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Abstract
Researchers have not reached consensus on the most appropriate maritime fuel of the future to
drastically reduce the industry’s greenhouse gas emissions. Although several studies have investigated
potential future regulatory scenarios for the maritime industry, there is a lack of literature on how
shipowners might revise their future fuel choice depending on the regulatory climate.

This study aims to develop a decision support tool which enables shipowners to select themost
appropriate alternative fuel technology to complywithpossibledifferent imposedemission regulations
while ensuring optimal business performance. In this context,most appropriate is defined as a fuel
alternative which minimises required freight rate (RFR) while maximising overall performance on
technological, environmental and other criteria.

A decision support tool was devised combining a decision model based on the simple multi-
attribute rating technique (SMART) with a financial model based on discounted cash-flow (DCF).
Additionally, an optimisationmodel was implemented to optimise for minimal required freight rate
through slow steaming. The decision tool provides shipowners with a quantified impact on their
current business if they do not transition to alternative fuels under a ’market basedmeasure’ (MBM)
regulatory scenario, as well as best-alternatives if their current fuels do not meet regulations under an
’emission cap’ (EC) scenario. The decision tool is evaluated under optimistic, average and pessimistic
scenarios in 2020, 2030 and 2050.

Under an emission cap scenario, the results showed an overall preference for Fischer-Tropsch
diesel (FTD) as themost promising alternativemaritime fuel both in terms of SMART performance
and required freight rate, followed by upgraded bio-oil (UBO). Nevertheless, the average difference in
required freight rate of alternative fuels compared to HFO remains substantial, at 43% and 38% higher
for Fischer-Tropsch diesel under a ’no regulation’ scenario and ’market based measures’ scenario,
respectively. It is therefore evident that without regulatory intervention, heavy fuel oil is expected to
retain dominance based on cost. Even under amarket basedmeasure (MBM) scenario, the average
required freight rate of HFO increases only by 3.4% overall. For LNG, market-basedmeasures lead to
an average increase in RFR of 4.1%.

These results suggest that in order for the maritime industry to transition towards sustainable
alternative fuels, policymakers, governments, international organisations and lenders need to align
their policies to collectively enable amore sustainable shipping industry - not only by enforcing stricter
regulations, but also by providing the correct financial incentives.
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1
Introduction

The International Maritime Organization (IMO) aims for a total greenhouse gas (GHG) emission
reduction from international shipping by at least 50% by 2050 compared to 2008, while, at the same
time, pursuing efforts towards phasing them out entirely [91]. In this light, international organisations
and governments in cooperation with shipowners, ports and distributors are continuously making
efforts to reduce greenhouse and toxic gas emissions while ensuring business continuity for the
shipping industry. This transition will not only require a large supply of innovative technological
solutions, but also require support from a commercial perspective. Technology, finance and lawmust
seamlessly align to form a sustainable basis for the transition towards themaritime fuel of the future.
In this process, the industry is expected to facemajor challenges.

Nevertheless, policymakers are driving the shift towards alternative maritime fuel technologies
with variousmeasures implemented to accelerate innovation. Froma regulatory perspective, pollution
prevention treaties and emissionmeasures are forcing parties to innovate in their fuel and exhaust
technologies, while from a financial perspective, subsidies are made available for R&D and imple-
mentation of innovative technologies [91, 92]. As can be understood, themaritime sector supports
innovation towards alternativemaritime fuels as a whole. Therefore, keeping the upcoming fuel transi-
tion inmind, this research paper develops a decision support tool that enables shipowners to select
themost appropriate alternative fuel technology to comply with possible different imposed emission
regulations while ensuring optimal business performance.

The scope of this study is limited to fuels applied in internal combustion engines that are fit for
large scale application by 2030 or 2050, canmeet proposed GHG reduction targets, and are suitable for
deep-sea shipping. As a result, HFO and eight alternative fuels are considered in this study, including
liquefied natural gas (LNG), fatty acid methyl esters (FAME), hydrotreated vegetable oil (HVO), up-
graded pyrolysis oil (UPO), upgraded bio-oil via hydrothermal liquefaction (UBO), Fischer-Tropsch
diesel (FTD), liquefied bio-methane (LBM) and ammonia (NH3).

Alternative fuels are evaluated and compared based on a set of technological, economic, envi-
ronmental and other criteria. These criteria are assessed and weighted by a selection of shipowners
to reflect their degree of importance. Alternative fuels are evaluated based on technological, envi-
ronmental and other criteria by means of a SMART decision model, and on economic criteria by
determining the required freight rate (RFR) through a discounted cash-flowmodel. Additionally, for
each alternative fuel, the optimal economic vessel speed is determined by an optimisation model
which aims tominimise required freight rate. The combination of the SMART decisionmodel, DCF
model and speed optimisationmodel constitutes the final decision support tool.

In chapter 2.2, the research objective, methodology, scope and ethical implications of this research
are defined. Following this, chapter 3 elaborates onmaritime emission regulations and defines regu-
latory scenarios which will be treated, where-after chapter 4 identifies and elaborates a selection of
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alternative maritime fuel technologies. Furthermore, chapter 5 investigates and defines evaluation cri-
teria for the decision tool. Finally, chapter 6 analyses bunker cost of present and future maritime fuels
and chapter 7 forms an understanding of current literature on themost feasible alternative maritime
fuels and decision tools as ameans of complex decisionmaking. This concludes the literature study.

The secondphase of this research is introducedby chapter 8. Chapter 8 elaborates on the functional
design of the decision tool, the model description, the economic speed optimisationmodel, the inves-
tigated scenarios, KPIs andmodel verification and validation. Following this, chapter 9 presents and
elaborates the case study and results of the present thesis, as well as a sensitivity analysis. Thereafter,
in chapter 10, conclusions are presented and recommendations for further research are offered. At
last, chapter 11 reflects on the research approach, model assumptions, decision tool outcomes and
the wider implications of this research.



2
Problem definition

With the introduction and enforcement of IMO2020, regulators have demonstrated their determi-
nation in regulating maritime emissions. This development has incurred an uptake in the already
increasing research interest towards alternative maritime fuels. Multiple studies have investigated
and assessed a broad range of alternative maritime fuels [20, 21, 24, 32, 33, 36, 42, 44, 48, 54, 55, 58–
60, 67, 70, 74, 78–80, 82, 108, 109, 112, 118, 119, 122, 128, 129, 131, 133, 137, 151, 152, 154, 170, 171].
Even though existing studies largely overlap on alternative fuel types, no consensus is reached on
the optimal maritime fuel for the future. Additionally, no existing study approaches the problem
from the perspective of the shipowner. As a result, profitability and optimal business operations are
rarely considered when alternative fuels are assessed. For shipowners, these aspects are essential to
successfully implement alternative fuels under future regulatory scenarios.

The concerned challenges are summarised in the following problem formulation:

Researchers have not reached a consensus on the optimalmaritime fuel of the future. Current studies
lack consideration for the perspective of shipowners. As a result, profitability and optimal business
operations are rarely considered when alternative fuels are assessed. For shipowners, these aspects are
essential to successfully implement alternative fuels under future regulatory scenarios.

2.1. Research objective
Based on reviewed literature and the problem statement, the research objective for the present study
is established. Due to themany criteria and external factors impacting the decisions of shipowners,
making a substantiated decision is complex. Additionally, no existing study approaches the problem
from the perspective of the shipowner.

Therefore, the research objective is formulated as follows:

Develop a decision support tool that enables shipowners to select the most appropriate alternative
fuel technology to comply with possible different imposed emission regulations while ensuring optimal
business performance.

The research objective can be fulfilled by addressing the following sub-objectives:

i Analyse current and possible future regulatory scenarios and make a selection of regulatory
scenarios to consider in the present study. Discard low-probability scenarios.

3



4 2. Problem definition

ii Analyse abroad rangeof alternative fuel technologies andassesswhichcanbeconsidered feasible
options. Discard fuels that do not meet requirements in scalability, GHG reduction targets, or
suitability for deep-sea shipping.

iii Evaluate multi-criteria decision methods and modelling techniques to address the specific
problem and criteria presented in the present study.

iv Devise a decision support tool which is able to:
a. Rank optimal fuel choices under different regulatory scenarios and
b. Assist shipowners inmaking substantiated future decisions regarding alternative fuel tech-
nologies.

v By conducting a case study, determine themost appropriate fuel alternatives under different
regulatory scenarios while ensuring optimal business performance.

2.2. Methodology
The goal of defining amethodology is to be able to break down the research into tasks, each having its
distinct priority and deadline.

First, in preparation of developing a decision tool, it is essential to enrich one’s knowledge on the
subject by analysing previous literature. To develop that knowledge, a literature study is conducted.

After the literature study is concluded, the second phase of the research is started, which focuses on
devising the decision support tool. In order to structure the research, several activities are identified
and briefly described below.

Literature study
1. Examinemaritime emission regulations

Inorder todecideonaselectionof relevant regulatory scenarios, it isnecessary toexaminecurrent
regulatory measures as well as possible future incoming regulations. When this knowledge is
collected, regulatory scenarios under which alternative fuel technologies will be assessed are
formulated.

2. Examine alternative maritime fuel technologies
For an accurate assessment of alternative fuel technologies, it is important tomap the availability
of alternative fuel technologies. When the most important fuel alternatives are identified, a
selection is made of feasible alternative maritime fuels.

3. Select evaluation criteria
Following this, technical, economic, environmental, and other criteria are assessed to evaluate
the selected alternative fuels. In parallel, a set of individual shipowners is approached to assign
weights to the criteria they believe are important when considering alternative fuel technologies.

4. Investigate the current state of research
To ensure a valuable contribution to the present research field, it is important to gain insights
into which areas have already been researched, and equally important, which areas have not.
Therefore, current literature on alternativemaritime fuels of the future and on decision tools as a
means of complex decisionmaking towardsmaritime fuel choices is reviewed.

This concludes the literature study, where-after the development of the decision tool is started.

Decision tool
5. Draft the decision tool architecture

This phase of the research consists of developing a decision tool that enables shipowners to
select the most appropriate alternative fuel technology to comply with possible different im-
posed emission regulations while ensuring optimal business performance. To achieve this, it is
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necessary to develop a solution that provides a perspective on alternative fuels through financial
modelling andmulti-criteria decisionmethodology under different scenarios.
Since developing such a decision tool is a complex task, it is necessary to deeply understandwhat
it is required to perform. Therefore, the decision tool architecture is drafted. In a schematic draft
of the decision tool architecture, requiredmodel inputs, processes and outputs are identified.
Once the tool’s requirements are clear, previously gathered literature ondecision tools is reviewed
in order to finalise the choice of appropriate decisionmethod. The theory on which the design
of the decision tool is based is analysed in a literature review in chapter 7. The intention is for the
chosenmodels to complement each other to deliver answers to the defined research questions.

6. Model the decision tool
After the decision tool architecture is devised, the decision tool is modelled. The decision tool
consists of a decisionmodel and a financial model which are bothmodelled inMicrosoft Excel.
The implementedmodels are extensively documented in chapter 8.

7. Determinemodel parameters
After the decision tool is modelled, model parameters are determined. To generate relevant
outputs, input parameters require to be defined for all alternative fuels and scenarios. Therefore,
technical, economic, environmental and other parameters are compiled from literature. Where
data is insufficient, substantiated assumptions are made.

8. Verify and validate the model
Once development is completed, the decision tool requires verification and (as far as possible)
validation. Verification is the task of determining if the implementation of amodel has been done
correctly. Examples of how this can be done include performing balance checks, observing the
model under extreme conditions, and reviewing generated data at various points in themodel to
be compared with logical expected values.
As real-life validation is not possible for alternative fuels, partial validation is performed on
inputs. Input validation is a form of validation where the accuracy of inputs is challenged. Input
validation considers the complexity of inputs, the reliability of sources, the degree of manual
manipulation of inputs and the relative importance of inputs to themodel’s output.

9. Conduct a case study
To simulate the performance of the decision tool in a real-world scenario, a case study is de-
veloped. Within this case study, the financial performance of a shipping firm under different
scenarios is evaluated. Additionally, a sensitivity analysis is performed to examine the influence
of critical inputs onmodel outputs.

10. Evaluate the decision tool under potential scenarios
Once thedecision tool hasbeendevised and the case study is applied, it requires evaluationunder
different potential scenarios. This includes regulatory scenarios, time scenarios and sentiment
scenarios. All together, alternative fuels are evaluated under 27 different possible combinations
of scenarios.

11. Analyse results and conclude on findings
After the case study is finalised, the results are analysed. Relevant conclusions are drawn and the
research questions are answered.

2.3. Scope
Here below, the context of the present research is scoped.
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What is included in the scope:
Emissions

Of all emission gases,CO2 is the greenhouse gas with the largest negative impact on global warming.
Therefore, addressingCO2 emissions from ships is themost effective way to slow down global warming
and to contribute towards the goal set in the Paris agreement of 2015, which is limiting global warming
by 2100 to <2°C above pre-industrial levels [55, 156]. However, apart fromCO2, there aremany other
greenhouse gases inducing global warming. Since some of these gases are increasingly present in
alternative fuels (methane in LNG, for instance), the present research measures emissions in CO2-
equivalent units, abbreviated asCO2eq. When calculating inCO2eq, each quantity of greenhouse gas
can be expressed as CO2eq by multiplying the amount of the specific greenhouse gas by its global
warming potential (GWP). Global warming potentials are table values defined for each greenhouse gas
and are often defined for time periods of 20 or 100 years. In the present research, the 100-year GWP of
GHGs is assumed.

Timeline
The present research investigates alternative fuels in three time scenarios. Due to the availability of
recent data, the chosen base year for this research is 2020.

Furthermore, according to DNV GL, a key period of increased R&D activity, piloting, rule develop-
ment, product development and early commercialisation of alternative fuel technologies is expected
towards 2030 [48]. For this reason, 2030 is chosen as the starting year for themedium-term scenarios
in this research.

Finally, since many technologies are expected to be piloted by 2030, a selection of these pilot
projects are expected to have reachedmaturity by 2050. Therefore, 2050 is chosen as a basis for the
long-term scenarios in this research.

Alternative fuel technologies
In the present research, a broad spectrumof alternative fuel technologies is analysed in order to decide
which fuels are most interesting tomodel considering different regulatory scenarios. Solar and wind
power are additionally explored due to their zero-emission capabilities. On the basis of a set of defined
criteria, a selection of feasible alternative maritime fuel technologies is considered in the decision
tool. This selection includes LNG, fatty-acidmethyl ester (FAME), hydrotreated vegetable oil (HVO),
upgraded pyrolysis oil (UPO), upgraded bio-oil via HTL (UBO), Fischer-Tropsch diesel (FTD), liquefied
bio-methane (LBM/bio-LNG) and ammonia (NH3).

Shipping industry
Alternative fuel solutions whichmight be feasible for vessels participating in inland or short-sea ship-
pingmaynot satisfy the requirements of vessels intended for deep-sea shipping. Therefore, the present
research is scoped towards one shipping industry. Due to the significant environmental impact and
high technical demands of the deep-sea shipping industry, the current research is scoped towards
deep-sea vessels.

Decision tool
The aim of the decision tool is to enable shipowners to select the most appropriate alternative fuel
technology under different regulatory scenarios. Therefore, the focus of the decision tool lies on
comparing alternative fuels in terms of general performance and cost. In themodel, fuels are assessed
on a selection of technical, economic, environmental, and other criteria. The decision tool aims to
rank optimal fuel choices and to assess conditions under which alternative fuels become financially
feasible for shipowners. Implementedmodelling and decisionmethods include simplemulti-attribute
rating technique (SMART) to measure individual fuel performance, discounted cash flow (DCF) to
calculate required freight rates (RFR) and optimisationmodelling to determine the optimal economic
vessel speed for vessels employing alternative fuels.
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Case study
To verify themodel, a case study is conducted on a 13,500 TEUNew-Panamax container vessel. In this
case study, the cost impact of using alternative fuels is explored for each scenario and fuel alternative.
The foundation of the decision to apply the decision tool on a container vessel descends from two
research papers authored byMazraati (2011) [115] and Bergqvist, Turesson andWeddmark (2015) [25].
These papers identify that container vessels entail the highest fuel cost share of voyage expenses per
vessel type. Therefore, the financial impact of employing alternative fuels is expected to be highest in a
container vessel.

What is not included in the scope:
Other vessel types

Although the decision tool that is to bemade is widely applicable onmultiple deep-sea vessel types,
the present thesis will only conduct a case study on the impact of using alternative fuels on container
vessels. In future research, other use cases may be explored.

Energy saving devices
Due to the limited timeavailable for the executionof thepresent study, additional energy savingdevices
will not be considered in the scope of this research. Nevertheless, in the coming decades, additional
energy saving devices are expected to become increasingly important in reducing the environmental
impact of the maritime industry. It would therefore be of high value to combine the assessment of
alternative fuel technologies with additional energy saving devices in a future iteration of the decision
tool.

2.4. Ethics
As has been observed throughout history, each significant technological advancement has incurred
ethical implications. Therefore, in the development of alternative fuels, ethics should be regarded as
an integral part of the process.

Surprisingly, although environmental regulations are considered the primary driver for the transi-
tion to alternative fuel technologies, the same transition could also possibly have detrimental effects on
the environment. In the following sections, themost important ethical considerations are elaborated.

2.4.1. Feedstock competition with food and Indirect Land Use Change (ILUC)
According to Bergsma et al. (2019) [26], bio-fuels can be split into two groups: those based on edi-
ble food crops such as rapeseed, soybean, coconut, palm and corn, and those based on non-food
feedstocks such as black liquor, sludge, pulp, manure, residues of fermentation, leaves and sawdust
[26, 118].

The sustainability of bio-diesels based on edible feedstocks is often questioned. Critics say that
based on simple supply-demand economics, due to the increased demand for edible feedstocks, the
price of these products is expected to increase. As a result, food will become more expensive for
humans that are not directly dependent on agriculture and live below the poverty line.

Secondly, the cultivation of food crops is also associated with Indirect LandUse Change (ILUC).
When ILUC occurs, increased amounts ofCO2 are emitted due to the repression of original vegetation
for the production of feedstock crops [26]. In theory, to satisfy demand, such a shift could lead to
farmers burning down forests tomake place for the cultivation of food crops. When considering global
CO2 emissions, this strongly compromises net emission reductions.

2.4.2. Upstream emissions
Upstream emissions can be defined as emissions emitted during the extraction, processing and trans-
portation of a fuel to the final user [62]. Downstream emissions are defined as the emissions emitted
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during combustion of a fuel. What is often observed when producers, engine manufacturers and
distributors promote alternative fuels, is that the sustainability of alternative fuels is measured by
downstream emissions only.

By omitting upstream emissions from the total emission equation, these stakeholders are able
to promote ’zero-emission fuels’, while their lines of business are still heavily reliant on fossil fuels,
causing a significant upstream emission footprint. Because the aim of switching to alternative fuels is
not only to use different fuels to comply with regulations but also to actually preserve the environment,
it is important to remain critical of the information that is funded or commissioned by stakeholders
with implied interests.

2.4.3. Life cycle assessment (LCA)
Life cycle assessment (LCA) is a method to address the potential environmental impact of a product or
service from a cradle to grave perspective. In this method, the cradle represents the acquisition of raw
material, which is followed by various stages of production, distribution, use, waste management and
finally disposal, which represents the grave [23]. The aim of LCA is to avoid problem-shifting from one
environmental problem to another, or from one phase in the life cycle to another [23]. This holistic
perspective is what makes LCA unique. A schematic representation is shown in figure 2.1.

Figure 2.1: ’Cradle to grave’ or ’well to propeller’ maritime fuel life cycle assessment. Source: Veldhuizen (2020) [161]

In themaritime industry, several studies have conducted life cycle assessments ofmaritime fuels on
present and potential future maritime fuels [22, 23, 31, 73, 168]. When conducting an LCA of maritime
fuels, the relevant emissions areoften separated into twocategories: well-to-tankand tank-to-propeller
GHG emissions. Industry-wide, these emission types are named upstream and downstream emissions.

When assessing emissions, one can either focus on a certain greenhouse gas (such asCO2) or can
choose to calculate the so-called Global Warming Potential (GWP). The GWP is a measurement metric
that integrates radiative forcing (RF), which is the difference between insolation (sunlight) absorbed
by the earth, and energy radiated back to space of a substance over a chosen time horizon, relative to
that ofCO2. In other words, the GWP accounts for other gases thanCO2 in combustion emissions and
converts them to aCO2 equivalent unit for ease of GHGemission comparison. Because the detrimental
effect ofCO2-equivalent gases on global warming is bound to a time value, researchers often express
emission effects over a 20-year or 100-year GWP, varying on the required timeline. In the present
research, the industry standard of 100-year GWP is maintained.

However, as Pavlenko et al. (2020) [129] rightfully point out, the industry should consider using the
20-year GWP since the authors believe it better reflects the urgency of reducing GHG emissions than a
100-year GWP.
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2.4.4. Ethical consequences
The present research is not only valuable to shipowners towards making the right decision but also to
regulators to understand how shipowners might react to future regulations. However, by approaching
the problem presented in this research from the perspective of shipowners, opinions and interests of
other stakeholders are prioritised lower. This could cause important criteria such as the environmental
impact or safety of a fuel technology to bepartially disregarded. Nevertheless, ethical implications such
as these are observed in every research which aims to approach a problem from a given perspective.
It is therefore to the reader to acknowledge that the represented opinions and perspectives are not
that of all stakeholders, but rather of a small group with its own priorities and interests. The ethical
downside of approaching a problem from a certain perspective can therefore also act as an academic
upside to gain valuable insights into a specific stakeholder group.

Furthermore, shipowners can never be certain that the decision that the tool helps themmake will
offer the best outcome over time. This can be attributed tomarket uncertainties, but could also be
attributed to uncertainties encountered during the development of the decision tool. Although the
data and inputs used in this research have been carefully collected from reliable sources, it is inevitable
for the author tomake assumptions. Themost important assumptions are elaborated in section 11.2.

However, to provide a broader view on alternative fuels, discrepancies in data are accounted
for by defining sentiment scenarios. As is observed in chapter 4, 6 and 9.3, sentiment scenarios
have been developed by categorising data in optimistic, average and pessimistic scenarios. By doing
so, shipowners are provided with insights that align with their own perspective towards the future.
Additionally, sensitivity analysis is performed on themodel outcomes to identify the impact of changes
in inputs.

Nevertheless, even when uncertainties are identified and extensively elaborated, proper due dili-
gence should be conducted before basing complex decisions on the present research.





3
Maritime emission regulations

The following chapter elaborates onmaritime emission regulations. In section 3.1, an overview of the
most important regulators and their imposed regulations is provided, as well as a collection of other
facilitators contributing towards the reduction of maritime emissions. Afterwards, in section 3.2, po-
tential futuremaritime emission regulations are discussed. At last, in section 3.3, an overview of future
regulatory scenarios is provided and ranked based on the estimated probability of implementation,
where-after a selection is made of regulatory scenarios that will be considered in this research.

3.1. Current regulators onmaritime emissions
Today, 90% of the world’s trade is carried by sea [6]. Unfortunately, sincemaritime vessels (primarily)
burn fossil fuels, this leads to the emissionof greenhouse and toxic gases. In fact, the shipping industry’s
current CO2 emissions account for 2-3% of anthropogenic emissions globally [4]. Additionally, a
multitude of studies has shown that the share of shipping in global sulphur oxide (SOx) and nitrogen
oxide (NOx) emissions amounted to approximately 12% and 13%of the global anthropogenic emission
share respectively [66, 97, 149]. Therefore, apart from the obvious benefits towards the reduction of
global warming, human health also stands to benefit greatly from the current imposed regulations. In
fact, a delay in implementation of global sulphur limits from 2020 to 2025 would, according to a 2019
study by Finland for the IMO, contribute tomore than 570,000 additional premature deaths compared
to the implementation from2020 [98]. It is thus evident that a radical revision of the shipping industry’s
fuel technologies is essential.

Rules and regulations around GHG and toxic gas emission reduction aremeant for steering ship-
builders, ship-owners and charterers towards cleaner shipping. By joining such organisations and
institutions, the involved parties agree to follow the imposed rules and regulations which are proposed
by the committee. Violation of regulations can often result in substantial fines and even the detention
of ships until thematter is resolved. In this section, themost relevant regulatory bodies and regulations
regarding ship emissions will be discussed.

11
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3.1.1. International Maritime Organization (IMO)
GHG reduction strategy
As wasmentioned earlier, the IMO aims to reduce GHG emissions from shipping by at least 50% by
2050 compared to 2008, while at the same time, pursuing efforts towards phasing them out entirely
[91]. In order to reach this goal, several measures were implemented. Thesemeasures can be classified
under three terms: short-term for 2018-2023, medium-term for the period between 2023-2030, and
long-term for the years after 2030. It is important to note that future measures are still in a conceptual
form and would need to be backed by an official IMO convention before being legally binding. An
overview is presented in table 3.1.

Measure Target group Term Period

New Energy Efficiency Design Index (EEDI) Newbuilt vessels Short-term 2018 - 2023
Operational efficiencymeasures (e.g. SEEMP,operational
efficiency standard)

All vessels Short-term 2018 - 2023

Existing fleet improvement programme All vessels Short-term 2018 - 2023
Speed reduction All vessels Short-term 2018 - 2023
Measures to address methane and volatile organic com-
pounds (VOC) emissions

Engines and fuel infrastructure Short-term 2018 - 2023

Alternative low- and zero-carbon fuel implementation
programme

All vessels, fuels Medium-term 2023 - 2030

Further operational efficiencymeasures (e.g. SEEMP, op-
erational efficiency standard)

All vessels Medium-term 2023 - 2030

Development and provision of zero-carbon or fossil-free
fuels

All vessels, fuels Long-term 2030 - . . .

Market basedmeasures (MBMs) All vessels, fuels Long-term 2030 - . . .

Table 3.1: IMOGHG reduction strategy. Source: (Volger, 2019)

TheMarine Environment Protection Committee (MEPC) is a committee under the IMO. As per the
IMOwebsite, theMEPC represents IMO’s ’senior technical body onmarine pollution relatedmatters’
[87]. Originally, the focus of theMEPCwas the prevention of marine pollution by oil, which led to the
introduction of the first ever maritime antipollution convention; the International Convention for the
Prevention of Pollution from Ships (MARPOL). Over the last years, the goal of theMEPC has extended
beyond just covering oil pollution. In 1997, Annex VI was adopted, aiming to regulate air pollution and
emissions from ships.

Table 3.2 provides a timeline of the notable regulatory developments in the IMO’sMEPC guidelines
towards the prevention of air pollution from ships (Annex VI) which will be elaborated in the following
paragraphs.
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1997 • First adoption of Annex VI
2005 • Annex VI enters into force: global sulphur cap is set at 4.50%m/m and

ECA sulphur cap is set at 1.50%m/m; NOx Tier I controls apply
2010 • ECA sulphur cap is lowered to 1.00%m/m
2011 • NOx Tier II controls apply
2012 • Global sulphur cap is lowered to 3.50%m/m
2013 • EEDImandatory for all ships built after 2013; SEEMPmandatory for all ships
2015 • ECA sulphur cap is lowered to 0.10%m/m
2016 • NOx Tier III controls apply in ECAs, Tier II remains the standard outside
2020 • Global sulphur cap is lowered to 0.50%m/m

Table 3.2: Timeline of themost relevant developments in- and amendments toMARPOL Annex VI. Own composition

MARPOL Annex VI
The International Convention for the Prevention of Pollution from Ships, 1973 as modified by the
Protocol of 1978 and 1997, now known universally as MARPOL, is one of the most important con-
ventions designed by the IMO with the aim of safeguarding the marine environment against ship
pollution. As the IMO states: "MARPOL has greatly contributed to a significant decrease in pollution
from international shipping andapplies to 99%of theworld’smerchant tonnage" [7]. From its founding
in 1973, MARPOL has continuously been updated by amendments throughout the years. Currently,
theMARPOL Convention consists of six Annexes: it addresses pollution from ships by oil; by noxious
liquid substances carried in bulk; harmful substances carried by sea in packaged form; by sewage; by
garbage; and the prevention of air pollution from ships.

MARPOL Annex VI, as first adopted in 1997 and entered into force in 2005, limits the main air
pollutants contained in ship exhaust gases. The limited substances include sulphur oxides (SOx) and
nitrous oxides (NOx), and prohibits the deliberate emission of ozone depleting substances (ODS).
Additionally, MARPOL Annex VI regulates shipboard incineration and the emissions of volatile organic
compounds (VOC) from tankers [8]. The main recurring developments aroundMARPOL Annex VI
are a global progressive reduction in emissions of SOx , NOx , and particulate matter (PM), as well as
the introduction of emission control areas (ECAs) to reduce emissions of those air pollutants further
in designated sea areas. ECAs are regional areas established to limit vessel emissions near densely
populated high-traffic coastal zones. An overview of current and potential future ECAs is shown in
figure 3.1, as indicated by DNVGL [48]. Literature by Perera andMo additionally mentions Australia,
the Arctic and Antarctica as potential future ECAs [130].



14 3. Maritime emission regulations

Figure 3.1: Current and potential future emission control areas as indicated by DNVGL. Source: (Bø, 2016)

In order to reach the desired emission limits, a guideline was developed for both sulphur- and
nitrogen oxide emissions. Themaximum sulphur content inmaritime fuels is defined as sulphurmass
% bymass fuel (m/m) and is currently capped at 0.5% globally, and 0.1% in ECAs.

For the NOx emission limits, an Engine International Air Pollution Prevention (EIAPP) Certificate
was introduced which can be obtained when building amaritime diesel engine according to the ’NOx
Technical Code 2008’[84]. This certification has developed itself into three Tiers, of which currently
Tier III controls apply only to specified ships while operating in ECAs, while outside such areas Tier
II controls apply [84, 85]. In figures 3.2 and 3.3, the developments of global and ECA SOx and NOx

emission limits are shown respectively.

Figure 3.2: Development of SOx emission limits.
Source: (Perera et al., 2016)

Figure 3.3: Development of NOx emission limits under Tier I, II
and III. Source: (Safety4Sea, 2016)

IMO 2020
The most recent development in MARPOL VI, often abbreviated as IMO 2020 or Sulphur 2020, has
kicked up a lot of dust in themaritime industry. The intentions for the implementation of a 0.5%m/m
sulphur cap in 2020 were made clear by the IMO as early as in 2008 [86]. The IMO then followed to
announce the revised 0.50% m/m sulphur cap in late 2016, effective from 1 January 2020, subject
to a feasibility review to be completed no later than 2018 [8]. Industry players initially doubted its
feasibility. Many pointed out that the availability of Low Sulphur Fuel Oil (LSFO) or equivalent fuels
would fall short of their global demand. Others were afraid that the cost of low sulphur fuels after 2020
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would surge, deeming their businesses unprofitable. Alternative solutions such as the retrofitting of
scrubbers1 couldprovidea solution,would it notbe that shipyardswere already runningat overcapacity
to meet demand [9]. To assist ship operators and owners to plan ahead for the 0.50% sulphur 2020
limit, theMarine Environment Protection Committee (MEPC) of the IMO approved various guidance
reports and guidelines to facilitate the transition [93]. These guides and guidelines attempt to provide
comprehensible information on legislation, as well as solutions to technical challenges that arise
such as thermal shock to the fuel system, viscosity changes, combustion concerns and fuel quality
control procedures [28]. Additionally, these guidelines include a template for the submission of a Fuel
Oil Non-Availability Report (FONAR), meant to facilitate ship operators and owners in the case that
regulations can not bemet due to the lack of availability of LSFO or an equivalent emission reducing
fuel or technology. However, it is important to note that FONAR is not a waiver and that the ship or
operator may be subject to more extensive inspections or examinations while in port if the exception
is called upon too often.

EEDI, SEEMP and EEOI
The Energy Efficiency Design Index (EEDI), Ship Energy EfficiencyManagement Plan (SEEMP) and
Energy Efficiency Operational Indicator (EEOI) are three important and impactful resolutions of
MARPOL VI introduced in July 2011.

The Energy Efficiency Design Index (EEDI) for new ships is the most important technical measure
and aims at promoting theuse ofmore energy efficient equipment and engines. As the IMOdescribes it:
"The EEDI is a non-prescriptive, performance-basedmechanism that leaves the choice of technologies
to use in a specific ship design to the industry. As long as the required energy efficiency level is attained,
ship designers and builders are free to use themost cost-efficient solutions for the ship to comply with
the regulations. The EEDI provides a specific figure for an individual ship design, expressed in grams
of carbon dioxide (CO2) per ship’s capacity-mile (the smaller the EEDI themore energy efficient ship
design) and is calculated by a formula based on the technical design parameters for a given ship" [5].

In addition, the ShipEnergy EfficiencyManagement Plan (SEEMP) is anoperationalmeasure aimed
at establishing amechanism to improve the energy efficiency of a ship in a cost-effective fashion. The
SEEMP provides an approach for shipping companies tomanage their fleet efficiency performance
over time using monitoring tools such as the EEOI. The guidance provided for the development of
the SEEMP additionally incorporates best practices for fuel efficient ship operation and guidelines for
voluntary use of the EEOI for new or existing ships [5].

Finally, the Energy Efficiency Operational Indicator (EEOI) measures the fuel efficiency of a ship
in operation. The indicator aims tomeasure the effect of any change in operation such as improved
voyage planning, more frequent propeller cleaning, or introduction of technical measures such as
waste heat recovery systems or new propellers [5].

Of these resolutions, the EEDI ismandatory for new ships built after 2013, the SEEMP ismandatory
for all ships starting from 2013, and the EEOI is to be applied voluntarily. With these measures, for
the first time in history, an organisation established a global mandatory GHG emission reduction
regime for an entire economic sector. The IMO thereby proved its strong leadership and commitment
in addressing GHG emissions from international shipping [5].

EEXI
InNovember2020, duringMEPC75, the IMOapprovedamendments toMARPOLAnnexVI, introducing
an Energy Efficiency Existing Ship Index. The EEXI will be applicable for all vessels exceeding 400 GT
that fall underMARPOL Annex VI. The newmeasure is subject to adoption at MEPC 76 in June 2021,
and is expected to enter into force in 2023 [50]. Guidelines on calculations, surveys and verification of
the EEXI are expected to follow and be finalised at MEPC 76. Nevertheless, as EEXI is the extension of
EEDI for existing ships, industry experts expect a high resemblance to EEDI, with some adaptations

1Scrubbers in themaritime industry refer to air pollution control devices installed in order to filter undesired particles from
engine exhaust gases.
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regarding limited access to design data [50]. AsDNVGL states, themost important differences between
EEDI and EEXI calculations are that for the EEXI, no sea trials are demanded unless these sea trials are
performed within the EEDI certification, meaning that for pre-EEDI vessels, the relevant ship speed
cannot be determined from on-board measurements. Instead, for these ships, the EEXI reference
speed is determined from the speed/power curve determined inmodel tests of the specific design [50].

In a draft amendment toMARPOL Annex VI bymember countries and non-governmental organi-
sations, the group noted that the EEDI-certified ships could use the attained EEDI as an alternative to
the attained EEXI, if the attained EEDI satisfied the required EEXI [76].

When a ship’s attained EEDI or EEXI does notmeet the EEXI threshold, technical modifications
may be considered for compliance (e.g. engine power limitation (EPL), retrofit of energy saving devices
or alternative fuels). For such cases, the attained EEXI shall be calculated and verified based on the
guidelines to be adopted by the IMO [12].

The attained EEXI is calculated by an equation very similar to that for EEDI, although exact guide-
lines are expected to be finalised at MEPC 76 in June 2021. The required EEXI relies on a reference line
value (RLV) based on reference values per ship type. The required and attained EEXI are interrelated
as presented in equation 3.1.

Attained EEXI≤Required EEXI= (1−Y /100) ·EEXIreference line (3.1)

Reduction factor Y is a table value ranging between 0 and 50 depending on vessel type and dead-
weight, defined in draft amendment ISWG-GHG 7/2/6 toMARPOL Annex VI regarding EEXI [76]. The
relevant lookup table is presented in appendix B. The reference line for the required EEXI for container
vessels is defined by equation 3.2.

EEXIreference line = a ·b−c (3.2)

Where for container ships:

a = 174.22

b =Vessel deadweight (DWT)
c = 0.201

Applying equations 3.1 and 3.2 with table values found in appendix B, the required EEXI (based on
the required EEDI) reference value lines for eachdeadweight (DWT) of container vessels are graphically
presented in figure 3.4. Onemust consider that these figures are based on draft amendments, and not
yet on finalised regulations.
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Figure 3.4: EEXI requirements for container vessels of 10.000 tonnes deadweight to 200.000+ tonnes deadweight. Own
composition based on equations 3.1 and 3.2, and table data from appendix B

Contrary to calculating the required EEXI, the attained EEXI is more complex. The attained EEXI
is vessel-dependent and calculated based on the ship’s main and auxiliary engine emissions, energy
savingmeasures, and transport work.

However, as for the EEDI, a simplified calculationmethod exists: the Estimated Index Value (EIV).
The EIV was introduced in 2012 by the International Maritime Organisation throughMEPC.215(63)
[89]. The EIV uses a number of simplifications and approximations to approach the EEDI or EEXI. This
is achieved bymeans of a set of assumptions, including a constant carbon emission factor, specific fuel
consumption and 75% of total installedmain engine power, among others. According to an empirical
analysis conducted by CE Delft (2016), this method results in an EIV of approximately 10% below
the actual EEDI (or EEXI), thus accounting for a margin of error [37]. Therefore, in chapter 11 of
this research, the EIV estimationmethod is used to approach the EEXI and determine the need for
additional measures to reach the required EEXI.

The Estimated Index Value (EIV) is calculated by the following formula:

Estimated Index Value= 3.1144 · 190 ·∑N ME
i=1 PME ,i +215 ·P AE

C apaci t y ·Vr e f
(3.3)

Where for container vessels:

N ME =Number of main engines
PME =Main engine power and defined as 75% of the total installedmain power
P AE =Auxiliary engine power

C apaci t y =For container vessels, capacity is 70% of deadweight

3.1.2. European Union (EU)
EUMonitoring, Reporting and Verification Regulation (MRV)
TheMRV Regulation is a regulation enforced by the EU for large ships over 5,000 gross tonnage loading
or unloading cargo or passengers at ports in the European Economic Area (EEA). The objective is
to make these ships monitor and report their related CO2 emissions, fuel consumption, and other
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parameters such as distance travelled, hours underway and cargo carried as per voyage basis [63, 143].
For the inclusion ofmaritimeGHGemissions in the EU’s reduction commitment, the gradual approach
consisting of three subsequent steps is considered:

1. Implementing a system forMRV of emissions Active as of January 2018
2. Definition of reduction targets for themaritime transport sector Pending
3. Application of market basedmeasures (MBMs) Pending

As can be seen, the European Commission (EC) is in the process of building a structure on which it
can apply one ormultiplemarket basedmeasures (MBMs). Themost promisingMBMs to addressGHG
emissions of maritime transport measures were identified by an Impact Assessment of the EC. These
include a contribution based compensation fund, a target based compensation fund, or an emission
trading system. However, as the EC recognises, "the precise design of any option would require further
work and design decisions to be taken" [63]. Additionally, the EC emphasises the necessity of aligning
its initiatives with the IMO, since without collaboration, enforcement would not be possible.

3.1.3. Other facilitators
International Maritime Research Fund (IMRF)
In December 2019, a group of major industry players including BIMCO, CLIA, ICS, INTERCARGO,
INTERFERRY, INTERTANKO, IPTA, andWSC submitted a proposal to the IMO’s Marine Environment
Protection Committee (MEPC) for the establishment of an International Maritime Research and
Development Board (IMRB), and the creation of an InternationalMaritime Research Fund (IMRF). The
principal intention of the proposal is to accelerate the introduction of low-carbon and zero-carbon
technologies and fuels. The role of the IMRB would be to coordinate and oversee the research and
development efforts towards these new technologies, using collective funds secured in the IMRF [27].
As for the method of raising these funds, the proposal states: "The co-sponsors propose that core
funding would be provided via a mandatory R&D contribution per tonne of fuel oil purchased for
consumption which will be necessary tomaintain an appropriate level of funding and tomaintain
fair competition between shipping companies" [27]. The co-sponsors further emphasise that the
fund would require to be of significant size to move the needle; core funding is expected to amount to
approximately US$ 5.0bn over the life of the programme, fundamentally altering the current level of
investment inmaritimeR&D focused on the development of low-carbon and zero-carbon technologies
[27].

The Poseidon Principles
The Poseidon Principles are a global framework for responsible ship financewhichwill help incentivise
shipping’s decarbonisation trajectories to align with the IMO’s climate goals. Contrary to the afore-
mentioned initiatives, the Poseidon Principles do not only originate from governments, shipowners, or
charterers, but were co-created withmajor players in the financial industry. The signatories’ ambition
follows that of the Paris agreement and aims to reduce shipping’s total annual GHG emissions by
at least 50% by 2050. Important signatories of the Principles include ABN Amro, Amsterdam Trade
Bank, BNP Paribas, Bpifrance, Citi, Credit Agricole CIB, Credit Industriel et Commercial, Credit Suisse,
Danish Ship Finance, Danske Bank, DNB, DVB, Export Credit Norway, ING, Nordea, Société Générale,
Sparebanken Vest and SumitomoMitsui Trust Bank. Together, these financiers represent a bank loan
portfolio to global shipping of more than US$ 150bn – over a third of the global ship finance portfolio
[75, 153].

Tomeasure the decarbonisation trajectory, it is firstly important to understand how climate align-
ment is assessed. As per the Poseidon Principles website: "Climate alignment is defined as the degree
to which a vessel, product, or portfolio’s carbon intensity is in line with a decarbonisation trajectory
that meets the IMO ambition of reducing total annual GHG emissions by at least 50% by 2050 based
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on 2008 levels" [153]. More specifically, the Poseidon Principles rely on the Annual Efficiency Ratio
(AER) as the carbon intensitymetric. The AER relies on parameters such as fuel consumption, distance
travelled, and design deadweight tonnage. For the definition of climate alignment for a single vessel,
the annual carbon intensity of the vessel is comparedwith the decarbonisation trajectory for its specific
ship type and size class. The climate alignment of a portfolio or product is a weighted average of the
vessel carbon intensities in each portfolio or product. As for the definition of the decarbonisation
trajectory, it is a representation of howmany grams ofCO2 a single ship can emit tomove one tonne
of goods one nautical mile (gCO2/tnm) over a time horizon [153]. The Secretariat of the Poseidon
Principles has produced standard decarbonisation trajectories for each ship type and size class to offer
a targeting basis.

Finally, to ensure enforcement of the Principles, the signatories are expected to contractually
implement the Poseidon Principles in their new Business Activities using standardised covenant
clauses, thereby ensuring their lenders will focus on hitting the desired alignment targets.

3.2. Potential futuremaritime emission regulations
Current regulations have put significant pressure on shipowners to alter their vessel emission stan-
dards. This has driven themaritime industry towards the use of more innovative and environmentally
conscious fuel technology. Nevertheless, stricter emission regulation is imminent.

In the pursuit of reducing GHG emissions from shipping by at least 50% by 2050 compared to 2008,
the IMO is considering the implementation of a number of additional measures over the coming years,
with a solidified strategy to be produced in 2023 [21]. Nevertheless, the extent of this challenge is not
to be underestimated. The IMO’s Third GHG Study [148] has projected GHG emission growth between
50% and 250% by 2050 under a business-as-usual scenario - depending on the degree of economic
growth and development. Alongside the 2018 IMO agreement [91], various policy measures were
suggested for the short- (2018-2023), medium- (2023-2030) and long-term (beyond 2030), as was also
displayed in table 3.1 [21].

Although no new decisive measures have yet been put forward, several potential policy considera-
tions are repeatedly mentioned in literature and policy recommendations handed in by IMOmember
states [162]. In the following paragraphs, several potential policy measures regarding future imposed
emission regulations are discussed.

3.2.1. Implementation of market basedmeasures (MBMs)
Market basedmeasures, or market based solutions, are instruments designed to address the climate
impact of shipping. MBMs are increasingly called upon as a long-term solution to strongly reduce
themaritime industry’s GHG emissions. At theMarine Environment Protection Committee (MEPC)
63rd session, the discussion aroundmarket-basedmeasures received wide-spread attention; however,
opinions between developed and developing countries were divergent, with the latter worrying about
the unknown economic impact themeasures may bring and the potential ripple effect on the export
sector [90, 162].

Emission trading scheme (ETS)
An emission trading scheme (ETS) is a market based measure relying on the free trade of emission
allowances. The IMO has received multiple ETS proposals to tackle CO2 emissions. The most no-
table proposals originated from advanced industrialised countries such as Norway, the United King-
dom, France and Germany. The key takeaways of these proposals have been summarised byWan, el
Makhloufi, Chen and Tang (2018) [162]:

1. Under the total amount control strategy, set a carbon emissions ceiling for a period of time.

2. “Ships” are objects subject to regulation. Ship operators, flag states, and port states should jointly
validate or supervise the real energy performance of ships.
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3. During the initial implementation phase, relevant parties in the carbon emission-tradingmarket
can freely gain or purchase quotas in the primary market corresponding to their bunker consump-
tion share. They can then trade the quota in the secondary market or access emission allowances
from other sectors to offset carbon emissions. Ships must ensure that their possessed emission
quotas can cover the actual emissions during the period; otherwise, they will incur a penalty.

4. The auction of these emission allowances shall be organised by a recognised national or interna-
tional entity.

5. The revenues generated by the initial auction of the emission allowances are used for climate
change funds to support mitigation and adaption efforts.

As Wan et al. pointed out in their study [162], "carbon trading is favoured by many economists
and industries because it lowers the compliance cost while meeting the emission reduction targets".
Emission reduction costs under technology advancement in the transport sector are reportedly 3-11
times higher than those under carbon trading [162]. AsWan et al. [162] points out, a policy measure
involving a floating carbon emission ceiling can encompass the uncertainties in future maritime trade
volumes, reducing the impact from emission quota price volatility.

However, the introduction of a loophole-proof maritime ETS would require significant regula-
tory and organisational efforts. Additionally, high transactional costs related to trading, monitoring,
enforcement and verification accompanying amaritime ETS would put a significant burden on partic-
ipants and regulators. The allowance trade volumemay therefore be lower with higher transaction
cost, resulting in sub-optimal trading [21].

A uniform benchmarking and grandfathering rights allocation approach used currently in the EU
aviation industry can not be applied to its maritime counterpart. Maritime vessels employ a too large
variety of systems, engines, fuels and cargo loads, leading to large variations (up to 10x) in gCO2/tnm

emissions between different vessel and cargo types [162].
A different proposition is offered by Kågeson (2008) [100], which applies an open system to the

maritime ETS. An open system has the advantage of allowing trade with entities in other sectors and
parts of the world that have a lower cost of CO2 emission reduction than the shipping sector. The
volume of allowances and the number of potential participants would provide greater flexibility in
trading emissions, benefiting market transparency and liquidity. Although the shipping industry’s
pollution levels would in theory be able to remain stable if enough emission allowances are purchased,
the effect on the global net emission reduction would be equal.

Themain complication with Kågeson’s proposition is the need for the establishment of an accurate
emission cap for a collection of all vessels in the complete maritime industry. It is needless to say that
the estimation of such a number is a highly complex problem, and the effects of inaccuracies on other
industries could be significant under an open trading system. Additionally, under an open trading
system, themaritime industry would not contribute towards the ship-specific climate goals set by the
IMO [91].

A different solution would be to construct a closed maritime emission trading system. In this
system, benchmarked floating limits would be identified for each particular vessel type based on past
emission data. The deviation between the past emission performance of a vessel and a percentage-
based emission reduction target would determine the current emission allowances a shipowner would
own. These emission allowances could then be traded within themaritime emission trading scheme.
This way, older (more polluting) vessels of a certain type will be required to buy carbon allowances
to reach a percentage-wise emission reduction, while newer (cleaner) vessels will have room to sell
excess carbon emission allowances they own.

However, aproblemwith this solution is that theEUMRVsystemwhichcouldprovidebenchmarked
verified emission data for vessels over 5000 GT calling at EU ports has only been implemented since
2018, providing an incomplete data-set for comparison in the short term. Additionally, an IMO-
led fuel data collection system (Global Integrated Shipping Information System (GISIS)) that also
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collects emission data on vessels over 5000 GT has only been enforced from 2019, thus also providing
insufficient data for current benchmarking.

Nevertheless, the fact that emission data is widely collected in the EU since 2018 and worldwide
since 2019 presents opportunities for data-drivenmarket-based emission regulations in the future.

Maritime carbon tax or ’bunker levy’
Another proposed approach towards GHG emission reduction in themaritime industry is the applica-
tion of a maritime carbon tax or ’bunker levy’. Currently, maritime fuel prices do not reflect or account
for the associated environmental costs and externalities such as climate change and health hazards
[71]. The application of amaritime carbon tax could take such external costs into account. The fuel tax
associated with the use of maritime fuels would be in proportion with the degree of GHG emissions
resulting from their consumption [71, 104]. Vessel emission data on which the tax would be calculated
could be verified in the IMO’s GISIS database, or the EU’s MRV database.

An inevitable complication concerning a maritime carbon tax is the institutional architecture
involved with the implementation of such ameasure. Since taxes are payable to the country of a ship’s
vessel registry, the implementation of such ameasuremay involve battles amongst countries to win
tax concessions [71]. Additionally, as Kosmas and Accario (2017) [104] point out, such a policy will
inevitably lead to industry profit decline, the extent of which is dependent on the structure of the levy
andmarket conditions. Nevertheless, the core rule - a maritime carbon tax based on greenhouse gas
emissions - can form a solid basis for a sustainable emission reduction policy.

If such a carbon tax would be introduced in themaritime industry, shipowners could choose to
invest in clean fuel technologies or alternative fuels for their vessels, thus saving tax expenses on
emissions. If shipowners on the other hand choose to not comply with the proposed non-taxable
emission standards, the produced carbon tax revenues could be used to fund R&D into alternative
maritime fuels or to pay for the required port infrastructure to bunker these fuels.

The International Chamber of Shipping (ICS) has published a report in 2018 exploring possibilities
for the industry to reach the goals set in the ’Initial Strategy on Reduction of GHG Emissions from
Ships’ by the IMO [83, 91]. In this report, although the ICS remains sceptical of MBMs due to the high
fuel costs that might result from them, a clear preference is shown by the industry towards a bunker
levy payable to "some kind of IMO climate fund" [83]. These funds could be deployed to support
research into new low carbon technologies, or to support the roll-out of expensive new bunkering
infrastructure for the supply of zero-CO2 fuels, particularly in ports of developing nations [83].

The key advantages of implementing a uniform maritime carbon tax are the extent to which it
can be applied, its simplicity, and its ability to build upon existing regulatory frameworks. This is
particularly beneficial in a complex industry such as shipping due to the low (transactional) costs
involved with the implementation and application of such ameasure. As the ICS accurately points out,
the shipping industry has a ’sound dislike for unnecessary complications’ [71, 83].

3.2.2. Expansion of emission control areas (ECAs)
As was discussed in section 3.1.1, emission control areas are designated sea areas established to limit
vessel emissions near densely populated high-traffic coastal zones. In these ECAs, both SOx and NOx

emission regulations are stricter than the IMO’s global standard.
Currently, emission control areas are limited to the dark blue regionsmarked in figure 3.1. However,

not all ECAs employ equal limitations. Although the SOx and NOx emission limit within ECAs is set
uniformly at sub-0.1% and Tier III respectively, different ECAs enforce regulations on different gases.
The ECAs with their respective emission control contents have been summarised by Perera andMo
(2016) [130]: Baltic Sea (SOx , NOx from 2021), North Sea (SOx , NOx from 2021), North America (SOx ,
NOx) and United States Caribbean Sea ECA (SOx , NOx). Furthermore, potential future identified ECAs
by Perera et al. include theNorwegian andBarents Sea,Mediterranean Sea, Japan,Mexico and Panama,
as well as Australia, the Arctic, and Antarctica [130].

Currently, shipowners sailing and trading in ECAs need to comply with the IMO’s strict imposed
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emission regulations. However, the strategic evasionof such areas is a very viable option for shipowners
that prefer not to invest in low-emission technology. The degree to which a shipowner’s current
operations are disturbed by the existence of ECAs is limited. Nevertheless, this does not mean that
such disturbances can not arise in the (near) future. For example, the addition of theMediterranean
Sea and Panama Canal to the list of ECAs could have significant detrimental effects for shipowners
relying on non-ECA trading routes.

Since countries have the freedom to add their regional water to the list of ECAs, bureaucratic
barriers for the implementation of suchmeasures are much lower. Additionally, as human health and
the environment are becoming increasingly important topics inmodern society, many governments
are expected to be in favour of adding their waters to the list of ECAs. Potential short-termdisturbances
due to the implications involved with said measures will eventually be offset by the long-term benefits
on human health and the environment.

If enough countries choose to implement ECAs, it will become difficult for shipowners to sustain a
flexible and profitable business without complyingwith the imposed regional emission limits. Feasible
solutions include the use of dual-fuel engines or the implementation of low emission alternative fuel
technologies.

3.2.3. Expansion of SOx and NOx emission regulations
While the latest SOx emission restrictions have only been implemented in January 2020, a possibility
exists for regulators to further expand thesemeasures in the (near) future. Since SOx emissions have
only been limited to 0.5%m/m, and the current limit within ECAs rests only at 0.1%, future regulatory
measures could expand the global sulphur cap to 0.1%, or even 0%.

In the same way, NOx Tier III emissions for new-built vessels willing to sail in ECAs have only been
in force since 2016. Nevertheless, an expansion of Tier III controls to all new-built vessels built from
2030 or 2050 onward remains an option. However, since compliance with Tier III emission controls is
dependent on fuel combustion temperature and engine rpm, the future choice of compliant engine
and fuel technology could be restricted [169].

Although the expansion of both SOx andNOx emissionmeasures seems feasible in the (near) future,
there are currently no signs that the IMO or any other regulatory body aims to pursue this on a global
scale. An indication for the approximated date of implementation of such ameasure could be found by
looking at the past time-span from the date of announcement to the date of enforcement. In the case
of both the 0.5% sulphur cap enforced in 2020 and the NOx Tier III controls enforced in 2016, the IMO
amendments inMARPOL Annex VI announcing themeasures were published as early as in 2008 [86].
This means that shipowners had 8-12 years to respond to the announcedmeasures. Since no such
amendments have been accepted yet, it is highly unlikely one of these measures will be implemented
by 2030.

Additionally, since SOx and NOx emissions primarily harm human health, governments might
prefer to add their regional waters to the list of emission control areas where these emissions are
limited to 0.1% and Tier III respectively. This way, the degree of SOx and NOx emissions are regulated
regionally.
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3.3. An overview of future regulatory scenarios
Tomake a selection of future regulatory scenarios that will be considered in this research, it is first
important to create an overview of the range of potential future measures. Therefore, in table 3.3
below, an effort has beenmade to outline potential regulatory scenarios that can be investigated in
this research.

In the table, a distinction is made between the category of themeasure and the specific context
in which the measure is proposed to be applied. Furthermore, a short description is given of the
proposedmeasure, where-after a selection is made if the scenario could potentially be investigated for
implementation in 2030, 2050, or if both timelines could be considered.

Category Specificaction Description 2030 2050 Source

Market basedmeasures Emission trading scheme
(ETS)

Under a carbon emission ceiling or reduction target, ves-
sels can trade allowance quotas in a secondarymarket to
cover their actual emissions

X X [91, 100, 162]

Market basedmeasures Bunker levy Amaritime fuel tax in proportionwith the degree of GHG
emissions resulting from their consumption

X X [71, 83, 91, 104]

Emission Control Areas Regional expansion of mea-
sures

Expansion of ECAs to the Norwegian and Barents Sea,
Mediterranean Sea, Japan, Mexico and Panama, as well
as Australia, the Arctic, and Antarctica

X X [48, 130]

Emission Control Areas Global expansion of mea-
sures

Global expansion of ECAs to all coastal waters X -

GHG emission regulation 50%CO2eq emission cap Benchmarked 50%CO2eq emission cap for all new-built
vessels

X X [91]

GHG emission regulation 100%CO2eq emission cap 100%CO2eq emission cap for all new-built vessels (zero-
carbon)

X [91]

NOx emission regulation Tier III emission controls Tier III controls apply for all new-built vessels built after
2030 or 2050

X X -

SOx emission regulation 0.1 % SOx emission cap A global 0.1% SOx emission cap for all vessels X -
SOx emission regulation 0 % SOx emission cap A global 0% SOx emission cap for all vessels (zero-

sulphur)
X -

Table 3.3: An overview of potential maritime emission reductionmeasures that could be implemented by 2030 or 2050. A ’V’
marks the possibility of implementation in the involved time frame. Own composition

For relevant research, it is important to investigate regulatorymeasures that have a high probability
of being implemented in the future. Therefore, a selection needs to bemade of themeasures presented
in table 3.3. To facilitate this process, a multi-criteria scoringmodel (using simple additive weighting
(SAW)) is presented in table 3.4, which ranks potential future emission regulations based on their
probability of implementation.

Toestablish this ranking, potentialmeasures are scoredona set of criteria. These criteria include the
necessity of a measure, the backing of a measure by the IMO or other regulatory bodies, the regulatory
complexity of ameasure, the financial burden of ameasure on developing countries, the costs involved
in the execution of a measure, the uncertainty surrounding the effect of a measure, and finally, the
financial burden of ameasure on shipowners.

The scores assigned to the aforementioned criteria in table 3.4 are based on opinions reflected
in literature reviewed in section 3.2. This includes research by Balcombe et al. [21], Wan et al. [162],
Kågeson [100], International Maritime Organization [90, 91], Garcia et al. [71], Kosmas et al. [104], the
International Chamber of Shipping (ICS) [83], Perera et al. [130] andWoodyard [169].

In this approach, linguistic terminology used in literature is translated into a normalised score
reflecting the contribution of a criterion towards the probability of future application of a regulatory
measure. Where information was incomplete, an approximation has beenmade. The scores represent
very low (0.2), low (0.4), medium (0.6), high (0.8) or very high (1.0) contributions towards the future
application of a measure.

Additionally, since not all selection criteria carry equal importance towards the probability of
implementation of ameasure, they areweighed. Theweight (expressed in%) assigned to each criterion
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is therefore proportional to its estimated importance.

Category Specification Necessity Backing Regulatory
complexity

Burden on
dev.

countries

Cost of
measure

Uncertainty
of effect

Burden on
shipowners

Weighted
score

Ranking

MBMs Emission trading scheme 1.0 0.8 0.2 0.4 0.2 0.2 0.4 0.52 5
MBMs Bunker levy 1.0 1.0 0.6 0.4 0.6 0.8 0.6 0.76 1
ECAs Regional expansion of measures 0.4 0.4 0.8 1.0 0.8 0.8 0.6 0.65 3
ECAs Global expansion of measures 0.2 0.2 0.4 0.4 0.8 0.6 0.2 0.38 8
GHG 50%CO2eq emission cap 1.0 0.8 0.4 0.6 0.6 0.8 0.4 0.70 2
GHG 100%CO2eq emission cap 0.6 0.6 0.6 0.4 0.4 1.0 0.2 0.57 4
NOx Tier III emission controls 0.4 0.4 0.4 0.2 0.8 1.0 0.6 0.51 6
SOx 0.1% SOx emission cap 0.4 0.4 0.6 0.2 0.6 0.4 0.4 0.43 7
SOx 0% SOx emission cap 0.2 0.2 0.8 0.2 0.4 0.6 0.2 0.37 9

Weight 20% 20% 16% 12% 12% 12% 8% 100%

Table 3.4: Simple additive weighting of the probability of implementation of potential future emission regulations. Own
composition based on literature by Balcombe et al. [21], Wan et al. [162], Kågeson [100], International Maritime Organization
[90, 91], Garcia et al. [71], Kosmas et al. [104], the International Chamber of Shipping (ICS) [83], Perera et al. [130], Woodyard
[169] and the author’s approximations.

From the ranking in the right-most column of table 3.4, it is evident that the implementation of
a market based measure such as a bunker levy has the highest probability of being applied in the
future. A bunker levy would pose a significant incentive for shipowners to switch to cleaner fuels or
fuel technologies, while at the same time raising funds for necessary R&D into future technologies. As
was previously mentioned in section 3.1.1, the IMO aims to implement market basedmeasures in the
medium-term (2023-2030), which underpins the backing of such ameasure.

Of the proposedmeasures, the implementation of a benchmarked 50% CO2 equivalent (CO2eq)
emission cap for all new-built vessels ranks second in the scoringmodel of table 3.4, meaning it is the
secondmost probable measure to be implemented in the future. Although no extensive proposal has
yet been put forward by the IMO or another regulatory body, the IMO’s third GHG emission reduction
strategy supports the goal of reducing GHG emissions by 50% by 2050 compared to 2008 levels. A
proposal of limiting theCO2eq emissions fromnew-built vessels would contribute towards the climate
goals set by the IMO as well as those set in the Paris agreement. Additionally, such ameasure would
carry low uncertainty surrounding its effect on the industry.

As can be seen, the proposal of a regional expansion of ECAs ranks third in the scoring model.
Although the necessity of such ameasure is limited and it is only supported on a regional level, its low
complexity, low uncertainty and the fact that it poses no burden on developing countries results in a
high score in its possibility of implementation. However, since the regional expansion of emission
control areaswould only affect shipowners sailing to these specific regions, it is not necessarily relevant
for consideration in this research, where the aim lies on global measures.

Following the ranking of the proposal to expand ECAs regionally, on number four, is the proposed
measure of reducingCO2eq emissions of new-built vessels by 100%. While the aim of incorporating
zero-carbon or fossil-free fuels in shipping is only intended for the long-term according to the IMO’s
thirdGHG reduction strategy [91], there is a realistic chance that such ameasure could be implemented
by 2050. The effects of such ameasure would be highly predictable, making it a favourable option for
future regulators willing to reduce GHG emissions drastically.

In the scoring model, the ’uncertainty of effect’ represents the degree of uncertainty towards
the effect of a measure on the industry. Since the implementation of an emission trading scheme
(ranked fifth) is subject to dynamicmarket movements, the high degree of uncertainty involved with
its execution causes a low score. In the same way, the emission trading scheme scores very low on
the ’cost of measure’ criterion, since themeasure would involve a significant amount of transactional
costs, even after successful implementation. Therefore, although an emission trading schememight
sound like a feasible future measure, there is significant doubt that regulators will choose to move
forward with its implementation.
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Themeasures ranked from number six to nine are not expected to be implemented in either 2030
or 2050 since they rank low onmultiple decisive criteria or their less strict predecessors have been
implemented only very recently.

3.4. Conclusion and selection

Measure Vessel type Description Time frame

MBM Bunker fuel levy All vessels Amaritime fuel tax in proportion with the de-
gree of GHG emissions resulting from their
consumption

2030

MBM Bunker fuel levy All vessels Amaritime fuel tax in proportion with the de-
gree of GHG emissions resulting from their
consumption

2050

EC 50%CO2eq emission cap New-built vessels Benchmarked 50%CO2eq emission cap for all
new-built vessels

2030

EC 50%CO2eq emission cap New-built vessels Benchmarked 50%CO2eq emission cap for all
new-built vessels

2050

Table 3.5: Selected regulatory scenarios to be considered in this research.

Based on the multi-criteria scoring model of the nine aforementioned proposed measures as well
as the scope of this research, a selection has been made of the regulatory scenarios that are to be
considered in the decision tool. An overview is provided in table 3.5.

The considered scenarios form the cornerstones of the decision tool that is devised during this
research. The basis of the five regulatory scenarios that are considered consist of one base-base ’no
regulation’ scenario and two proposed regulatory measures, executed either in 2030 or 2050. Because
the impact of a 100%CO2eq emission cap for new-built vessels is equal to the impact of a 50%CO2eq

emission cap on the selected fuels, the 100% scenario is not considered.
Under the scenarios of implementing abunker levy, the choice of tax structure canhave a significant

impact on the profitability of shipowners. In a unit-tax approach, the fuel tax consists of a fixed
monetary amount per ton of fuel or ton of CO2eq greenhouse gas emission. Under an ad-valorem
approach, the tax is enforced as a percentage of fuel price [104]. Under both structures, if a maritime
fuel tax is applied that is dependent on the degree of GHG emissions, an emission benchmark requires
to be determined. The same holds true for the implementation ofCO2eq emission reductionmeasures
for new-built vessels.

Ideally, a benchmark for definingCO2eq emission reduction potentials is one that represents the
emission levels of the majority of the industry in present times. Therefore, considering that heavy fuel
oil (HFO) currently represents the largest part of marine fuel consumption (approximately 77% [116])
and emits large amounts ofCO2eq greenhouse gas per unit of energy produced, it could serve as an
appropriate benchmark for future emission reductions. According to Pavlenko et al. (2020) [129], the
emission factor for HFO is 81.2 gCO2eq/MJ.

In thedecision tool, the choice ismade to enforce aunit-tax approach consisting of afixedmonetary
cost per ton ofCO2eq greenhouse gas emissions. By doing so, fuels are effectively taxed proportionally
to the environmental harm of their annual greenhouse gas emissions.





4
Alternative maritime fuel technologies

The following chapter elaborates on alternativemaritime fuel technologies. In section 4.1, available
fuel technologies are investigated, where-after section 4.2 examines emission control devices for
maritime vessels. Following this, an overview of the discussed alternative maritime fuel technologies
and their key characteristics is presented in section 4.3. Finally, a preliminary selection of feasible
alternative fuel technologies for the present research is made and presented in section 4.4.

4.1. Available fuels
From the information and developments mentioned in past section, it is obvious that regulations and
emission limits are constantly being tightened. For many years, from the perspective of the shipowner,
minor adjustments were sufficient in order to comply with said demands. However, the industry is
reaching a point where new fuel technologiesmust emerge to accompany this change. In the following
section, a collection of current and emerging fuel technologies will be discussed that might potentially
fill the demand for a cleaner shipping fuel in the future.

4.1.1. Fuel oils
Fuel oils, the most dominant maritime fuels in the past decades, are low-cost crude oil products from
refineries. Due to their popularity after the SecondWorldWar, power trains of ships have beendesigned
to cope with these highly viscous and often high-sulphur content fuels. However, over time more
refined forms have been developed in order tomeet the higher emission standards in themarket. Here
below, the various different types of fuel oils have been identified.

Heavy Fuel Oil (HFO)
Heavy Fuel Oil (HFO), residual fuel oil or Bunker C, is the heaviest andmost popular form of fuel oil.
As of 2013, approximately 77% of themaritime industry burned HFO [116]. It is characterised by its
high viscosity (up to 700 cSt at 50°), density of up to 1010 kg /m3, and high fuel sulphur content (up
to 3.50%m/m). Due to the fuel’s high viscosity, HFO requires to be heated before use. Although it is
still widely used in themaritime industry, its use has been limited since the sulphur cap of 2020. By
limiting themaximum sulphur content of maritime fuels to 0.50%, the IMO implicitly only allows HFO
to be used in combination with scrubbers. In this way, the toxic gas emissions generated by the use of
HFO are the equivalent of a fuel with a sulphur content below 0.50%.

Commonly, the term ’heavy fuel oils’ describes a category containing all heavymarine fossil fuels
ranging from intermediate fuel oils to low-sulphur fuel oils with various degrees of sulphur content
[2]. Commercially, when a vessel is said to run on heavy fuel oil, it commonly bunkers IFO-380, which
consists of 98% residual oil and has a viscosity of 380 cSt. Alternatively, it can run on IFO-180, a heavy
fuel oil with a lower viscosity of 180 cSt.

27
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Marine Diesel Oil (MDO)
Marine Diesel Oil (MDO) describes a marine fuel that is composed of distillate blends and Heavy Fuel
Oil. Themain difference betweenMDO andHFO is that high distillate MDO does not require heated
storage due to its lower viscosity. The use of the terms MDO and IFO for describing the fuel varies
according to its respective HFO content. The HFO content in Marine Diesel Oil is generally lower than
that in Intermediate Fuel Oil, although there are no strict guidelines on the terminology.

According toMarquard & Bahls oil company [1], their different blending ratios make it possible to
useMDO inmanydifferent engines. Lighter versions are used to power smallermedium- to high-speed
marine engines and auxiliary power units as well as auxiliary engines on very large ships, while the
viscous IFO-380 is mainly used in commercial vessels [1]. The sulphur content of marine diesel oils
does not exceed 3.5% according to their ISO standards and is also sold in lower, 1% sulphur content
variants. However, as can be expected, these fuels are more expensive than HFO [1].

Marine Gas Oil (MGO)
In contrast toMDO,marine gas oil describes marine fuels that consist exclusively of distillates. This
means that there is no HFO blend present. MGO consists of components of crude oil that evaporate in
fractional distillation and are then condensed into liquid fractions. Just as the other fuel oils, MGO is
produced with varying degrees of sulphur content [3]. However, themaximum permissible sulphur
content of MGO lies below that of HFO. Themaximumpermissible sulphur content of MGO sits at
1.5%, while low-sulphur marine gas oil (LSMGO) has a sulphur content of less than 0.1% [40]. This
allows LSMGO to be suitable for ships sailing within ECAs or European ports. Additionally, shipowners
and charterers can opt for MGO 0.5%, with a sulphur content not exceeding 0.5%.

Again, unlike HFO,MGO does not require any preheating before being pumped into the engine.
However, its lower viscosity oftenmeans adjustments need to bemade to the ship’s fuel system. Higher
viscosity usually reflects a better calorific value and is suitable for current ship engines [107]. Therefore,
many shipowners tend to prefer the use of Very Low Sulphur Fuel Oil (VLSFO) or Ultra-Low Sulphur
Fuel Oil (ULSFO) over MGOs.

LSFO, VLSFO and ULSFO
Low Sulphur Fuel Oil (LSFO), Very Low Sulphur Fuel Oil (VLSFO) and Ultra-Low Sulphur Fuel Oil
(ULSFO) are three grades of low sulphur bunker fuel, with each grade containing a lower percentage of
sulphur compared to the previous. Whereas Heavy Fuel Oil (HFO) generally contains 3.5% sulphur,
the sulphur content of these fuels lies lower. Since the terminology surrounding these fuels tends to be
used interchangeably in literature, it is important to identify each fuel according to its corresponding
sulphur content. The first fuel grade containing a lower sulphur content is LSFO. LSFO generally
contains sulphur contents of 1.0%, making it an unpopular choice after 2020 since it does not meet
regulatory limits, nor is it cheaper than HFOwhen used in combination with scrubbers [145]. A more
popular choice is VLSFO. Very Low Sulphur Fuel Oil, also known as IMO 2020 grade bunkers, contain a
maximum of 0.5% sulphur, thus complying with new regulations under MARPOL VI that are enforced
since 1 January 2020 [145]. Furthermore, in order to be compliant with the sulphur limits in ECAs and
European ports, shipowners and charterers can also choose to bunker Ultra-Low Sulphur Fuel Oil
(ULSFO). ULSFO contains amaximum of 0.1% of sulphur, being the cleanest choice available in fuel
oils [145].

All the aforementioned fuel oils are crude oil derivatives and originate from the same base product.
The resulting sulphur content is solely dependent on the extensiveness of desulphurisation. During
desulphurisation, sulphur and sulphur compounds are extractedwith catalysts and chemical additives
which lead to a considerable rise in the price of refinery [105]. Therefore, low sulphur fossil fuel oils
will always bemore expensive than their more polluting alternatives.

4.1.2. Liquefied natural gas (LNG)
Liquefied natural gas is a liquid gas consisting of mostly methane (C H4) with somemixture of ethane
(C2H6) that has been cooled to its liquid form for storage. For the last 50 years, boiled-off gas produced
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inside LNG tanks on LNG carriers has been used for propulsion in traditional boiler/steam turbine
systems and dual fuel diesel engines. Nowadays, ship- and engine builders are increasingly working
towards using LNG in all sorts of commercial vessels. In one of the scenarios presented by the IMO’s
Third GHG Study (2015) [148], the share of LNG in themaritime fuel mix is expected to be as high as
25% by 2050.

The use of LNG inmaritime vessels emits between 20-30% lessCO2 from tank to propeller relatively
to HFO [33]. Although this decrease may not seem significant, the reduction in toxic gases such as
SOx and NOx is very significant. In fact, by using LNG, NOx emissions are reduced by approximately
80 to 85%, and as LNG does not contain sulphur, SOx emissions are almost completely eliminated
[33]. Although low toxic gas emissions are important to comply with regulations, themain reason for
shipowners to adjust to LNG fuelled ships is low fuel price. CE Delft, Stratas Advisors, UMAS, NMRI,
Petromarket Research Group and Shinichi Hanayama [37] found in 2016 that in the future, LNGwill
likely remain less expensive than VLSFO andmight even be less expensive than HFO, depending on
how the price ofHFO responds to the IMO’s 2020 global sulphur cap. Therefore, shipowners are finding
that itmakes economic sense to invest in an LNG-fuelled ship since LNG currently offers the possibility
to comply with IMO 2020 GHG and Tier III NOx emission regulations at a relatively low cost.

Controversially, when considering upstream emissions, the advantages of using LNG from a GHG
emissions perspective remain uncertain. Natural gas fuel production pathways can be relatively
energy intensive compared to petroleum pathways, andmethane slip during natural gas extraction
and distribution may show significant (negative) GHG impacts [24, 32, 154]. In January 2020 the
International Council on Clean Transportation (ICCT) published a working paper by Pavlenko, Comer,
Zhou, Clark and Rutherford (2020) [129] arguing that LNG does not provide a climate benefit using a
20-year Global Warming Potential (GWP)1 when factoring in higher upstream emissions. Additionally,
Pavlenkoet al. (2020) [129] found thatwhenadding the emissions from international transport, average
LNG GHG emissions are 20% higher than HFO. The emission data from these studies is plotted in
figure 4.1 below. Studies missing adjusted values in the figure lack the data needed to differentiate
emissions fromCO2 orC H4, while studies using the same 100-year GWP as in figure 4.1 have the same
original and adjusted numbers.

Figure 4.1: UpstreamGHG emissions of LNG including international transport, 100-year GWP. Source: (Pavlenko et al., 2020)

On the contrary, Juha Kytölä, Wärtsilä’s director of R&D and engineering, states that the claim that
1TheGlobalWarmingPotential (GWP) integrates theRadiative Forcing (RF),which is the difference between insolation (sunlight)
absorbed by the earth and energy radiated back to space of a substance over a chosen time horizon, relative to that ofCO2.
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LNG fails to deliver the required emission reductions is incorrect since the assumptions and data of
the ICCT do not reflect those of a modern gas engine. Wärtsilä is a proponent of LNG as ship fuel.
Two factors in particular support it, the company says: "The first is the excellent potential that exists
for cuttingmethane-slip emissions from 4-stroke engines even further through the introduction of
advanced combustion techniques. Secondly, the LNG technology that has been developed is perfectly
suited for burning low-carbon bio- and synthetic fuels that will help the industry to lower its GHG
emissions to the levels targeted by the IMO for achievement by 2050 [131]." By emphasising the
suitability of their engines for burning low-carbon bio- and synthetic fuels, it is evident that even an
LNG proponent as Wärtsilä adheres to the long-term vision of sailing on a cleaner alternative than
LNG.

In conclusion, a topic that most researchers and engine builders agree on is that LNG is not the
most sustainable fuel solution for the long term, as LNG-powered vessels and natural gas production
facilities still emit, and will continue to emit, a significant amount of CO2 and C H4 compared to its
alternatives [24, 32, 129, 154]. Nevertheless, LNG could provide a decent solution in themeantime.

4.1.3. Liquefied petroleum gas (LPG)
Liquefied petroleum gas (LPG) is a liquid gas consisting of a mixture of primarily propane, and butane.
Themixture is a gas under ambient conditions, but under pressure, the gas becomes a liquid. Even
though the heating values for propane and butane are higher than those of oil-based fuels, a tank of
LPGwill typically have three times larger volume that a tank with oil-based fuel due to its low density.
LPG is produced as a by-product from two processes: oil and gas production and oil refining.

LPG is currently mostly used for cooking, water heating, or as engine fuel for (backup) generators.
Yet, two-stroke engines and gas turbines for marine use are available in LPG versions. Due to its global
demand, there are currently about 200 very large gas carriers (VLGCs) in operation that can transport
LPG [42]. LPG can be transported refrigerated at close to ambient pressure, semi-refrigerated at 4-8
bar pressure, or under pressure, typically at 17 bar.

According to DNV GL (2017), global LPG production is at the same level as fuel oil consumption in
themaritime industry and is increasing by 2-3% per year [42]. However, although a large network of
LPG import and export terminals is available to address trade needs, bunkering infrastructure is still
lacking.

Nevertheless, LPG’s low energy and capital cost (close to LNG)make a compelling economic case
for its use. Nonetheless, since operational experience with the use of LPG is very limited, the maturity
level of the technology is medium [48]. Additionally, since LPG remains a hydrocarbon produced from
fossil sources, its low environmental performance remains amajor downside to its use [48].

4.1.4. Bio-fuels
Bio-fuels are fuels that are very similar to fossil fuels, but are created from biomass feedstocks. By
using biomass feedstocks that have absorbedCO2 over their life-cycle, bio-fuels have the potential to
be carbon neutral. Carbon neutrality exists when fuel combustion does not cause for net emission
of CO2 in the atmosphere. However, when performing a life cycle assessment (LCA) on bio-fuels,
these fuels are far from carbon-neutral. Since processing and transportation of bio-fuels requires a
lot of energy, upstream (well-to-tank) emissions for bio-fuels can not be omitted from the emission
equation. Nevertheless, a possiblemethod to achieve carbonneutrality for bio-fuels is to either balance
carbon emissions through carbon offsetting (theoretical offsetting), or by eliminating GHG emissions
altogether throughout the supply chain.

The use of bio-fuels in themaritime sector could present an opportunity to strongly reduce GHG
emissions and improve air quality, since bio-fuels do not only cut CO2 emissions but also contain
very little or no sulphur [82]. Although vessels do not yet operate on pure bio-fuel due to the lack of
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production capacity and higher cost, bio-fuels are increasingly used as drop-in fuels2 in blends with
fossil fuels to reduce emissions [55].

To ensure sustainability along thewhole supply chain, bio-fuelsmust ideally not competewith food
crops. To combat the use of food crops tomanufacture bio-fuels, the EU has implemented RED-II, a
regulation capping the use of certain bio-fuels [26]. The caps are set to 7%bio-fuel from food crops, and
1.7% fromUsed Cooking Oil (UCO) compared to the total energy content of transport fuels supplied
for consumption or use on themarket [61]. According to Bergsma et al., although themaritime and
aviation industry are currently exempt from RED-II, the permanency for fuels that are made of food
crops is poor. However, regulations such as RED-II can have a positive influence on the phasing in of
more sustainable bio-fuels.

Therefore, several researchers and organisations have extensively investigated the potential of
using bio-fuels for shipping [48, 54, 55, 70, 82, 152]. In the following section, the most important
bio-fuels and their applications in shipping are addressed.

Straight Vegetable Oil (SVO)
Straight Vegetable Oil (SVO) is a plant-extracted oil that can be used as a fuel directly, without further
processing. According to E4Tech (2018) [55] and Hsieh and Felby (2017) [82], SVO could be a suitable
alternative for theuseof IntermediateFuelOil (IFO)orHeavyFuelOil (HFO) in lowspeeddiesel engines.
However, due to SVO’s high viscosity and boiling point, the use of SVO carries an increased risk of
carbon deposits in the engine and gelling of the engine lubricant [82]. Additionally, the low calorific
value of SVOwouldmean that fuel consumption would increase, meaning the vessel would require
to bunker more often [137]. Possible solutions tomitigate the risk of carbon deposit buildup include
pre-heating the SVO before entering the engine, adjusting fuel injection systems to the higher viscosity
of SVO or blending SVOwith IFO or HFO [70, 137]. However, Florentinus, Hamelink, Bos et al. (2012)
[70] argue that heavy fuel blends including SVOwill form an emulsion, rather than a blend and that
pre-heating the vegetable oil would notmitigate all challenges. Because of the aforementioned hurdles,
the implementation of SVO as amaritime fuel or fuel blend would require significant modifications to
the diesel engine and fuel systems, as well as the existing petroleum infrastructure. The risk of reduced
engine lifespan due to carbon deposits exceeds the benefit of using SVO as a drop-in fuel [82].

Fatty-AcidMethyl Ester (FAME)
Fatty-AcidMethyl Ester (FAME), otherwise known as bio-diesel, is a processed product of SVO through
transesterification, a process in which the vegetable oil reacts with methanol. FAME has a lower
viscosity and boiling point compared to SVO, and is therefore more suitable to be used in diesel
engines. Currently, FAME is already blended with a concentration of 7% in diesel for road use, forming
EN590 diesel [55, 82]. Formaritime applications, FAME could be seen as a future alternative forMarine
Gas Oil (MGO) orMarine Diesel Oil (MDO) in low- tomedium speed diesel engines.

Its currentmaritime use is however quite limited. According to Hsieh and Felby [82], when FAME is
produced from certain feedstocks, the high cloud point could cause filter clogging and poor fuel flow
in temperatures <32°C. Additionally, FAME includes acid degradation products which are suspected of
causing damage to fuel pumps, injectors and piston rings, leading to an acid number limit in marine
fuel specifications [58, 82]. Nevertheless, blending FAME in existing maritime fuels to a certain degree
can still be an attractive GHG reduction strategy for deep-sea shipping. According to E4Tech (2018)
[55], the GHG reduction potential of FAME can reach asmuch as 88%when compared to fossil fuel
chains.

The production of FAME is not feedstock specific, as long as the feedstock is an oily product.
Examples include rapeseed, palm, coconut, soybean, corn, tallow (animal fats), and Used Cooking
Oil (UCO) [55, 82]. The degree of sustainability of FAME however, is. Currently, most FAME, SVO and
HVO, a bio-fuel which will be treated in the next paragraph, is produced from edible oily product

2Drop-in fuels are fuels that can completely interchangeably be used as a substitute for conventional fossil fuels without
adaptation of the engine, fuel system or fuel distribution network.
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sources such as rapeseed, soybean, coconut, palm and corn [118]. Since these feedstocks compete
with the food industry, their sustainability is questionable. Therefore, FAME is currently only allowed
in trace amounts based on the ISO 8217 standards applying to HFO in deep-sea shipping. Ideally,
bio-fuels such as FAME and HVO should be produced from non-edible and low cost resources such as
curcas, karanja, neem, jatropha, algae and waste oils [118]. By depending on non-edible feedstocks,
the production of bio-fuels is able to remain sustainable in the long run.

Hydrotreated Vegetable Oil (HVO)
Hydrotreated Vegetable Oil (HVO), otherwise called renewable diesel, is a product of the process
of hydro-treating oily and fatty products such as vegetable oils, tallow, or Used Cooking Oil (UCO).
Hydro-treating is a process where the vegetable oil is treated with hydrogen over a special catalyst,
resulting in long-term stability [48, 70]. This process removes excess oxygen from the oily feedstocks
and leads to higher fuel efficiency, as well as a lower chance of oxidation [82]. Due to its high quality
and consistency, HVO can be used as a drop-in diesel fuel. However, in order to reach this quality, its
production is more costly than that of FAME and SVO [55]. Additionally, due to this high quality and
drop-in characteristic, HVO is likely to attract interest from other sectors such as aviation and road
transport [55].

The cross-industry interest towards HVO in combination with its high price will likely cause a com-
petitive disadvantage for themaritime industry. Apart from the economic challenges, the production
of HVO is also dependent on feedstocks competing with the food industry, making it a less sustainable
option for the long-term in its current form. However, if production cost is reduced and feedstocks are
replaced by non-edible, low-cost resources, HVO could form a good candidate for long-termmaritime
application. According to DNV GL (2019) [48], HVO is one of themost promising substitutes to fossil
fuels due to its high compatibility with existing infrastructure and engine systems. Although there is
limited operational experience with the use of HVO as amaritime fuel, it is currently used on several
Norwegian ferries without reported negative effects [48].

Upgraded Pyrolysis Oil (UPO)
Upgraded Pyrolysis Oil (UPO) is an upgraded form of pyrolysis oil that could potentially become a
substitute for HFO and IFO [70]. Pyrolysis oil is a bio-oil that is produced by heating a feedstock in
the absence of oxygen in order to thermally decompose into liquid oil, gas and charcoal [55]. This
process is called pyrolysis. Pyrolysis is a mature technology that has been used since ancient times
for the production of charcoal fromwood and is nowadays still commonly used for heat and power
applications. Pyrolysis technology can not yet produce synthetic diesel fuel because pyrolysis oil
contains too high oxygen levels. This results in pyrolysis oil being very prone to oxidation, having short
storage life, and having a lower energy density when compared to bunker fuel [70, 82]. Nevertheless,
as Hsieh et al. [82] note, pyrolysis oil can be used as an intermediate material for the production
of a substitute fuel for petroleum; especially considering the fact that pyrolysis oil is made from
lignocellulosic feedstocks (plant drymatter) or waste material which does not compete with edible
feedstock.

This substitute fuel is UPO. The upgrading of pyrolysis oil improves its compatibility significantly,
and UPO can therefore become a drop-in fuel with similar characteristics to Fischer-Tropsch Diesel
(FTD) [55]. In this process, bio-oil is catalytically upgraded or hydroprocessed to a hydrocarbon fuel.
In theory, the upgrading of pyrolysis oil can be done in any intermediate degree between crude and
fully upgraded pyrolysis oil to produce a fuel tailored to particular engine types. The well-to-tank GHG
emission savings for UPO are high, especially when upgrading takes place on-site at the pyrolysis plant
and the hydrogen that is used in the process is not fossil-produced [55].

Currently, there are several organisations working on the upgrading of pyrolysis oil. There are
however no commercial plants that are ready for large-scale production, making the future of UPO
uncertain.
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Upgraded bio-oil via HTL (UBO)
Hydrothermal Liquefaction (HTL) is a process similar to pyrolysis, where feedstock is heated in the
absence of oxygen, undermoderate temperature and high pressure [82]. The intermediate product
resulting fromHTL before upgrading to a hydrocarbon fuel is called bio-crude. When compared to
pyrolysis, HTL can produce a bio-oil with higher energy density, making it favourable for use as a
drop-in fuel [55]. However, due to the lack of research into upgradedbio-oil, no different energy density
figures have yet been determined.

Additionally, a benefit of the process of HTL is the lack of need for drying, thus lowering production
energy demand and therefore production cost [82]. This alsomeans that HTL can be applied on wet
biomass andwaste includingmanure, sewage sludge or algae, of whichmost is available in abundance
and at low cost. According to Hsieh et al. (2017) [82] few companies are working on commercialising
HTL technology to bring HTL-produced fuels to market, although Hydrotreated Vegetable Oil (HVO)
production technology precedes it.

Nevertheless, there are signs that indicate great potential for upgraded bio-oil via HTL, especially
due to its favourable feedstock compatibility and production process compared to pyrolysis.

Fischer-Tropsch Diesel (FTD)
Fischer-Tropsch Diesel (FTD) is a processed diesel product originating from lignocellulosic biomass
and waste feedstocks. In the process of making FTD, these feedstocks are first converted into syngas
(synthesis gas) by gasification. When the syngas is formed, it is turned in to long-chain hydrocarbon
waxes by reactions over metallic catalysts during Fischer-Tropsch (FT) synthesis. Finally, these waxes
are then upgraded by standard refinery processes to FT liquids including diesel, gasoline and jet fuel
[54]. A benefit of gasification and FT synthesis is that the process is already fully commercialised for use
with fossil feedstocks such as coal. However, for use with biomass or waste feedstocks, the technology
is less advanced and only expected to be commercially available in limited amounts from 2030 [55].

As with all drop-in diesel fuels, due to their compatibility with the existing diesel infrastructure of
Fischer-Tropsch Diesel, strong competition is expected from the road transport and aviation sectors.
Additionally, FT diesels tend to containmore impurities than conventional fuels [82].

Nevertheless, Fischer-Tropsch synthesis remains anattractiveprocess toproducenear-zero sulphur
diesel fuel [128]. Of all bio-fuels, the well to tank GHG emission reduction potential for wood-based
FTD is the highest, at 93-95% [152]. Additionally, due to the relative maturity of Fischer-Tropsch
synthesis, the external investment costs in R&D, production plants and infrastructure are significantly
lower compared to newer technologies.

At last, from a cost perspective, Fischer-Tropsch diesel competes fairly well with other bio-fuels,
especially when produced from left-over lignocellulosic residues or waste.

Bio-ethanol
Bio-ethanol is produced by themicrobial fermentation of sucrose or starch of cellulose feedstocks such
as sugar cane or corn. Bio-ethanol is themost consumed and transported bio-fuel to date, with the
majority being used for automotive transportation [82]. Its commercial production is currently nearly
twice as high as that of bio-diesel (FAME). The well to tank GHG reduction potential for bio-ethanol
lies at approximately 71%when using sugarcane, 32-69% for wheat, 56% for corn and 61% for sugar
beet [152]. For advanced bio-ethanol, from straw, for example, the reduction potential could be as
high as 87% [152].

An important downside for the use of bio-ethanol is the low energy density and lower volumetric
density than HFO or fossil diesel, leading to approximately 40% lower energy density per volume [55].
This strongly reduces the applicability of bio-ethanol for deep-sea shipping, as fuel tanks need to be
significantly larger to carry additional fuel for the same distance travelled.

Although bio-ethanol is available today for use in maritime vessels, the engine, fuel injection
systems and storage systems are not built to operate on bio-ethanol [55]. It is therefore not a drop-in
fuel and would require sizeable investments to become common in themaritime sector. Nevertheless,
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the advancement of newmulti-fuel diesel engine technologies could potentially create an opening in
themaritime fuel market for bio-ethanol [82].

Bio-methanol
Methanol is, unlike ethanol,mostly produced via chemical processes. However, early stage commercial
production of bio-methanol is underway using feedstocks such as municipal solid waste, waste wood,
black liquor (a waste product from paper manufacturing), glycerine and renewable electricity [55].
Bio-methanol synthesis from capturedCO2 is a technology under development to a semi-commercial
scale [82].

Bio-methanol has the potential to reduce GHG emissions strongly. According to a directive by the
European Parliament published in 2009 [152], reductions could amount to 91-94%, depending on
the production route. However, according to Hsieh et al. (2017) and Svanberg, Ellis, Lundgren and
Landälv (2018), due to the fuel’s low energy density, bunkering of bio-methanol would be required at a
2-3 times higher frequency compared to current liquid fossil fuels [82, 151]. Additionally, methanol
is incompatible with current engine and fuel systems, thus requiring additional research and devel-
opment into compatible system design. At last, apart from a single bunkering station for the Stena
Germanica ferry operating between Kiel and Gothenburg, infrastructure and distribution networks for
the supply of bio-methanol to marine vessels is not widely available [151].

Considering the aforementioned arguments, bio-methanol is unlikely to persist as an alternative
fuel for deep-sea shipping. Nevertheless, with sufficientR&Defforts, it couldprovide a suitable solution
for ferries or inland shipping, since these routes only cover a fraction of the voyage distance compared
to deep-sea transport.

Bio-Dimethyl Ether (DME)
Bio-dimethyl ether is a gaseous processed fuel produced through the gasification and conversion
of black liquor, a byproduct in the paper and pulp industry or other lignocellulosic material such
as farmed wood [69, 152]. Bio-DME’s combustion emissions contain very low levels of particulate
matter, NOx, and CO2. Therefore, the GHG emission reduction potential of bio-DME is as high as
92-94% depending on the choice of feedstock and internal energy consumption [152]. Additionally, in
contrast to bio-(m)ethanol, its low auto-ignition temperaturemakes bio-DMEmore suitable for use
in conventional diesel engines, however adaptation of the engine and fuelling systemwould still be
required [55, 82].

Since (bio-)DME is gaseous at ambient temperature, it additionally requires storage under a pres-
sure of at least 5 bar to remain in liquid state. As it is not available globally in the same way as ethanol
or methanol, this means that infrastructure and distribution networks would need to be built and
adjusted accordingly for its application [55].

Additionally, if bio-DME were to represent a solution towards a future of cleaner shipping, sig-
nificant amounts of wood biomass would need to be supplied to address the global demand of the
maritime industry. Currently, according to Florentinus et al. (2012) [70], there is limited feedstock
availability and the technology is still very immature. Additionally, its very low flash point of -41°make
it uncertain if bio-DMEwould be accepted as amaritime fuel under ISO standards [70].

Nevertheless, bio-DME could pose as an interesting alternative fuel solution for the very long term
future due to its high adaptability to current systems and high GHG reduction potential. In 2030 or
2050 however, it is not yet expected to be considered a serious alternative for themaritime industry.

LBM (bio-LNG)
Liquefied bio-methane, otherwise called bio-LNG, can be produced via four different routes. These
include anaerobic digestion (AD), landfill gas, bio-SNG and RFNBO, which is short for Renewable
Fuels of Non-Biological Origin [55]. These routes vary in technological progress from very early stage to
full commercial scale operations. Currently, only AD and landfill gas routes are commercially available.
Bio-SNG and RFNBO are not expected to become commercially available before 2030 [55].
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AD is the process of natural decomposition of biological feedstocks by micro-organisms in the
absence of oxygen [55]. The process of AD can run onmany feedstocks such asmanure, sewage sludge,
organic waste and cellulose crops. The biogas that is produced in this process consists of mostly
methane (C H4) and carbon dioxide (CO2). Since the resulting raw biogas still includes trace gases and
CO2, it is necessary to be upgraded before it can be liquefied into LBM [55]. For landfill gas, the process
is identical.

The GHG emission savings from LBM via AD or landfill gas vary depending on the source of
electricity used for liquefaction andmethane leakage rates. The well to tank GHG emission savings
from LBM from organic waste or drymanure range from 71-82% depending on the aforementioned
factors [152].

A large benefit of using liquefied bio-methane is that it can be considered a drop-in fuel for use in
LNG-fuelled vessels or vessels equippedwith a dual fuel LNG engine. In one of the scenarios presented
in the IMO’s Third GHG study (2015) [148], the share of LNG in themaritime fuel mix is expected to
rise to asmuch as 25% by 2050. In that scenario, LBM could be a relatively simple and feasible solution
to reduce GHG emissions from shipping.

Additionally, research carried out by CE Delft for SEA LNG LTD in 2020 concluded that - even
when comparing low projected supply values with high demand values - the global supply of liquefied
bio-methane in 2030 and 2050will bemore than sufficient to satisfy the demand of the globalmaritime
fleet [36].

Finally, to incentivise shipowners to switch to LBM (bio-LNG), the fuel should be cost-competitive
with its fossil counterpart. According to CE Delft (2020), a carbonmark-up of 50-100 USD/tCO2 is not
expected to be sufficient to incentivise a shift in 2030 [36]. However, a 2050 carbon price is consistent
with the <2°Cmitigation pathway can be expected to incentivise shipowners tomake a switch from
fossil LNG to LBM; at least if the 2050 fossil LNG price does not decline below 2030 levels, and the
production of LBM is sufficiently scaled [36].

4.1.5. Hydrogen
Hydrogen (H2) is considered as an alternative maritime fuel due to its zero-carbon tank-to-propeller
emissions and high conversion efficiency when used in fuel cells.

However, although hydrogen fuel cells exhibit no direct greenhouse gas emissions, the emissions
associated with hydrogen productionmust be considered. Hydrogen is most commonly produced via
two pathways: fossil hydrogen through desulphurisation and reforming of natural gas, and renew-
able hydrogen through electrolysis based on renewable electricity [78]. Currently, most hydrogen is
produced through the fossil pathway, resulting in high CO2 emissions throughout its supply chain.
Therefore, in order to commercialise the use of hydrogen as a zero-emissionmaritime fuel, it is crucial
to scale its renewable production.

Although renewable hydrogen is an efficient fuel for producing zero-carbon electricity, its avail-
ability and low volumetric density require significant additional infrastructure and system design for
maritime application [21]. Contrary to most maritime fuels, hydrogen storage requires very high pres-
sure or very low temperatures. Storage of hydrogen as a compressed gas is typically under a pressure of
250-700 bar, or alternatively as a liquid at -254°C. Even under these conditions, compressed hydrogen
requires 30 times larger storage compared to HFO, and 8 times larger storage in liquid condition [21].
The decreased volumetric energy density and need for larger storage would therefore favour inland or
short-sea shipping over deep-sea shipping, as these types require less on-board fuel storage [55].

Additionally, there is a high safety risk surrounding the use of hydrogen. Since the gas is highly
explosive, leakage should be avoided at all times. This is especially a challenge under high-pressure
storage since themolecules are essentially ’pushed’ into the storagematerial at pressures up to 700
bar [48]. Additionally, its small particle size makes it able to diffuse throughmanymaterials including
metals, making them brittle and subject to sudden fracture [48]. Therefore, hydrogen distribution,
storage and bunkering require highly sophisticated systems, which inevitably carry a high cost. All in
all, hydrogen fuel costs are higher, potentially by an order of magnitude, compared to conventional
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fuels, although this gap should decline as the cost of electrolysis declines [133].

4.1.6. Ammonia
In recent years, ammonia (N H3) has increasingly been proposed as a potential carbon-zeromaritime
fuel due to its lack of GHG emissions and its ability to efficiently store hydrogen [55]. Its high liquefac-
tion temperature compared to hydrogen (-33°C compared to -253°C for H2) makes it simpler to store
and distribute [48]. Additionally, ammonia is 46%more energy-dense per unit volume than liquid
hydrogen, thus saving space and distribution costs compared to H2 [20].

Although the use of ammonia as a marine fuel produces zero tank-to-propeller CO2 emissions,
the uncertainty surrounding increased NOx emissions from ammonia combustion should not be left
unconsidered [79]. Additionally, its high corrosiveness and toxicity to humans require additional safety
and healthmeasures to be taken throughout the supply chain and on board [20, 48].

Furthermore, adjusting global bunkering infrastructure to distribute and handle ammonia de-
mands substantial investments. Although the requirement for such investmentsmay not be a problem
for developed countries and ports, it presents significant barriers to adoption in developing countries.

Ammonia has been demonstrated as a fuel in compression ignition (CI) engines, spark ignition
(SI) engines, and fuel cells. A recent literature review shows that there is a limited number of tests
published on ammonia in combustion engines and that in the tests available, significant amounts of
ignition fuel (such as hydrogen, diesel or alcohols) were needed for both CI and SI engines [20, 80]. The
review concludes that there are issues remaining with ignition, specific fuel consumption, materials
and emissions resulting from ammonia combustion [80]. However, with further R&D and sufficient
investments, many can bemitigated [20].

In fuel cells, ammonia canbeuseddirectly or it can be split intoH2 andN2 where-after the hydrogen
is used directly in the cell. Although proton-exchange membrane fuel cells (PEM) using purified
hydrogen are commercial and tested inmaritime applications, alternatives using ammonia directly
(e.g. solid oxide fuel cells (SOFC)) have not been tested on board [79]. In any of the two cases, the
application of ammonia in fuel cells remains a relatively costly solution.

Ammonia is currently mainly produced from an electricity demanding Haber-Bosch (HB) process
using fossil-fuel-based hydrogen, while renewable processes for ammonia production are still under
development [79]. Overall, the technology to support ammoniaas amarine fuel still shows lowmaturity,
as ammonia production rates can not yet cope with its commercialisation and essential bunkering
infrastructure is not in place [48, 79]. Nevertheless, ammonia produced from renewable hydrogen
and nitrogenmay form a sustainable solution for shipping in the long term, since apart from large
amounts of electricity, its production is not dependent on depletable rawmaterials and, if produced
from renewable energy sources,CO2 emissions are completely eliminated [20, 79].

4.1.7. Nuclear
Nuclear powered vessels have the potential of near-zero-emission sailing due to the lack of combustion
process (99%GHGemission reduction according toDNVGL (2015)). Rather than fuelling a combustion
engine, small nuclear power plants on board a vessel power a steam generator delivering electricity to
the motor. The use of nuclear reactors as a fuel source for maritime applications is well developed
through its military use in submarines [55]. As of 2016, there were an estimated 166 naval reactors in
operation: 85 owned by theUS, 48 by Russia and 33 across the rest of theworld [21]. Currently, only one
nuclear poweredmerchant vessel is in operation named the ’SEVMORPUT’, a Russian ice-breaking
LASH carrier and container ship. The $265m vessel has reportedly been built in 1988 and still operates
in the Arctic region, after only needing to refuel its nuclear core twice up to date [110]. Although
refuelling frequencymay be low, the high cost of the 150kg nuclear cores and complementary systems
results in operational expenses of $90k per day [110]. More recently developed nuclear ice-breaking
vessels such as the ’NS Arktika’ cost approximately $1.9bn per vessel.

Nuclear power offers an extremely high range, very limited need for refuelling and extremely high
fuel density, making it theoretically ideal for deep-sea shipping. However, due to its high cost, safety
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concerns to people and the environment and geopolitical risks related to nuclear powered commercial
shipping, it presents very high barriers to commercial adoption [55]. Additionally, there is still no
solution presented for the decommissioning of nuclear vessels; all retired units are ultimately still
stored afloat [21].

As Balcombe et al. and E4Tech agree, due to the high cost, geopolitical risks, public perception, the
lack of precedent and shortfall in legislative frameworks, trained personnel and infrastructure, the
potential for large scale deployment of nuclear powered commercial vessels before 2050 is low [21, 55].

4.1.8. Solar
Solar energy is a non-depletable energy source that can power complete households if collected and
used efficiently. Since commercial maritime vessels employ very large surfaces that can accommodate
solar panels, solar energy could potentially be used to reduce GHG emissions from ships.

However, currently, commercially available photovoltaic panels only produce electrical energy
with an efficiency of 15-19%, with a theoretical limit of 33.7% according to the Shockley-Queisser limit
[146]. Due to low solar efficiency and very high energy demands for propulsion, marine merchant
vessels need large surfaces in order to fully power their propulsion. Additionally, the operation of
solar-powered vessels is highly weather-dependent. Since merchant vessels require 24/7 access to
power, this means that theymust employ very large energy storage devices to endure long nights and
dark storms.

Currently, there exist a number of pilot projects on solar-powered vessels combining solar panels
and batteries. Themost successful project to date is the PlanetSolar Turanor, a passenger vessel with a
carrying capacity of 50 passengers which completed a round-the-world trip without using any fossil
fuels [132]. Nevertheless, although the pilot was successful, the ratio between panel surface and energy
demand of the Turanor wasmany factors higher than that of a commercial merchant vessel.

As DNV GL predicts in a 2017 study titled ’Low Carbon Shipping Towards 2050’, renewable energy
systems (such as solar, wind) are not expected to result inmore than 0-10% ofmain engine fuel savings
or 0-2% of fuel savings on auxiliary systems [52]. Therefore, the GHG reduction potential for renewable
energy sources is also limited. Nevertheless, although solar energy is not expected to become the
maritime fuel of the future, solar panels remain a feasible additional energy source onmarine vessels,
effectively saving fuel and reducing GHG emissions.

4.1.9. Wind
Wind propulsion was the first non-human propulsionmethod seen onmaritime vessels, dating back
thousands of years. Nowadays, nearly all commercial maritime vessels are propelled by engines.
Nevertheless, wind power is increasingly investigated to reduce fuel consumption and GHG emissions
frommarine vessels. A number of R&D companies are researching the development of multiple types
of sails including soft sails, rigid sails/wingsails or hull sails. Themost promising sails for commercial
application to date arewingsails, which arewing-shaped foils with varied geometry and configurations,
often used in combination with flaps [122]. When applied correctly on large carriers, wingsails can
achieve fuel savings from5-18%. Nevertheless, since (soft or rigid) sails are currently expensive and take
up a lot of deck- and overhead space, they are not expected to persist as a widely adopted complement
to engine propulsion.

After sails, themost popular wind propulsionmethod that can be used complementary to tradi-
tional engines, are Flettner rotors. Flettner rotors are vertical rotating cylinders that, when immersed
in a fluid stream, are able to produce fluid dynamic lift using the Magnus effect [44]. Unlike sails,
Flettner rotors are not fragile and take up only a fraction of the overhead space compared to ordinary
sails. However, Flettner rotors require additional energy to rotate, and their function remains highly
dependent on wind intensity and direction. Additionally, for Flettner rotors to be efficient, they need
to have significant height, making them unpractical during on- and offloading of cargo. Nevertheless,
according to CE Delft, Flettner rotors can lead to fuel savings of 5-17% depending on carrier type [122].

Another option for wind propulsion assistance is the use of towing kites towards fuel saving on
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commercial maritime vessels. Experimental studies have been conducted investigating the control
and use of towing kites for seagoing vessels, where potential energy savings were determined of
1-9% [60, 122]. However, due to the kite’s sensitivity to wind direction and required constant and
homogeneouswindfields, the technology is expected toprovide toomanyuncertainties forwidespread
adoption.

In general, wind and solar are only expected to be applicable to assist the auxiliary powering system
of a vessel [108]. The key barriers to wind (assisted) propulsion on commercial vessels identified by CE
Delft in 2016 are the lack of (trusted) information on their performance, operability, safety, durability
and economic implications, the lack of access to capital for the development of the relevant technology,
and the lack of incentive to improve energy efficiency or reduceCO2 emissions from ships.

4.2. Emission control devices
Emission control devices (or ECDs) are devices designed to reduce gas emissions from industrial
processes or engines. Themost widely known emission control devices are catalytic converters found
in automotive vehicles. Two possible solutions for themaritime industry are discussed below.

4.2.1. Scrubbers
Scrubber systems (or scrubbers) are air pollution control devices that use an alkalinematerial, com-
monly in combination with a carrying liquid, to remove toxic gases (SOx , NOx) or particulate matter
from an exhaust system or gas stream. After passing through the scrubber system, the cleaned exhaust
gas is passed out of the system and into the atmosphere.

In open loop scrubbing systems, due to its intrinsic alkalinity, the washing liquid used in scrubbers
is seawater. The remaining contaminated wash water is then filtered or diluted and disposed of in the
ocean. This process uses up a lot of water, which requires significant space and amounts of energy
to power the pumps. A benefit of open loop systems is that there is no need for chemical additives
such as caustic soda [119]. Additionally, because toxic substances in open loop systems are ultimately
extracted from the air and disposed of in the ocean, there is a lot of discussion around the effectiveness
of this method towards reducing emissions. Many researchers believe that disposing of wash water in
the sea harms themarine environment by disturbing surface pH levels, which can lead to secondary
detrimental effects on the environment [59, 170].

In closed loop maritime scrubber systems, the scrubbing material is chosen such that specific
impurities such as SOx or NOx can be removed by suitable chemical reactions. In this method, less
water needs to be used, but cost and required system volume is higher [119]. Closed loop systems,
contrary to their open loop counterpart, do not dispose of wash water in the ocean. Instead, scrubbing
residue is stored in a buffer tank until it can be discharged during port operations.

Hybrid systems give the possibility to either use a closed or open loop system on demand. Hybrid
scrubbers are mostly used on vessels that commonly operate in open water, but are also prohibited of
disposing of wash water in harbours or estuaries [119].

At last, dry scrubbers use a dry chemical such as calcium hydroxide to lock in sulphur, meaning
it can not burden the marine environment when disposed. Dry scrubbers do not use any liquid in
the process, but rather consist of a bed of granulated filter material. The contaminated granulate
can then be disposed of on land during port operations. For dry scrubbers, storage room needs to be
created for granulate, which reduces cargo capacity. An advantage of dry scrubbers is the lower energy
requirement compared to their wet counterparts [119].

Although all four scrubber technologies work adequately for the extraction of SOx and NOx gases
from exhaust streams, scrubbers remain ineffective for the reduction of CO2 emissions. Therefore,
scrubbers do not pose a solution for the effective reduction of GHG emissions in the long term.
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4.2.2. Carbon capture and storage systems (CCS)
Carbon capture and storage systems (CCS) are emission control devices mostly used in industrial
applications. For maritime applications, ship-based carbon capture (SBCC) is an emission control
solution that can be implemented on diesel or LNG-fuelled vessels [67]. As the name implies, CCS
systems are used to extractCO2 from exhaust gases, reaching reduction efficiencies of up to 90% [112].
Although the use of CCS systems for industrial applications are slowly gaining traction with 19 large
scale facilities in operation as of 2019, the use of the technology on boardmarine vessels still in very
early stages of development [74]. Nevertheless, Feenstra et al. (2019) believe that the technology
could provide a transition solution for maritimeCO2 emissions in the short term [67]. However, the
research concludes that although the solution is technically feasible, strategies to lower the initial
investment must be further developed. A prototype of a ship-based carbon capture system has not yet
been realised.

According to literature, the largest hurdles towards the development and adoption of ship-based
carbon capture systems are the size of the systems, energy consumption, systemOPEX, systemCAPEX,
storage costs and extensive R&D needed until the system is fit for maritime application [67, 112, 171].

As DNV’s head of research and innovation for Greece, Dr. Nikolaos Kakalis, states in an interview
(2013) with ship-technology.com: "It all comes down to the investment," Kakalis says. "Someone will
need to go through the building of a prototype unit, find outmore about the real cost and then seewhat
could be a break-even selling price for theCO2. Fromwhat we know of onshore CCS, it costs a lot. This
concept will require something like amore integrated value chain, so that somebody could present
some contracts selling thisCO2 to the oil and gas industries or to big companies that are producing
algae-based biofuel. So someone really needs to have forward contracts tomake this a reality" [109]. Dr.
Nikolaos Kakalis led a project by DNV that aimed to gauge the theoretical feasibility of implementing
carbon capture and storage (CCS) technology on board large vessels [109].

Dr. Kakalis’ arguments, in combination with the aforementioned hurdles and the fact that the
technology is still far from being widely adopted on land, it is not expected that ship-based carbon
capture systems will become commercially available in the short term.
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4.3. An overview of alternativemaritime fuel technologies
In table 4.1, an overview is presented of the alternativemaritime fuel technologies that are discussed in
section 4.1 and 4.2. Themost notable characteristics of each fuel technology have been summarised.

Category Fuel technology Characteristics Primary resource Source
Fuel oils HFO Low cost, carbon heavy, high viscosity bunker fuel;

high sulphur content
Crude oil [116]

MDO Cleaner, popular alternative to HFO; varying vis-
cosities; 1-3.5% sulphur content

Crude oil [1, 2]

MGO Distillate fuel, noHFOblend; 0.1-1.5% sulphur con-
tent; lower viscosity

Crude oil [3, 40]

LSFO Low-sulphur bunker fuel, 1% sulphur content Crude oil [105, 145]
VLSFO Low-sulphur bunker fuel, 0.5% sulphur content;

suitable for use after IMO2020
Crude oil [105, 145]

ULSFO Low-sulphur bunker fuel, 0.1% sulphur content;
suitable for use in ECAs

Crude oil [105, 145]

Natural
gases

LNG Liquid cooled methane/ethane gas; low nitrogen
oxide emissions, sulphur free; low cost; high well-
to-propeller GHG output

Crude oil; natural
gas

[24, 32, 33, 129,
131, 154]

LPG Liquid cooled propane/butane gas; high produc-
tion level; low environmental performance

Crude oil; natural
gas

[42, 48]

Bio-fuels SVO Suitable clean alternative to HFO/IFO; risk of car-
bon deposits and bad blending

Edible or used oils [55, 70, 82, 137]

FAME (bio-diesel) Suitable clean alternative to MDO/MGO; risk of
acidic degradation

Edible or used oils [55, 58, 82, 118]

HVO High quality drop-in diesel fuel; higher cost; cross-
sector interest

Edible or used oils [48, 55, 70, 82]

UPO Suitable clean alternative to HFO/IFO; high GHG
reduction potential; not commercially available

Lignocellulosics;
waste

[55, 70, 82]

UBO via HTL High potential; low commercialisation; easier pro-
duction process compared to UPO

Lignocellulosics;
wet biomass; waste

[55, 82]

FTD Drop-in diesel fuel; more impurities; very high
GHG reduction potential

Lignocellulosics;
waste

[54, 55, 128, 152]

Bio-ethanol Most popular automotive bio-fuel; low energy den-
sity; incompatible with current systems

Lignocellulosics [55, 82, 152]

Bio-methanol Low energy density; very high GHG reduction po-
tential; incompatible with current systems

Lignocellulosics;
black liquor; waste

[55, 82, 151, 152]

Bio-DME Very high GHG reduction potential; pressurised
storage; lacking distribution networks

Lignocellulosics;
black liquor

[55, 69, 70, 82,
152]

LBM (bio-LNG) Renewably sourced drop-in LNG fuel; high GHG
reduction potential; potentially cost competitive

Lignocellulosics;
landfill gas; waste

[36, 55, 152]

Hydrogen No tank-to-propeller emissions; very high cost; ex-
treme storage conditions; expensive infrastructure

Natural gas; electric-
ity

[21, 48, 55, 78,
133]

Ammonia No tank-to-propeller emissions; high cost; toxic;
lowmaturity inmarine applications

Hydrogen [20, 48, 55, 79, 80]

Nuclear No tank-to-propeller emissions; extremely high
cost; geopolitical barriers; safety concerns

Radioactive mate-
rial

[21, 55, 110]

Solar Zero-emission cycle; low efficiency; high cost; low
energy output

Solar energy [52, 132]

Wind Zero-emission cycle; low reliability; high cost; un-
practical

Wind energy [44, 60, 108, 122]

ECDs Scrubbers Effectively cut SOx and NOx emissions from (fossil)
fuels; not applicable toCO2

- [59, 119, 170]

CCS High CO2 reduction potential; can be used with
many fuels; high cost; high energy consumption;
unpractical

- [67, 74, 109, 112,
171]

Table 4.1: An overview of alternative maritime fuel technologies and their main characteristics. Own composition
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4.4. Preliminary selection
In section 3.4, a selection wasmade of regulatory scenarios that are to be considered in this thesis. In
the same way, a selection is nowmade of alternative fuel technologies that will be considered in the
present research.

From the available alternative fuel technologies presented in table 4.1, only a few have the potential
to be applied on a large scale by 2030 or 2050. Additionally, only a few fuels can be considered tomeet
GHG reduction targets, or to be suitable for deep-sea shipping. Therefore, in order to narrow down the
list of potential alternative fuel technologies for the future, fuels that do not meet the three following
boundary conditions are eliminated:

• The fuel technology is fit for large scale application by 2030 or 2050

• The fuel technology is able tomeet proposed GHG reduction targets

• The fuel technology is suitable for deep-sea shipping

On the basis of these three boundary conditions, a preliminary selection of alternative maritime
fuels that are to be considered in this research is presented below:

Category Fuel technology Characteristics Primary resource Source

Fuel oils HFO with scrub-
bers

Low cost, carbon heavy, high viscosity bunker fuel;
Reduced SOx and NOx emissions

Crude oil [59, 116, 119,
170]

Natura
gases

LNG Liquid cooled methane/ethane gas; low nitrogen
oxide emissions, sulphur free; low cost; high well-
to-propeller GHG output

Crude oil; natural
gas

[24, 32, 33, 37,
129, 131, 154]

Bio-fuels FAME (bio-diesel) Suitable clean alternative to MDO/MGO; risk of
acidic degradation

Edible or used oils [55, 58, 82, 118]

HVO High quality drop-in diesel fuel; higher cost; cross-
sector interest

Edible or used oils [48, 55, 70, 82]

UPO Suitable clean alternative to HFO/IFO; high GHG
reduction potential; not commercially available

Lignocellulosics;
waste

[55, 70, 82]

UBO via HTL High potential; low commercialisation; easier pro-
duction process compared to UPO

Lignocellulosics;
wet biomass; waste

[55, 82]

FTD Drop-in diesel fuel; more impurities; very high
GHG reduction potential

Lignocellulosics;
waste

[54, 55, 128, 152]

LBM (bio-LNG) Renewably sourced drop-in LNG fuel; high GHG
reduction potential; potentially cost competitive

Lignocellulosics;
landfill gas; waste

[36, 55, 152]

Ammonia No tank-to-propeller emissions; high cost; toxic;
lowmaturity inmarine applications

Hydrogen [20, 48, 55, 79, 80]

Table 4.2: Selection of alternative maritime fuels for decision tool. Own composition

As can be seen in the list above, all fuel oils except for HFO have been eliminated from the prelimi-
nary fuel selection. This choicewasmade because fuel oils do not have the capability tomeet the IMO’s
2030/2050 GHG emission reduction targets in their current form [91]. Despite the fact that the use of
HFOwith scrubbers will not be able tomeet the GHG reduction targets either, it offers an interesting
case under a regulatory scenario involvingmarket-basedmeasures and can act as a benchmark.

Moreover, although LNG is considered due to its potential in themedium term, LPG is not consid-
ered in this thesis due to its lack of environmental performance compared to traditional HFO.

Concerning bio-fuels, SVO is excluded from the list due to its low calorific value, bad blending
capability, high boiling point, high viscosity, and poor compatibility with current systems and infras-
tructure. Since these challenges can not bemitigated by pre-heating the vegetable oil, the fuel is not
considered to be applicable on large scale by 2030 or 2050. In addition, bio-ethanol and bio-methanol
are not considered due to their low volumetric energy densities. Vessels using these fuels would require
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to bunker more often, thus making them unfit for application in deep-sea shipping. Finally, bio-DME
is not considered due to its very low technological maturity, uncertainty surrounding its very low flash
point and lack of feedstock availability, deeming it unsuitable for large scale application by 2030 or
2050.

Furthermore, despite many research efforts beingmade towards the development of hydrogen as a
maritime fuel, its low volumetric energy density causes hydrogen tanks to take toomuch space aboard
deep-sea vessels.

Also, althoughnuclearpower satisfies the threepreliminaryboundary conditions, the fuel is omitted
from the list due to its geopolitical risks, public perception, lack of precedent and shortfall in legislative
frameworks.

Additionally, although solar and wind power are zero-emission energy solutions, their inability to
fully power a commercial cargo vessel make these technologies unfit for single-power application in
deep-sea shipping. Nevertheless, these technologies are expected to play an integral role in reducing
maritime GHG emissions in the future.

At last, although carbon capture and storage systems are increasingly used in land-based ap-
plications, the lack of development incentives for maritime applications and impracticality of the
installationsmake the technology unrealistic to be applied by 2030 or 2050.



5
Evaluation criteria

The following chapter studies evaluation criteria for the present research. In section 5.1, relevant
literature on evaluation criteria is reviewed. In section 5.2, a selection is made of the criteria to be
considered in this research. Section 5.3 evaluates the performance of fuels on technical, environmental
and other criteria, where-after in section 5.4 criteria weights are determined according to a survey
presented to shipowners. Finally, a preliminary conclusion is drawn in section 5.5.

5.1. Literature on evaluation criteria
Now that a list of feasible alternative maritime fuels is presented, these fuels are assessed based on a
set of predefined evaluation criteria.

Since the potential range of criteria that can be used for the evaluation of alternative fuel technolo-
gies is very broad, a selection is made. Brynolf (2014) [32], Hansson, Månsson, Brynolf and Grahn
(2019) [78], Ren and Lützen (2017) [135], McGill, Remley and Winther (2013) [116], Bergsma, Hart,
Pruyn andVerbeek (2019) [26], Deniz andZincir (2016) [46] andDNVGL (2019) [48] have eachdefined a
distinct set of criteria onwhich alternative fuels are reviewed in their research. In table 5.1, an overview
of these criteria is composed. The terminology used in the table is as quoted in the respective research
unless homogenisation was possible without impacting themeaning of a criterion.

Additionally, in order to make a representative selection of evaluation criteria for the present
research, it is important to understand the goal andperspective of each cited research paper. Therefore,
the concerned literature is reviewed in short paragraphs after table 5.1.

43
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Source Evaluation criteria

Technical Economic Environmental Other

Brynolf [32] Fuel properties Engine CAPEX GHG emissions: well-to-
propeller

Safety and safe handling

Fuel pre-treatment Engine systemOPEX SOx emissions Public opinion
Engine adaption Fuel cost NOx emissions Politics and strategy
Maintenance requirement Spillage and accident conse-

quences
Ethics

Logistical criteria Environmental life cycle per-
formance

Hansson et
al. [78]

Available infrastructure Engine system CAPEX Climate change (GWP): well-
to-propeller

Upcoming legislation

Engine OPEX Health impact Safety
Fuel cost Acidification (SOx , NOx ) Long-term global supply

Ren et al.
[135]

Technological maturity Engine system CAPEX GHG emissions: unspeci-
fied

Social acceptability

Reliability Fuel cost SOx emissions Government support
Energy storage efficiency Training cost NOx emissions Safety
Available infrastructure Maintenance cost PM emissions

McGill et al.
[116]

Available infrastructure Engine systemCAPEX (incl.
refit CAPEX)

Long-term global availability

Fuel cost
Maintenance cost
Emission abatement cost
Training cost
Classification cost
Insurance cost
Indirect cost: reduced range
and/or cargo capacity

Bergsma et
al. [26]

Technology readiness level
(TRL)

Production cost and routes Indirect Land Use Change
(ILUC)

Feedstock competition with
food

Scalability
Engine compatibility

Deniz et al.
[46]

Bunker capability Fuel cost Effect on engine emissions Safety

Durability Commercial effects (cargo
capacity)

Compliance with emission
regulations

Long-term global availability

Adaptability to current ships
Effect on engine perfor-
mance
Effect on engine compo-
nents

DNVGL [48] Energy density Engine system CAPEX GHG emissions: well-to-
wake

Flammability and toxicity

Technological maturity Fuel cost SOx emissions Regulations and guidelines
Scalability NOx emissions Global production capacity

and locations
PM emissions Long-term global availability

Table 5.1: Overview of evaluation criteria on alternative maritime fuels as retrieved from literature. Own composition based on
Brynolf (2014) [32], Hansson, Månsson, Brynolf and Grahn (2019) [78], Ren and Lützen (2017) [135], McGill, Remley and
Winther (2013) [116], Bergsma, Hart, Pruyn and Verbeek (2019) [26], Deniz and Zincir (2016) [46] and DNVGL (2019) [48]

Brynolf
In the PhD dissertation of Selma Brynolf (2014) [32], the author emphasises that factors such as safety,
costs, and environmental aspects all have different weights inmany alternative perspectives, and the
various stakeholders have conflicting views of the importance of these aspects. When Brynolf presents
the criteria, the set is divided into four groups: technical, economic, environmental, and other criteria.
Certain criteriamust satisfyminimum levels and therefore act as boundary conditions, whereas others
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can be comparedmutually.
In Brynolf’s dissertation, titled ’Environmental Assessment of Present and FutureMarine Fuels’,

the perspective fromwhich fuels are evaluated is environmental. In this thesis, fuel technologies are
evaluated from a shipowner’s perspective, and thus primarily account for the views of a shipowner
towards an alternative fuel technology. However, although the shipowner’s perspective is honoured,
boundary conditions are set by regulatory bodies and environmental goals discussed in chapter 3.

Hansson et al.
In Hansson et al. (2019) [78], the goal of the research paper is to find the alternative maritime fuel
that is ranked highest considering both the performance of a fuel on different aspects, as well as the
importance these aspects carry according to different stakeholders. Additionally, the impact of poten-
tial differences in stakeholder preferences is considered by including different maritime stakeholder
groups in the examination of cases. These stakeholder groups include authorities, shipowners, fuel
manufacturers and enginemanufacturers.

Since the present thesis focuses on the shipowner’s perspective, Hansson et al. (2019) [78] pro-
vides interesting insights into which criteria are important to these stakeholders. Additionally, since
authorities create future regulations, analysing the criteria that they consider important can con-
tribute to anticipating which fuels can possibly persist. On the contrary, the views of fuel and engine
manufacturers are of less importance to this research.

Ren et al.
Jingzheng Ren and Marie Lützen have written a research paper on the selection of a sustainable
alternative energy source for shipping (2017) [135]. In this research paper, the focus lies on sustainable
development. Ren et al. suggest that in order to select themost important criteria for sustainability,
six principles should be followed: (1) the systemic principle, (2) the consistency principle, (3) the
independence principle, (4) themeasurability principle, (5) the comparability principle, and (6) the
significance principle. These principles are also applicable to the selection of evaluation criteria in the
present thesis.

Additionally, the research paper emphasises that tomake a complete sustainability assessment,
four pillars of technological, economic, environmental and social-political aspects should be consid-
ered, since these aspects are intertwined and of mutual influence. Finally, Ren et al. add that users
should always choose themost suitable criteria for sustainability assessment according to the actual
conditions, whichmay vary by the perspective fromwhich research is approached. This is particularly
relevant for the present thesis.

McGill et al.
The research of McGill et al. (2013) [116] titled ’Alternative fuels for marine applications’ examines
the use of alternative fuels for use by themarine shipping industry to satisfy or partially satisfy new
and future regulations. In assessing alternative fuels, several parameters are evaluated relating to the
technical, economic, and environmental implications of the use of each fuel. However, contrary to
other research papers examined in this chapter, McGill et al. choose to convert most criteria across
these four pillars into costs, thus providing a level basis for comparison [116].

Nevertheless, McGill et al. do not perform any systematic review of the proposed fuel alternatives.
Instead, the research report covers alternative marine fuels in separate chapters in which only a
few criteria are briefly discussed. Themajority of the aforementioned criteria are left unconsidered.
Considering that this thesis is aimed at following systematic methodology, the research of McGill et al.
is not considered in the selection of appropriate evaluation criteria.

Bergsma et al.
Bergsma et al. (2019) [26] published a report for the Netherlands Maritime Land and Ministry of
Economic Affairs on the assessment of alternative fuels for seagoing vessels using heavy fuel oil. In
their assessment, Bergsmaetal. primarily evaluate fuelsbasedon their current and future technological
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readiness level (TRL) with regard to fuel production. In this approach, the TRL represents thematurity
of a technology. TRL level 1 to 2 indicates basic technology research, 3 to 5 indicates the phase of
technology development, TRL level 5 to 7 indicates the phase of technology demonstration, TRL level
6 to 8 indicates the phase of system and subsystem development, TRL level 7 to 9 indicates the phase
of systems testing for launching and operations and TRL level 10 indicates proven technology [26].

In addition, Bergsma et al. place emphasis on the sustainability of a feedstock by considering its
competition with food and Indirect Land Use Change (ILUC), which causes the repression of original
vegetation due to the production of crops. These criteria are especially important when evaluating
bio-fuels.

In the present thesis, high priority is given to the sustainability of a fuel technology. Therefore,
criteria such as competition with the food industry and ILUC carry high significance when evaluating
bio-fuels on their sustainability. Additionally, the TRL of fuel technologies is a realistic criterion for
shipowners to consider when evaluating a fuel technology for the future.

Deniz et al.
Deniz and Zincir (2016) [46] have written a research paper on the environmental and economical
assessment of alternativemaritime fuels. The aim of their studywas tomake a scientific comparison of
alternative fuels which can be used on ships. In this comparative study, the performance of methanol,
ethanol, LNG and hydrogen was addressed.

The criteria considered in Deniz et al. manage to capture technical, economic, environmental and
social aspects of alternative maritime fuels. In addition, the research paper includes an expert ranking
of comparison criteria by a panel of five licensed chief engineers, each with aminimum experience
of 8 years. In this ranking, safety is ranked as the highest priority, while global availability is ranked
last (11th). This is conflicting with the findings from Hansson et al. (2019) [78], where according to
shipowners the reliable supply of a fuel and its safety share the first priority.

However, as was also seen in Hansson et al. (2019) [78], relative rankings of criteria deviate strongly
when provided by different stakeholder groups. Therefore, when weighing criteria, it is essential to
understand the perspective fromwhich a study is approached. In the case of the present research, that
is the perspective of the shipowner.

DNVGL
In a report by DNV GL published in 2019 [48], several alternative marine fuels are compared. As DNV
GL states: "the overall ambition of the project has been to carry out a comprehensive study, based on
existing academic and industry literature, on the commercial and operational viability of alternative
marine fuels." [48].

Although this goal aligns well with the goal of the present thesis, DNV GL additionally chooses to
do a deep-dive into combustionmethods for eachmaritime fuel. This deep-dive includes analyses of
combustionmethods and technologies of very lowmaturity; something that will not be considered in
the current research.
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5.2. Criteria selection formulti-criteria decisionmodel
Following the scope of the present research and the insights gained from the aforementioned literature,
the criteria that are to be considered in themulti-criteria decisionmodel in this research are presented
in table 5.2. These criteria are all relevant tomaking an optimal choice of fuel technology under the
selected regulatory scenarios and are chosen from the perspective of a shipowner. However, since
economic criteria are considered in an extensive financial model which produces several financial
indicators, they are not considered in this section.

Category Evaluation criteria

Technical 1 Technological maturity
2 Availability of infrastructure
3 Engine compatibility
4 Fuel volumetric energy density

Economic 1 CAPEX
2 OPEX
3 Fuel cost

Environmental 1 Compliance with emission regulations
2 GHG emissions: well-to-tank
3 GHG emissions: tank-to-propeller

Other 1 Safety of fuel technology
2 Long-term global availability of fuel
3 Feedstock competition with food (if applicable)

Table 5.2: Overview of final evaluation criteria on alternative maritime fuels for the present research. Own composition

After reviewing numerous criteria from literature in table 5.1, the final evaluation criteria have
been formulated such as to encompass as many important aspects as possible. Under the following
bullet points, the chosen criteria are described.

Technical (A)
• Technological maturity
Technological maturity defines the degree up to which a technology has been developed. A
well-knownmethod of measuring technological maturity is the technology readiness level (TRL).
The use of the TRLmetric enables consistent and uniform assessment of technological maturity
across different types of technology.

• Availability of infrastructure
Availability of infrastructure is a criterion which assesses the degree to which infrastructure
is currently available for the transportation and bunkering of a fuel during port operations.
Although some fuels that are discussed can be considered drop-in fuels and can therefore utilise
existing infrastructure, many alternative fuels require (sometimesmajor) adjustments to existing
systems.

• Engine compatibility
Engine compatibility describes the degree towhich an alternative fuel is compatible with existing
engines and fuel systems. This criterion ismostly dependent on technical criteria such as density,
viscosity, boiling point and flash point of a fuel.

• Fuel volumetric energy density
The volumetric energy density of a fuel represents the amount of energy stored in a fuel per
unit of volume. Therefore, vessels that equip fuels with higher energy densities require less fuel
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to travel equal distances over sea. With the same analogy, vessels that equip fuels with higher
energy densities can travel longer distances on equal amounts of fuel. As the considered fuels
are liquid, the unit in which the volumetric energy density is described is in M J/l .

Environmental (B)
• Compliance with emission regulations
This criterion describes to what extent a fuel technology is compliant with current and/or future
emission regulations. This includes regulations limiting NOx and SOx emissions, as well as
regulations constraining the use of certain bio-fuels in high concentrations.

• GHG emissions: well-to-tank
Well-to-tank GHG emissions, otherwise called upstream emissions, are considered the GHG
emissions emitted during the extraction, processing and transportation of a fuel to the final user
[62].

• GHG emissions: tank-to-propeller
Tank-to-propeller GHG emissions are the emissions a vessel produces when consuming a fuel
for propulsion.

Other (C)
• Safety of fuel technology
The criterion assessing the safety of a fuel technology describes the safety of a fuel towards both
humans and the environment. This includes the potential toxicity and flammability of a fuel.

• Long-term global availability of fuel
This criterion assesses the degree to which a fuel will be or remain to be globally available in the
long-term.

• Feedstock competition with food (if applicable)
’Feedstock competition with food’ describes the degree to which a fuel uses a feedstock in its
production cycle that is also used for human consumption. This is relevant when assessing
bio-fuels.

The final criteria that are described above are chosen such as to encompass as many elements as
possible from the criteria that are retrieved from literature (as presented in table 5.1).

As such, in category A (technical criteria), bunker capability falls under the ’availability of infras-
tructure’ and fuel properties and pre-treatment of fuels fall under the criterion of ’engine compatibility’.
Additionally, increased space requirements for larger fuel storage tanks are considered within the ’fuel
volumetric energy density’ criterion. In the same way, in category B (environmental criteria), SOx and
NOx emission compliance criteria are not considered separately, as these aspects are accounted for
under the ’compliancewith emission regulations’ criterion. Finally, under C (other criteria), the toxicity
and flammability criteria fall under ’safety of fuel technology’ and the scalability of a fuel technology
falls under the criterion ’long-term global availability of fuel’.

Although financial implications surrounding a fuel technology are of paramount importance to
shipowners, these criteria are not statically defined in the literature study. This choice has been
made intentionally since costs are dynamic over time and dependent on the maturity and scale of
a technology. However, in the decision tool that is devised in the second part of this research, cost
development over time of each selected fuel plays a central role. This includes running costs, voyage
costs and capital costs. Eventually, the performance parameters assigned to each technology for each
criterion are implemented in the decision tool that is devised in the second phase of this research.
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5.3. Criteria evaluation
Now that the evaluation criteria have been selected, potential future fuel technologies are evaluated.
As was also primarily carried out in the analysis of table 3.4, criteria are evaluated based on literature.
Where information was incomplete, an approximation has beenmade. The results are presented in
table 5.3. In the current phase of the research, the terminology or scoringmethod used in table 5.3
is not yet translated into a normalised score. This is a task that follows in the implementation of the
decision tool.

j Unit HFO LNG FAME HVO UPO UBO FTD LBM NH3 Source

(A) 1 Technological maturity TRL 10 10 10 10 5.5 4.5 7 10 5.5 [26, 82]
2 Availability of infrastructure - 5 5 3 5 5 5 5 5 2 [48, 55]
3 Engine compatibility - 5 5 2 5 5 5 5 5 2 [48, 55, 79, 82]
4 Fuel volumetric energy density MJ/l 41 22.2 33.2 34.4 34 34 34.5 22.2 12.7 [10, 15, 48, 55, 77]

(B) 1 Compliance with emission regulations - 4 5 3 3 5 5 5 5 2 [26, 118, 126]
2 GHG emissions: well-to-tank gCO2eq/MJ 14.3 21.2 32 30 34.5 22 5 19.5 7.0 [55, 129, 152]
3 GHG emissions: tank-to-propeller gCO2eq/MJ 81.2 57.5 0 0 0 0 0 0 0.0 [39, 57, 96, 129]

(C) 1 Safety of fuel technology - 5 4 5 5 5 5 5 4 3 [20, 33]
2 Long-term global availability of fuel - 3 3 3 3 4 4 4 4 5 [118, 144, 159]
3 Feedstock competition with food - 5 5 2 2 4 4 4 4 5 [26, 82]

Table 5.3: Performance parameters p for each alternative i for the average, unregulated, 2020 base case scenario.

The technology readiness level (TRL) of the various fuel technologies has been determined based
on their technological relevance in 2020. In designing a decision tool subject to future scenarios, these
TRLs are expected to increase over time as technological development progresses.

Under criteria A2 and A3, which judge the availability of infrastructure and engine compatibility of
fuel technologies respectively, FAME and ammonia perform below average. This can be attributed to
the fact that both fuel technologies require major adjustments and/or investments in existing systems
to ensure safety and durability in the long term. In the case of FAME, the low scores can be attributed
to its clogging and acid degradation properties, while with ammonia, the low scores are attributed to
its highly corrosive properties affecting infrastructure and engines.

What might seem surprising when reviewing bio-fuels, is that tank-to-propeller emissions (B3) are
0 gCO2/MJ. This is because under the Kyoto Protocol the emission factor for biomass is always zero
[125]. However, this does not mean that the combustion of these bio-fuels does not emit any exhaust
gases. The net tank-to-propeller emissions of bio-fuels are zero because they aremeasured over the
bio-fuels’ life-cycle, where the growth of the feedstock has absorbed an equal amount ofCO2 from the
air. Nevertheless, as Cherubini et al. (2009) [39] explain, bio-fuel production does emit greenhouse
gases fromwell-to-tank: "Biomass use for energy generation is considered “carbon neutral” over its life
cycle because combustion of biomass releases the same amount ofCO2 as was captured by the plant
during its growth. By contrast, fossil fuels release CO2 that has been locked up for millions of years.
Bio-energy has an almost closedCO2 cycle, but there are GHG emissions in its life cycle largely from
the production stages: external fossil fuel inputs are required to produce and harvest the feedstocks,
in processing and handling the biomass, in bio-energy plant operation and in transport of feedstocks
and bio-fuels". Figure 5.1 demonstrates the total well-to-propeller emissions of the selected fuels,
which include emissions generated during production, distribution and combustion of each fuel.
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Figure 5.1: Graphic representation of well-to-propeller emissions of selected fuel technologies. Own composition

Under C2, where scores are assigned for the long-term global availability of fuels, fossil fuels, FAME
and HVO score lower. According to a paper published by Shafiee and Topal (2009) [144], fossil fuel
reserve depletion times for oil, coal and gas amount to approximately 35, 107 and 37 years, respectively.
Even though these time spans are evaluated with high uncertainty, they do confirm that the current
fossil fuel supply is finite, and is reaching its bottom at present consumption rates.

As for FAMEandHVO, the lower scorehasbeenassigneddue to thepresent choice of feedstockused.
Currently, FAME andHVO production is heavily dependent on edible oily feedstocks that compete
with the food industry; meaning these fuels will likely be subject to future regulatory measures [118].

Additionally, under D3, apart from FAME and HVO scoring low due to their dependence on edible
oily products, other bio-fuels are not assigned a score of 5 due to the uncertainty surrounding the
effects of Indirect Land Use Change (ILUC) [26].

5.4. Criteria weights
In a survey presented to seven deep-sea shipowning entities, shipowners have reviewed the afore-
mentioned evaluation criteria and assigned scores to judge the importance of each criterion for
decision-making on alternative fuel technologies in their firm. In the decision tool, these opinions
are translated into criteria weights. In the current application, shipowners reviewed criteria cate-
gories (technological, economic, environmental and other) and individual criteria on the basis of their
importance, ranging from not important at all to extremely important.

For privacy reasons, survey participants are anonymised and identified by their job function, while
the associated shipping companies are identified by their primary business line and number of vessels
under management. An overview is presented in table 5.4.
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Job title Country of origin Primary business line Vessels under management (±)
Senior Manager Denmark Tankers, container vessels 700
General Manager China Tankers, container vessels, bulk carriers 600
Vice President Norway Tankers, gas carriers 370
Head of corporate and business dev. Greece Container vessels, bulk carriers 50
Director Norway Chemical tankers 25
Senior Manager Norway Container vessels 25
Managing Director Norway Tankers, container vessels 10

1780

Table 5.4: Overview of survey participants. Own composition

The received responses were evaluated on a 5-point Likert scale. The Likert scale is a psychometric
scale that analyses the opinions of participants on five or seven points [29]. The results from the survey
presented to shipowners are visualised in figure 5.2 and 5.3 below.

Figure 5.2: Visualised survey results: criteria categories. Own composition

Figure 5.3: Visualised survey results: individual criteria. Own composition

The right-hand side of the figures shows the evaluated criteria and the left-hand side shows the
distribution of the responses. From the above figures, one can derive how shipowners have evaluated
the importance of the presented criteria on the Likert scale. Although the degree of importance
varies between different criteria, the relatively low standard deviation shown in table 5.5 shows high
consensus amongst survey respondents.
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Criteria Median Standard
deviation

Consolidated
median

Category: Technical criteria 4.0 0.53 -
Category: Economic criteria 4.0 0.38 -
Category: Environmental criteria 4.0 0.69 -
Category: Other criteria 4.0 0.58 -

Technological maturity 4.0 0.98 4.0
Availability of infrastructure 4.0 0.69 4.0
Engine compatibility 4.0 0.49 4.0
Fuel volumetric energy density 3.0 0.69 3.0
CAPEX 4.0 0.69 4.0
OPEX 4.0 0.58 4.0
Fuel cost 4.0 0.58 4.0
Compliance with emission regulations 4.0 0.69 4.0
GHG emissions: well-to-tank 4.0 0.58 4.0
GHG emissions: tank-to-propeller 4.0 0.69 4.0
Safety of fuel technology 4.0 0.82 4.0
Long-term global availability of fuel 4.0 0.58 4.0
Feedstock competition with food 3.0 0.76 3.0

Table 5.5: Criteria weight assessments. Scores are assessed on Likert scale: 1: Not important at all;
2: Not so important; 3: Moderately important; 4: Very important; 5: Extremely important.

In table 5.5, themedian, the standard deviation, and the consolidatedmedian of the shipowners’
responses are presented. As can be seen, in the two left-most columns, category scores are separated
from individual criteria scores, as they assess the general importance of a criteria category. Since
all criteria categories receive an equal median score (4.0), they do not influence the weights of the
individual criteria. In the right-most column, the consolidatedmedian of each individual criterion is
presented. The presented results of the survey are integrated with the SMART decision tool to express
the degree of importance shipowners assign to each fuel alternative.

5.5. Preliminary conclusion
On the basis of the criteria assessed in table 5.3, no evident conclusions on the optimal choice of fuel
technology can yet be drawn. However, by assessing themost important characteristics and properties
of the selected fuel technologies, the relative performance of fuels compared to their peers become
evident.

Whereas FAME and HVO are proven technologies and therefore show a benefit over the other
(bio-)fuels in terms of maturity and development, these fuels lag behind on other criteria such as
regulation, global availability and feedstock competition. This can mostly be attributed to the fact
that themajority of FAME and HVO are currently produced from edible oily product sources such as
rapeseed, soybean, coconut, palm and corn, which compete with the food industry [118]. However,
when these fuels are produced from waste oils, their performance on emissions, long-term global
availability and feedstock competition with food drastically improve.

Upgraded pyrolysis oil (UPO) and upgraded bio-oil via hydrothermal liquefaction (UBO via HTL)
perform very similarly due to their technological property of being able to be upgraded to the required
quality standard. These fuels do not show highmaturity, meaning that some properties such as the
volumetric energy density can yet only be estimated to be approximately equal to other liquid bio-fuels.
Nevertheless, UPO and UBO show great potential in terms of both performance and cost.

In its turn, Fischer-Tropsch diesel (FTD) shows higher maturity and highly similar performance to
UPO and UBO via HTL, while maintaining extremely low emission standards.

Liquid bio-methane, or bio-LNG, is a proven technology that can be considered a drop-in fuel
in LNG-powered vessels. Apart from the lower volumetric density compared to the aforementioned
liquid bio-fuels, bio-LNG shows steady performance on all criteria.
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Finally, whereas ammonia production is very mature for applications in the agricultural industry,
its maritime counterpart has not yet reachedmature stages of development and testing. Additionally,
current infrastructure would require major adjustments to be able to provide ammonia to sea-going
vessels. At last, engine compatibility with current systems is low, and fuel safety regarding human op-
erators and the environment is still highly uncertain. Nevertheless, ammonia remains a low-emission,
non-depletable fuel source, making a very interesting case for its potential as a long-term solution.

Concerning criteria weights, shipowners allocate high importance to technical criteria. Whereas
technological maturity and volumetric energy density do not seem to be of highest importance, the
availability of infrastructure and especially engine compatibility do. This may be due to the fear
of higher costs surrounding fuels that are incompatible with current engine systems. Additionally,
what is surprising is that although the economic criteria category is scored relatively high, individual
economic criteria (CAPEX, OPEX and fuel cost) do not receive as high scores as one might expect.
Finally, environmental criteria and especially compliance with emission regulations and tank-to-
propeller GHG emissions receive high scores. Other criteria are valued slightly lower by shipowners,
possibly due to the low risk they carry to their business. Nevertheless, the survey results should not be
accepted as general industry standards. Although a lot of effort has been put into collecting survey
responses, the sample size of n=7might not be representative of the industry-wide opinion of deep-sea
shipowners.

In conclusion, this chapter does not provide closure on which fuel technology represents the
optimal choice for a shipowner in the long term. However, it does provide valuable insights regarding
the performance of different fuel technologies on technical, environmental and other criteria. When
combining these criteria with the economic aspects of fuels, shipowners are able to decide which
fuel technology is the preferred choice under different imposed emission regulations. This decision-
making process is facilitated in the second phase of this research by means of a decision support
tool.





6
Bunker fuel cost

Chapter 7 explores the cost of present and alternative bunker fuels. In section 6.1, the current bunker
fuel market is assessed. Following this, section 6.2 researches the cost of feasible alternative fuels, of
whichmost have not yet reached commercial stage. Finally, in section 6.3, preliminary conclusions
are drawn.

6.1. Assessment of current bunker fuel market
Currently, global bunker prices of the most popular bunker fuels are published on a daily basis by
multiple providers. When analysing bunker price data from different bunkering ports, it is evident
that bunker prices can vary significantly between geographical areas. This causes shipowners to invest
substantially in their bunkering strategy, as cost-efficient bunkering can significantly increase profit
margins. Therefore, for an alternative fuel to successfully penetrate the industry, it does not only
require to be cost competitive but also to be globally available with minimal price differentiation
between ports. This is a highly challengingmatter for alternative fuels.

In figure 6.1, year-to-date bunker price developments of the most popular bunker fuels are demon-
strated. The prices shown represent a global average of the top-20 bunkering ports based on volume;
consisting of Busan, Canary Islands, Colombo, Durban, Fujairah, Gibraltar, Hong Kong, Houston,
Los Angeles, New York, Nigeria, Panama Canal, Piraeus, Rotterdam, Santos, Shanghai, Singapore, St.
Petersburg, Suez and Tokyo. As is seen from the graphs, price differentials between various types of
heavy fuel oils are fairly constant. Additionally, it is evident that the more refined fuels (in terms of
lower viscosity or lower sulphur content) are themost expensive. Finally, it is important to note that
the steep decline in bunker prices from February/March 2020 is attributed to COVID-19, which had a
severe impact on global trade and consequently bunker fuel demand. The steep decline verifies the
price dependency of bunker fuel on local demand.
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Figure 6.1: Global 20-port average price charts for IFO-380, IFO-180, VLSFO-0.5% and LSMGO-0.1% YTD-2020. Source: S&P
Global Platts

Finally, since natural gas has been internationally traded since the late 1960s, regional price indices
have been established. Generally, LNG has always beenmore cost competitive compared to heavy
fuel oils. However, liquefaction cost for liquid storage aboardmarine vessels should not be forgotten.
Currently, the cost of liquefaction in the U.S. comes down to approximately 3 $/MMBtu, although
lower spreads of 2 $/MMBtu have been observed in the past [157, 158].

According toMAN (2011) and DNVGL (2020), the total cost of liquefaction and small scale distribu-
tion of natural gas are expected to range between approximately 3-5 $/MMBtu [49, 53]. Production
costs average from 3 $/MMBtu to 4 $/MMBtu. Taking these costs into account, the cost of bunkering
LNG in present time would come down to approximately 6-9 $/MMBtu, which translates to approxi-
mately 310-465 $/mt LNG.

Local bunker price differentiation and global bunker price fluctuation is dependent on many
factors, ranging from supply and demand dynamics in the short run tomore complex relationships
with oil markets in the long run. Additionally, static factors such as vicinity to oil refinery plants and oil
reserves form an important basis for price setting. As Alizadeh, Kavussanos andMenachof accurately
summarise in an article researching the effectiveness of hedging against bunker price fluctuations
using petroleum futures contracts (2004) [18]: "Differences between the short-run dynamics of bunker
prices and energy futures appear to be due to the changes in regional supply and demand in the bunker
market, while the long-run co-movements between spot bunkers and energy futures are due to the
fact that all these prices are driven by the same underlying factor, which are the conditions prevailing
in the world oil markets."

Nevertheless, unlike hedging opportunities presented by Forward Freight Agreements (FFAs) in
the freight market, Alizadeh et al. see low hedging effectiveness with forward energy contracts in the
bunkermarket [18]. This can be attributed to the fact that bunker prices mainly reflect the regional
balance of supply and demand for bunker fuel, rather than leaning on the present or future condition
of the global oil market.

Although forward hedging is not found to be effective on bunker prices, a common measure
shipowners take to shield themselves against surging bunker prices is the implementation of the
so-called Bunker Adjustment Factor (BAF). The BAF is an additional surcharge levied on ship operators
to compensate or protect the shipowner for unexpected fluctuations in fuel prices. Bunker adjustment
factors are not considered in this thesis.

6.2. Cost of feasible alternative fuels
One of themost important criteria for shipowners when considering alternative fuels is fuel cost. In
this section, fuel cost ranges for feasible alternative fuels are derived from literature. Following this, a
preliminary conclusion is drawn based on the findings.

As with all new and upcoming technologies, the single biggest obstacle towardsmarket penetration
is to get the product to a competitive price point with the lack of scale. In encountering this challenge,
alternative fuels are not different. Due to low-scale production, low availability of resources and lack
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of technical know-how, prices for alternative fuels remain high. In table 6.1, present production and
distribution costs of alternative fuel technologies are demonstrated.

Alternative Production cost Distribution cost Total cost Source

$/MWh $/MWh $/MWh
Minimum Maximum Minimum Maximum Minimum Maximum

HFO (IFO-380) 30.5 34.8 - - 30.5 34.8 Clarksons; [41]
LNG 11.3 15.1 11.3 18.91 22.6 34.0 [49, 53, 72, 157]
FAME (bio-diesel) 67.6 100.5 0.0 0.6 67.6 101.1 [14, 68, 106, 123]
HVO 58.7 146.9 0.0 0.6 58.7 147.5 [64, 68, 124, 139]
UPO 58.0 136.6 0.0 0.6 58.0 137.2 [11, 55, 139, 165]
UBO via HTL 60.3 145.5 0.0 0.6 60.3 146.1 [45, 155]
FTD 61.0 165.6 0.0 0.6 61.0 166.2 [55, 64, 106, 139]
LBM (bio-LNG) 46.0 144.9 11.3 18.92 46.0 144.9 [55, 64, 72, 139]
Ammonia 39.0 118.8 19.8 73.33 58.7 192.1 [48, 77, 81]
1 LNG distribution costs include cost of liquefaction.
2 Distribution and liquefaction costs of LBM are assumed equal to LNG.
3 Ammonia is assumed to be stored and distributed under 1 bar and -33°C or 10 bar and 20°C at equal cost.

Table 6.1: Fuel production and distribution cost of alternative fuel technologies. Own composition

For the sake of comparison, the cost for HFO (IFO-380) bunker fuel is added to the list of alternative
fuels. As onemight notice, the distribution cost of IFO-380 is left blank. This is due to the fact that for
IFO-380, distribution cost is included in the production cost.

For LNG, production costs range from 3 $/MMBtu to 4 $/MMBtu and according to DNVL GL
andMAN, distribution and liquefaction costs range from 3-5 $/MMBtu [49, 53]. Due to the fact that
the same distribution networks can be used to transport and bunker liquefied bio-methane as LNG,
distribution costs for LBM are assumed equal.

For bio-fuels that can be distributed via present distribution networks (FAME, HVO, UPO, UBO
and FTD), distribution costs are found to range from zero to approximately 0.6 $/MWh [56].

Furthermore, for FAME, the lower bound of the production cost range is achieved when the bio-
diesel is produced from waste streams, while the upper bound of the range is reached when it is
produced from rapeseed oil [68]. Due to the low technological maturity of bio-fuel production from
waste streams, the current market price for FAME remains close to the upper bound of the price range
[123].

Similarly, for Fischer-Tropsch diesel, the lower bound is achieved when the bio-fuel is produced
from waste streams, while the upper bound is reached when the FTD is produced from biomass.
However, as is the case with FAME, current FTD production is heavily reliant on biomass, which
maintains very high costs. In fact, according to Kesieme et al. (2019) the average cost of rawmaterial
for bio-diesel production is nearly 60 to 75% of the total production cost [101].

For ammonia, the production cost range is not so heavily dependent on resources, but rather the
choice of production process. The lower end of the cost range is achieved via traditional Haber-Bosch,
themiddle range via direct electrochemical nitrogen reduction and the upper range via electrolysis
of water, followed by Haber-Bosch. The distribution cost for ammonia is derived by assuming equal
distribution cost as for LNG and correcting for the difference in volumetric energy density.
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6.3. Preliminary conclusion
Figure 6.2 demonstrates the total cost range of the selected alternative fuels, including production and
distribution costs.

Figure 6.2: Total fuel cost range of alternative fuel technologies. Own composition

As is evident, alternative fuel technologies still need tobridge a significant price gapbefore shipown-
ers are expected to switch their bunkering strategy based on fuel cost. Nevertheless, it is not unthink-
able that with significant scale, sufficient financial support from governments and regulators and
supportive tax schemes, this can be achieved.

Especiallywhen considering the fact thatwith the current lack of scale and technological know-how,
(relatively) low-cost alternative fuels can be produced fromwaste streams. This may indicate that the
door to amore sustainable future for themaritime industry starts to open.

Nevertheless, the lower cost scenarios for the selected alternative fuels still remain too high com-
pared to current fuel solutions. As was suggested in chapter 4, LNG could present a sufficient bridging
opportunity to defer from heavy fuel oils. If prices are maintained low -something that is bound to
happen when the technology is scaled- LNG presents a competitive opportunity compared to tradi-
tional heavy fuels. Additionally, if the industry decides to initiate amass transition towards LNG, the
threshold towards the adoption of liquefied bio-methane (bio-LNG) is lowered.

However, this strategy would not necessarily speed up the adoption of an environmentally friendly
fuel. As was presented in figure 5.1, LNG still emits far more gCO2eq/M J than is desirable to cut
emissions by 50%.

In conclusion, shipowners are currently not incentivised to switch their bunkering strategy to the
use of a more sustainable fuel due to fuel cost. Additionally, the added CAPEX that would be required
to refit vessels in order to burn alternative fuels would add to the total switching cost.

However, with the implementation of the correct tax schemes and other economic incentives,
the current price gap may possibly be bridged. The conditions under which this is possible will be
examined in the decision tool.
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Current state of research

This chapter is intended to form an understanding of current literature on alternative maritime fuels
of the future and of decision tools as a means of complex decision-making towards maritime fuel
choices. Relevant literature is reviewed and the conclusions are summarised. Additionally, this chapter
provides insights into which areas have already been researched, and equally important, which areas
have not. In section 7.1, existing literature on alternativemaritime fuels is reviewed, where-after in
section 7.2, literature is reviewed on decision tools. Finally, in section 7.3, conclusions are drawn and
the knowledge gap in the current field of research is identified.

7.1. Literature on alternativemaritime fuels
The current section reviews literature on alternative maritime fuels of the future. The literature review
is limited to the chosen set of alternative fuel technologies (LNG, FAME, HVO, UPO, upgraded bio-oil
via HTL, FT-diesel, LBM (bio-LNG) and ammonia.

Literature consideringmultiplemaritime fuels
In 2019, DNVGL [48], the largest Norwegian registrar and classification society, did an extensive review
of alternativemarine fuels in 2019 for SEA\LNG. From the interpretation of the results presented by
DNVGL, HVO and LNG show promising prospects, although these fuels do not sufficiently manage
to reduce GHG emissions. On the other hand, whereas ammonia performs very well in terms of
emissions, the fuel lacks in commercial readiness, technological maturity, bunkering availability and
safety [48]. The report concludes that it is not likely that any major uptake of expensive alternative
fuels with significant GHG reduction potential can be expected until required by regulations or unless
it is heavily incentivised. Towards 2030, however, DNV GL says there will be a key period of increased
R&D activity, piloting, rule development, product development and early commercialisation [48].
Additionally, DNV GL published a position paper in 2014 on alternative fuels for shipping [47]. In this
paper, DNVGL articulates that it expects an acceleration in the development of bio-fuels produced
from locally available waste biomass [47]. However, DNV GL continues, acceptance of bio-fuels in
deep-sea transportation can only take place if these can be produced globally in sufficiently large
volumes and competitive prices [47].

Balcombe et al. (2019) [21] wrote a paper onmethods of decarbonising shipping, where options for
fuels, technologies and policies are examined. According to the authors, with LNG being economically
feasible and achievingmoderate environmental benefits, it might be promising in the short-termwith
minor policy intervention [21]. The paper concludes that longer-term, deep decarbonisation can only
be achieved with strong financial incentives.

In a report executed for the NetherlandsMaritime Land andMinistry of Economic Affairs by the
Maritime Knowledge Centre, TNO, and TUDelft (2019) [26], alternative fuels for seagoing vessels using
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HFO are reviewed. According to the report, which expresses a clear preference for the use of bio-fuels
that do not compete with the food industry, bio-methanol and bio-LNG are the preferred options
[26]. This is mainly because these fuels can be produced at a similar cost as the food based bio-diesels
(HVO, FAME, SVO) [26]. However, as is also concluded in the present research, bio-methanol is unfit
for deep-sea shipping due to its low energy density [82].

Hansson et al. (2019) [78] assess the prospects for seven alternative fuels for the shipping sector
in 2030, including bio-fuels. In their study, the researchers apply a multi-criteria decision-making
approach based on fuel performance and a panel of maritime stakeholders. Commercial stakeholders
such as shipowners, fuel producers and enginemanufacturers, rank LNG andHFO the highest, fol-
lowed by fossil methanol, and then various bio-fuels (liquefied bio-gas, bio-methanol, and HVO) [78].
Stakeholder groups involving Swedish government authorities rank renewable hydrogen the highest,
followed by renewable methanol, and then HVO [78]. As Hansson et al. therefore conclude, policy
initiatives are needed to promote the introduction of renewable marine fuels [78].

In a dissertation by Selma Brynolf which performs an environmental assessment of present and
future maritime fuels (2014) [31], the author concludes that natural gas-based fuels are themost likely
replacements through 2050, whereas bio-fuels are unlikely to play amajor role in the shipping sector
due to their limited supply and competition for bio-energy from other energy sectors [31]. However, in
this consideration, Brynolf does not consider policy instruments and regulations which are able to
allocate or redistribute resources between industries.

Furthermore, researchers that have written extensive papers scoped towards a specific fuel or fuel
category for futuremaritime applications include Pavlenko et al. (2020) [129] on LNG, Hansson et al.
(2020) [79] on ammonia, and E4Tech (2018) [55], Hsieh et al. (2017) [82], Kesieme et al. (2019) [101]
and Florentinus et al. (2012) [70] on bio-fuels.

Literature considering LNG
Pavlenko et al. (2020) [129] have written a paper in which the climate implications of using LNG as a
marine fuel are analysed. In this paper, the authors conclude that when using a 20-year GWP -which
Pavlenko et al. believe better reflects the urgency of reducing GHGs than a 100-year GWP- there is no
climate benefit for using LNG, regardless of engine technology used. Pavlenko et al. add that even
when using a 100-year time frame, the maximum life-cycle GHG benefit of LNG is 15% reduction
compared toMGO.

Additionally, Burel et al. (2013) [33] wrote a paper aimed at increasing the sustainability ofmaritime
transport through the utilisation of LNG for propulsion. In their investigation, the first part is aimed at
identifying the ship type which wouldmost benefit from switching to LNG propulsion, where-after
operational costs and pollutant emission reduction following LNG implementation are calculated [33].
The authors claim that LNG leads to a reduction of 35% of operational costs (although no calculation
is provided) and 25% of downstreamCO2 emissions compared to vessels on HFO [33].

Literature considering ammonia
Hansson et al. (2020) [79] have written a paper in which a synthesis of knowledge is presented on the
potential role of ammonia as amarine fuel. Hansson et al. conclude that in the short term, natural
gas-based fuels such as LNG represent themost cost-effective fuel choice [79]. Furthermore, they add
that even in a long-term scenario of more stringent climate targets, the use of hydrogen represents a
more cost-effective option. This is due to the fact that although ammonia carries significantly lower
storage cost, this does not outweigh the additional cost of converting hydrogen to ammonia from a
systems perspective [79]. Nevertheless, although hydrogenmay bemore cost-effective, it can still not
provide a feasible solution for deep-sea shipping due to its low volumetric energy density [55].

Literature considering bio-fuels E4Tech (2018) [55], an energy and sustainability strategy consul-
tancy, has written a very extensive report for PlatformDuurzame Bandstoffen in which it presents a
master plan forCO2-reduction in the Dutch shipping sector through the use of bio-fuels. Additionally,
E4Tech differentiates between short- and deep-sea shipping, which is of high value for the present
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research. According to the authors, HVO is the only ’drop-in’ bio-fuel that is currently available at
commercial scale and allows for highGHGemission reductionwhenusingwaste oils [55]. Its drawback,
as was alsomentioned in chapter 4, lies in the limited availability of waste oils and fats. Additionally,
E4Tech sees potential in liquefied bio-methane (bio-LNG) due to the high GHG reduction potential
when produced from organic waste or manure, and in FT-diesel and upgraded pyrolysis oil due to
their full compatibility with current diesel engines andmarine fuel infrastructure [55]. However, the
low commercial readiness of FT-diesel and upgraded pyrolysis oil is expected to limit their availability
in 2030.

Kesieme et al. (2019) [101] perform a technological, environmental and economic assessment
on alternative shipping fuels, with an emphasis on bio-fuels. According to Kesieme et al., existing
and upcoming environmental restrictions can bemet by alternative fuels such as SVO, bio-diesel and
bio-LNG [101]. However, the researchers recognise limiting parameters in the uptake of bio-fuels in the
maritime industry. According to Kesieme et al., key issues in the application of alternative fuels in the
maritime industry need to be resolved through the introduction of marine-grade fuel specifications,
lower manufacturing costs, beneficial tax regimes and government subsidies [101].

Additionally, Hsieh and Felby (2017) [82] map the current supply of bio-fuels and bio-fuel related
technologies to investigate how and if bio-fuels can be integrated into the shipping industry. According
to the authors, with the current fuel volumes demanded by themerchant shipping industry and new
regulatory fuel requirements, there is a strongmarket potential for bio-fuels, and particularly bio-fuel
blends [82]. However, apart from the fact that bio-fuels are and will remainmore expensive than fossil
fuels in the foreseeable future, Hsieh and Felby conclude that the largest operational drawback at the
moment is the lack of long-term data on bio-fuel use, as they are still relatively new in the sector [82].

Finally, Florentinus et al. (2012) [70] confirm that there is a market for bio-fuels to be introduced
in ships based on current policy and support schemes, high operational costs and environmental
benefits. However, although themarket incentives are there and it is technologically possible, multiple
factors are limiting the implementation of bio-fuels in themaritime sector. In accordance with Hsieh
andFelby (2017) [82], Florentinus et al. identify the largest boundaries to include the higher production
cost, lack of experience in long-term use, and threats to current fuel supply chainmarket players [70].

7.2. Literature on decision tools
Both in academics and business, decision tools have been applied for decades. For this reason, the
total span of decisionmethods is enormous. However, it is not the intention of this research to explain
the large variety of decisionmethods available. Therefore, for reasons of brevity, this section focuses
on the review of decisionmethods that fit the specific use case of this thesis.

The aim of the present thesis is to design and devise a decision tool that accounts for a broad range
of both qualitative and quantitative criteria while respecting criteria weights assigned by decision-
makers. Additionally, the decision tool should include the possibility of running on different scenarios.
Themethodology by which the design tool for the present thesis is devised is discussed in chapter 2.

Multi-criteria decision-making (MCDM)
To successfully design and devise a decision tool, it is first necessary to decide on an appropriate
decision-makingmethod.

Within the category of multi-criteria decision-makingmethods, various theories exist, each with
its own distinctive applications and properties. In this regard, Velasquez and Hester (2013) [160] have
performed an extensive analysis of the most commonly usedmulti-criteria decision-makingmethods.
In table 7.1 below, an overview including a description, advantages, and limitations of eachmethod is
presented based on Velasquez et al. (2013) [160], Saaty (2008) [138] and Konidari et al. (2007) [103].
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Method Description Advantages Limitations

Multi-attribute util-
ity theory (MAUT)

MAUT is anexpectedutility theory
that decides on the best course of
action by assigning a utility to ev-
ery possible consequence

Takes uncertainty into account;
can incorporate preferences

Needs a lot of input; preferences
need to be precise

Analytic hierarchy
process (AHP)

AHP is a theory of measurements
through pairwise comparisons by
the judgement of experts to derive
priority scales

Easy to use; scalable; hierarchy
can easily adjust to fit many sized
problems; not data-intensive

Longcomparisonprocess for com-
plex decisions; does not handle in-
terdependence well; only allows
for comparative criteria grading

Case-based reason-
ing (CBR)

CBR retrieves cases similar to
a problem from an existing
database of cases, and proposes
a solution based on the most
similar cases

Requires little maintenance; can
improve over time; can adapt to
changes in environment; not data-
intensive

Sensitive to inconsistent data; re-
quires many cases to achieve reli-
ability

Data envelopment
analysis (DEA)

DEA compares the relative effi-
ciencyof alternatives thatperform
the same tasks to identify ineffi-
ciencies and room for improve-
ment

Capable of handling multiple in-
and outputs; efficiency can be
analysed and quantified

Does not dealwith imprecise data;
assumes that all in- and outputs
are precisely known

Fuzzy set theory Fuzzy set theory is a theory that
is able to deal with imprecise and
uncertaindata to encompass com-
plex problems

Allows for imprecise input; takes
insufficient information into ac-
count

Difficult to develop; requires nu-
merous simulations and itera-
tions before use

Simple multi-
attribute rating
technique (SMART)

SMART relies on utility and pref-
erential independence and allows
for any type of weight assignment
techniques (i.e. relative, absolute,
etc.)

Simple; allows for any type of
weight assignment technique; re-
quires minimal effort by decision-
makers

Procedure for determining
weights can become inconvenient
in complicated frameworks

Goal programming
(GP)

Goal Programming is a pragmatic
programmingmethod that is able
to choose froman infinite number
of alternatives

Capable of handling large-scale
problems; can produce infinite al-
ternatives

Inability toweigh coefficients; typ-
ically requires to be combined
with other MCDM

ELECTRE ELECTRE is an outranking
method based on concordance
analysis throughmany iterations

Takes uncertainty and vagueness
into account

Outranking limits the identifica-
tion of strengths and weaknesses
of alternatives; process not trans-
parent

PROMETHEE Similar to ELECTRE,
PROMETHEE consists of a
family of outranking methods in
various applications

Easy to use; does not require as-
sumption that criteria are propor-
tionate

Does not provide clear method to
assign weights; process not trans-
parent

Simple additive
weighting (SAW)

SAW consists of a value func-
tion based on a simple addition
of scores that represent the goal
achievement under each crite-
rion, multiplied by the particular
weights

Ability to compensate among cri-
teria; intuitive todecision-makers;
simple calculationmethod

Estimates revealed do not always
reflect the actual situation; results
obtainedmay lack logic; does not
allow minimisation or negative
values

TOPSIS TOPSIS is an approach to iden-
tify an alternative closest to the
ideal solution and farthest to the
negative ideal solution in amulti-
dimensional computing space

Simple process; easy to use and
program; number of steps re-
mains equal regardless of the
number of attributes

Its use of Euclidean distance does
not consider the correlation of
attributes; difficult to address
weight and keep consistency of
judgement

Table 7.1: Overview of most commonmulti-criteria decisionmethods. Own composition based on Velasquez et al. (2013) [160],
Saaty (2008) [138] and Konidari et al. (2007) [103]
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Literature on the application of MCDMmethods for alternative fuel decision-making
As canbeperceived from table 7.1, not allmulti-criteria decisionmethods are applicable to theproblem
presented in the present thesis. Therefore, several examples of literature including multi-criteria
decision-makingmethods for alternative fuel decision-making are reviewed below.

Rousos and Lee (20012) [136] discuss the needs and possibilities of widening the traditional per-
spective throughwhich shipping investment decisions are takenby embedding them in amulti-criteria
environment. Rousos et al. argue that shipping decision-makers faced with ship investment decision-
making are commonly influenced by factors that are not clearly financial or cannot be easily quantified
in financial terms [136]. Therefore, they apply an ’integrated’ analytical hierarchy process (AHP) -
discounted cash flow (DCF) approach. In this integrated AHP-DCF approach, DCF outcomes are set
as some of the criteria in the AHP hierarchy. By integrating thesemethods, the researchers were able
to combine both financial criteria (further detailed as the net present value (NPV) and internal rate of
return (IRR)) as well as other, less quantifiable criteria.

Ren and Lützen (2017) [135] investigate sustainable alternative energy sources for shipping under
incomplete information. The authors use novel multi-criteria decision-makingmethod that combines
Dempster-Shafer theory and a trapezoidal fuzzy analytic hierarchy process (TFAHP) for alternative
energy source selection under incomplete information conditions [135]. Additionally, Ren and Liang
(2017) [134] applied fuzzy ’Technique for Order of Preference by Similarity to Ideal Solution’ (TOPSIS)
to determine the order of sustainability of marine fuels.

Hansson et al. (2019) [78] assessed alternative maritime fuels under Swedish stakeholders by em-
ploying an AHP. The authors decided to do so due to the possibility to mix quantitative and qualitative
input data and to consider the views of different stakeholders specifically engaged for this purpose
[78]. In a different study by Hansson, Fridell and Brynolf (2020) [79], the researchers use the analytic
hierarchy process (AHP) to combine estimated fuel performance and input on criteria importance
from a panel of maritime stakeholders.

Other assessmentmethods
Other popular assessment methods in decision analysis include decision trees, cost-benefit analysis,
real-options analysis, life-cycle assessment and the even-swapmethod. Although these methods offer
many individual benefits towards decomposing a decision-making process, they lack the property
of considering criteria weights assigned by relevant stakeholders. Therefore, the optimal and only
method that is able to assist decision-makers in assessing qualitative and quantitative criteria while
respecting criteria weights, is MCDM.

Nevertheless, this does not mean that other methods can not be introduced in order to assist in the
multi-criteria decision analysis. For instance, life-cycle assessment (LCA), as reviewed in chapter 4, is
a method that is particularly useful in assessing the environmental performance of alternative over
their lifetime. In the present research, LCA is applied to assess GHG emissions.

Additionally, real-options analysis can attach a value to flexibility in strategic decisions. This is
particularly valuable in the present researchwheremultiple future regulatory scenarios are considered.
According to Buurman and Babovic (2016) [35], the fact that a different pathway can be taken or that a
policymaker can adopt a strategy to wait until more information is available, allows one to limit the
downside of making a wrong decision, and capture the upside of new information and opportunities.
In practice, this translates to flexibility in an assumed discount rate in a discounted cash flow. Mun
(2002) [121] has written a book on real options analysis, including numerous industry examples. Using
Mun’s analogies, in the present research, the application of real options analysis could quantify the
added value of choosing an engine that supportsmultiple (alternative) fuel technologies, thus reducing
uncertainty surrounding the success of the present fuel choice [121].

7.3. Conclusions
Most of the reviewed literature on alternativemaritime fuels concludes that at the timeof research, only
natural gas-based fuels such as LNG are considered an appropriate alternative fuel choice. Although
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bio-fuels gain popularity onmany fronts, their high production costs, lack of technological maturity
and lackof experience in their long termapplicationareboundaries that yetneed tobeovercomebefore
the industry is ready to adapt to these new fuels. Nevertheless, according to literature, a lot of potential
is seen in the selected alternative fuels. Ammonia is also oftenmentioned as a possible alternative
fuel for themaritime industry. However, it is difficult to find independent literature concluding that
ammonia indeed represents a feasible fuel choice in the short- to medium term. The current cost of
switching to an alternative fuel other than LNG is currently expected to be very high, and thus not
economically competitive.

On the topic of decision tools, eachmethod has its own distinct characteristics, advantages and
limitations, as presented in table 7.1. In the current architecture describing the decision tool that is to
be built, the simplemulti-attribute rating technique (SMART) forms the best basis for development.
Although similar to AHP, in SMART, decision-makers are not required to grade criteria comparatively
(which would be too extensive in this case) but rather directly based on their perceived importance.
Nevertheless, the sole use of SMART is not able to capture the full extent of the requirements of the
decision tool that is devised in the present thesis. Therefore, a combination of SMART, discounted
cash flow (DCF) and optimisationmodelling is integrated to form the final decision support tool.

Knowledge gap
On the author’s insight, the current literature evaluating alternativemaritime fuels does not sufficiently
consider the perspective of the final decision-maker: the shipowner. For the successful adoption of an
alternative fuel technology, shipowners need to be able to make a substantiated business decision
that will not defy profitability. Therefore, it is necessary to acknowledge and consider the critical
importance of various technical, economic, environmental and other criteria.

Additionally, although several studies have investigated potential future regulatory scenarios for
the maritime industry, there is a lack of literature on how shipowners might revise their future fuel
choice depending on the regulatory climate. Furthermore, the financial performance of alternative
fuels has not been analysed over the lifetime of a vessel.

All in all, there is a lack of knowledgeonhowshipowners canoptimally respond todifferent imposed
emission regulations by selecting themost appropriate fuel technology. This information is not only
important for shipowners, but also for regulators and governments to ensure affordable and reliable
global trade under stricter emission regulations. Without this (or similar) knowledge, it would be
irresponsible for shipowners tomake decisions towards employing alternative fuel technologies.

Therefore, the present study aims to fill the gapby developing a decision support toolwhich enables
shipowners to select themost appropriate alternative fuel technology to complywith possible different
imposed emission regulations while ensuring optimal business performance.
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Decision tool

This chapter presents the decision support tool (otherwise called ’decision tool’) that is devised in
this research. A decision tool is built in order to assist decision-makers in applying the work of this
research on different use cases. The current chapter aims to provide the reader with an understanding
of how results are produced, which assumptions are made and how the work can be reproduced.

The decision tool is produced to realise research objective four (vi.):

Devise a decision support tool which is able to:
a. Rank optimal fuel choices under different regulatory scenarios and
b. Assist shipowners inmaking future decisions regarding their choice of (alternative) fuel technology.

Section 8.1 describes the functional design of the decision tool. Section 8.2 provides the reader with
an elaborate model description, diving into the architecture of the decision tool. Section 8.4 explains
how the various regulatory scenarios are implemented throughout themodel. Section 8.5 elaborates
on the key performance indicators (KPIs) used to assess which alternatives qualify as optimal under
various scenarios. Finally, section 8.6 addresses the verification of the decision tool to assure that it is
correctly implemented with respect to the conceptual model, and section 8.7 discusses the partial
validation of the tool to check the accuracy of inputs.

8.1. Functional design
The functional design describes the functionalities and user experience throughout the decision tool.
Firstly, 8.1.1 describes the intended use case and user of the decision tool. Following this, derived
from the use case, 8.1.2 describes the goal of the decision tool. Finally, 8.1.3 describes the workflow of
the decision tool. In this section, the reader is made familiar with the necessary data for the proper
operation of the decision tool, the required user inputs, the outline of the process and the produced
outputs the user receives from the tool. After this section, the reader should have an idea of the various
applications of the decision tool but does not yet require to understand the background architecture.
The latter is explained in further detail in section 8.2.

8.1.1. Use case of decision tool
The devised decision tool is intended to be applied by shipowners involved in the deep-sea shipping
trade. By means of this tool, shipowners are assisted in their decision-making process regarding
the choice of (alternative) fuel technology in a new-built vessel. The tool provides valuable insights
concerning the estimated costs incurred per different choice of fuel technology over the lifetime of
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the vessel, as well as the optimal economic speed the vessel should sail when employing different
fuel alternatives. Additionally, the decision tool accounts for other (non-financial) criteria in the
decision-making process. Several scenarios are examined by the tool including a pessimistic, average
and optimistic outlook based on varying model parameters, as well as outcomes under various future
regulatory scenarios in 2020, 2030 or 2050.

The information obtained by using this decision tool is most valuable in the investigative phase
of making a decision regarding the choice of fuel alternative for a new-built vessel. Due to the high
pace of developments in the alternative fuel technology space, it is highly recommended to regularly
re-evaluate and double-checkmodel parameters.

8.1.2. Goal of decision tool
The goal of the decision tool can be formulated from the definition of the use case.

The goal of the decision support tool is to enable shipowners to select themost appropriate alternative
fuel technology to comply with possible different imposed emission regulations while ensuring optimal
business performance.

The decision tool should support shipowners inmaking substantiated decisions on questions such
as whether they should choose to implement an alternative fuel technology in their new-built vessels
and to what extent these choices might impact their business performance. Therefore, the purpose of
the decision tool is to assist shipowners in making decisions by analysing the provided insights for
each considered alternative fuel.
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8.1.3. Workflow of decision tool
The workflow of the decision tool describes which data is necessary for its proper operation, which
inputs are required to be inserted by the user, the outline of the process and themost relevant outputs
subsequently provided to the user. The parameter categories are labelled according to the processes
they are involved in. A schematic overview of the decision tool architecture is provided in figure 8.1,
where-after the following sections elaborate on the appliedmodel.

Figure 8.1: Schematic overview of decision tool architecture. Own composition



68 8. Decision tool

Legend
Since the decision tool consists of a complex combination of inputs, calculations, data and assump-
tions, colour coding has been used to simplify its interpretation. The legend is presented in figure 8.2
below.

Figure 8.2: Legend of clarifying cell and text colours used throughout themodel.

Input
In the following paragraphs,model inputs are definedwhich originate fromboth shipowner inputs and
available data. The combination of these inputs is required to operate the decision tool successfully
and to provide the shipowner with relevant insights.

The first part of the inputs consists of input parameters including delivery year, installed power,
rpm at MCR, propeller diameter, vessel sizing, gross tonnage, lightweight, TEU capacity, capacity
loss due to LNG/bio-LNG/ammonia tank installations, crew number, maximum ballast speed and
maximum loaded speed. Other vessel details are added for clarity and case study detail but are not
required for the calculations performed by themodel. An example of the vessel parameter input is
provided in figure 8.3 below.
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Figure 8.3: Vessel parameter input excluding fuel consumption.

After the vessel parameters have been defined, the vessel’s speed-power curve is determined
using the HollenbachMethod as found in Fundamentals of Ship Hydrodynamics (2019) [111]. The
HollenbachMethod is based on an analysis ofmodel tank tests for 400+ ships performed by the Vienna
ShipModel Basin from1980 to 1995 to improve the reliability of the performance prognosis formodern
cargo ships in the preliminary design stage [140]. The HollenbachMethod is applied to the current
vessel with the help of a model provided by Prof. Koos Frouws (TUDelft). The related in- and outputs
are displayed in figure 8.4 below and applied in calculations of fuel consumption and vessel speed.

Figure 8.4: Hollenbach shipowner in- and output. Applicationmodel courtesy of Prof. Koos Frouws (TUDelft).

Following Hollenbach, the operational parameters of the vessel and its trajectories are inserted by
the shipowner. When on both time or voyage charter, operation parameters consist of charter day rate,
dry dock and special survey interval, dry dock duration, special survey duration, operational lifetime
of the vessel, broker commission, the annual target time on hire and the average time charter day rate
received. An overview of the general operational parameters is provided in figure 8.5.
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Figure 8.5: General operational parameters for both time and voyage charters.

For time charters, the relevant operational parameters are hereby concluded. However, for voyage
charters, operational parameters extend further in order to contribute to the calculation of voyage
expenses. In the decision tool, these parameters are defined as voyage charter specific operational
parameters. In figures 8.6 and 8.7 below, an example is provided for the voyage charter specific
operational parameters in the average, 2020, unregulated scenario.

To calculate the net revenue generated by the vessel, cargo handling costs paid by shipper to
shipowner and terminal operating costs paid from shipowner to ports are deducted from the freight
rates received. These costs are deducted from initial revenue by a fixed percentage. For the model
to account for port time on each voyage, themaximum time loading and discharging is input by the
shipowner. Because thisfiguremayvary fromport toport, anaveragevalue ismaintained. Furthermore,
indicators for annual time in transit, port arrivals and canal exits are included, which are calculated
according to the voyage specifications shown in figure 8.7 and used to determine fuel consumption as
well as port and canal costs.

Following this, a number of rows is dedicated to vessel speed and annual fuel consumption. In
green numbers, the optimal economic vessel speed for each alternative can be found. The optimal
economic vessel speed is calculated by an optimisationmodel that aims tominimise required freight
rate (RFR) for each fuel under each different scenario. As the vessel speed changes, the working point
of the engine is determined by the regression formula produced by the HollenbachModel provided by
Prof. Koos Frouws (TUDelft). The devised speed optimisationmodel is described in detail in section
8.3.

In the large blue tables with green text, the optimal economic speed outputs from the optimisation
model are displayed for each scenario. On the right side of the sheet, a button is placed to recalculate
the optimal economic speed when inputs are changed.

As fuel consumption is not constant across thepower curve, eachengineworkingpoint corresponds
to a different specific fuel oil consumption level (SFOC). With the help of a power-SFOC data table
providedbyMANDiesel &Turbo1, the SFOCcorresponding to each alternative fuel and engineworking
point is determined. For all diesel-like fuels, the engine efficiency curve is assumed equal. For gas-
like fuels such as LNG and liquefied bio-methane (LBM), a 9.5% higher engine efficiency is assumed
[114, 163]. This difference is further elaborated in section 8.2.2. With this available information, annual
fuel consumption for propulsion and auxiliary equipment is calculated for all alternatives.

After the speed and SFOC data tables, an optional input field is added to address a deviation in
specific fuel oil consumption (SFOC) in case a shipowner wishes to implement other, additional
efficiency measures. Additionally, because auxiliary energy consumption contributes to the total
fuel cost, the vessel’s additional auxiliary fuel consumption is input as a function of propulsion fuel
1It is important to note that MANDiesel & Turbo are incentivised to provide highly optimistic SFOC figures as these double as
marketingmaterial for their engines.
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consumption. This includes auxiliary energy consumption during off-hire and port time. Finally,
an overview of annual statistics such as fuel consumption, cycles sailed, TEU transported, distance
travelled, TEU-mile transported and average TEU utilisation is added for clarity and cost calculations
in the financial model.

Figure 8.6: Voyage charter specific operational parameters. Voyage charter specifications for all alternatives follow in figure 8.7.

Tooptimise foroptimal economic speedand todetermine fuel cost andvoyagecharter revenues, the
model requires specific voyage specifications. These specifications include the origin and destination
of the voyage, the distance travelled, the TEU utilisation, charter day rate per voyage, time in transit,
time loading and time discharging per voyage. An example of operational parameters and voyage
charter specifications as presented in themodel are shown in figure 8.7.
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Figure 8.7: Voyage charter specifications for all alternatives.

At last, the financial input is inserted. The financial input includes the current EUR/USD exchange
rate, the purchase price of the base case vessel (employing HFO diesel engines and scrubbers), the
equity share the shipowner is expecting to contribute to the purchase of the vessel, the bullet %
(or balloon) of debt share he is able to negotiate to pay at the end of the payback period as a lump
sum, the interest rate he is demanded on his loan from his lenders, the discount rate representing
the shipowner’s weighted average cost of capital (WACC) and the cost of CO2 European Emission
Allowances. An overview is presented in table 8.8.
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Figure 8.8: Example of financial parameter input.

Scenarios
In this thesis, several scenarios are treated which can be applied in a large number of combinations.
Each scenario has a distinct impact on the output of the decision tool. A distinction can be made
between so called ’sentiment’ scenarios, time scenarios, and regulatory scenarios. The sentiment
scenarios describe the ’optimistic’, ’average’ or ’pessimistic’ perspective fromwhich the criteria are
evaluated, the time scenarios make a distinction between the starting years 2020, 2030 and 2050 and
at last, the regulatory scenarios include ’no regulation’, ’market-basedmeasures’ and ’emission cap’
scenarios.

As the sentiment, time and regulatory scenarios can produce 27 different combinations, a scenario
selectionmodule is implemented in the decision tool to allow shipowners to produce outputs for each
desired scenario. An overview of the selectionmodule is presented in figure 8.9. The impact of each
scenario is further elaborated in section 8.4.

Figure 8.9: Overview of the scenario selectionmodule as found in the decision tool.

In table 8.1, all possible scenarios are identified with a checkmark. Themost important results in
chapter 9 are presented in the same format.

2020 2030 2050
O A P O A P O A P

NR X X X X X X X X X

MBM X X X X X X X X X

EC X X X X X X X X X

Table 8.1: Illustration of all possible scenarios presented in themodel. O = optimistic, A = average, P = pessimistic scenario.
NR = no regulation, MBM =market-basedmeasure, EC = 50%GHG emission cap compared to 2020 levels.
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Data
The foundation of an accurate decision tool lies in the reliability of the data it is fed. For this research,
data is collected on aspects such as technical specifications, development levels or costs, among
others. As can be read in chapter 5, several criteria have been established to assess the selected fuel
technologies. In order to weigh the importance of these criteria in the SMART decision tool, a survey is
presented to a set of shipownersmanaging over 1780 deep-sea vessels collectively (see table 5.4 for
overview). The results from this survey are presented in figure 8.10 below. As can be seen, themedian
of the survey results is used in the SMART decisionmodel due to the relatively small sample size of
n = 7. If a larger survey would be conducted, the author would recommend usingmean values tomore
accurately represent the sample. If the user of the decision tool prefers to assign his ownweights to
the importance of the presented criteria, this can be adjustedmanually in the leftmost column. The
model will adjust accordingly.

Figure 8.10: Shipowner survey results as presented in the decision tool. Scores are given from 1 (Not important at all) to 5
(Extremely important). Mean and standard deviation values are only included indicatively, they do not contribute to themodel.

As data is collected on each assessment criterion, an optimistic, average and pessimistic scenario
is defined. However, these different perspectives on data are not applicable to all criteria. For instance,
whereas a (dynamic) future price of an alternative fuel can be approached in an optimistic, average or
pessimistic scenario, the safety of a fuel technology is approached invariable, meaning this specific
score is assumed equal in all three sentiment scenarios. The choice to approach some criteria invari-
ably is made on the basis of available literature. If different sources agree on the performance of an
alternative fuel on a specific criterion, it is assumed invariable throughout the scenarios.
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Figure 8.11: SMART performance parameters defined in an optimistic, average and pessimistic scenario. The green dots clarify
SMART criteria that vary throughout scenarios.

Althoughmost performance parameters are established in section 5.3, financial parameters have
been established alongside the construction of themodel. This process is detailed in the top section
of the ’Cost parameter info’ tab, as is demonstrated in figure 8.12. In addition to the engine CAPEX
and OPEX data, this tab also includes other expenses, as is presented in figure 8.13. These other costs
include voyage expenses such as port and canal dues, as well as running expenses for crew, stores,
repairs andmaintenance, insurance and administrative expenses. Although repair andmaintenance
costs for the engine are already accounted for in the performance parameters, the model additionally
accounts for maintenance and repairs to the hull and auxiliary equipment, something that is not
fuel-dependent. Furthermore, data is collected on capital expenses. This includes costs for docking
and special survey as well as cash generated from the scrapping of the vessel. To improve the accuracy
of the model, all collected cost data is corrected for inflation to reflect the unit cost in the year of
new-building. This is achieved by correcting past cost data with the global inflation of G20 OECD
countries up to the equivalent cost in the year of new building [127]. It goes without saying that when
more recent data is available, this is preferred and used.
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Figure 8.12: Engine CAPEX and OPEX parameters used in themodel.

Figure 8.13: Other cost parameters used in themodel.

Output
For the shipowner, the output is the most important aspect of the decision tool when considering
employing alternative fuels. In the current decision tool, a SMART decisionmodel is devised to provide
the user with an overview on the proposed ranking of alternative fuel technologies under the selected
scenario. Additionally, the user is provided with an overview of financial indicators such as NPV,
required freight rate and optimal economic speed, as well as clarifying charts in order to be able to
analyse each potential choice and scenario in more depth. Figure 8.14 provides an example of the
outputs generated for HFO under the 2020, average, no regulation scenario.
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From top to bottom, the generated outputs include:
1. The weighted scores and SMART ranking of all alternatives under the selected scenario.

2. The SMART ranking for a specific alternative (in this case, HFO) under each combination of
sentiment, time and regulatory scenario.

3. The optimal economic speed at which RFR is minimised for a specific alternative (in this case,
HFO) under each combination of scenarios.

4. The required freight rate to achieve NPV=0 for a specific alternative (in this case, HFO) under
each combination of scenarios.

5. Chart outputs of NPV over time for the optimistic, average and pessimistic scenarios in 2020,
2030 and 2050 for a specific alternative (in this case, HFO).

The following paragraphs each provide a brief explanation on their related decision tool outputs:

1. The weighted scores and SMART ranking outputs of all alternatives under the selected scenario
provide the shipowner with insights in how each of the fuel alternatives performs on each crite-
rion. The performance scores (in black, on blue background) add up to the total score, which
ranges between 0.00 - 1.00. The highest score represents themost favourable alternative under
the chosen criteria. Following this, eachof the alternatives is ranked in order of preference accord-
ing to its score: from 1 for the highest-ranking alternative to 9 for the lowest ranking alternative.
However, boundary conditions apply under different regulatory scenarios. Therefore, when an
alternative does not satisfy regulatory requirements, it is assumed infeasible and eliminated
from the ranking. Infeasible alternatives are marked with a dash ’−’.

2. The SMART ranking output table is a data table showing the SMART ranking output of an alterna-
tive under each combination of scenarios. Contrary to the weighted scores and SMART ranking
output which only shows outputs for the selected scenario, this data table is able to provide
insights into how an alternative ranks under each different scenario. Again, where an alternative
does not satisfy regulatory requirements (such as HFO under an emission cap scenario) it is
assumed infeasible andmarked with a dash ’−’.

3. The optimal economic speed data table shows the vessel speed at which required freight rate
(RFR) isminimised for a specific alternative under each combination of scenarios. The economic
speed outputs are the result of an optimisation model which is further elaborated in section
8.3. Contrary to HFO and LNG, for other ’new’ fuels the economic speed only changes for each
sentiment and time scenario. The newer alternatives are not affected by regulation, and their
optimal economic speed is therefore constant for each regulatory scenario.

4. The last data table shows the required freight rate to achieve NPV=0 for a specific alternative un-
der each combination of scenarios. The required freight rate is the freight rate per TEU-mile the
shipowner needs to earn to achieve NPV=0. The required freight rate is defined in ’$/T EU −mi l e’
and is not calculated for fuels that do not meet regulatory requirements. More information on
the required freight rate (RFR) is provided in sections 8.2.2 and 8.5.

5. To provide insights into the development of NPV over time, chart outputs are produced for the
optimistic, average and pessimistic scenarios in 2020, 2030 and 2050 for a specific alternative.
From these charts, shipowners can deduct under which scenarios a specific alternative produces
a positive return, as well as the approximate payback period of their investment.
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Figure 8.14: SMART and financial outputs based on the currently provided inputs. In the current example, the 2020, average, no
regulation scenario is selected to print outputs for HFO + scrubbers.

Details on the calculations behind the discussed outputs are provided in section 8.2.

8.2. Model description
The goal of the following section is to provide the reader with an accurate description of themodel
behind the decision tool in order to allow them to understand the underlying principles and to be
able to reproduce what is desired. Section 8.2.1 describes the SMART decisionmethod, the relevant
calculations and how it is applied and linked in the current decision tool. Section 8.2.2 describes how
the financial model is built up, which costs are included and calculated and how they are accumulated.
Additionally, clarification is provided on the calculations behind the financial indicators presented in
the decision tool.

8.2.1. SMART decisionmodel
The simple multi-attribute rating technique, otherwise called SMART decisionmethod, is a method of
multi-criteria decisionmaking. SMART is applied in situations where different criteria carry weights
but minimal input is demanded from decision-makers. SMART relies on utility and preferential
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independence and allows for any type of weight assessment technique. In the present research,
absolute weight assessments have been used after presenting a survey to a set of shipowners. Section
5.4 expands on the presented survey and themethodology applied to assess these weights. The current
section elaborates on the implementation of the SMART decisionmodel in the current model.

SMART is a linear additivemodel with the goal of calculating the score of each alternative while
accounting for individual values and criteria weights. The SMART decisionmethod relies on the theory
that each alternative consists of some criteria that have values. On their turn, each criterion has been
assigned a weight that describes how important it is compared to other criteria. This weighting is used
to assess each alternative to obtain the best choice for the decision-maker.

The SMART decisionmethod consists of five processing steps:

1. Assessment of criteria weights w (carried out in section 5.4).
2. Calculation of relative weightsW .
3. Assessment of performance parameters p for each alternative i (carried out in section 5.3).
4. Calculation of relative evaluation factors vi j for each alternative i under each criterion j .
5. Calculation of total score received by each alternative i under criteria j with relative weightsW .

To demonstrate the working principle of the SMART decisionmodel, an example of themethod is
reproduced for the average, unregulated, 2020 scenario:

1. As was determined in section 5.4, the median weights assigned to each criterion by the set of
shipowners that participated in the survey are displayed below:

Criteria Consolidated
median

Technological maturity 4.0
Availability of infrastructure 4.0
Engine compatibility 4.0
Fuel volumetric energy density 3.0
Compliance with emission regulations 4.0
GHG emissions: well-to-tank 4.0
GHG emissions: tank-to-propeller 4.0
Safety of fuel technology 4.0
Long-term global availability of fuel 4.0
Feedstock competition with food 3.0∑

j w 50

Table 8.2: Criteria weight assessment w of each criterion j . Scores are assessed on Likert scale: 1: Not important at all; 2: Not so
important; 3: Moderately important; 4: Very important; 5: Extremely important.

2. Going off table 8.2, relative weightsW are assessed by dividing each weight w j over the sum of
all criteria weights. The results are shown in table 8.3:
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Criteria Relative
weightW

Technological maturity 0.08
Availability of infrastructure 0.08
Engine compatibility 0.08
Fuel volumetric energy density 0.06
Compliance with emission regulations 0.08
GHG emissions: well-to-tank 0.08
GHG emissions: tank-to-propeller 0.08
Safety of fuel technology 0.08
Long-term global availability of fuel 0.08
Feedstock competition with food 0.06

Table 8.3: Relative weightsW for criteria j .

3. Following step 2, performance parameters p are assessed for each alternative i under criteria j .
These performance parameters are not yet defined as a relative score, as this conversion is only
performed in step 4. The performance parameters p for each alternative i under criteria j for the
average, unregulated, 2020 scenario are presented in figure 8.4.

j Unit HFO LNG FAME HVO UPO UBO FTD LBM NH3 Source

Technological maturity TRL 10 10 10 10 5.5 4.5 7 10 5.5 [26, 82]
Availability of infrastructure - 5 5 3 5 5 5 5 5 2 [48, 55]
Engine compatibility - 5 5 2 5 5 5 5 5 2 [48, 55, 79, 82]
Fuel volumetric energy density MJ/l 41 22.2 33.2 34.4 34 34 34.5 22.2 12.7 [10, 15, 48, 55, 77]
Compliance with emission regulations - 4 5 3 3 5 5 5 5 2 [26, 118, 126]
GHG emissions: well-to-tank gCO2eq/MJ 14.3 21.2 32 30 34.5 22 5 19.5 7.0 [55, 129, 152]
GHG emissions: tank-to-propeller gCO2eq/MJ 81.2 57.5 0 0 0 0 0 0 0.0 [39, 57, 96, 129]
Safety of fuel technology - 5 4 5 5 5 5 5 4 3 [20, 33]
Long-term global availability of fuel - 3 3 3 3 4 4 4 4 5 [118, 144, 159]
Feedstock competition with food - 5 5 2 2 4 4 4 4 5 [26, 82]

Table 8.4: Performance parameters p for each alternative i for the average, unregulated, 2020 base case scenario.

4. Step 4 aims to calculate the relative evaluation factors vi j for each alternative i under each
criterion j . Relative evaluation factors are determined by applying formulas 8.1 and 8.2 to each
of the performance parameters pi j . Formula 8.1 is used when preference is given to high scores
(i.e. fuel volumetric energy density), whereas formula 8.2 is applied when preference is given to
low scores (i.e. GHG emissions). M ax(p j ) represents themaximumparameter value found under
criterion j , whereas Mi n(p j ) represents theminimum parameter value found under criterion j .
Furthermore, pi j describes performance parameter p for alternative i under criterion j .

pi j −Mi n(p j )

M ax(p j )−Mi n(p j )
= vi j (8.1)

M ax(p j )−pi j

M ax(p j )−Mi n(p j )
= vi j (8.2)

To be able to calculate vi j for all parameters pi j , themodel automatically determines the Mi n

and M ax range for each criterion j under each different regulation, scenario and timeline.

5. Finally, the total score received by each alternative i under criterion j with relative weightW is
calculated. The total score ranges from 0.00 - 1.00 and is determined by summing all relative
evaluation factors v j received by alternative i . As the goal of the SMART decisionmethod is to
maximise the total score, the alternatives i which receive the highest total score are the most
preferred alternatives. An example is provided in table 8.5.
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j HFO LNG FAME HVO UPO UBO FTD LBM NH3

Technological maturity 0.11 0.11 0.11 0.11 0.02 0.00 0.05 0.11 0.02
Availability of infrastructure 0.11 0.11 0.04 0.11 0.11 0.11 0.11 0.11 0.00
Engine compatibility 0.11 0.11 0.00 0.11 0.11 0.11 0.11 0.11 0.00
Fuel volumetric energy density 0.08 0.03 0.06 0.06 0.06 0.06 0.06 0.03 0.00
Compliance with emission regulations 0.07 0.11 0.04 0.04 0.11 0.11 0.11 0.11 0.00
GHG emissions: well-to-tank 0.07 0.05 0.01 0.02 0.00 0.04 0.11 0.05 0.10
GHG emissions: tank-to-propeller 0.00 0.03 0.11 0.11 0.11 0.11 0.11 0.11 0.11
Safety of fuel technology 0.11 0.05 0.11 0.11 0.11 0.11 0.11 0.05 0.00
Long-term global availability of fuel 0.00 0.00 0.00 0.00 0.05 0.05 0.05 0.05 0.11
Feedstock competition with food 0.08 0.08 0.00 0.00 0.05 0.05 0.05 0.05 0.08

Total score 0.72 0.66 0.45 0.64 0.71 0.74 0.85 0.76 0.41

Table 8.5: Relative evaluation factors v for each alternative i under criteria j and total SMART score of each
alternative i for the average, unregulated, 2020 scenario.

As can be seen in table 8.5, the SMART decision model evaluates fuel alternatives in terms of
technical, environmental and other criteria j . For a shipowner to make an informed assessment
of the optimal fuel alternative, it is necessary to consider economic criteria as well. Therefore,
it does not suffice to only look at the results from the SMART decisionmodel to decide on the
choice of optimal alternative for the shipowner.
To evaluate the fuel alternatives on economic criteria, a financial model is devised. This model is
elaborated in section 8.2.2 below.

8.2.2. Financial model
The financial model that is incorporated in the decision tool accounts for operating revenues, voyage
expenses, runningexpensesandcapital expensesaccording to theannual cashflowaccountingmethod
explained inMaritime Economics byMartin Stopford (2013) [150]. In the following sections, all cost
line items are described and elaborated such as to be able to reproduce themodel.

Furthermore, it should be noted that all cost line items covered in the following sections represent
operations in year 1 (Y1), and are afterwards escalated individually with a fixed escalation factor ’e f ’.
This factor is free to be input by the shipowner. The escalation factor may be positive or negative and
should be considered when certain costs are expected to increase or decline over time. Escalation
factors are further elaborated in the last paragraph of this section. The equations below demonstrate
how annual cash flow is calculated in the present model.

AC Ftc,i = Rtc −Cr unni ng ,i −Ccapi t al ,i (8.3)
AC Fvc,i = Rvc,i −Cvoy ag e,i −Cr unni ng ,i −Ccapi t al ,i (8.4)

with:

Cvoy ag e,i =Cpor t ,i +Ccanal ,i +C f uel ,i (8.5)
Cr unni ng ,i =Ccr ew,i +Cstor es +Cr &m,h&a +CeOPE X ,i +Ci nsur ance,i +Cadmi n,i (8.6)
Ccapi t al ,i =Cpur chase,i +Ci nter est ,i +Cpr i nci pal ,i +Cbull et ,i +Cdd ,i +Css,i −Cscr ap (8.7)

where:

i Index i specifies each of the different alternative fuels (with their corresponding
engine type).
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AC Ftc,i Annual cash flow of vessel employing fuel i on time charter.
AC Fvc,i Annual cash flow of vessel employing fuel i on voyage charter.
Rtc Annual time charter revenue earned by vessel, in USD.
Rvc,i Annual voyage charter revenue earned by vessel employing fuel i after cargo han-

dling and terminal operating cost cost revenue share, in USD.
Cvoy ag e,i Annual voyage expenses of vessel employing fuel i .
Cr unni ng ,i Annual running expenses of vessel employing fuel i .
Ccapi t al ,i Annual capital expenses of vessel employing fuel i .
Cpor t ,i Annual port charges of vessel employing fuel i .
Ccanal ,i Annual canal dues of vessel employing fuel i .
C f uel ,i Annual fuel cost of vessel employing fuel i .
Ccr ew,i Annual crew expenses of vessel employing fuel i .
Cstor es Annual stores expenses.
Cr &m:h&a Annual expenses for repairs andmaintenance of hull andmachinery.
CeOPE X ,i Annual expenses for engine OPEX, including repairs, maintenance and lubricants

for engine of vessel employing fuel i .
Ci nsur ance,i Annual total insurance expenses dependent on each fuel type.
Cadmi n,i Annual administrative expenses of vessel employing fuel i .
Cpur chase,i One-time capital expense for purchase of vessel. Only contains shipowner’s equity

contribution, not debt.
Ci nter est ,i Annual interest expense over the remaining debt portion of vessel employing fuel i .
Cpr i nci pal ,i Annual principal payment of vessel employing fuel i as a fraction of the total debt

as agreed in the loan term agreement.
Cbull et ,i Bullet debt to be paid at the end of the agreed loan term.
Cdd ,i Dry docking expense of vessel employing fuel i at the end of each dry dock interval.
Css,i Special survey expense of vessel employing fuel i at the end of each special survey

interval.
Cscr ap Scrapping income received upon the end of the vessel’s lifetime.

All mentioned revenue categories, expense categories and specific cost line items are further
elaborated in the sections below.

Regarding taxation, the international nature of the business makes it possible to avoid taxes by
registering vessels and companies under one of many open registry flag states which exempt shipping
companies from tax [150]. Common examples of such flag states include Panama, Liberia, Marshall
Islands and Hong Kong, among others. Therefore, taxation is merely included in themodel’s discount
rate, as it does not figure prominently in the accounts of most shipping companies [150].

Time charter and voyage charter
Chartering within the shipping industry refers to the activity whereby a shipowner offers the hire of his
vessel. In this model, two charter types are implemented: time charter and voyage charter. Bare-boat
charters are not covered in this model. The main difference between time- and voyage charters is
the distribution of responsibilities and cost among the charterer and the shipowner. Whereas a time
charter is a time-bound agreement, often contracted for periods of 12 or 36months, a voyage charter
is a one-time agreement for the transport of goods from A to B. This means that when on time charter,
the charterer is responsible for the voyage costs. Voyage costs include fuel, port charges and canal dues,
and in the present model amount to approximately 42% of the total costs when on voyage charter: in
linewith the expected 40% cost share retrieved fromMaritime Economics (2013) [150]. The similarities
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anddifferences in shipowner chargeswhen sailing on each covered contract type are presented in table
8.6 below. Although analysis on time chartered vessels could be interesting, the focus of the present
research lies on voyage charters due to the large influence of fuel cost on financial performance.

Category Cost line item Time charter Voyage charter

Voyage expenses Port charges X

Canal dues X

Fuel X

GHG emissions X

Running expenses Crew X X

Stores X X

R&m: hull & auxiliary X X

Engine OPEX X X

Insurance X X

Administration X X

Capital expenses Base vessel: equity X X

Engine CAPEX X X

Financial cost: interest X X

Financial cost: principal X X

Financial cost: bullet X X

Dry dock X X

Special survey X X

Scrapping (income) X X

Table 8.6: Similarities and differences in shipowner charges when sailing on time or voyage charter contract types. Own
composition

Revenue buildup
To calculate the net present value of an alternative, it is necessary to determine the vessel’s revenue. In
the present model, the revenue varies dependent on the charter type the shipowner chooses to put
his vessel up for. In both a time or voyage charter, annual revenue is calculated by multiplying the
number of chartered days per year with the vessel’s average daily charter rate. However, in this thesis,
the emphasis will lie on voyage charters as they provide a better view of the cost effects of employing
alternative fuel technologies.

In voyage charters, total freight rates per TEU ’F RT EU ,n,i ’ on voyage ’n’ for fuel type ’i ’ are calculated
over each leg ’l ’ of the route that the freight travels on board of the vessel. For example, the charter rate
received for freight that needs to travel from A to C consists of two legs: from A to B and B to C. As such,
legs ’l ’ are chosen as the basis for daily voyage charter revenues.

It is important to consider that the daily voyage charter rates (revenues) received by the shipowner
include cargo handling and terminal operating costs. In the present model, it is assumed that cargo
handling costs from shipper to shipowner and terminal operating costs from shipowner to port are
directly passed on through the shipowning entity. Therefore, a fixed percentage of the average daily
charter rate ’crvc ’ is subtracted for cargo handling and terminal operating costs; hereby expressed as
’chtoc%’.

At last, revenues are not assumed equal for vessels that make use of different fuel types. Since each
vessel employing different fuel types sails at a different optimal economic speed, charter revenues are
subject to variations between the fuel alternatives. Additionally, due to the higher volume requirement
of LNG, LBM or ammonia tanks, the container vessel loses a part of its full load capacity. Research
by TNO and CEDelft for the European Commission (2015) states that to decrease load capacity loss,
LNG-equipped vessels need to be 5% longer than vessels equipping traditional diesel engines and
tanks [65]. The report assumes amaximum time at sea of 14 days.

However, in the present study, the vessel sizing is assumed constant due to the limitations of the
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New Panama canal. Since the LNG and LBM tanks still require more space on board, the case study
vessel’s load capacity is necessarily decreased. To account for this capacity loss, the case study vessel’s
maximum load capacity is reduced by 5% to account for the LNG and LBM higher system volume
requirement [65].

Additionally, the case study vessel’s maximum load capacity is reduced by another 5% due to the
requirement of spending approximately double the time at sea compared to the container vessel
investigated in the 2015 study [65]. Therefore, in the present thesis, LNG and LBM tanks reduce
maximum load capacity by 10% in total. This way the model accounts for 5% length not added, as
well as 5% for extra tank capacity to account for the longer time at sea. An illustration of the proposed
setup was rendered by Adachi (2014) and is provided in figure 8.15 [13]. The LNG tanks are cylindrical
type C tanks intended for storage at -160°C and at a design pressure in ranges above 2 bar [38].

Figure 8.15: Schematic overview of proposed LNG configuration aboard container vessel. Source: (Adachi, 2014)

For ammonia, the same reasoning is followed. However, due to its 1.75 times lower volumetric
energy density compared to LNG or LBM, the case study vessel’s maximum load capacity is reduced by
17.5%2 compared to the base case.

It should not be forgotten that the 10% and 17.5% capacity losses are only of influence on the
legs where the vessel has a capacity utilisation above 90% and 82.5% respectively, since net transport
demand on each leg is assumed constant for all fuels. In the present model, the affected legs include
Shanghai - Rotterdam and Rotterdam - New York. In practice, capacity loss for both LNG/LBM and
ammonia could potentially be reduced by employing fewer fuel tanks and sailing throughmultiple
bunkering ports. However, as this implies a complex bunkering strategy, this is not considered in the
present thesis.

At last, in order to account for deferred revenue during dry dock and special survey, the duration
of the docking and survey periods is subtracted from the total number of days per year the vessel
2Although the discrete steps in which load capacity aboard container vessels can scale varies per ship size and arrangement,
in the current case it is assumed that capacity can be increased or reduced in steps of 2.5% compared to the base case. This
assumption is based on a seven-tank arrangement (three double tanks as seen in figure 8.15 and one single tank).
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is chartered in the respectful maintenance years. This correction is automatically implemented by
calculating the annual average days on charter. In the following equations, the revenue buildup as
found in themodel is presented for both time and voyage charters.

Rtc = cda · crtc (8.8)
Rvc,i = cda · crvc,i · (1− chtoc%) (8.9)

with:

crvc,i =

li∑
li=1

F RT EU ,l ·ul ,i

cda
(8.10)

cda = cdw − cddd + cdss

i ntdd ,ss
(8.11)

where:

i Index i specifies each of the different alternative fuels (with their corresponding
engine type).

Rtc Annual time charter revenue earned by vessel, in USD.
Rvc,i Annual voyage charter revenue earned by vessel employing fuel i after cargo han-

dling and terminal operating cost revenue share, in USD.
crtc Average daily charter rate earned by the vessel on time charter, in USD. Decided on

contract with charterer.
crvc,i Average daily charter rate earned by the vessel on voyage charter before cargo han-

dling and terminal operating cost cost revenue share, in USD.
chtoc% Cargo handling and terminal operating cost revenue share. Expressed in % of char-

ter rate.
F RT EU ,l Freight rate per TEU on leg l .
cda Number of days per year the vessel is chartered on average. Includes correction for

deferred days due to dry dock and special survey.
cdw Number of target days per year the shipowner wishes to charter the vessel.
cddd Number of days vessel spends on each dry dock.
cdss Number of days vessel spends on each special survey.
i ntdd ,ss Dry dock and special survey interval, in years.

Voyage expenses buildup
Voyage expenses are expenses related to a specific voyage that is sailed. These expenses include port
charges, canal dues, fuel costs and GHG emission costs. Port charges are calculated by ports based on
a vessel’s gross tonnage. In the present model, annual port charges are calculated based on the port
charge per GT, gross tonnage and average annual port visits. As for canal passages, the Panama and
Suez canal use different calculationmethods for their canal dues. The Panama canal calculates canal
dues based on vessel type, maximum cargo capacity (TEU), length overall (LOA) and beam [166]. The
Suez canal bases its canal dues on vessel type, draft, ’Suez canal net tonnage’ (measured every time a
vessel passes the Suez canal), sailing direction (north- or southbound) and gross tonnage [167]. In the
decision tool, canal dues are assumed to be paid upon exit of the canal. Therefore, total annual canal
dues are calculated bymultiplying the sum of the Panama and Suez canal dues with the number of
annual canal exits. The number of annual port arrivals and canal exits varies per vessel employing
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a different fuel type due to the different average transit speed of each vessel. A vessel sailing with a
lower average transit speed results in less annual port arrivals and canal exits than a vessel sailing with
a higher average transit speed.

Although port charges and canal dues contribute significantly to a vessel’s annual voyage expenses,
the largest annual voyage expense is fuel cost. Annual fuel cost is calculated bymultiplying annual fuel
consumption (inmt) with the specific fuel cost per unit of mass per fuel type (in $/mt). Themethod
with which the present model establishes annual fuel consumption is further elaborated under ’Fuel
consumption’. The different fuel cost established for each alternative fuel is presented in table 6.1 in
chapter 6.

At last, annual GHG cost is dependent on the total energy consumption,CO2eq emissions per fuel
type, and the cost ofCO2eq emissions. However, under current regulations, greenhouse gas emission
offsetting by certificate purchase is not mandatory. Therefore, GHG emission costs are only relevant
under one of the investigated regulatory scenarios which considers market-basedmeasures. Thus,
under the base case scenario,CG HG ,i is zero for all fuels. The different regulatory scenarios and their
implementation are further elaborated under section 8.4. In the following equations, the voyage
expenses buildup as found in themodel is presented.

Cvoy ag e,i =Cpor t +Ccanal +C f uel ,i +CG HG ,i (8.12)

with:

Cpor t ,i =GT · cGT ·por ta,i (8.13)
Ccanal ,i = (cce,N P + cce,S ) · canale,i (8.14)

C f uel ,i = FCtot al ,i · cmt ,i (8.15)
CG HG ,i = ECtot al ,i ·ECO2eq,i · cCO2eq,i (8.16)

where:

i Index i specifies each of the different alternative fuels (with their corresponding
engine type).

Cvoy ag e,i Annual voyage expenses of vessel employing fuel i .
Cpor t ,i Annual port charges of vessel employing fuel i .
Ccanal ,i Annual canal dues of vessel employing fuel i .
C f uel ,i Annual fuel cost of vessel employing fuel i .
CG HG ,i Annual greenhouse gas emission cost of vessel employing fuel i . Only applicable

under regulatory scenario employingmarket-basedmeasures. Further elaborated
in section 8.4.

GT Vessel gross tonnage.
cGT Port charges per gross tonnage charged by ports. Expressed in US dollar per gross

tonnage ($/GT).
cce,N P Canal dues per New Panama canal exit including towage. Expressed in US dollar

per canal exit ($/exit).
cce,S Canal dues per Suez canal exit including towage. Expressed in US dollar per canal

exit ($/exit).
cCO2eq Cost per ton of CO2-equivalent GHG emissions. Expressed in US dollar per ton

($/ton).
por ta,i Average annual port arrivals.
canale,i Averageannual canal exits of vessel employing fuel i . Counteduponexit of thecanal.
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cmt ,i Cost per unit of mass per fuel type. Expressed in US dollar per metric tonne ($/mt).
FCtot al ,i Annual fuel consumption by vessel employing fuel i . Further specified under ’Fuel

consumption’.
ECtot al ,i Total annual propulsion and auxiliary energy consumption, expressed in mega

joule (MJ).
ECO2eq,i TonCO2-equivalent GHG emissions emitted permega-joule energy by vessel em-

ploying fuel i . Expressed in tonCO2eq/MJ.

Fuel consumption
As the fuel-dependent cost permt has already been calculated in chapter 6, the vessel’s annual fuel
consumption remains to be determined. Once annual fuel consumption FCtot al ,i is calculated, it is
multiplied by the specific fuel cost per mt for each fuel type to determine the annual fuel cost for each
fuel type.

The vessel’s annual fuel consumption is the sum of the annual propulsion fuel consumption and
the annual auxiliary fuel consumption. The total propulsion fuel consumption is dependent on the
propulsion energy consumption and the specific fuel oil consumption (SFOC) at each percentage of
engine power output per fuel type. The propulsion energy consumption is dependent on the time the
vessel spends in transit and the vessel’s cruising speed. The vessel’s cruising speed is optimised for
each fuel alternative in order to minimise required freight rate: the devised optimisation model to
determine the optimal economic cruising speed is elaborated in section 8.3. The vessel’s dimensions
are assumed constant.

For diesel-like fuels such as HFO and bio-fuels, the use of conventional marine diesel engines is
assumed. For gas-like fuels such as LNGand liquefied bio-methane (LBM), the use of dual-fuel engines
is assumed. Dual-fuel engines allow being operated on either conventional liquidmarine fuels or LNG.
For dual-fuel engines, a 9.5% higher engine efficiency is assumed. The 9.5% higher efficiency figure
is derived from research conducted by Wärtsilä3 and Shell (2017) [163]. As for ammonia, of which
there are no reliable engine efficiency figures available for ICEs, engine efficiency is assumed equal
to when using diesel-like fuels due to its poor combustion characteristics such as high auto-ignition
temperature, low flame speed, narrow flammability limits and high heat of vaporisation [19].

The equations below show the calculationmethod for arriving at the annual fuel consumption for
each fuel i .

FCtot al ,i = FCpr op,i +FCaux,i (8.17)

with:

FCpr op,i = ECpr op,i ·SFOCP,i · (1−EC Fi ) (8.18)
FCaux,i = pFCaux ·FCpr op,i (8.19)

and:

ECpr op,i = tt ,i ·Pvci (8.20)

tt ,i =
l∑

l=1

tdl

vci
(8.21)

Pvci = 5.4031 · vc3
i −10.619 · vc2

i +241.32 · vci −353 Regression formula, R2 = 0.999 (8.22)

where:

3It is a known fact that Wärtsilä invests heavily on the development of dual-fuel engines. Therefore, the proclaimed 9.5% higher
engine efficiencymight be subject to bias.
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i Index i specifies each of the different alternative fuels (with their corresponding
engine type).

FCtot al ,i Annual fuel consumption of vessel employing fuel i , in metric tonnes (mt).
FCpr op,i Propulsion fuel consumption of vessel employing fuel i , in metric tonnes (mt).
FCaux,i Auxiliary fuel consumption of vessel employing fuel i including off-hire, in metric

tonnes (mt). Auxiliary equipment is assumed to be powered by the same fuel as
used in themain engine.

ECpr op,i Propulsion energy consumption of vessel employing fuel i , in megawatt hour
(MWh).

SFOCP,i Specific fuel (oil) consumption (SFOC) at each percentage of engine power output
per fuel type, in metric tonnes per megawatt (mt/MW).

EC Fi Engine efficiency correction factor for fuel i in %. For LNG and liquefied bio-
methane, dual-fuel engines provide 9.5% efficiency gains.

pFCaux Percentage of propulsion fuel consumption additionally spent on auxiliary equip-
ment.

Pvci Engine power output of a vessel employing fuel i at optimal economic speed vci ,
in megawatt (MW). Regression formula produced with the HollenbachModel pro-
vided by Prof. Koos Frouws (TUDelft).

tt ,i Annual time a vessel employing fuel i spends on transit. Excludes time spent load-
ing and discharging.

vci Optimal economic vessel cruising speed for vessel employing fuel i in knots (kts) as
determined by the optimisationmodel of section 8.3.

tdl Transit distance sailed on leg l expressed in nautical miles (nm).

In the present model, the data input for specific fuel oil consumption per engine load SFOCP,i

is taken from an 8-cylinder two-stroke diesel engine provided by MAN Diesel & Turbo [114]. The
engine is equipped with scrubbers to comply with global SOx emission regulations and an exhaust gas
recirculation (EGR) system to comply with Tier III NOx emission regulations. The specifications of the
specific engine type used in the present model are presented in table 8.7 and are assumed equal for all
diesel-like fuel types.

Engine parameters Value Unit

Engine type 8G90ME-C10.5
Scrubber Yes
Exhaust Gas Recirculation (EGR) Yes
NOx emission compliance Tier III
100% SMCR power 49920 kW
100 % SMCR speed 84 r/min
Seamargin 15%
Propeller diameter 10.0 m
Propeller type FPP
Cooling system Central
Hydraulic power supply Mechanical
Turbocharger type High eff.

Table 8.7: Engine specifications for the engine assumed to calculate fuel efficiency for all diesel-like fuels.
Own composition based on data fromMANDiesel & Turbo [114].

The power-SFOC relation data table used in the present model for calculations of specific fuel
oil consumption of diesel-like fuels and ammonia is presented in table 8.8. For dual-fuel engines
employing LNG and liquefied bio-methane, SFOC is adjusted accordingly.
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Power Speed SFOCSMC R

kW r/min g/kWh

49920 84.0 165.5
47424 82.6 163.8
44928 81.1 162.4
42432 79.6 161.2
39936 78.0 160.9
37440 76.3 160.7
34944 74.6 160.3
32448 72.8 160.2
29952 70.8 160.5
27456 68.8 160.9
24960 66.7 161.5
22464 64.4 162.6
19968 61.9 163.7
17472 59.2 165.1
14976 56.2 166.1
12480 52.9 168.1
9984 49.1 171.1
7488 44.6 176.1
4992 39.0 184.1

Table 8.8: Power-SFOC relation data table used in the present model for calculations of specific fuel oil consumption of
diesel-like fuels and ammonia. Own composition based on data fromMANDiesel & Turbo [114].

Running expenses buildup
Running expenses are all expenses related to the operation of a vessel regardless of its voyage. Running
expenses include crew, stores, repairs &maintenance of the hull and auxiliary equipment, repairs &
maintenance & lubrication of the engine (so called ’Engine OPEX’), insurance and administration.
Of all running expenses, expenses for stores and repairs & maintenance of the hull and auxiliary
equipment are not fuel-dependent. In the equations below, the running expenses buildup as found in
themodel is presented.

Cr unni ng ,i =Ccr ew,i +Cstor es +Cr &m,h&a +CeOPE X ,i +Ci nsur ance,i +Cadmi n,i (8.23)

with:

Ccr ew,i = ccm,i · cm (8.24)
Cstor es = (c f ood · cm + cother ) · cda (8.25)

Cr &m:h&a =Cb ·pcb,r &m:h&a (8.26)
CeOPE X ,i = Pi nst · cekW,i (8.27)

Ci nsur ance,i =Ct v,i ·pct v,i nsur ance (8.28)
Cadmi n =Ct v,i ·pct v,admi n (8.29)

where:

i Index i specifies each of the different alternative fuels (with their corresponding
engine type).

Cr unni ng ,i Annual running expenses of vessel employing fuel i .
Ccr ew,i Annual crew expenses of vessel employing fuel i .
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Cstor es Annual stores expenses.
Cr &m:h&a Annual expenses for repairs andmaintenance of hull andmachinery.
CeOPE X ,i Annual expenses for engine OPEX, including repairs, maintenance and lubricants

for engine of vessel employing fuel i .
Ci nsur ance,i Annual total insurance expenses dependent on each fuel type.
Cadmi n,i Annual administrative expenses of vessel employing fuel i .
ccm,i Average annual cost per crew member including travel, insurance and other. A

higher cost per crewmember is assumed for vessels employing alternative fuels
due to premiums paid for trained and specialised personnel.

cm Number of crewmembers employed on vessel.
c f ood Average daily food cost per crewmember.
cother Average daily cost for other stores. Includes additional outfit, furniture, furnishings,

appliances, spare and replacement parts and tools.
cda Number of days per year the vessel is chartered on average.
Cb Cost of base vessel. Further elaborated under Capital expenses buildup.
pcb,r &m:h&a Annual percentage of base vessel cost spent on repairs andmaintenance of hull

andmachinery.
Pi nst Installed power on vessel, in kilowatt (kW).
cokW,i Annual engine OPEX per kW installed engine power of vessel employing fuel i . Ex-

pressed in US dollar per kilowatt ($/kW).
Ct v,i Cost of total vessel dependent on each vessel employing fuel i .
pct v,i nsur ance Annual percentage of total vessel cost spent on insurance.
pct v,admi n Annual percentage of total vessel cost spent on administration.

Capital expenses buildup
Capital expenses are expenses related to the financing andperiodicmaintenance of the vessel. Periodic
maintenance costs are incurredwhen the ship is dry docked formajor repairs and special survey, which
carries considerable expenditure. For this reason, these expenses are not generally treated as part of
operating expenses [150]. Financing costs include the shipowner’s cash contribution to the vessel’s
purchase, interest expenses over the remaining debt, principal debt payments during the repayment
time agreed in the loan agreement and a single bullet payment of a fixed portion of the agreed debt at
the end of the repayment time. Additionally, scrap value is accounted for under capital expenses as an
income. In the equations below, the capital expenses buildup as found in themodel is presented.

Ccapi t al ,i =Cpur chase,i +Ci nter est ,i +Cpr i nci pal ,i +Cbull et ,i +Cdd ,i +Css,i −Cscr ap (8.30)

with:

Cpur chase,i = (1− g ) ·Ct v,i (8.31)
Ci nter est ,i = ir ate ·dl t ,i (8.32)

Cpr i nci pal ,i =
dl t ,i −Cbull et ,i

r t
(8.33)

Cbull et ,i = b ·dl t ,i (8.34)
Cdd ,i = pcdd ·Ct v,i (8.35)
Css,i = pcss ·Ct v,i (8.36)

Cscr ap = LDT · vLDT (8.37)
(8.38)
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and:

dl t ,i = g ·Ct v,i (8.39)
Ct v,i =Cb +CeC APE X ,i (8.40)

CeC APE X ,i = cckW,i ·Pi nst (8.41)
(8.42)

where:

i Index i specifies each of the different alternative fuels (with their corresponding
engine type).

Ccapi t al ,i Annual capital expenses of vessel employing fuel i .
Cpur chase,i One-time capital expense for purchase of vessel. Only contains shipowner’s equity

contribution, not debt.
Ci nter est ,i Annual interest expense over the remaining debt portion of vessel employing fuel i .
Cpr i nci pal ,i Annual principal payment of vessel employing fuel i . Represents a fixed fraction of

the total debt as agreed in the loan agreement. Bullet debt is subtracted as it does
not require to be paid in the principal terms, but rather in its whole at the end of
the loan term.

Cbull et ,i Bullet debt to be paid at the end of the agreed loan term.
Cdd ,i Dry docking expense of vessel employing fuel i at the end of each dry dock interval.
Css,i Special survey expense of vessel employing fuel i at the end of each special survey

interval.
Cscr ap Scrapping income received upon the end of the vessel’s lifetime.
dl t ,i Total long-term debt of vessel employing fuel i .
ir ate Interest rate on debt.
g Gearing, otherwise named ’debt share’ of total vessel cost expressed in %. Repre-

sents the percentage of debt the shipowner takes on to finance the total vessel.
Ct v,i Cost of total vessel dependent on each fuel type.
Cb Cost of base vessel. The base vessel is the portion of the total vessel cost excluding

engine cost. Base vessel cost is therefore equal for all fuel types.
CeC APE X ,i Engine CAPEX of vessel employing fuel i .
cckW,i EngineCAPEXper kWof vessel employing fuel i . Expressed inUSdollar per kilowatt

($/kW).
Pi nst Installed power on vessel, in kilowatt (kW).
r t Repayment time for the agreed debt as found in the loan agreement, in years.
b Bullet portion of debt to be paid at the end of the agreed loan term, in %.
pcdd Percentage of total vessel cost spent on dry dock at end of dry dock interval.
pcss Percentage of total vessel cost spent on special survey at end of special survey inter-

val.
LDT Vessel lightweight tonnage.
vLDT Value per lightweight tonnage in $/LDT.
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Escalation factor
In order for the model to be able to account for changes in future cost, the possibility for applying
an escalation factor ’e f ’ is built in. Escalation factors are annual percentage adjustments to how the
cost of a certain item develops over the years. Their application is best understood when thinking
of inflation, or of technologies that become more affordable with increasing scale. In the current
application, the price of alternative fuels is expected to decline with increasing scale of production,
while inflation is assumed constant at 2.5% per annum. The resulting formula for determining an
arbitrary cost ’C ’ in year ’Y ’ is presented below.

CY =CY −1 · (e f )Y −1 (8.43)

The above formula is applied to all line items that are subject to inflation and (if desired) additional
escalation. These include revenues, port charges, canal dues, andexpenses for fuel, crew, stores, repairs,
maintenance, lubrication, insurance, administration, dry docking, special survey and scrapping.

Financial indicators
In order to make financial decisions, shipowners commonly resort to a number of financial indicators.
In the present thesis, the net present value (NPV), the internal rate of return (IRR) and the required
freight rate (RFR) are discussed. The NPV and IRR are general indicators used for judging the attrac-
tiveness of a business opportunity or project in a wide variety of applications and industries. The
required freight rate is a specific indicator used in the transportation industry. In the present thesis,
the ’projects’ that are evaluated consist of a container vessel employing different alternative fuels.

The NPV is amethod of balancing the current value of all future cash flows generated by a project
against the initial capital investment. A positive NPV of a project or investment means that the dis-
counted present value of all future cash flows related to that project or investment will be positive, and
therefore attractive. In simpler words, the NPV is the difference between the present value of cash
inflows and the present value of cash outflows, including initial investment, over a period of time.
Themethod of converting future cash flows to present cash flows is called discounted cash flow. Dis-
counted cash flow is a component of the net present value calculation. In theDCF, future cash flows are
discounted to present cash flows bymeans of the discount rate ’r ’. The discount rate should equal the
weighted average cost of capital, or WACC. TheWACC is the discount rate that should be used for cash
flows with a risk that is similar to that of the overall firm [95]. The term discount rate in investments is
often used interchangeably with ’opportunity cost’. Equations 8.44 and 8.45 demonstrate how the NPV
is calculated, and which portion of this calculation consists of the discounted cash flow [94].

N PV =
l t∑

Y =1
DC FY (8.44)

DC FY = C FY

(1+ r )Y
(8.45)

where:

l t Vessel lifetime.
C FY Cash flow in year Y.
r Discount rate r represents the interest rate used to discount any future value to its

present value.

The internal rate of return (IRR) is a second indicator shipowners use to evaluate the attractiveness
of a business opportunity. In terms of return, the IRR represents the percentage rate earned on each
dollar invested for each period it is invested (in this case, years Y ). Therefore, a project is attractive
and adds value if the internal rate of return is higher than the discount rate, and becomes unattractive
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when the IRR is lower than the discount rate. On a lower IRR, the shipowner might just as well choose
to invest in a higher yielding opportunity elsewhere.

The IRR represents the interest rate at which the net present value of all future cash flows equal to
zero. The IRR is thus determined by back-solving equation 8.46 for ’I RR’.

0 =
l t∑

Y =1

C FY

(1+ I RR)Y
(8.46)

The required freight rate is a common financial indicator in commercial shipping. The required
freight rate is the freight rate that must be obtained so that all expenses are covered, with a remainder
sufficient for the returns on investment [30]. As DavidWatson defines in Practical Ship Design (1998)
[164]: "The required freight rate (RFR) is that which will produce a zero NPV, i.e. the break-even rate".
In the present thesis, the required freight rate is expressed in ’$/T EU −mi l e’. The general formula for
calculating the required freight rate as defined inWatson [164] is as follows:

RF R =
N∑

Y =1

[
NPV (Operating costs + Ship acquisition costs)

Cargo tonnage

]
(8.47)

Watson’s formula for the required freight rate is subsequently adapted for the specific use case of
the present thesis, being a container vessel transporting TEUs:

RF Ri =

l t∑
Y =1

[
Cvoy ag e,i +Cr unni ng ,i +Ccapi t al ,i

(1+ r )Y

]
l t∑

Y =1

[
T EUannual ,i ·dannual ,i

] (8.48)

where:

i Index i specifies each of the different alternative fuels (with their corresponding
engine type).

RF Ri Required freight rate per TEU-mile, in $/T EU −mi l e.
Cvoy ag e,i Annual voyage expenses of vessel employing fuel i .
Cr unni ng ,i Annual running expenses of vessel employing fuel i .
Ccapi t al ,i Annual capital expenses of vessel employing fuel i .
r Discount rate r represents the interest rate used to discount any future value to its

present value.
T EUannual ,i Average annual TEU transported by fuel type.
dannual ,i Average annual distance sailed by fuel type, in nautical miles.
l t Vessel lifetime, in years Y .

8.3. Economic speed optimisation
In order to minimise costs, shipowners are recommended to optimise their vessel’s cruising speed to
the optimal economic speed. The optimal economic speed is the speed at which a vessel employing
fuel ’i ’ demands the lowest required freight rate to meet the shipowner’s target return on investment.
In the present model, the optimal economic vessel speed for a vessel employing fuel ’i ’ is determined
by a non-linear optimisation model that aims to minimise required freight rate (RFR) by adjusting
vessel cruising speed. Therefore, in this optimisation, the objective is to minimise required freight
rate ’RF Ri ’ by changing cruising speed, subject to constraints of the cruising speed being greater than
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’vmi n ’ and smaller than themaximum cruising speed at loaded condition ’vl oad ’. Theminimum vessel
speed is constrained due to the minimum required engine running load [114]. Themaximum cruising
speed at loaded condition is constrained by the engine’s operating limits and seamargin. The decision
variable is constrained to be non-negative. The conceptual notations and descriptions of the speed
optimisationmodel are presented in table 8.9.

Notations Descriptions

Index
F Set of alternative fuels i , i = 1, . . . ,n;n = |F |

Parameters
RF Ri Required freight rate per TEU-mile for vessel employing fuel i

vload Maximum vessel speed in loaded condition
vmi n Minimum vessel speed in loaded condition

Decision variable
vci Optimal economic vessel cruising speed for vessel employing fuel i

Table 8.9: Notations and descriptions for speed optimisationmodel.

The optimisationmodel is thus described by:

minimise: RF Ri (8.49)
subject to: vload ≥ vci ≥ vmi n ∀i ∈F (8.50)

vci ≥ 0 ∀i ∈F (8.51)

The calculationmethod for the required freight rate is described by themodifiedWatson’s formula
(8.48) found in section 8.2 [164]. By varying vessel speed, not only cost parameters such as fuel cost,
emissioncost, port charges andcanal dues are influencedonanannual basis, but alsootherparameters
such as annual distance sailed and TEU transported. The resulting non-linear relationship between
vessel cruising speed and required freight rate is different for each vessel employing fuel i due to each
alternative’s different cost structure. An example of the relationship between required freight rate and
vessel speed for both HFO and ammonia (NH3) is demonstrated in figure 8.16. HFO is selected as the
base case to compare to ammonia, which is themost expensive of the investigated fuel alternatives.

(a) HFOwith scrubbers. (b) Ammonia.

Figure 8.16: Example of the RFR-speed curve under the average, 2020, unregulated scenario.
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From figure 8.16, a number of interesting observations can bemade. Firstly, as is evident in both
figures 8.16a and 8.16b, required freight rate is only calculated for cruising speeds above and below
approximately 9 and 19 knots, respectively. These speeds have beendetermined to be ’vmi n ’ and ’vload ’:
theminimum speed at which the vessel is able to sail in loaded condition (at 10% engine load), and
themaximum speed at which the vessel can sail while accounting for the engine’s nominal continuous
rating (NCR = 85% SMCR) and seamargin.

Additionally, in the case of HFO, the required freight rate can be observed to be slightly elevated
at the lower speed range. This can be attributed to the fact that by excessively slow steaming, it is
more difficult to generate sufficient revenues (or transporting sufficient TEU-mile) to cover fuel costs
and generate desirable returns. As sailing speed increases, in the case of HFO, the RFR-speed curve
flattens and required freight rate decreases. This observation can be attributed to the increase of
annual TEU-mile transported at lowermarginal cost. On the other hand, in the case of ammonia (an
expensive fuel), one finds that the required freight rate significantly increases with increasing speed.
The conclusion that can be drawn from this observation is that for expensive fuels, the increase in
annual TEU-mile transported due to sailing at high speed does not compensate for the associated
marginal cost. It should not be forgotten that although the RFR-speed relationship demonstrated in
figures 8.16a and 8.16b is primarily dependent on fuel cost and TEU-mile transported, it also depends
on other voyage expenses such as emission costs, port charges and canal dues.

In figure 8.17a and 8.17b, the SFOC-speed relationship is demonstrated for both diesel and dual-
fuel engines respectively. All diesel-like fuels are assumed to be employed bymarine diesel engines,
while LNG and liquefied bio-methane (LBM) are assumed to be employed by dual-fuel engines. As is
demonstrated in figure 8.17 the present model assumes that dual-fuel engines show a 9.5% higher fuel
efficiency compared to their diesel counterpart [163].

(a) Marine diesel engine. (b) Dual-fuel engine.

Figure 8.17: SFOC-speed relationship for bothmarine diesel and dual-fuel engines. Own composition based on Sarker (2010),
Man Diesel & Turbo (2020) andWartsila (2017) [114, 140, 163].

8.4. Scenarios
In this section, the impact of scenarios andmethod of scenarios implementation in the decision tool
is elaborated. As shown in table 8.1, each scenario has its own distinct impact on the decision tool.
Themethods with which scenarios are implemented in the decision tool and the parameters that are
influenced are summarised in the following paragraphs.

For the ’sentiment’ scenarios, the impact on each of themodels is dependent on the range of data
that has been collected. For each of the criteria mentioned in table 8.10 that are impacted by the
optimistic, average or pessimistic scenario, a lower bound (LB), average (AVG) and upper bound (UB)
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value is chosen. These so-called ’bounds’ are themaximum orminimum values for each criterion that
are determined during the literature study.

For the 2020, 2030 and 2050 time scenarios, two types of criteria are varied. These criteria include
fuel cost and technical relevance level (TRL). In the 2020 time scenario, the base case for both fuel
cost and TRL are assumed. In the 2030 scenario, HFO and LNG fuel cost is varied by -10% in the lower
bound and +10% in the upper bound. For the other (’new’) fuels, fuel cost is varied by -20% in the
lower bound and 0% in the upper bound compared to 2020 levels. In the 2050 scenario, HFO and LNG
fuel cost is varied by -20% in the lower bound and +20% in the upper bound. ’New’ fuels are varied by
-40% in the lower bound and -20% in the upper bound compared to 2020 levels.

In the case of mature fuels such as HFO and LNG, price variances are applied to current fuel prices
due to a degree of price uncertainty over time. For the newer fuels, lower fuel prices are expected
over time due to efficiencies achieved by economies of scale. The applied variances are chosen as test
assumptions. In section 9.5, a sensitivity analysis is performed on fuel price to determine its influence
over time on financial outputs such as required freight rate (RFR).

As for the technical relevance level (TRL), the level is expected to increase over time following
developments in each respective fuel technology. In 2030, the current TRL (lower, average, and upper
boundwhere applicable) is expected to increaseby twopoints. In 2050, as twodecadeswill havepassed,
TRL is expected to increase by 6 points. These figures are based on the assumption that developments
in these fuel technologies will continue to progress at a moderate pace, as no clear winner has yet
been chosen by shipowners, fuel producers and enginemanufacturers. In the case that the industry
decides on a preferred fuel alternative, TRL is expected to increase at a much higher pace. In that case,
shipowners can adjust the assumptions in themodel to reflect their views.

At last, the impact of regulatory scenarios on the general feasibility of fuels is studied as well as on
the GHG emission cost. In the ’no (additional) regulation’ (NR) scenario, the base case for all fuels is
assumed. Undermarket-basedmeasures (MBM), a bunker levy per emitted annual tonCO2 is charged
to shipowners. However, this levy only impacts the selected fossil fuels (HFO and LNG). As agreed
under the Kyoto Protocol, the emission factor for biomass is always zero [125]. This is because CO2

emissions are measured over the bio-fuels’ life-cycle, where the growth of the feedstock has absorbed
an equal amount ofCO2 from the air. Therefore, the net tank-to-propeller emissions of bio-fuels are
zero. In the case of ammonia, the bunker levy does not apply since ammonia combustion does not
emit any detrimental greenhouse gases apart from fossil pilot fuel. Due to the very low consumption of
pilot fuel or the option to opt for a bio-fuel alternative, this levy is assumed negligible. Nevertheless, in
practice, fossil pilot fuel used for ammonia combustion is expected to be levied. For the ’emission cap’
(EC) scenario, a feasibility check is performed on all alternatives. If an alternative fails to comply with
the emission cap of emitting less than 50% tank-to-propeller GHG emissions per MJ energy compared
to 2008 levels, it is deemed infeasible. This measure impacts HFO and LNG, which both fail to deliver
the desired 50%GHG emission reductions. More information on the chosen regulatory scenarios can
be found in chapter 3. In table 8.10, an overview of all considered scenarios and their impact on the
respective model is presented.
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Category Scenario Impact

General
feasibility

GHG
emission
cost

Fuel cost:
HFO, LNG

Fuel cost:
new fuels

Engine
CAPEX

Engine
OPEX

GHG
em.:
WTT

GHG
em.:
TTP

Fuel
energy
density

TRL

Optimistic LB LB LB LB LB LB UB UB
Sentiment Average AVG AVG AVG AVG AVG AVG AVG AVG

Pessimistic UB UB UB UB UB UB LB LB
2020

Time 2030 -10% to
+10%

-20% to 0% TRL +2

2050 -20% to
+20%

-40% to
-20%

TRL +6

NR
Regulatory MBM Bunker

levy per
tonCO2

EC <50%GHG
emission

cap
Affects SMART: X X X X X

Affects fin. model: X X X X X X

Table 8.10: Overview of sentiment, time and regulatory scenarios and their impact on the respective model.

8.5. KPIs
To answer research objective four:

Devise a decision support tool which is able to:
a. Rank optimal fuel choices under different regulatory scenarios and
b. Assist shipowners inmaking substantiated future decisions regarding alternative fuel technologies.

it is necessary to determine the KPIs that define optimal. In the current thesis, twomechanisms
have been devised to define and rank the performance of a fuel compared to its peers: the simple
multi-attribute rating technique (SMART) decisionmodel, which is based on the relative evaluation
factors received by each fuel on nine criteria, and the required freight rate (RFR), which is based on
financial modelling of the discounted cash flow of a container vessel and the annual distance sailed
and TEU transported. An overview of the specific criteria and (financial) items thesemethods take
into account is presented in table 8.11.
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Category Evaluation criteria Category Item Fuel-dependent
Technical Technological maturity Revenues Operating revenues X

Availability of infrastructure Voyage expenses Port charges X

Engine compatibility Canal dues X

Fuel volumetric energy density Fuel X

Environmental Compliance with emission regulations GHG emissions X

GHG emissions: well-to-tank Running expenses Crew X

GHG emissions: tank-to-propeller Stores
Other Safety of fuel technology R&m: hull & auxiliary

Long-term global availability of fuel Engine OPEX X

Feedstock competition with food Insurance X

Administration X

Capital expenses Base vessel: equity X

Engine CAPEX X

Financial cost: interest X

Financial cost: principal X

Financial cost: bullet X

Dry dock X

Special survey X

Scrapping (income)
Other Discount rate

Annual distance sailed X

Annual TEU transported X

Table 8.11: Left: Evaluation criteria taken into account to produce SMART total scores and ranking. Right: Financial items taken
into account to produce net present value (NPV) for each fuel. Fuel-dependent items carry different values for each fuel type.

SMART ranking
As explained in section 8.2.1, the SMART decision model produces an output score between 0.00 -
1.00, where the highest score represents the most favourable alternative under the chosen criteria.
Following this, each of the alternatives is ranked in order of preference according to its score: from 1 for
the highest-ranking alternative to 9 for the lowest ranking alternative. However, boundary conditions
apply under different regulatory scenarios. Therefore, when an alternative does not satisfy regulatory
requirements, it is assumed infeasible and eliminated from the ranking.

Required freight rate (RFR)
As explained in section 8.2.2, the required freight rate is a unified measure with which different al-
ternatives can be compared to one another. The required freight rate is defined as the freight rate in
USD per TEU-mile4 required for the container vessel to return a positive net present value. In other
words, the required freight rate is theminimum freight rate a (container) vessel needs to earn tomake
its operation attractive. According to the shipowner’s personal insights, he or she might choose to
proceedwith a project depending on their expected freight rate and the required freight rate calculated
by the decision tool. The RFR is found to be amore attractive indicator than the NPV or IRR due to
its expression in ’$/T EU −mi l e’. By normalising the earnings per TEU-mile, shipowners can better
compare returns and required freight rates with their current performance, as well as among the
considered alternatives in the present thesis. As is also the case for the SMART ranking, required freight
rates are not calculated when regulatory requirements are not met by the selected fuel alternatives.

In conclusion, the SMART ranking and required freight rate are chosen as the two KPIs due to
the amount of information they are able to provide to the shipowner about the optimal choice of
fuel alternative. Under the different time-frames, regulatory scenarios and optimistic, average and
pessimistic scenarios, these indicators provide the shipownerwith valuable informationon theoptimal
choice regarding technical, environmental and other criteria, as well as financial criteria. In addition,
4The required freight rate is defined as the freight rate per TEU-mile after cargo handling and terminal operating costs ’chtoc%’.
More information regarding cargo handling and terminal operating cost costs is provided in section 8.2.2.



8.6. Model verification 99

all other relevant indicators such as the individual SMART output scores, cost specifications for each
financial line item, NPVs, IRRs and optimal economic sailing speed can be found in the output tab
of the decision tool. It is eventually up to the shipowners to decide which of the outputs are most
important to them. The general results, economic speeds and a sensitivity analysis are discussed in
chapter 9.

8.6. Model verification
Sections 8.2, 9.4 and 8.4 have presented themethodology behind the creation of the presented decision
tool. In these sections, a considerable number of implementation steps are described. As with any
model, implementing allows for significant possibilities of human error. Therefore, it is important to
verify the decision tool and the relatedmodels to ensure correct implementation. Since the decision
tool can not be compared to any known benchmark (as far as known no similar tools or models exist
on this subject with the same scope), it is verified in parts. When verifying in parts, differentmodel
components with known relationships between in- and output are isolated and tested. When this
is performed systematically for all components of a model, a model can be considered verified. To
achieve this, the followingmethods are deployed:

• Structured walkthroughs
Themodel is carefully and thoroughly inspected by following all input parameters through all
calculations steps to the resulting outputs.

• Balance checks
Balance checks are completed by performing isolated or simplified calculations of parameters
and benchmarking them against model values.

• Testing of extreme conditions
The model’s performance and robustness are tested under extreme conditions by evaluating
outputs for extreme inputs.

8.6.1. Structured walkthroughs
During the structured walkthroughs, each alternative fuel is inspected by following the calculation
steps from each input to final output. Special care has been taken when reviewing LNG, liquefied
bio-methane and ammonia. In the case of LNG and LBM, this was due to the differences in dual-fuel
engine efficiency and resulting lower fuel consumption, as well as lower vessel capacity due to the
larger volume requirement for tank installations. For ammonia, special care was takenwhen reviewing
vessel capacity due to the larger tank volume requirement. For all alternative fuels, inputs and outputs,
the walkthroughs did not generate any surprises.

8.6.2. Balance checks
During the balance checks, simple, isolated calculations are performed with parameters and bench-
marked against model values. If large errors occur, this might point to inaccuracies in the model
implementation. In table 8.12, an overview is provided of performed balance checks and the corre-
sponding errors.
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Balance check Description Max. error Verified
Fuel consumption Fuel consumption represents a reason-

able portion of voyage expenses
- X

Utilisation Average vessel utilisation corresponds to
industry standard

- X

Economic vessel speed Economic vessel speed falls within rea-
sonable margins of design speed

- X

Voyage expenses Sum of individual voyage expenses
matches to total voyage expenses

0.0% X

Running expenses Sum of individual running expenses
matches to total running expenses

0.0% X

Capital expenses Sum of individual capital expenses
matches to total capital expenses

0.0% X

Emissions Total emission cost corresponds to total
emission output

0.0% X

Cash-flows Sum of individual cash flowsmatches to
total cash flows

0.0% X

Table 8.12: Balance checks to verify outputs and intermediate calculated values.

Looking at charter specifications, balance checks are carried out on fuel consumption, utilisation
and economic vessel speed. For fuel consumption, the cost share of fuel in total voyage expenses
is compared to industry standards. For HFO and LNG, this share is approximately 60%, similar to
the industry standard according to Mazraati (2011) and Bergqvist (2015) [25, 115]. Furthermore,
average vessel utilisation is calculated at approximately 60-62% for all fuel alternatives, which aligns
with industry standards according to experts. Looking at the speed optimisationmodel, optimised
economic vessel speed is observed to be calculatedwithin reasonablemargins of design speed for fuels
with conventional fuel prices (HFO, LNG). Formore expensive alternative fuels, optimal economic
vessel speed is observed to be lower, as expected. At last, concerning cash-flow balance checks,
simplifiedmanual calculations donot report any discrepancieswithmodelled expenses. In conclusion,
the presented balance checks verify the described calculations successfully.

8.6.3. Extreme conditions
By testing the model under extreme conditions, its robustness is verified. In this thesis, extreme
conditions are evaluated under section 9.5, where a sensitivity analysis is performed on SFOC & fuel
cost, vessel speed, and interest rate. Under all aforementioned conditions, the model performs as
expected. Table 8.13 demonstrates the lower and higher bounds of the examined parameters. The
performed sensitivity analysis is elaborated inmore detail in section 9.5.

Test parameter Lower bound Higher bound Verified
SFOC & fuel cost -50% +50% X
Vessel speed 9.1 kts 18.9 kts X
Interest rate 0% 15% X

Table 8.13: Verification of extreme conditions.

8.6.4. Logical interpretation of results
By interpreting results and testing them against logic, significant discrepancies can potentially be
noticed. Although this method could be argued to allow room for bias, it offers an uncomplicated
opportunity for the model to be challenged from a logical perspective. In sections 9.3 and 9.4, the
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generated results and their interpretations are further elaborated. In the present decision tool, results
were not found to deviate from logical expectations.

8.7. Model validation
Although the outcomes of the present decision tool can not be compared to real life results due to
the hypothetical nature of this research, input validation can still be performed. Input validation
is a form of partial validation where the accuracy of inputs is determined. In this process, there is
no one-size-fits-all technique. Themethod with which input validation is approached depends on
multiple facets, including:

• The complexity of inputs
• The reliability of sources
• The degree of manual manipulation of inputs from source tomodel input
• The relative importance of input to themodel’s output (overlaps with sensitivity)

When considering the complexity of model inputs and assumptions, the greater the complexity,
the greater the risk of errors. For example, by aggregating inputs such as the power-SFOC data table
provided by MAN Diesel & Turbo [114] with the power-speed curve generated by a model devised
by Prof. Koos Frouws (TU Delft) based on the Hollenbach Method, the model will be inherently
subject tomore risk of inaccuracy compared to binary inputs such as "0" to "1". In general, themore
complex an input is, the more profound its sources require to be reviewed to verify its origin and
reliability. Validating complexmodel inputs can be performed by comparing partial model inputs to
the corresponding partial source outputs, thus ensuring that each computation in the input of the
model corresponds to the partial results of the sourcemodel.

Additionally, the degree of manual manipulation of inputs from source to model increases the risk
of inaccuracy. For instance, converting source data units of measurement to fit the desired model
input units attains more risk than simply copy-pasting data in the correct input units. The most
simplemethod of validatingmanual operations is by increasing sample size. Therefore, it is wise to
individually repeat manual operations from source tomanipulation to input to detect and eliminate
any potential inaccuracies.

Finally, it is important to recognise and differentiate between inputs with significant impact on
model outputs, and inputs with minimal influence. For the inputs which are expected to have a
significant impact onmodel outputs, a sensitivity analysis can be performed. Extreme values (such as
minimums or maximums) can then be compared with expected logical values to partially validate the
model. An example of such form of validation would be that a modelled vessel with vessel speed zero
does not incur any voyage costs.

At last, through presenting models, calculations and intermediate steps to industry experts, results
are verified against their industry knowledge.

Although the process of input validation does not provide guarantees for a completely validated
model, it does significantly reduce riskby internally auditing inputs. Thepresentmodelhas successfully
been partially validated by themethod of input validation.





9
Results

This chapter presents the case study and the results of the devised decision tool. The aimof this chapter
is to achieve the fifth research objective:

By conducting a case study, determine the most appropriate fuel alternatives under different regula-
tory scenarios while ensuring optimal business performance.

First, the case study vessel and decision tool inputs are presented in sections 9.1 and 9.2. Thereafter,
section 9.3 presents the general results of the evaluated case study. In section 9.4, the optimal economic
speed for each fuel alternative under each different regulatory scenario is evaluated. At last, in section
9.5, a sensitivity analysis is conducted on several parameters to demonstrate their impact on the results
of the decision tool. All mentioned results originate from output generated by the decision tool.

9.1. Case study vessel
As is brieflymentioned in chapter 2, the present decision tool is built around a fictional vessel. The
vessel in question is defined as a 13,500 TEUNew-Panamax container liner operating on a round the
world sailing route. Therefore, it is categorised as a deep-sea vessel and limited to the sizing of the New
Panama canal. Inspired by the engine configuration of the COSCO Shipping Azalea, the container liner
in the presentmodel is equippedwith a 49.920 kWmarine diesel engine and a 10mfixedpitch propeller.
The exact dimensions, configuration and other relevant vessel specifications are summarised in table
9.1.
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Specification Value Unit Source

Vessel name CV Sifnos
Vessel type Container
Class New Panamax
Operation area Deep sea
Installed power 49920 kW MANDiesel & Turbo
Engine speed at 100% SMCR 84 rpm MANDiesel & Turbo
Propeller diameter 10.0 m MANDiesel & Turbo
Length overall 366 m COSCO Azalea
Beam 48 m COSCO Azalea
Molded draught 16.0 m COSCO Azalea
Ballast draught 10.7 m Hollenbach
Depth 22.9 m COSCO Azalea
Deadweight 145,000 t COSCO Azalea
Gross tonnage 143,197 t COSCO Azalea
Lightweight 51,750 t Regression [113]
TEU capacity base 13,500 TEU COSCO Azalea
Crew 20 pax Estimated
Max. ballast speed 19.9 kts Hollenbach [111]
Max. loaded speed 18.9 kts Hollenbach [111]
Min. loaded speed 9.1 kts Hollenbach [111]

Table 9.1: Case study vessel specifications.

9.2. Decision tool input
To run the decision tool, the shipowner is required to provide inputs. For the case study, a set of
example inputs has been devised. As is elaborated in section 8.1, required inputs are displayed in
yellow cells. In addition to the vessel specifications mentioned in table 9.1, shipowners are required to
provide operational and financial inputs.

9.2.1. Operational input
In table 9.2, an overview of the operational case study inputs is provided. For the dry dock and special
survey interval, it is assumed that the case study vessel is compliant with SOLAS (1974) regulations
and follows the normal dry docking interval schedule1 every 5 years [88]. Special survey is carried out
concurrently. Broker commission for both time- and voyage charters is set at 1.5%, a general industry
standard. Cargo handling and terminal operating cost revenue share is set at 60%, as suggested
by Martin Stopford in Maritime Economics (2013) [150]. Time spent loading and discharging at
full capacity are established at 36 and 24 hours on average respectively, following rules of thumb in
Maritime Economics (2013) and suggestions by E. van Hassel (TUDelft, UAntwerpen). The fraction
of additional power required for auxiliary equipment is set at an average of 5% of propulsion power
and assumed to be produced by the vessel’s main engine following guidelines inMaritime Economics
(2013) [150].

1Additional options such as extended dry docking periods are available. However, a variety of complex factors are taken into
consideration before approving a ship for extended dry-docking. Therefore, for this case study, the normal dry docking interval
schedule is maintained.
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Operational input Value Unit Source
Dd & ss interval 5 years SOLAS [88]
Dd & ss duraton 16 days Bimco estimate
Broker commission 1.50 % Industry std.
Cargo handling and terminal op. cost % 60 % Stopford (2013) [150]
Time loading at full utilisation 36 hours Stopford (2013) [150]
Time discharging at full utilisation 24 hours Stopford (2013) [150]
Additional auxiliary power requirement 5 % Stopford (2013) [150]

Table 9.2: Case study operational input.

9.2.2. Charter specifications
Table 9.3 provides an overview of the charter specification inputs required to generate a revenuemodel.
In the case study, a round the world liner route is considered which starts and ends in Shanghai, China.
The case study vessel is assumed to continuously repeat this cycle during the year. For each route,
sailing distance is calculated with assistance from SEAROUTES and average TEU utilisation and FCL
freight rates are estimated and checked alongside spot rates [142]. Figure 9.1 illustrates themodelled
liner route.

Origin
port

Origin
country

Destination
port

Destination
country

Distance
(nm)

Utilisation
(TEU)

FCL freight rate
($/TEU)

Shanghai CN Rotterdam NL 11,999 13,000 810
Rotterdam NL New York USA 3,918 12,500 390
New York USA Los Angeles USA 5,734 6,000 600
Los Angeles USA Nagoya JP 4,988 4,000 530
Nagoya JP Shanghai CN 1,007 6,200 305

Table 9.3: Case study charter specifications.

Figure 9.1: Case study liner route. Own composition
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9.2.3. Financial input
An overview of the financial case study input is provided in table 9.4. The USD/EUR exchange rate is
set at the July 2020 rate: 1.17 $/EUR. The case study vessel’s base case purchase price is determined
at $116.8 million, equal to the reported purchase price of COSCO Azalea as reported by Clarksons
Research Container Intelligence (2020) [43]. The equity share contributed by the shipowner and the
corresponding gearing provided by the bank is set at 20% and 80% respectively, an industry standard
[150]. The bullet percentage share of debt that is to be repaid at the end of the loan term is set at 10%, a
percentage commonly used in the shipping industry. Interest rate is set at 7.5%, which corresponds to
current shipping interest rates according to industry experts andMaritime Economics (2013) [150].
The discount rate, representing the risk of the overall firm sits at 8%. Finally, aCO2 cost of $25 per ton
is assumed based on the cost of EuropeanCO2 Emission Allowances.

Financial input Value Unit Source
EUR/USD exchange rate 1.17 per USD As of July 2020
Base case vessel purchase price 116.8 $m Clarksons Research (2020) [43]
Equity share 20 % Stopford (2013) [150]
Gearing 80 % Stopford (2013) [150]
Bullet % of debt share 10 % Stopford (2013) [150]
Interest rate 7.5 % Stopford (2013) [150]
Discount rate 8 % Industry experts
EuropeanCO2 Emission Allowance cost 25 $/ton Business Insider (2020) [34]

Table 9.4: Case study financial input.

9.3. General results
According to SMART ranking, Fischer-Tropsch diesel (FTD) scores highest in all sentiment, time and
regulatory scenarios. This can be attributed to the fuel’s good overall score onmost parameters with
remarkably high scores in technology readiness level (TRL), GHG emissions and volumetric energy
density. In terms of cost, as can be observed in table 9.6, FTDperforms slightly below average. However,
the cost differences compared to other alternatives are not extensive. In fact, on average, Fischer-
Tropsch diesel’s required freight rate is only 3% higher compared to UBO which ranks third in the
SMARTmodel, and even 10% lower compared to LBM, which ranks second. Therefore, if shipowners
value the SMART ranking of Fischer-Tropsch diesel more than the 3% cost markup, FTD deserves a
solid overall preference.

If, on the other hand, shipowners do believe that a lower required freight rate could significantly
benefit their business at the cost of slightly lower SMART performance, upgraded bio-oil (UBO) rep-
resents a good choice of alternative fuel. Regarding SMART performance, UBO ranks third on the
list, only lagging slightly behind LBM due to its relatively low technological maturity. However, UBO
outperforms LBM in energy density and safety. As is observed from the optimistic 2050 scenarios, if
the technology readiness level of UBO increases, it is even preferred to liquefied bio-methane.

Noticeably, while being the secondmost expensive alternative (ammonia is themost expensive by
a relatively large difference), LBM scores second on SMART ranking under most scenarios. It precedes
Fischer-Tropsch diesel in TRL, but lags behind in terms of safety, GHG emissions and energy density.
Under the optimistic 2050 scenarios, LBM gives up its second place to upgraded bio-oil (UBO) and
upgraded pyrolysis oil (UPO), both upgraded bio-mass products. Nevertheless, if the high price is
overcome (perhaps by financial support from governments or international organisations), LBM could
be a promising drop-in fuel for LNG, which is currently gaining popularity as an alternative to HFO. A
transition period where LBM is blended with LNG in increasing proportions would give time to fuel
producers and researchers to further increase production efficiency and reduce cost.
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An overview of the percentage difference in required freight rate of UBO, FTD and LBM compared
to HFO is provided in table 9.5.

Alt. Result Reg. 2020 2030 2050
O A P O A P O A P

NR 25% 47% 64% 20% 43% 59% 14% 32% 43%
U BO
HFO −1 ∆RFR MBM 21% 42% 59% 16% 39% 55% 9% 28% 39%

EC - - - - - - - - -

NR 25% 52% 72% 21% 49% 67% 14% 37% 50%
F T D
HFO −1 ∆RFR MBM 21% 47% 67% 16% 44% 63% 10% 32% 46%

EC - - - - - - - - -

NR 39% 68% 90% 34% 65% 85% 27% 52% 66%
LB M
HFO −1 ∆RFR MBM 34% 63% 84% 29% 60% 80% 22% 47% 62%

EC - - - - - - - - -

Table 9.5: Percentage difference in required freight rate of UBO, FTD and LBM compared to HFO in all scenarios.

Regarding upgraded pyrolysis oil (UPO), its SMART performance is similar to that of UBO andHFO.
When comparing UPO to HFO, HFO scores higher on well-to-tank GHG emissions, energy density and
TRL, and UPO scores higher on compliance with emission regulations, GHG emissions and long term
global availability. Evidently, these criteria are likely to becomemore important in the future.

Comparing UPO to UBO, themain differences are technological maturity (developments in com-
mercial production of UPO slightly exceed those of UBO) and well-to-tank GHG emissions (UPO
production generates more than 50% higher GHG emissions compared to UBO). Although technologi-
calmaturity plays an important role in choosing an alternativemaritime fuel for the future, the current
development gap of TRL 1 can easily be overcome. On the contrary, GHG emissions of industrial
production processes are expected to play an increasingly important role in future technological
and regulatory developments. In terms of cost, sailing on UBO bears on average 39% and 34%more
cost compared to HFO under the no regulation and market-based measures regulatory scenarios,
respectively. For UPO, the difference is smaller at 36% and 32%, respectively. As can be observed from
table 9.6, the average cost difference of both UBO and UPO compared to HFO decreases under the
selected time scenarios as the alternative fuels benefit from cost advantages due to scale.

Furthermore, although LNG scores noticeably poor on SMART ranking, a substantial uptake in
LNG as propulsion fuel is observed in the past decade. Apart from LNG carriers using boil-off gas
from their LNG tanks, approximately 400 vessels are being ordered or in service as of March 2020
[117]. Although LNG is a controversial fuel due to its (according to critics) low GHG benefits, it does
provide a reasonable short-term solution until more sustainable fuels are developed to scale [129].
In the decision tool, LNG primarily under performs in terms of long-term global availability, GHG
emissions and energy density. Nevertheless, its low cost, slightly improved emission performance
compared to HFO, and the technology’s maturity has attracted the interest of shipowners in the past
years. Especially the value of a mature technology should not be underestimated, since successfully
mitigating risk is at the core of running a high performing shipping firm.

The remaining results to be discussed are that of FAME, HVO, and ammonia (N H3). As none of
these fuels score exceptionally good in SMART ranking, they are not considered themost promising
alternative fuels for the future. FAME,HVOand ammonia generate lower scores in a significant number
of criteria, and are not a significantly more economic choice either.

Nevertheless, ammonia remains an interesting alternative to watch due to its exceptional emission
performance. Not only does ammonia not emit any greenhouse gasses on combustion, but its pro-
duction is also highly energy efficient and carries a small carbon footprint. That, along with its wide
availability, cause for enthusiasm among researchers. However, as this study intends to demonstrate,
practical hurdles can not be overlooked.
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On amore general note, three important observations can bemade regarding the results presented
in table 9.6. First, considering the emission cap (EC) scenario,HFOandLNGarenot considered feasible
alternative fuels and are thusmarked with a dash ’−’. This is due to the fact that the tank-to-propeller
GHG emissions perMJ energy produced by both HFO and LNG exceed the benchmarked emission
cap of less than 50% GHG emissions compared to 2008 levels. Therefore, in the emission cap scenario,
the SMART ranking of a number of alternative fuels increases.

Additionally, table 9.6 demonstrates the impact of market-based measures (MBM) on required
freight rate of each alternative fuel. As can be observed, bio-fuels and ammonia remain unaffected
by this scenario. This can be attributed to their nature of producing net-zero GHG emissions. On the
contrary, in the case ofHFO,market-basedmeasures lead to an average increase in required freight rate
of 3.4%. For LNG, market-basedmeasures lead to an average increase in RFR of 4.1%. Although these
cost increases do not provide shipowners with a significant enough financial incentive to transition to
(cleaner) alternative fuels, the results prove that the impact of market-basedmeasures is substantial
andmeasurable. This couldmean that potentially, in a future where the price ofCO2 emission credits
increases, the cost-gap between HFO or LNG andmore sustainable alternative fuels can be reduced.

At last, in all fuels, an increase in required freight rate over time is observed. This can be attributed
to the implementation and application of different price scenarios, as well as cost escalation over time
implemented by an escalation factor ’e f ’.

Alt. Result Reg. 2020 2030 2050
O A P O A P O A P

NR 5 4 4 5 4 4 5 5 5
Smart ranking MBM 5 4 4 5 4 4 5 5 5

EC - - - - - - - - -
HFO

NR 0.017 0.017 0.018 0.021 0.022 0.023 0.034 0.037 0.040
RFR MBM 0.017 0.018 0.018 0.022 0.023 0.024 0.035 0.038 0.041

EC - - - - - - - - -
NR 7 6 6 7 6 6 7 6 6

Smart ranking MBM 7 6 6 7 6 6 7 6 6
EC - - - - - - - - -

LNG
NR 0.018 0.019 0.020 0.023 0.025 0.027 0.036 0.041 0.045

RFR MBM 0.019 0.020 0.021 0.024 0.026 0.027 0.038 0.043 0.046
EC - - - - - - - - -
NR 8 8 8 8 8 8 8 8 8

Smart ranking MBM 8 8 8 8 8 8 8 8 8
EC 6 6 6 6 6 6 6 6 6

FAME
NR 0.022 0.024 0.025 0.026 0.030 0.033 0.040 0.045 0.050

RFR MBM 0.022 0.024 0.025 0.026 0.030 0.033 0.040 0.045 0.050
EC 0.022 0.024 0.025 0.026 0.030 0.033 0.040 0.045 0.050
NR 6 7 7 6 7 7 6 7 7

Smart ranking MBM 6 7 7 6 7 7 6 7 7
EC 5 5 5 5 5 5 5 5 5

HVO
NR 0.021 0.025 0.029 0.025 0.032 0.037 0.038 0.049 0.057

RFR MBM 0.021 0.025 0.029 0.025 0.032 0.037 0.038 0.049 0.057
EC 0.021 0.025 0.029 0.025 0.032 0.037 0.038 0.049 0.057

Continued on next page

Table 9.6: SMART ranking (1-9) and required freight rate ($/TEUmile) for all alternatives under optimistic (O), average (A),
pessimistic scenarios (P), as well as no regulation (NR), market-basedmeasures (MBM), and emission cap (EC) regulatory
scenarios in 2020, 2030 and 2050.
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Alt. Result Reg. 2020 2030 2050
O A P O A P O A P

NR 4 5 5 3 5 5 3 3 3
Smart ranking MBM 4 5 5 3 5 5 3 3 3

EC 4 4 4 3 4 4 3 3 3
UPO

NR 0.021 0.025 0.028 0.025 0.031 0.036 0.038 0.048 0.056
RFR MBM 0.021 0.025 0.028 0.025 0.031 0.036 0.038 0.048 0.056

EC 0.021 0.025 0.028 0.025 0.031 0.036 0.038 0.048 0.056
NR 3 3 3 4 3 3 2 4 4

Smart ranking MBM 3 3 3 4 3 3 2 4 4
EC 3 3 3 4 3 3 2 4 4

UBO
NR 0.021 0.025 0.029 0.025 0.032 0.037 0.038 0.049 0.057

RFR MBM 0.021 0.025 0.029 0.025 0.032 0.037 0.038 0.049 0.057
EC 0.021 0.025 0.029 0.025 0.032 0.037 0.038 0.049 0.057
NR 1 1 1 1 1 1 1 1 1

Smart ranking MBM 1 1 1 1 1 1 1 1 1
EC 1 1 1 1 1 1 1 1 1

FTD
NR 0.021 0.026 0.031 0.025 0.033 0.039 0.039 0.050 0.060

RFR MBM 0.021 0.026 0.031 0.025 0.033 0.039 0.039 0.050 0.060
EC 0.021 0.026 0.031 0.025 0.033 0.039 0.039 0.050 0.060
NR 2 2 2 2 2 2 4 2 2

Smart ranking MBM 2 2 2 2 2 2 4 2 2
EC 2 2 2 2 2 2 4 2 2

LBM
NR 0.023 0.029 0.034 0.028 0.037 0.043 0.043 0.056 0.066

RFR MBM 0.023 0.029 0.034 0.028 0.037 0.043 0.043 0.056 0.066
EC 0.023 0.029 0.034 0.028 0.037 0.043 0.043 0.056 0.066
NR 9 9 9 9 9 9 9 9 9

Smart ranking MBM 9 9 9 9 9 9 9 9 9
EC 7 7 7 7 7 7 7 7 7

NH3
NR 0.024 0.032 0.038 0.029 0.040 0.049 0.045 0.062 0.074

RFR MBM 0.024 0.032 0.038 0.029 0.040 0.049 0.045 0.062 0.074
EC 0.024 0.032 0.038 0.029 0.040 0.049 0.045 0.062 0.074

Table 9.6: SMART ranking (1-9) and required freight rate ($/TEUmile) for all alternatives under optimistic (O), average (A),
pessimistic scenarios (P), as well as no regulation (NR), market-basedmeasures (MBM), and emission cap (EC) regulatory
scenarios in 2020, 2030 and 2050 (continued).

In conclusion, as can be observed from table 9.6, alternative fuels are not expected to compete
on cost with HFO or LNG. The reality remains that although some alternative fuels are preferred in
terms of SMART performance, shipowners do not have the financial freedom to transition towards
sustainable alternatives.

However, if governments and international organisations were to incentivise or financially support
the uptake of these sustainable alternatives, Fischer-Tropsch diesel (FTD) and upgraded bio-oil (UBO)
seem to offer the best balance between SMART performance and cost. In table 9.6, FTD’s SMART
ranking is 1 across all scenarios, and UBO’s SMART ranking ranges from 2-4 depending on the selected
time and sentiment scenario. Additionally, as demonstrated in table 9.5, under an optimistic scenario
in 2030 or 2050, the differences in required freight rate between FTD and UBO compared to HFO are
reasonable.

Under an emission cap scenario, the combination of SMART and RFR places FTD andUBO in a
unique position of high preference over other alternatives in terms of both performance and cost.
Therefore, FTD and UBO can confidently be entitled the ’most promising’ alternative maritime fuels
of the future.
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9.4. Economic speed
As elaborated in section 8.3, the optimisation model that runs the decision tool to determine the
optimal economic speed is constrained byminimum andmaximum speeds. Themaximum speed is
determined at 18.9 knots, limited by themaximum continuous rating for the engine and seamargin.
The minimum speed is determined at 9.1 knots, limited by the engine’s inability to run below 10%
SMCR.

As can be deducted from table 9.7, each alternative has its own specific economic speed which
varies per scenario. The difference between each alternative’s economic speed can be attributed to
different fuel cost, energy density and engine choice. The RFR-speed curve presents the required
freight rate of a vessel against its cruising speed and varies per alternative. In figure 9.2, the RFR speed-
curves for the optimistic and pessimistic scenario are demonstrated for Fischer-Tropsch diesel (FTD).
Comparing the RFR-speed curve of the optimistic and pessimistic scenarios, two key observations can
bemade: at lower (fuel) cost, the required freight rate drops to lower base levels, and the RFR-speed
curve gradient decreases, demonstrating its preference towards higher economic speed. At higher fuel
cost, the opposite effect is observed. These observations underpin the results of table 9.7, which show
that vessels sailing onmore expensive fuels have lower optimal economic speeds, and vessels sailing
on cheaper fuels have higher optimal economic speeds. Similar relationships between required freight
rate and vessel speed are observed for all alternatives and are further elaborated in section 9.5.2.

Figure 9.2: RFR-speed curves for Fischer-Tropsch diesel (FTD) in the optimistic and pessimistic 2020, unregulated scenario.

As is evident from both table 9.7 and figure 9.2, the transition towards alternative fuels in the
maritime industrywillmost likely lead to a shift towards lower sailing speeds. Assuming equal transport
demand, slow steaming will increasingly be applied to vessels employing expensive alternatives, as
the marginal cost when sailing at high speed exceeds the marginal returns from the increase in annual
TEU-mile transported.
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Alt. Result Reg. 2020 2030 2050
O A P O A P O A P

NR 16.2 16.0 15.6 16.7 16.0 15.1 17.3 16.1 14.9
HFO vcHFO MBM 15.5 15.2 15.0 16.1 15.2 14.6 16.6 15.3 14.2

EC - - - - - - - - -

NR 18.1 17.2 16.2 17.8 16.4 16.0 18.9 17.1 15.6
LNG vcLNG MBM 17.4 16.4 15.7 17.1 15.7 15.3 18.2 16.4 15.0

EC - - - - - - - - -

NR 12.6 11.7 11.2 13.5 12.1 11.3 15.0 13.2 12.0
FAME vcF AME MBM 12.6 11.7 11.2 13.5 12.1 11.3 15.0 13.2 12.0

EC 12.6 11.7 11.2 13.5 12.1 11.3 15.0 13.2 12.0

NR 13.2 11.1 9.9 14.0 11.4 9.9 15.8 12.2 10.6
HVO vcHV O MBM 13.2 11.1 9.9 14.0 11.4 9.9 15.8 12.2 10.6

EC 13.2 11.1 9.9 14.0 11.4 9.9 15.8 12.2 10.6

NR 13.2 11.3 10.2 14.1 11.6 10.2 15.9 12.5 10.9
UPO vcU PO MBM 13.2 11.3 10.2 14.1 11.6 10.2 15.9 12.5 10.9

EC 13.2 11.3 10.2 14.1 11.6 10.2 15.9 12.5 10.9

NR 13.0 11.1 9.9 13.9 11.4 9.9 15.7 12.3 10.6
UBO vcU BO MBM 13.0 11.1 9.9 13.9 11.4 9.9 15.7 12.3 10.6

EC 13.0 11.1 9.9 13.9 11.4 9.9 15.7 12.3 10.6

NR 13.0 10.6 9.3 13.8 10.9 9.4 15.6 11.7 10.4
FTD vcF T D MBM 13.0 10.6 9.3 13.8 10.9 9.4 15.6 11.7 10.4

EC 13.0 10.6 9.3 13.8 10.9 9.4 15.6 11.7 10.4

NR 13.6 11.2 9.8 15.0 11.6 9.8 16.3 12.4 10.6
LBM vcLB M MBM 13.6 11.2 9.8 15.0 11.6 9.8 16.3 12.4 10.6

EC 13.6 11.2 9.8 15.0 11.6 9.8 16.3 12.4 10.6

NR 12.8 10.3 9.1 13.7 10.4 9.1 15.4 11.4 9.6
NH3 vcN H3 MBM 12.8 10.3 9.1 13.7 10.4 9.1 15.4 11.4 9.6

EC 12.8 10.3 9.1 13.7 10.4 9.1 15.4 11.4 9.6

Table 9.7: Economic speed (kts) for all alternatives under optimistic (O), average (A), pessimistic scenarios (P), as well as no
regulation (NR), market-basedmeasures (MBM), and emission cap (EC) regulatory scenarios in 2020, 2030 and 2050.

From table 9.7, several conclusions can be drawn.
First, as can be deducted from the differences between optimistic, average and pessimistic sce-

narios, the optimal economic speed declines with higher fuel cost. This observation is confirmed by
figure 9.2. Additionally, following scenarios of future price reductions for alternative fuels, the optimal
economic speed can be observed to gradually increase.

Looking at specific fuels, significant differences are noticed in economic speed between high and
low cost alternatives. For instance, comparing FTD to HFO, average economic speed lies approxi-
mately 28% and 24% lower under the no regulation or market-basedmeasures scenarios. An evident
correlation can be observed between required freight rate and economic speed.

At last, although LNG, LBM and ammonia do not necessarily carry lower required freight rate, their
economic speed can be observed to average at slightly higher levels compared to bio-fuels with similar
RFR. This can be attributed to higher capital costs which cause a proportionally smaller share of voyage
costs in RFR.

In conclusion, the optimal economic speed for alternative as well as fossil fuels lies significantly
lower than the intended design speed. Therefore, if regulators incite a transition towards alternative
fuels, slow steaming can be expected to become increasingly common.
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9.5. Sensitivity analysis
Sensitivity analysis is an analysis technique that aims to determine how target variables are affected
based on changes in input variables. By conducting a sensitivity analysis onmultiple input parameters
in the present decision tool, shipowners gain insights in several ’what-if’ scenarios. In this section,
sensitivity analysis will be performed on multiple input parameters including SFOC & fuel cost in
section 9.5.1, vessel speed in section 9.5.2, and interest rate in section 9.5.3.

In addition to the ’most promising’ alternatives identified in section 9.3, four fuels are chosen as the
’most interesting’: heavy fuel oil, Fischer-Tropsch diesel (FTD), upgraded bio-oil (UBO), and liquefied
bio-methane (LBM). Themost interesting fuels are chosen as a basis for comparison in the sensitivity
analysis of the decision tool. HFO is selected due to its current presence in the maritime industry
designating it as an ideal benchmark, Fischer-Tropsch diesel is selected due to its exceptional SMART
ranking (#1) in all scenarios, upgraded bio-oil is chosen due to its favourable balance between SMART
ranking and required freight rate, and liquefied bio-methane is selected due to its high SMART ranking
(#2) and high potential as a drop-in alternative to LNG. In all analyses, the target variable is required
freight rate (RFR) and each of the four most interesting fuels is evaluated.

9.5.1. SFOC& fuel cost
In this section, a sensitivity analysis is performed to demonstrate the relationship between required
freight rate and specific fuel (oil) consumption (SFOC) during transit for the fourmost interesting fuels
(HFO, UBO, FTD and LBM) and NH3. NH3 is added to demonstrate how changes in a high-cost fuel
impact change in RFR.

As can be deducted from figure 9.3, the relationship between required freight rate and SFOC is
nearly linear in all discussed fuels. However, the gradient of the slope is different between the presented
fuel alternatives. Noticeably, in the alternatives where fuel expenses take up a larger proportion of
total cost, the gradient is significantly larger. This is made clear when looking at the gradient of NH3, a
more expensive alternative. Furthermore, UBO, FTD and LBM seem to overlap due to their similar
cost levels. However, upon closer inspection, small differences in their sensitivity are observed.

For fuel cost, the sensitivity analysis produces very similar results due to the correlation of SFOC
and fuel cost. Nevertheless, although a >50% improvement in SFOC is highly unlikely, a >50% reduction
in fuel cost may not be as ambitious. Inmany industries, cost advantages due to the increasing scale
of operations have proven to have a significant impact on production cost and prices. It is therefore
not impossible that in the future, alternative fuels could potentially become cost-competitive with
current fossil fuel prices due to increasing scale of production.

In conclusion, figure 9.3 demonstrates that if SFOC were to decline in the future thanks to, for
instance, energy saving devices or more efficient engines, the impact would be larger on the required
freight rate of more expensive fuels than on their more affordable counterparts.
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Figure 9.3: Sensitivity analysis on SFOC for HFO, UBO, FTD, LBM and NH3 under the average, 2020, no regulation scenario.

Additionally, onemust consider that the sensitivity analysis of figure 9.3 is performed based on a
static optimised vessel speed. This means that during the sensitivity analysis, vessel speed remains
constant and equal to the optimal economic vessel speed determined at 0% SFOC.When performing a
sensitivity analysis based on a dynamically determined optimal economic vessel speed, the optimised
economic RFR-SFOC relationship proves to be non-linear. In figure 9.4, an illustrative comparison be-
tween theRFRwithdynamic optimised speed and theRFRwith static optimised speed is demonstrated.
The non-linear relationship between speed-optimised RFR and SFOC is evident.

Figure 9.4: Comparison of SFOC sensitivity of HFO between dynamic optimised speed and static optimised speed.

9.5.2. Vessel speed
As discussed in section 9.4, vessel speed has significant impact on fuel consumption and total cost.
In figure 9.5, a sensitivity analysis is performed to demonstrate the relationship between required
freight rate and vessel speed for the four most interesting fuels under the average, 2020, no regulation
scenario. Additionally, the optimal economic speed (at minimumRFR) is demonstrated. As was earlier
determined from tables 9.6 and 9.7, the choice of fuel alternative leads to significant differences in
RFR and optimal economic speed. For more expensive fuels, the minimum RFR is observed to be
significantly higher than that of HFO. Additionally, as is observed in all alternatives, deviating from
economic speed has a significant impact on required freight rate. The parabolic curves indicate a
non-linear RFR-speed relationship, which can be attributed to the ’cubic law’ of the power-speed
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curve displayed in figure 8.4.

Figure 9.5: Sensitivity analysis on vessel speed for HFO, UBO, FTD and LBM under the average, 2020, no regulation scenario.
Both RFR and vessel speed are displayed in absolute values.

To better demonstrate the parabolic shape of the curves and the differences in cost dominance
between expensive andmore economical fuels, figure 9.6 is devised. In this figure, the optimal vessel
speedhas been chosen as the baseline for RFR (at 0%change). By doing so, the difference in dominance
between voyage expenses or fixed expenses at each vessel speed is demonstrated for each displayed
alternative. The dominance of voyage expenses or fixed expenses at each speed can be determined by
observing the RFR at each cruising speed compared to the optimal economic speed. At the optimal
economic speed, fixed and voyage expenses have found a balance in which the vessel produces the
lowest possible total cost per TEU-mile (RFR). When the cruising speed is below the optimal economic
speed, fixed expenses become dominant. When cruising speed exceeds the optimal economic speed,
voyage expenses become dominant. This relationship can be attributed to the reduction of voyage
expenses per TEU-mile at lower cruising speeds, such as less fuel consumption, fewer port visits, and
fewer canal passes, as well as the increase of fixed expenses per TEU-mile due to the reduction in
TEU-mile transported.

Therefore, the position of the optimal economic speed on the RFR-speed curve demonstrates the
relationship between voyage expenses and fixed expenses in each alternative fuel. As can be observed
in figure 9.6, voyage expenses weigh heavier in fuels such as UBO, FTD and LBM due to their high fuel
cost, whereas in the case of HFO, fixed expenses weigh heavier due to the fuel’s relatively low cost.
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Figure 9.6: Sensitivity analysis on vessel speed for HFO, UBO, FTD and LBM under the average, 2020, no regulation scenario.
Base vessel speed is the economic speed for a vessel employing each fuel alternative.

9.5.3. Interest rate
The interest rate is the amount the bank andother lenders charge shipowners for the use of their capital.
Interest rate is charged as a percentage of the principal loan amount, and in the shipping industry
hovers around approximately 7.5% according to industry experts and Maritime Economics (2013)
[150]. Interest rate can vary depending on the risk of the loan and is often judged on the borrower’s
past performance. Due to the variable basis of interest rates and the case-by-case approach of lenders,
it is valuable for shipowners to have an understanding of the impact of different interest rates on
the required freight rate of each alternative fuel. In figure 9.7, a sensitivity analysis is performed
to understand the model’s relationship between interest rate and required freight rate. As can be
derived from the figure, required freight rate correlates closely with changes in interest rate. This
can be attributed to the fact that the share of total interest expense compared to total expenses is
approximately equal to the percentage interest charged by lenders.

Figure 9.7: Sensitivity analysis on interest rate for HFO, UBO, FTD and LBM under the average, 2020, no regulation scenario.
Base case interest rate is set at 7.5% and displayed in absolute values.
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9.5.4. Conclusions
Several conclusion can be drawn from the sensitivity analysis performed on SFOC & fuel cost, vessel
speed, and interest rate.

First, figure 9.3 examines the relationship between SFOC& fuel cost and required freight rate. SFOC
and fuel cost arementioned together since the effect of each percentage change in either one of the two
variables has an equal effect on required freight rate. In figure 9.3, a near-linear relationship between
SFOC or fuel cost and required freight rate can be derived at constant speed. However, for alternatives
where fuel cost takes up a higher portion of total cost, the gradient of the line is significantly larger. This
means that in a scenario of lower SFOC or fuel cost, the proportional decline in required freight rate
would be larger for expensive fuels than for more affordable fuels. Although a large decline in SFOC
due to energy saving devices ormore efficient engines is unlikely, a substantial reduction in fuel cost of
alternative fuels thanks to R&D and scale efficiencies is not unthinkable. As can be concluded from the
sensitivity analysis, this would significantly improve the economics of employingmore sustainable,
alternative fuels.

Additionally, figure 9.4 demonstrates the difference between the static optimised linear RFR-SFOC
relationship and the dynamic optimised economic RFR-SFOC relationship. As can be observed, when
dynamically optimising for economic vessel speed at each different percentage SFOC, the RFR-SFOC
relationship becomes non-linear.

In section 9.5.2, a sensitivity analysis demonstrates the relationship between required freight rate
and vessel speed. One can conclude from the steep parabolic relationship, a deviation from economic
speed has a significant impact on required freight rate. Additionally, figures 9.5 and 9.6 underpin the
results of section 9.4, where the optimal economic speed of more expensive fuels can be observed to
be close to theminimum speed.

At last, in section 9.5.3, a sensitivity analysis is performed on interest rate. As can be concluded from
figure 9.7, required freight rate correlates closely with changes in interest rate. This can be attributed
to the fact that the share of total interest expense compared to total cost is approximately equal to the
percentage interest charged by lenders.
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Conclusions and recommendations

10.1. Conclusions
To collectively achieve the goals set in the Paris agreement of 2015, themaritime industrymust change.
Therefore, the InternationalMaritimeOrganisation has drafted the initial IMO strategy on reduction of
GHG emissions from ships [91]. In this strategy, alternative fuels are considered essential in achieving
the emission reduction targets set by the United Nations. However, due to the many criteria and
external factors impacting the decisions of shipowners, no consensus has been reached on themost
appropriate choice of alternative fuel to comply with possible different imposed emission regulations.
Additionally, no existing study has approached the problem from the perspective of the shipowner. To
fulfil this research gap, the following research objective was formulated:

"Developadecision support tool that enables shipowners to select themost appropriatealterna-
tive fuel technology to complywith possible different imposed emission regulationswhile ensuring
optimal business performance."

To achieve themain research objective, five sub-objectives were developed and addressed. The
sub-objectives and themethods with which they were achieved as well as the key conclusionsmade
are elaborated below.

i Analyse current and possible future regulatory scenarios andmake a selection of regulatory scenarios
to consider in the present study. Discard low-probability scenarios.

The first sub-objective was approached by conducting a literature study on possible future regula-
tory scenarios. The consideredmeasures includedmarket-basedmeasures in the form of an Emission
Trading Scheme (ETS) or bunker levy, regional or global expansion of Emission Control Areas (ECAs),
greenhouse gas emission caps of 50% or 100% compared to a predefined benchmark, NOx emission
regulations, or SOx emission regulations. Based on literature by Balcombe et al. [21], Wan et al. [162],
Kågeson [100], International Maritime Organization [90, 91], Garcia et al. [71], Kosmas et al. [104],
the International Chamber of Shipping (ICS) [83], Perera et al. [130], Woodyard [169], the probability
of different regulations being enforced in 2030 or 2050 was assessed and a selection of four future
regulatory scenarios wasmade. An overview is presented in table 10.1.
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Measure Vessel type Description Time frame

MBM Bunker fuel levy All vessels Amaritime fuel tax in proportion with the de-
gree of GHG emissions resulting from their
consumption

2030

MBM Bunker fuel levy All vessels Amaritime fuel tax in proportion with the de-
gree of GHG emissions resulting from their
consumption

2050

EC 50%CO2eq emission cap New-built vessels Bench-marked 50% CO2eq emission cap for
all new-built vessels

2030

EC 50%CO2eq emission cap New-built vessels Bench-marked 50% CO2eq emission cap for
all new-built vessels

2050

Table 10.1: Selected regulatory scenarios to be considered in this research.

ii Analyse a broad range of alternative fuel technologies and assess which can be considered feasible
options. Discard fuels that do not meet requirements in scalability, GHG reduction targets, or suitability
for deep-sea shipping.

The second sub-objective was also approached by conducting a literature study on a broad range of
alternative fuel technologies. Based on literature byMcGill [116], Mohseni [119], Endres [59], Ytreberg
[170], Burel [33], CE Delft [37], Pavlenko [129], Thomson [154], Brynolf [32], Bengtsson [24], Einemo
[58], Mohd Noor [118], Hsieh [82], Florentinus [70], DNV GL [48], E4Tech [55], Parraga [128], E4Tech
[54], the European Parliament and Council [152], Ash [20] and Hansson [80], several options were
discarded based on a lack of scalability, GHG reduction potential or suitability for deep-sea shipping.
A selection of nine feasible alternatives remained. This includes HFO, LNG, FAME, HVO, UPO, UBO
via HTL, FTD and LBM. An overview is presented in table 10.2.

Fuel technology Characteristics Primary resource Source

Fuel oils HFO (IFO-380) with
scrubbers

Low cost, carbon heavy, high viscosity bunker fuel;
Reduced SOx and NOx emissions

Crude oil [59, 116, 119, 170]

Natural gases LNG Liquid cooled methane/ethane gas; low nitrogen
oxide emissions, sulphur free; low cost; high well-
to-propeller GHG output

Crude oil; natural
gas

[24, 32, 33, 37, 129,
131, 154]

Bio-fuels FAME (bio-diesel) Suitable clean alternative to MDO/MGO; risk of
acidic degradation

Edible or used oils [55, 58, 82, 118]

HVO High quality drop-in diesel fuel; higher cost; cross-
sector interest

Edible or used oils [48, 55, 70, 82]

UPO Suitable clean alternative to HFO/IFO; high GHG
reduction potential; not commercially available

Lignocellulosics;
waste

[55, 70, 82]

UBO via HTL High potential; low commercialisation; easier pro-
duction process compared to UPO

Lignocellulosics;
wet bio-mass; waste

[55, 82]

FTD Drop-in diesel fuel; more impurities; very high
GHG reduction potential

Lignocellulosics;
waste

[54, 55, 128, 152]

LBM (bio-LNG) Renewably sourced drop-in LNG fuel; high GHG
reduction potential; potentially cost competitive

Lignocellulosics;
landfill gas; waste

[36, 55, 152]

Ammonia No tank-to-propeller emissions; high cost; toxic;
lowmaturity inmarine applications

Hydrogen [20, 48, 55, 79, 80]

Table 10.2: Selection of alternative maritime fuels for decision tool.

iii Evaluate multi-criteria decisionmethods andmodelling techniques to address the specific problem
and criteria presented in the present study.

Sub-objective iii was the last objective of the literature study and included identifying and evaluat-
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ingmulti-criteria decisionmethods andmodelling techniques to address the research objective of
developing a decision support tool. Through selecting, defining and weighing evaluation criteria with
the help of shipowners, the appropriate decisionmethods andmodelling techniques were determined.
The chosenmethods for devising the decision tool include the simplemulti-attribute rating technique
(SMART) found in Siregar (2017) [147], alongside a financial model based on the annual cash flow
accountingmethod inMaritime Economics byMartin Stopford (2013) [150].

iv Devise a decision support tool which is able to:
a. Rank optimal fuel choices under different regulatory scenarios and
b. Assist shipowners inmaking substantiated future decisions regarding alternative fuel technologies.

Based on the findings of sub-objectives i to iii, a decision support tool was devised that is able
to rank optimal fuel choices under different regulatory scenarios and assist shipowners in making
future decisions regarding alternative fuel technologies. The decision support tool relies on a set
of shipowner inputs including vessel parameters, revenue parameters, operational parameters and
financial parameters, as well as compiled data on costs, SMART criteria, and scenarios.

The decision tool evaluates inputs and data and generates output for both the financial and SMART
decisionmodel. For the financial model, relevant outputs include the optimal economic vessel speed,
required freight rate (RFR) andNPV and IRRprojections for each alternative. For the SMARTmodel, the
mainoutput consists of a rankingof fuel alternatives basedon the selected criteria under each scenario.

v By conducting a case study, determine the most appropriate fuel alternatives under different regula-
tory scenarios while ensuring optimal business performance.

Finally, the sub-objective of conducting a case study to determine the most appropriate fuel al-
ternatives under different regulatory scenarios was achieved. As presented in chapter 9, two main
KPIs were selected to judge the performance of each alternative: the SMART ranking and the required
freight rate (RFR). Since the SMART ranking considers only technical, environmental and other criteria,
financial consequences of each alternative are reflected in the required freight rate. Therefore, the
preferred alternatives are different for each evaluationmethod.

In terms of SMART performance, which evaluates fuels based on technical, environmental and
other criteria, Fischer-Tropsch diesel (FTD) and liquefied bio-methane (LBM) capture first and second
place respectively. Upgraded bio-oil (UBO) and upgraded pyrolysis oil (UPO) share third and fourth
place depending on the selected scenario. HFO follows the list with a shared fourth and fifth position,
again depending on the selected scenario.

In terms of required freight rate, HFO performs best, followed by LNG in the medium term and
UPO and UBO in the longer term. Nevertheless, the average difference in required freight rate of UPO
and UBO compared to HFO remains substantial, at 36% and 39% under a no regulation scenario, and
32% and 34% under market-basedmeasures, respectively. For FTD, the average difference in required
freight rates compared to HFO is even higher at 43% and 38% under a no regulation andmarket-based
measures scenario, respectively.

Therefore, without regulations or financial incentives from policymakers, HFO is expected to
remain the dominant fuel of themaritime industry. However, if policymakers do take action to drive
and support theuptakeof sustainable alternative fuels, Fischer-Tropschdiesel (FTD) andupgradedbio-
oil (UBO) offer the best balance between SMART performance and cost. Additionally, if themaritime
industry undergoes a transition towards LNG as a short-term solution to reduce greenhouse gas
emissions compared to HFO, liquefied bio-methane (LBM) could prove to be a suitable future drop-in
alternative that offers good performance both in terms of SMART ranking and required freight rate.

In conclusion, Fischer-Tropsch diesel (FTD) and upgraded bio-oil (UBO) can be entitled the ’most
promising’ alternative maritime fuels of the future, whereas HFO and LNG remain the ’most probable’
to retain dominance without regulatory intervention. This suggests that in order for the maritime
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industry to transition towards sustainable alternative fuels, policymakers, governments, international
organisations and lenders need to align their policies to collectively enable amore sustainable ship-
ping industry. Not only by enforcing stricter regulations, but also by providing the correct financial
incentives.

10.2. Recommendations for further research
One of the higher-level intentions of this thesis was to introduce a new perspective fromwhich the
choice of alternative fuels can be approached. In that light, this thesis aims to establish a base from
which knowledge on the subject of this research can further be expanded. Therefore, this section
contains a set of recommendations for further research and expansion of the devised decision tool.

In this thesis, decision tool inputs and data have been collected from reliable sources andprocessed
with great care. However, as with all research, higher quality data is always aspired. As the reality
remains that such data is not always available, informed assumptions aremade where necessary. If
higher quality data becomes available in the future, it would be recommended to collect inputs and
data from centralised verified sources to increase the accuracy and reliability of the decision tool. This
way, the basis for comparison of alternative fuels is even.

Furthermore, concerning future price developments of (alternative) fuels, assumptions have been
made and processed in scenarios. Although the decision tool leaves room for the user to insert and
adjust his or her assumptions, it would greatly benefit this research if a more detailed approach would
be taken to future price developments of alternative fuels.

Additionally, although slow steaming strongly reduces fuel cost, the present decision tool assumes
freight rates to remain unaffected by longer transit times. In reality, this may be different. Since it is
currentlyunknown towhat extent freight rates are influencedby transit time, itwouldbe recommended
to investigate this relationship in further research.

Moreover, concerning criteria evaluation, the sample size of shipowners participating in the ques-
tionnaire was n=7. Although this sample size includes a substantial number of vessels under manage-
ment, it would benefit this research to collect input frommore participants.

In a broader sense, this research could be expanded further into other fields than what is touched
upon in this thesis. Adjacent fields could include different vessel types such as bulk carriers or tankers,
different vessel sizes such as Suezmax or Capesize, different operational areas such as short-sea or
inland shipping, other propulsion types such as fuel cells, or additional alternative fuels which were
eliminated in chapter 4.

Finally, in terms of the future potential of alternative fuels, it would be interesting to explore and
quantify the incentives required to justify the employment of alternative fuels compared to their fossil
counterparts. By doing so, policymakers could better channel their regulatory strategies to provide
the industry with the correct incentives to accurately accelerate the transition to more sustainable
alternative fuels.



11
Reflections

The intention of this chapter is to reflect on the implications and limitations following this research
and the obtained results. Limitations are specifically discussed on the research approach, model
assumptions and obtained results. The wider implications of this research are elaborated upon, a
disclaimer is made, and finally the added value of this research from both a societal and scientific
point of view is addressed.

11.1. Reflection on the research approach
The goal of this section is to reflect on the research approach.

First, the approach towards accounting for emission costs focuses solely on greenhouse gas emis-
sions (CG HG ). Therefore, external emission costs such as the cost of general human health due to air
pollutionor the cost of damages to sea life are left unconsidered in this research. On the onehand, since
external emission costs are complex to quantify and levy, it is highly unlikely that policymakers will tax
shipowners based on these costs. On the other hand, external costs should always be considered by
policymakers when drafting new regulations to ensure that the detrimental external effects of new
regulations do not exceed the positive effects they aim to achieve.

Concerning freight rates, this research assumes spot freight rates to be settled at a uniform rate
per leg, independent of transit time. However, optimised economic vessel speeds show that vessels
employing expensive alternative fuels bear significantly higher transit times. As a result, in the future,
shippers’ willingness to paymight decrease when transit times increase, leading to disturbances in the
current relationship between generated revenues and optimal vessel speed. Amodel which is able to
account for dynamic pricing that depends not only on transit routes but also on transit timesmight
improve optimal economic vessel speed calculations.

Additionally, if vessel sizingwould not be a limiting factor in the present thesis due to themaximum
dimensions of the Panama canal, the financial performance of alternative fuels could significantly be
improved by determining the optimal economic vessel size. However, this is not included in the scope
of this research.

11.2. Reflection on themodel assumptions
When building a tool or model of substantial size in a limited time-frame, it is difficult or even impossi-
ble to capture the full complexity of a process without making assumptions. Therefore, in this thesis,
assumptions are present in the approach of themodel and input parameters. Due to the importance
of communicating these assumptions, an overview is presented in table 11.1 where assumptions and
their consequences are elaborated.
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Assumption Consequence
Engine efficiency is assumed equal for all
diesel-like fuels and 9.5% higher for gas fuels.

Differentiation in engine efficiency due to em-
ploying different alternative gas or diesel-like
fuels is not accounted for. Although no evi-
dence was found of a statistically significant
difference for engine brake thermal efficiency
among blended fuels compared to mineral
diesel, the effects of employing pure alterna-
tive diesel-like or gas-like fuels on engine effi-
ciency are still unknown [17].

Bunker price is averaged over ports and no
bunkering strategy is applied.

An efficient bunkering strategy could poten-
tially reduce fuel cost, although past research
has not yet provided clear figures.

FCL freight rates are assumed fixed over each
route and independent of time in transit.

In the future, shippers’ willingness to pay
might decrease when transit times increase,
resulting in disturbances in the current rela-
tionship between generated revenues and op-
timal vessel speed.

Vessel sizing is assumed constant due to limi-
tations of the New-Panama canal.

Implementing flexible vessel sizing might
present the need for larger vessels to decrease
the impact of higher fuel cost.

Global transport demand is presumably satis-
fied.

Slow steaming at equal vessel sizes causes a
shortage of container transport. More new-
built vessels would be required to satisfy equal
transport demand.

Port slots are optimally met. Delays couldcause longer average loadingand
discharging times, thus negatively impacting
required freight rate.

Discount rate is assumed equal for all alterna-
tives, independent of risk.

Shipowners might choose to assume a higher
discount rate when employing alternative fu-
els due to increased risk.

Vessel speed-power relationship is calculated
and applied as if vessel is sailing at full loaded
condition, independent of actual utilisation.

This results in a potential maximumdeviation
in required freight rate of 5% between loaded
and ballast condition.

Table 11.1: Key assumptions and their expected consequences.

11.3. Reflection on the decision tool outcomes
The following sections reflect on the decision tool outcomes and if the results fall within expectations.
Where possible, findings are compared to literature. Furthermore, inherent limitations around the
decision tool outcomes are discussed and areas that leave room for interpretation are argued.

It can be acknowledged that the expected research outcomes have been obtained. A decision
support tool has been devised which enables shipowners to comply with possible different imposed
emission regulations while ensuring optimal business performance. The decision tool is able to
aggregate and process collected data and inputs and convert them tomeaningful and uncomplicated
insights. The devised decision tool produces outputs that provide valuable insights in the ranking of
alternative fuels against a curated set of criteria, in the financial performance and required freight rate
over the lifetime of a vessel employing each alternative fuel, and in the optimal economic speed of
each vessel employing an alternative fuel under each scenario.
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11.3.1. SMART decisionmodel
Elaborating on the ranking of alternative fuels, the SMART decisionmodel accounts for ten evaluation
criteria in three categories: technological criteria, environmental criteria, and other criteria. The
criteria selection has been presented to and weighed by a panel of seven shipowners with a total
of approximately 1780 vessels under management. The concerned shipowners have reviewed the
evaluation criteria and assigned scores to judge the importance of each criterion for decision-making
on alternative fuel technologies in their firm. The collected feedback has been converted to criteria
weights, assigning relative weights to each criterion. Performance scores have been identified for each
alternative under each evaluation criterion and the fuel alternatives have been ranked in order of
preference. However, as with all model outcomes, SMART results are subject to limitations and leave
room for interpretation. These aspects are argued below for the SMART decisionmodel in this thesis:

• Results from the SMART decision model show a preference for a number of alternative fuels
over HFO and LNGwhen economic criteria are not considered. Although these outcomes do
not surprise due to the low environmental performance of HFO and LNG, it would be wrong to
assume economic criteria can be left unconsidered. It is therefore critical that SMART output
results are studied alongside required freight rates and other financial indicators to get an overall
view of the performance of an alternative fuel compared to its peers.

• For the SMART decisionmodel to producemeaningful output, it requires uniform input parame-
ters for all criteria. Since the input parameters for each criterion and alternative fuel are collected
from a large number of sources, the author carries the responsibility to interpret and convert
literature to the required input parameter units. Although this task has been carried out with
great care and data has been processed from reliable sources, other interpretations of literature
than those of the author could lead to different results.

• Although general consensus is observed around criteria weighting provided by the seven par-
ticipating shipowning entities, a larger sample size would significantly increase confidence in
its accuracy. Additionally, although the present sample represents shipowners fromDenmark,
China, Norway and Greece, a larger andmore diverse sample would better reflect global views.
By attracting more diverse participants, possible cultural bias towards (for instance) environ-
mental policy can be eliminated. Nevertheless, since the participating shipowning entities do
represent a substantial amount of vessels and operate globally, the reliability of the weighting is
not questioned.

11.3.2. Required freight rate (RFR)
In this thesis, the required freight rate over the lifetime of each vessel employing a different alternative
fuel has been devised. The required freight rate per TEU-mile is calculated by a combination of voyage
expenses, running expenses, capital expenses, TEU transported, distance sailed, vessel lifetime, and
discount rate. The formula used to calculate the required freight rate is found in section 8.2. Voyage,
running and capital expenses are extensively modelled in a financial model ranging for the complete
lifetime of the vessel and include all relevant cost items as found inMaritime Economics by Stopford
(2013) [150]. TEU transported and distance sailed are functions of vessel utilisation, vessel capacity,
time loading, time discharging and vessel cruising speed. Vessel lifetime is assumed to be 25 years and
discount rate is assumed at 8%. The required freight rate represents the freight rate in USD per TEU-
mile required for the container vessel to return a positive net present value over its lifetime. In other
words, the required freight rate is theminimum freight rate a (container) vessel needs to earn tomake
its operation attractive. Therefore, the required freight rate provides a solid ground for comparison
of alternative fuels under similar operating conditions. Nevertheless, one should always be aware of
the limitations of themodel and should take care when interpreting results. In the paragraphs below,
these elements are discussed for the financial model and resulting required freight rate:

• The required freight rate is determined under a no regulation, market-basedmeasure and emis-
sion cap scenario. Although these regulatory scenarios have been carefully selected in chapter 3,
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they only impact the required freight rate of HFO and LNG. Since other fuels do not emit any
tank-to-propeller GHG emissions (at least on paper), they are not affected by market-based
measures. In the same way, since they do not emit any tank-to-propeller GHG emissions, these
alternatives are not affected by the emission cap scenario. Therefore only HFO and LNG are
deemed infeasible. Nevertheless, the change in required freight rate of HFO and LNG under
a market-based measure regulatory scenario indicates the relative impact such a regulatory
measure can have. Additionally, it provides insight into how such ameasure can be extended to
increase the competitiveness of alternative fuels compared to the status quo.

• When evaluating fuel cost of alternative fuels, government subsidies and tax exemptions are
left unconsidered. Nevertheless, it is possible that governments and international organisations
will provide financial incentives to facilitate the shift towardsmore sustainable maritime fuels.
By doing so, sustainable fuel alternatives will become more cost-competitive, thus reducing
required freight rate. Although such possibilities are not implemented in the model, it can
easily be adapted to include lower fuel prices. The new required freight rate is automatically
recalculated.

• Due to the lackof literature anduncertainty surrounding future cost developmentsof (alternative)
maritime fuels, current projections of 2030 and 2050 fuel costs are based on basic assumptions
of decreasing cost with economies of scale. However, as accurately pointed out by van der
Kroft (2020) [159], (bio-)fuels could become a victim of their own success: "While increasing
production volumes could decrease fuel costs, it also induces the need for feedstocks that are
increasingly difficult to access and collect. These increasing efforts could lead to increasing
feedstock costs, potentially driving up fuel prices". The present thesis does not consider the
secondary price-effects mentioned by van der Kroft. Therefore, although the insights produced
by the current model regarding future time scenarios are valuable, they are subject to significant
uncertainty. Shipowners are recommended to review these assumptions and adjust them as
more information comes available in due time. More information on the implemented time
scenarios is provided in section 8.4.

11.3.3. Economic speed
In order to minimise cost and maximise returns, shipowners are recommended to optimise their
vessel’s cruising speed to the optimal economic speed. In the present model, the economic vessel
speed for a vessel employing each fuel alternative is determined by a non-linear optimisationmodel
that minimises required freight rate through adjusting vessel cruising speed. More information on
the optimisationmodel is provided in section 9.4. Although the economic speed optimisationmodel
provides solid recommendations to shipowners, results should always be considered with care. Some
limitations are discussed below:

• The optimal economic cruising speed is calculated for each vessel employing each alternative
fuel under all sentiment, regulatory and time-scenarios. In these calculations, an economic
cruising speed is determined which is constant over the course of the vessel’s lifetime based on
their annual voyage. However, in reality, optimal economic cruising speed is different for each
leg of the voyage depending on utilisation, voyage distance and freight rate. Therefore, ideally,
the economic speed should be recalculated for each leg of the route a vessel sails during the
course of a year to maximise returns on each leg. Although this is not included in the present
research due to time limitations, this means that there is room for improvement in the economic
speed for each leg to achieve higher annual returns.

• When calculating optimal economic speed, the present model assumes a power-speed relation-
ship under loaded condition. However, the vessel’s utilisation varies on each leg of the voyage. A
vessel with lower utilisation can in practice achieve higher speeds on the same power consump-
tion. Therefore, a model which accounts for the exact utilisation on each leg could potentially
more accurately determine fuel consumption, and therefore better approach optimal economic
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speed on each leg. Nevertheless, since the present implementation accounts for a vessel in
loaded condition, the actual fuel consumption on partial utilisation can only be better. The
potential maximum deviation in required freight rate between loaded and ballast condition is
determined at 5%.

• The economic vessel speed is undoubtedly the optimal speed to be sailed by a vessel in the
model environment. However, in reality, failing tomeet a port slot due to badweather or delaying
a shipment could lead to substantial damages. Therefore, shipowners should always ensure
flexibility in their schedule or vessel speed to account for delays.

11.4. Reflection on the wider implications of this research
In this section, the wider implications of this research are reflected upon. This includes implications
for shipowners, shippers, fuel producers, consumers and policymakers.

11.4.1. Implications for shipowners
During a transition towards alternative fuels, shipowners need to account for a number of implications.

First, due to the global nature of the shipping industry, a global bunkering networkwould require to
be in place. Since alternative fuels have not yet reached global maturity, shipowners need to be aware
of their dependence on global fuel availability. This is especially problematic for highly specialised
fuels such as ammonia since fuel switching (if even possible) comes at a high cost. When employing
liquefied bio-methane, shipowners can choose to divert to LNG in the case of a supply drop, although
LNG also is not yet globally available. In the case of drop-in bio-fuels, shipowners are less dependent
on the reliability of global bunkering facilities, since shipowners can always choose to bunker HFO
where more sustainable alternatives are not available. All in all, higher dependence on global fuel
availability is inevitable for shipowners, at least until an alternative fuel captures significant global
market share.

Additionally, alternative fuels could be subject to higher price instability than their fossil counter-
parts due to their immature nature. Although alternative fuels are not dependent on global oil markets,
minor interferences in production capacity or logistics can cause significant price fluctuations. As
alternative fuels mature, fuel prices are expected to becomemore resilient, although large fluctuations
will always remain possible (as has been observed historically in HFO). For shipowners, this could
imply the necessity for the implementation of various risk mitigation strategies such as locking in
future bunker prices bymeans of future energy contracts.

Furthermore, aswas concluded in chapter 9, slow steaming can significantly reduce required freight
rate for vessels employing alternative fuels. However, slow steaming also reduces the annual TEU-mile
transport capacity of a vessel. Under the assumption that vessel size does not increase significantly,
this would imply the requirement of more vessels to fulfil equal transport demand. Although ordering
more new-built vessels is not impossible, the societal and environmental impact of such a transition
should not be left unconsidered. Shipownerswould also be required to order andmanagemore vessels,
requiring larger investments and fixed costs.

Regarding investments, the implications from increased investment costs per vessel are two-fold:
higher investment costs require higher net equity contributions in year 1, and higher investment
costs result in a higher risk profile in the beginning of a vessel’s lifetime, potentially also impacting
loan conditions from lenders. However, as technologies mature, investment costs are expected to
decline. Additionally, an industry transition to slow steaming couldmean that shipowners can tran-
sition towards employing smaller engines, since power demand declines with lower design speed.
Subsequently, investment costs per vessel could decline.

Unfortunately, this is not enough to incentivise ’first movers’. First movers inevitably bear the
highest cost and risk, as technologies have not yet achieved scale for producers to lower prices, and it is
unknown how alternative fuels perform over a vessel’s lifetime. Therefore, policymakers, governments,
international organisations and lenders should align their policies and incentives to collectively bear
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the risk alongside first movers to enable the transition towards amore sustainable shipping industry.

11.4.2. Implications for shippers
Due to the large dependence on shipowners to deliver their goods, a transition towards alternative fuels
is alsoexpected tohave significant implications for shippers. Asa result ofoverall higher required freight
rates for vessels employing alternative fuels, shipowners could contemplate collectively forwarding
this cost to their clients. By doing so, shipowners would remain able to generate desired returns while
employingmore sustainable alternative fuels.

However, it is up to shippers rather than shipowners to either accept or reject higher transportation
costs. If shippers accept higher transportation cost due to, for instance, certain sustainability goals set
by themselves or their clients, they are presented with the choice of either cutting costs in other parts
of their supply chain, or further forwarding the additional expenses to their clients. If, on the other
hand, shippers decline to carry the burden of additional transportation costs, shipowners that sail on
alternative fuels will have difficulties finding cargo.

Additionally, if shipowners decide to slow steam to cut costs, longer transit times will impact the
supply-chain of shippers. As a result, shippers will be required to increase supply chain flexibility,
agility and responsiveness to absorb longer delivery times. As the downside of longer transit times
compounds with higher cost, shippers are unlikely to accept a transition towards alternative fuels
without resistance. However, if shipownersmanage tomitigate at least one of these two consequences,
shippers would possibly bemore inclined to sacrifice somemargins under the guise of goodwill.

11.4.3. Implications for fuel producers
If a transition towards alternative fuels is incited, fuel producers will be required to satisfy demand.
However, due to thenovel nature of alternative fuels, it is not only the classic oilmajors that canbecome
futuremarket leaders. As is observed, several start-ups and scale-ups across the globe are currently
working on scaling the production for alternative fuels. Nevertheless, both types of fuel producers will
need to account for the implications of a fuel transition.

To develop alternative fuels on large scale, fuel producers are required to build large production
facilities. The investment cost and associated risk of developing thesenewproduction facilities ismuch
higher than it is for established technologies. As a result, the assumed discount rate fuel producers will
use in their project forecasts will also be higher. A higher discount rate only justifies the investment if
the projected internal rate of return exceeds it. In the case of alternative fuels, this can only be realised
if they are sold at higher prices than their current fossil counterparts. For themaritime industry, this
results in higher fuel prices, complicating the transition towards alternative fuels.

However, fuel producers can significantly reduce risk and investment cost by initiating talks with
governments and international organisations. Apart from the obvious climate benefits, local govern-
ments are keen on attracting innovators and pioneers in sustainable energy technologies to accelerate
innovation and create jobs in their country. Governments are therefore often willing to support these
companies in their missions by providing substantial subsidies and tax benefits. Additionally, on
a broader scale, international organisations are often willing to financially support innovators that
contribute to the long-term prosperity of the participating (industry) stakeholders.

Although attempting to disrupt an industry by allocating resources towards R&D goes hand-in-
hand with increased risk, successful pioneers can expect to capture substantial market share through
the first-mover advantage. As demonstrated in the automotive industry in the past ten years, it’s often
entrepreneurial-minded companies with daring and bold ideas who are on pace to redefine the status
quo.

11.4.4. Implications for consumers
For consumers, the negative implications of the transition to alternative fuels are minimal. In terms of
cost, sea freight accounts for approximately 2% of the consumer retail price for fast-moving consumer
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goods such as shoes and clothing according to industry experts [102]. For gadgets and general tech,
this cost-share easily drops below 1% due to higher total cost. Therefore, even if shipping costs
would theoretically increase by 50% and shipowners, shippers and retailers would forward this cost to
consumers, the impact would beminimal.

In terms of transit time, slow steaming could lead to longer delivery times for containerised goods.
For consumers that directly source products overseas, this is a negative implication. However, as most
products that are shipped overseas are not required to reach their destination urgently, the impact is
insignificant.

11.4.5. Implications for policymakers
Policymakers are the drivers of change in large international industries such as themaritime industry.
In order to accomplish a shift in the type of fuel consumed, policymakers should draft new regulations
and directives that limit or eliminate the use of high-emission fuels. For policymakers, it is important
to incentivise stakeholders to employ alternative fuels that have a smaller climate footprint. In this
thesis, market-basedmeasures as well as an emission cap scenario are examined.

Under market-based measures which impose a bunker levy according to the annually emitted
CO2-equivalent GHG emissions, required freight rate is found to be an average of 3-5% higher for HFO
and LNG compared to the no regulation scenario. This cost is calculated using the November 2020
cost ofCO2 European Emission Allowances [34]. Although the resulting change in required freight rate
is significant, it does not come close to the cost gap between HFO or LNG and other fuel alternatives.
Therefore, it is not significant enough to incite a shift towardsmore sustainable fuel alternatives. Other
options for policymakers include a separate emission trading system for themaritime industry, as is
done in aviation and proposed byWan (2018) [162] and Balcombe (2019) [21], or further iterating on a
bunker levy scheme as proposed by Garcia (2020) [71] and Kosmas (2017) [104].

At last, even if alternative fuel prices drop to current HFO levels due to large scale adoption or
external incentives, the drop in market share of HFO could cause a collapse in its price. This effect
could create a ’last mover advantage’ for shipowners which have not yet transitioned to alternative
fuels. Although such price interactions have not been implemented in the model, similar market
effects are not improbable. For policymakers, it thus remains important to protect first movers from
lacking behind of competition.

11.5. Disclaimer
When concluding scientific research, it remains important to take a step back and get a bird’s eye view
of the future developments that might impact the presented research. In this disclaimer, two potential
future developments are discussed which could impact both the conclusions of this research and the
maritime landscape as we know it.

11.5.1. Bio-fuel regulation
The present research has demonstrated the importance of bio-fuels in the future decarbonisation of
themaritime industry. However, the large-scale adoption of bio-fuels entails significant complications
on a global scale. The most important complications are related to the requirement for additional
farmland to produce feedstocks to satisfy demand. As concluded through research by Ajanovic (2011),
even if all crops, forests and grasslands currently not used were used for bio-fuel production, it would
be impossible to substitute all fossil fuels used today in transport [16]. Such an observation underlines
the high probability of farmland conversion to cater to the increased demand for bio-fuel feedstocks,
even though maritime fuels do not account for all fossil fuels used today in transport. Naturally,
this conversion could induce detrimental secondary effects. As Morone, Strzałkowski and Tani (2019)
accurately state: "Keyproblems associatedwith thebio-fuel transition include indirect landuse change
(ILUC), [elevated] food crop prices and associated food security issues, as well as equality and gender
issues stemming from lack of access to resources deriving from increasing land pressure" [120].
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For these reasons, researchers and industry experts have expressed their scepticism towards the
feasibilityof large-scale adoptionofbio-fuelsby themaritime industrywithoutproperpolicy guidelines
and blending limits [141]. This puts pressure on both themaritime and (alternative) fuel industry, as in
the case of stringent restrictions on bio-fuels, an economically and regulatory feasible fuel alternative
that is able to reach the IMO’s current reduction targets has yet to be discovered.

11.5.2. EEXI
As elaborated in section 3.1.1, the Energy Efficiency Existing Ship Index, or EEXI, is a design index
established by the IMO duringMEPC 75 in November 2020 as an amendment toMARPOL Annex VI to
regulate carbon emissions from ships [50]. Themeasure is expected to enter into force in 2023, after
being finalised and adopted at MEPC 76 in June 2021.

The EEXI limit is enforced bymeans of a required EEXI to be satisfied by a vessel’s attained EEXI.
The required EEXI relies on a reference line value (RLV) based on reference values per ship type. When
a ship’s attained EEXI does notmeet the EEXI threshold, technicalmodificationsmay be considered for
compliance (e.g. engine power limitation (EPL), retrofit of energy saving devices or alternative fuels).
Themost feasible technical modification to comply with EEXI regulations is engine power limitation
(EPL), as this is carried out with less effort compared to other proposedmeasures and significantly
reduces a ship’s running costs [51].

The attained EEXI is calculated and verified based on the guidelines proposed by the IMO in the
draft amendments presented at MEPC 75 [12, 99]. The relevant calculation methods for both the
required and attained EEXI have been described in section 3.1.1. For the present research, the EEXI is
calculated by applying the estimated index value (EIV) to the case study vessel. It is then compared to
the power-speed curve determined by the Hollenbachmethod to determine the need for technical
modifications to reach required EEXI levels [50, 89].

As the goal of the EEXI is to regulateCO2-equivalent emissions from existing ships, it is essential
to understand the consequences for shipowners. For vessels sailing on alternative fuels producing
low GHG emissions, EEXI compliance is comfortably achieved. However, for vessels sailing on HFO,
necessary steps to achieve EEXI compliance might be required. An application of engine power
limitation could potentially capmaximum vessel speed or economic vessel speed. In figure 11.1, the
intersection of the power-speed curve is presented for the case study vessel sailing on HFO, and the
EEXI-imposed engine power limit is charted. As can be observed, the specific case study vessel is
compliant with EEXI requirements in both loaded and ballast condition under operational limitations
of 85%MCR and 15% seamargin.
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Figure 11.1: Demonstration of the intersection of the power-speed curve of the case study vessel sailing on HFO and the EEXI
limit. Own composition

However, onemust keep inmind that figure 11.1 represents a case study vessel that is designed to
comply with EEDI regulations. Therefore, it is not representative for most existing container vessel
configurations: as derived from literature, most of the (older) existing vessels of the same capacity
employ significantly larger engines [99]. Therefore, for the majority of the existing container fleet,
engine power limitation is expected to be required to comply with EEXI limits, as was also concluded
from a case study conducted by Japan and Norway in preparation for MEPC 76 [99].

Nevertheless, from the economic vessel speed indicated in figure 11.1, it becomes evident that the
new EEXI regulation is not expected to pose a limitation on economic speed. It will rather act as a
catalyst towards lower emissions and lower cost shipping, something that is bound to benefit both the
environment and shipowners.

11.6. Societal relevance
The present thesis provides insights into the choices of alternative maritime fuel technologies un-
der different imposed emission regulations. In this process, current and possible future regulatory
scenarios have been considered and analysed. Themost probable scenarios have been selected and
elaborated in a decision tool aimed at assisting shipowners inmaking (future) decisions in choosing
(alternative) fuel technologies for their vessels. In theprocess of selecting regulatory scenarios, devising
the decision tool and processing results, a number of interesting insights have been produced.

First, it is certain that governments and regulators will be required to play a central role in the
transition towards more sustainable maritime fuel technologies. As can be concluded from the results,
there are no financial incentives for shipowners to transition from fossil fuels towards sustainable
fuel alternatives, while many of these alternatives perform at least as good as the status quo in terms
of non-economic criteria. It is up to governments and regulators to incite or push the transition by
providing financial incentives or penalties on sustainable or pollutingmaritime fuel technologies.

Furthermore, the various scenarios showed that optimising for economic speed does not only
provide financial benefits, but also benefits the climate by reducing exhaust gas emissions. It is
therefore not only the responsibility of themaritime industry to embrace slow steaming as the new
standard, but also up to shippers and consumers to accept longer transit times. Although it is very
difficult to incite a paradigm shift in a time where globalisation has pushed boundaries in terms of
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efficiency and speed, it is undoubtedly necessary to ’slow down’ to collectively achieve the goals set in
the Paris agreement of 2015 [156].

At last, a transition towards sustainable alternative fuels would not only benefit the planet, but
would also create a large number of technology-driven jobs. Since innovation in alternative fuels is
primarily driven by R&D, human capital is at the core of a successful transition. Countries without
oil and gas reserves now have an opportunity to differentiate and become a key player in the energy
transition. It is up to them to seize that opportunity by providing the right incentives.

11.7. Scientific relevance
To identify the scientific relevance of this research, the knowledge gap of chapter 7 is addressed. The
knowledge gap that was discovered can be summarised in the following items:

• There was no insight into how (alternative) fuels compared in the view of shipowners.
• The financial performance of alternative fuels had not been analysed over the lifetime of a vessel.
• The impact of alternative fuels on a shipowner’s business performance was unknown.
• There was no view on the impact of regulatory scenarios on the future fuel choice of shipowners.

First, a SMART decisionmodel was developed to assess the preference of shipowners towards alter-
native fuels. Shipowners provided their input through a survey stating which criteria they foundmost
important in judging an alternative fuel technology. By combining this knowledge with performance
parameters from literature, insight could be provided in the views of shipowners towards different
alternative fuels.

Second, the financial performance of alternative fuels has previously primarily been analysed on
fuel cost. However, fuel cost is not the only cost item influencing the financial performance of alterna-
tive fuels over a vessel’s lifetime. In the present decision tool, a financial model has been composed
accounting for all involved cost items per fuel alternative. This includes different expenses per fuel
alternative for port charges, canal dues, fuel, emissions, crew, engine OPEX, insurance, administration,
engineCAPEX, financing, dry dock and special survey. Additionally, the decision tool has demonstrated
that return can be improved by optimising for economic speed.

Third, financial indicators such as the required freight rate have been devised to provide insight
into the impact of alternative fuels on a shipowner’s business performance. As demonstrated in table
9.6, shipowners are now able to compare the performance of (alternative) fuels against each other.

At last, there was no clear view of how different regulatory scenarios might impact a shipowner’s
current business performance. The decision tool provides shipowners with a quantified impact on
their current business if they do not transition to an alternative fuel under amarket-basedmeasure
scenario, as well as best-alternatives if their current fuels do not meet regulations under an emission
cap scenario.



A
Criteria units

Criteria units

Technical

Technological maturity

10 10: Proven technology
7 to 9 7 to 9: Systems testing for launch and operations
6 to 8 6 to 8: System and subsystem development
5 to 7 5 to 7: Technology demonstration
3 to 5 3 to 5: Technology development
1 to 2 1 to 2: Basic technology research

Availability of infrastructure

5 Fully available
4 Available after minor adjustments
3 Available after moderate adjustments
2 Available after major adjustments
1 Not available at all

Engine compatibility

5 Fully compatible with current engines
4 Compatible after minor afjustments
3 Compatible after moderate afjustments
2 Compatible after major afjustments
1 Not compatible at all

Environmental

Fuel volumetric energy density M J/l Megajoule per litre

Compliance with emission regulations

5 Fully compliant with current emission regulations
4 Fully compliant withminor exceptions
3 Moderately compliant
2 Hardly compliant
1 Not compliant at all

GHG emissions: well-to-tank gCO2eq/MJ GramCO2 equivalent GHG emissions per MJ energy
GHG emissions: tank-to-propeller gCO2eq/MJ GramCO2 equivalent GHG emissions per MJ energy

Other

Safety of fuel technology

5 As safe as current technologies
4 Slightly less safe than current technologies
3 Moderately safe
2 Not really safe
1 Not safe at all

Long-term global availability of fuel

5 Fully available in the long-term
4 Available with slight shortage in the long-term
3 Moderately available in the long-term
2 Poorly available in the long-term
1 Not available in the long-term

Feedstock competition with food (if applicable)

5 No competition with food
4 Minor competition with food
3 Moderate competition with food
2 Major competition with food
1 Critical competition with food

Table A.1: Units describing each criterion. Own composition

131





B
Reduction factors

Figure B.1: EEXI reduction factors Y . Source: ABS (2020) [12]
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