capacity and weight

Engineering i. Calculating and optimizing ship performance, speed,

synthesis endurance and safety

Evaluati f . . g . .

tl::e a ;;ilgo;l ° i. Calculating building costs and operation economics

Table 4.1: System Based Design Process [30]

The objective of design can be within various categories such as design for functionality, design
for economic efficiency or design for production (including constructional cost savings etc.). With
a growing focus on the environment, design for the environment and design for disposal/scrap are
objectives with increasing importance. The shipowner must define the main objective and evaluate
the relative importance of the different aspects and criteria. An optimal design will balance the

different objectives based on the shipowner preference [31].
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The mission statement is influenced by the interaction and expectations of different stakeholders,
for example, by demand from cargo owners or international regulations to follow. As these ex-
pectations gradually move towards more environmental perspectives, the objective of mission and

design will change.

4.1.2 Operation

The mission is stated by tasks performed by the vessel or fleet, the required capacity, and the area
of operation. Operational requirements related to future demand for range and necessary energy

capacity are essential in selecting a fuel system for the ship design.

A wide range of ship types and sizes serve both local and global routes. However, most ships can

be categorized within three different modes of operation:

e Liner shipping: (High-capacity ocean-going) vessels, typically container, ro-ro, and general
cargo vessels, transport goods on regular routes on fixed schedules. The ships follow a

published schedule, similar to a bus line.

e Industrial shipping: The shipper (cargo owner) controls the fleet of vessels (owned or on

time-charter) and must transport the total demand while minimizing costs.

e Tramp shipping: Mix of mandatory contract cargoes and optional spot cargoes, with several
daily requests for spot cargoes. The ship operator must negotiate spot cargoes and schedule
the fleet. Ships follow the available cargoes, similar to a taxi service. This is a continuous

and interwoven process with the objective of maximizing profit.

The expectations and demand for operation form the design decision. Design decisions must be
made even with an uncertain future and lack of knowledge. The wide range of fuel options and
uncertain development and supply of fuel increases the complexity of both design and operation.
Development of infrastructure and possible green corridors may influence the sailing pattern of
green vessels, influencing aspects of both operation and design. It will be important to connect
decisions of design to operational strategies. As mentioned in chapter 3, the low- and zero-carbon
fuel options have higher energy densities and therefore require more space on board the vessel.
One must balance the scheduling of routes with high utilization of the vessel capacity. An example
is weight-critical vessels with extra volumetric capacity, which implies free capacity up to a certain
value where the capacity begins to eat of the cargo capacity. The shipowner must constantly try to
optimize the operation with regard to design. This process involves many crossroads and decisions

will be made based on the current level of knowledge and high-weighted decision criteria.

4.2 Decision criteria

For evaluating and selecting ship fuels for the future, different criteria are set by the stakeholders.
A criterion is ”a standard by which you judge, decide about, or deal with something” [32]. Key
criteria are used as a baseline for decision-making, whether conscious or not. This section will
present and discuss a selection of technical, economic, environmental and social criteria. The
criteria will always be subjective and depend on both the situation and the preference of the
decision-maker. A selection of criteria is collected based on a comprehensive literature review of
the topic.
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4.2.1 Technology maturity of fuel system

The technology must be fully developed and mature to be commercially attractive. The technology
maturity level relates to factors such as system complexity, storage solutions, handling of low
flashpoints, autonomy level, and safety. Mapping current and future technology are essential to
evaluate different fuel options. In this thesis, only the maturity of the fuel system on board ships

(fuel type and compatible energy converter) will be considered.

The technology readiness level (TRL) is a method for estimating the maturity of technologies. The
concept originates from the NASA space program. TRLs are based on a scale from 1 to 9, where
9 is the most mature technology. Figure 4.2 shows the NASA definition of the TRL.

System Test, Launch ’/\
& Operations TRL9

System/Subsystem TRL8
Development —

TRL7

Technology
Demonstration

Technology L
Development

Research to Prove
Feasibility

Basic Technology
Research

Figure 4.2: NASAs Technology Maturity Levels (adopted from [33])

Figure 4.3 shows Maersk’s grading of the maturity levels of alternative fuels from their Industry
Transition Strategy 2021 [58]. The grading includes production capacity, onboard fuel system,
safety, and regulation. Ammonia and hydrogen stand out with a low level of maturity for the
onboard fuel system. In contrast, the feedstock availability and fuel production for methanol and
biofuels still need to be developed. The figure presents the characteristics of the fuel types in an
easy, quantitative way. These characteristics can and will be used to evaluate fuel performance in
chapter 7.
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Figure 4.3: Varying maturity levels and challenges of decarbonization options using alternative
fuels, early years of transition (adopted from [58])

4.2.2 Applicability: Onboard storage and fuel management

Applicability of the fuel is an essential consideration regarding new fuels. Even if the fuel exists
and is fully working in other sections such as land transport, it must still be suitable for use at sea.
Operation at sea adds another level of requirements for safety aspects such as stability, limited
safety zones, and uncertain travel to shore due to, for example, bad weather. The applicability
parameter covers the adaptability to ships, mainly regarding size and space requirements. This
is categorized into two sub-parameters, onboard storage, and fuel management. Other critical

characteristics for the applicability of fuels are also discussed.

Energy density and required onboard storage capacity of fuel

The energy density and the belonging storage demand of fuel are determining factors for the fuel’s
applicability for certain ship types and sea operations. For deep-sea applications, the storage

capacity is a key barrier to many alternative fuels.

The energy density of fuels can be divided into volumetric energy density (energy content per
volumetric unit) and gravimetric energy density (energy content per mass unit). Low gravimetric
and volumetric densities imply a fuel with higher mass that requires more space, which is disad-
vantageous for fuel storage on board a vessel. Increased volume- and mass displacement used for
the fuel will decrease the available space for cargo, which implies reduced revenue and increased

cost per transported cargo unit.

Figure 4.4 illustrates the energy densities for different fuel alternatives. Note that the figure
only shows fuel properties and does consider aspects such as the need for specialized storage
tanks or additional systems. This is important to have in mind, especially for fuels that require

refrigerated /cryogenic or pressurized storage.
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Figure 4.4: Volumetric and gravimetric energy densities for various fuels. The arrows represent
the impact on density when taking into account the storage systems for the different types of fuel
(indicative values only) (figure 6-1 in [32])

The fuel storage capacity of a vessel varies and does depend on the time the owner needs the ship
to operate between bunkering. Fuels with lower energy density and bunkering intervals of hours
or days will be challenging to make applicable for operation at deep sea if the aim is to have the
same cargo capacity. Table 4.2 shows the vessel endurance range for different fuel types, which

indicates the bunkering interval of a vessel (general, irrespective of tank size).

Fuel HFO MGO LNG LPG Methanol Hydrogen | Ammonia | Adv. biofuel eFl‘eucliZi_c
Vessel

en- Months Months Weeks - ‘Weeks ‘Weeks Hours - Weeks - Months Hours
durance months days months

range

Table 4.2: Typical bunkering intervals for vessels using different alternative fuels (inspired by table
6-1 in [32])

Onboard fuel management

Alternative fuel options also bring new aspects to onboard fuel management, such as safety, the
demand for maintenance and trained crew. These aspects and how difficult they are to handle will

vary from fuel type to fuel type.

Flammability and toxicity are two critical characteristics of fuels. The kindling point and the flash
point are two temperatures that one must be aware of. The kindling point, or the autoignition
temperature, is the lowest temperature for a substance to spontaneously ignite in the air without
an external source of ignition, such as a spark or flame. This temperature is required to supply
the activation energy needed for combustion. The flash point indicates how easy a chemical may
burn and is the lowest temperature at which a fluid generates a sufficient amount of vapor to
form a mixture that can be ignited. A material or fuel with lower flash points is more flammable
and hazardous than those with higher flash points. Low-flashpoint fuels come with higher risks
and require more safety measures, and are regulated by IMOs IGF Code (see subsection 4.2.6).
Advanced biodiesel (HVO) has a relatively low autoignition temperature (204°C compared to
316°C for diesel). LNG and LPG are examples of fuels with low flash points (-188°C and -104°C,
respectively).
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The flammability limits show the range of conditions where fuel is lammable, given a temperature
of 25 °C and atmospheric pressure. A wide flammability range may indicate higher risk and require
additional safety measures. HFO is flammable, with flammability limits of 6.2-12.3 volume % in
air (23°C). LNG is in the same range with limits of 4-15 vol % in air. Hydrogen has a wide
flammability range, from 4-74.2 vol % in air, which indicates that hydrogen is flammable under
several conditions. Ammonia also has high flammability with 15-28 vol %, at the same level as
methanol with a range of 6.7-36 vol %. LPG is in the lower layer with a range of 1.8-10.1 vol %,
but the fuel with the lowest flammability is advanced biodiesel (HVO) with approx. 0.6-7.5 vol %

in air [32].

In addition to temperature and flammability, toxicity may set boundaries for crew and cargo. This
is an issue for ammonia, which is highly toxic. Methanol does also have low acute toxicity and is
dangerous for humans. The toxicity and required safety zones are main barriers to implementing

ammonia in short-sea shipping.

4.2.3 Availability: Production capacity & bunkering infrastructure

A widespread and steady supply is needed to convince ship owners to change towa