
Delft University of Technology

MT Thesis Project
MT54035

SDPO.21.016.m.

Meeting IMO’s climate goals for 2050: sailing
on alternative fuels and its consequences

Author:
Sebastiaan de Herder - 4112512

Daily supervisor:
Dr. Ir. R.G. Hekkenberg

Thesis committee:
Dr. Ir. R.G. Hekkenberg

Dr. A.A. Kana - TU Delft
Dr. W.W.A. Beelaerts van Blokland

June 29, 2021





Preface

I am delighted to present my thesis "Meeting IMO’s climate goals for 2050: sailing on alternative
fuels and its consequences". The thesis is the final result of the last part of my period of study-
ing at the TU Delft, the graduation process. The graduation process and writing the thesis was
carried out between August 2020 and July 2021, in order to obtain a Master’s degree in Marine
Technology at the University of Technology (TU) in Delft.

With the help of Dr. Ir. R. G. Hekkenberg I formulated my research questions and designed the
approach for this research. After completing the research, all answers to the relevant research
questions were reached. During the research period, it was always easy to ask Dr. Ir. R. G.
Hekkenberg for his advice. Without his advice I would most probably not have achieved reaching
the finalization of my research project.

I would like to thank Dr. Ir. R. G. Hekkenberg for his good guidance and for the time he
set aside to discuss the progress of the study with me. In addition, I would like to thank Dr.
A.A. Kana for his feedback after the completion of the literature study and his useful feedback
and advice at the greenlight meeting. His critical eye at the greenlight meeting led to further
insights that are now incorporated in the final manuscript. Further, I want to thank Dr. W.W.A.
Beelaerts van Blokland for participating in my Thesis Committee.

I would also like to thank my friends, teammates and roommates for supporting me and helping
me whenever I asked for assistance. I would like to thank Casper, Marloes, Spot and Bobo for
all the distraction and relaxation besides graduation. Finally, but most importantly, i would like
to thank my parents Wouter and Herma for being there, for their advice, for their unconditional
support and all the opportunities they have given me throughout my life, that have made me
who I am today.

S. de Herder
Rotterdam, June 2021

2



Abstract

The global temperature is rising as a consequence of the climate change. In order to stop the
further increase of the global temperature, the international community has decided to aim at
reducing global greenhouse gas (GHG) emissions in the near future. To achieve this ambition,
various alternatives in shipping need to be explored including sailing on alternative fuels.

This study investigates the consequences of sailing on alternative fuels. It is investigated which
problems might occur when sailing on alternative fuels, which rules are mandatory when sailing
on alternative fuels and as a consequence what the effects are on the cargo transport costs.

The problems occurring when sailing on alternative fuels are caused by the lower energy densities
of these fuels, the rules and requirements with regard to the storage of some of these fuels and
the shape of the storage tanks for some specific fuels. The shape and requirements regarding the
fuel storage tanks can make it necessary to replace cargo for storage tanks, which will result in
increased transports costs. Furthermore, the lower energy density of alternative fuels result in
more fuel weight, or volume as compared to conventional fuels. In order to transport the same
amount of cargo, an extra bunker stop, or taking less fuel and reducing the sailing speed, can be
an option. Another option to compensate for the increased weight, or volume of the alternative
fuels, is to reduce the cargo taken on board. All options will result in higher transports costs
as compared to sailing on conventional fuels. To investigate how these extra costs are composed
a main question has been formulated: "In a situation where the transport costs are minimized,
how do the transport costs compare when sailing on various fuels with different energy densities
than conventional fuels?".

To answer this main question, a model was developed. The model is suitable to calculate the
transport costs in various situations. For this research, three vessel types on three operations,
using seven fuel types have been analyzed.

The analyzed vessels were a container vessel, an oil tanker and an ore carrier. The chosen
voyages are common voyages. The analyzed fuels are fuels which are able to achieve the goal of
reducing the CO2 emission with 70% per transport work in 2050 as compared to 2008. Heavy
fuel oil was used as benchmark. Based on the simulations used in the developed model it was
found that: the costs of alternative fuels are higher than those of conventional fuels. Batteries
are too heavy, too large and too expensive to be considered as an option, for the researched
vessels and operations. The capital costs of fuel cells make that the use of fuels in combination
with a fuel cell is currently expensive at higher speeds. High fuel storage costs make hydrogen
currently not competitive with conventional fuels. The transport using an oil tanker are the
lowest for hydrotreated vegetable oil, second lowest for ammonia in combination with an internal
combustion engine and the highest for battery electric.
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Introduction

Like the maritime industry, the climate is always moving and changing. In the 20th century
alone, the global temperature on earth raised an average of 1 °Celsius while the seawater level
rose with 20 centimeters (KNMI, 2019), (Rijksoverheid, 2021). Both are consequences of climate
change, which can result in adverse events. Habitats can change due to warm weather which
may result in the disappearance of fauna and flora. Another negative effect of global warming
is that parts of the earth are becoming drier while other parts of the world become more wet,
resulting in hazards as: floods, food shortages, drinking water shortage, extinction of animals,
forest fires, heat waves and more unwanted effects.

Climate change can be caused by several things: the activity of the sun, the increase in green-
house gases (GHGs), volcanic eruptions, or meteor impact. As humanity does emit heat-trapping
gasses, also known as GHGs, man is at least partly responsible for global warming. The emission
of GHGs results in a disturbed climate system (Warmheart Worldwide, 2021). In addition to the
impact that these GHGs have on the climate, the substances can also be harmful to the human
health. These are reason enough to reduce the amount of GHGs emitted.

In 2015 a climate convention was held in Paris. 196 parties came to an agreement with as
main goal to reduce the rate at which the climate changes. The aim is to keep the average
global temperature raise well below 2 °Celsius. To achieve this, countries aim to reduce global
greenhouse gas emissions as soon as possible with the objective to live in a climate neutral world
by 2050 (United Nations Climate Change, 2021). In spite of so many different countries included
in the agreement, the shipping industry was not involved. The interests in this sector proved
too great to reach an agreement. 2.2% of the global CO2 emissions are caused by international
shipping with a potential growth between 50 and 250% in 2050 (IMO, 2018).

In order to involve the shipping industry, the International Maritime Organization (IMO), re-
sponsible for safe, secure and efficient shipping on clean oceans organised a meeting in April 2018
to address GHG emissions from ships involved in international trade. During the meeting, the
committee adopted MEPC.304(72) "Initial IMO strategy on reduction of GHG emissions from
ships". The MEPC.304(72) states that the ambition is, noting the technological innovation and
introduction of alternative fuels and energy sources, to achieve at least a reduction of 40% CO2

emission by 2030 and 70% per transport work by 2050 as compared to 2008 (IMO, 2018). The
total GHG emissions should be reduced by at least 50% in 2050 as compared to 2008.

Problem definition

As described above, the CO2 emissions should be reduced by 70% per transport work by 2050 as
compared to 2008 and the total GHG emissions should be reduced by 50% in 2050 as compared
to 2008. Certainly achieving the goal is possible with the implementation of a fuel transition,
but whether this is realistic remains the most important question.

From the first part of this research, the literature review (MT54010), it appeared that there
is sufficient knowledge of how to make the shipping industry CO2 neutral and lower the GHG
emissions from shipping. Alternatively, less GHG emitting fuels are herein key. Different stud-
ies, using different approaches for comparing and selecting the most promising fuels have been
analyzed ((Hansson et al., 2019), (Perčić et al., 2020), (Hansson et al., 2020), (Deniz and Zincir,
2016), (Ammar and Seddiek, 2017), (Ammar, 2019), (ben Brahim et al., 2019), (Taljegard et al.,
2014), (Bergsma et al., 2019)). It was found that alternative fuels, able to reduce the GHG
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emission, have lower energy densities as compared to conventional fuels (the fuels used in 2008).
Lower energy density results in more fuel weight, or volume as compared to conventional fuels
when the same distance and speed is sailed.

More efficient fuel handling, extra stop(s) for refueling, or reduction in cargo load are options to
overcome the problem of more fuel weight, or volume when sailing on alternative fuels. Unfortu-
nately, the three described options all have negative economical consequences for the vessel and
its operator. When an extra fuel stop is needed, the vessel loses time. When cargo is reduced, the
vessel loses capacity and when the vessel lowers its sailing speed, the number of voyages per year
decreases. These outcomes will all result in more costs per ton cargo. What the consequences
are for maritime shipping and especially the consequences of costs of transport when sailing on
alternative fuels is further investigated in this study.

This study gives an overview of how transport costs, when using alternative fuels, compare to
each other and to conventional fuels. Different alternative fuels have been investigated together
with different options to find the most cost-effective way of using alternative fuels in shipping.
Different fuel types, vessel types and operations are investigated in order to find the most cost-
effective solutions. Which measures are needed to make a specific alternative fuel as cost-effective
as possible are investigated and which transport costs using which alternative fuel(s) are most
competitive to the transport costs when using conventional fuel are further studied. In order to
do so, a main question and several sub-questions have been formulated.

Main question:
In a situation where the transport costs are minimized, how do the transport costs compare when
sailing on various fuels with different energy densities than conventional fuels?

Sub-questions:

• How much energy, fuel volume and fuel weight per fuel type are required for different vessels
on specific routes and operations?

• Which vessels and which sailing distances should be investigated and what are the most
promising fuels fulfilling all the requirements for these vessels and sailing distances?

• What is the impact of sailing on an alternative fuel with a lower energy density? Does this
require more bunker stops, additional storage space for the fuel, or should sailing speed be
reduced, or what are the best possible combinations?

• What are the costs in an optimized situation, including possibly extra bunker stops, de-
crease in speed, or a decrease in cargo space?

Structure of Study

The order of the sub-questions form the structure of the study. The sub-questions have been
answered in a chronological order starting with an analysis of maritime transport. In the first
chapter, the majority of commercially operating vessels have been analyzed and three major
commercial vessel types have been chosen. Thereafter, it is analyzed what the common opera-
tions of these vessels are by analyzing different trade flows around the world. Next, the size and
power of the vessels on the analyzed routes are presented. Lastly, three common combinations
of vessels and routes, or power and range, have been selected and three reference vessels with
their corresponding characteristics were selected.
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After the reference vessel and operation have been selected, a study on what is needed to de-
velop a model that investigates the economical consequences of sailing on alternative fuels was
performed. In Chapter 2, first the problems of sailing on alternative fuels and potential solutions
and consequences are described. This was done to analyze how the model should run from prob-
lem to consequence. Thereafter, research on what data are needed to develop a model that is
able to find solutions of sailing on alternative fuels was performed. It was found that especially
information on weight, volume, costs and possible relocation of storage tanks data are needed to
analyze the economical consequences of sailing on alternative fuels.

In Chapter 3, the composition of costs, volume and weight is analyzed. The additional costs,
additional weight and volume per fuel type and converter are described. Also, the structure of
vessel costs is analyzed in this chapter. This is done, because the total vessel costs determine the
transport costs. Lastly, analyses on what the economical consequences the IGF code, or special
storage tanks for fuels can have on the transport costs are performed.

The information presented in Chapter 2, together with the weight, volume and costs presented
in Chapter 3 form the basis for the actual model that is developed and used to investigate the
differences in costs of transport. Chapter 4 describes how the model is developed and shows how
it performs using examples. The model is also verified and validated in this chapter.

Chapter 5 gives an overview of the results of different scenarios calculated by the developed
model. In this chapter, cargo costs are presented when using different fuels. Furthermore, it is
analyzed how the differences in costs are determined and how the transport costs can be reduced.

In the last chapter sensitivity analyses have been performed to investigate the influence of as-
sumed parameters on the calculated transport costs. It is also analyzed which potential differ-
ences in transport costs should be taken into account when values of parameters differ from the
parameters used in this study.

Scope

The study is limited to specific fuels, specific vessels and specific operations as described below.
The study is limited to prevent for drowning in a data overflow resulting from analyzing endless
combinations of fuel types, ship types and ship operations. However, with the designed model it
would be possible to analyze more different combinations for further research. The scope of the
study is divided into fuels, vessels and operations.

Fuels

The fuels used in the study are combinations of different fuel types: alcohol-based fuels, bio-
fuels and other renewable fuels. The used fuels are the fuels considered most promising to meet
the IMO GHG reduction ambitions which were extracted from the literature review. The fuels
consist of the most promising fuels as described in the analyzed case studies. The fuels used in
the case studies are:

• Alternative marine fuels: Prospects based on multi-criteria decision analysis involving
Swedish stakeholders (2019): liquid natural gas, liquid bio gas, methanol, hydrogen, hy-
drotreated vegetable oil & heavy fuel oil.
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• Life cycle cost assessment of alternative marine fuels to reduce the carbon footprint in
short-sea shipping: A case study of Croatia (2020): diesel, electricity, methanol, ethanol,
natural gas, hydrogen & biodiesel.

• The Potential Role of Ammonia as Marine Fuel - Based on Energy Systems Modelling
and Multi-Criteria Decision Analysis (2020): liquid natural gas, liquid bio gas, methanol,
hydrogen, hydrotreated vegetable oil & ammonia.

• Environmental and economical assessment of alternative marine fuels (2016): methanol,
ethanol, liquid natural gas & hydrogen.

• Eco-environmental analysis of ship emission control methods: Case study RO-RO cargoves-
sel (2017): diesel, marine gas oil & liquid natural gas.

• An environmental and economic analysis of methanol fuel for a cellular container ship
(2019): diesel & methanol.

• Pathways to climate-neutral shipping: A Danish case study (2019): biomass, liquid natural
gas, hydrogen, methanol & ammonia.

• Cost-Effective Choices of Marine Fuels in a Carbon-Constrained World: Results from a
Global Energy Model (2014): fuel oil, methanol, liquid natural gas & hydrogen.

• Assessment of alternative fuels for seagoing vessels using Heavy fuel oil (2019): marine gas
oil, vegetable oil, biodiesel, fisher tropsch diesel, liquid natural gas & methanol.

According to the analyzed case studies, the most promising fuels are: methanol, ethanol, hydro-
gen, ammonia, hydrotreated vegetable oil and electricity. Heavy fuel oil is used as benchmark.
The characteristics of the fuels are presented in Appendix E.

For conversion of fuel energy into propulsion energy, fuel converters are necessary. In the study,
the choice has been made to only analyze common combinations of fuels and fuel converters.
The common combinations are examined in Section 2.4.1 and are:

• Internal combustion engines for hydrotreated vegetable oil, methanol, ethanol, heavy fuel
oil, hydrogen and ammonia.

• Fuel cells for hydrogen, ammonia, methanol and ethanol.

• Electric motors for electricity.

In this study, only emissions from tank to propeller are analyzed, which implies that it is not
further investigated how alternative fuels are generated. This is excluded from the current study
since the investigation of well to tank emissions is a separate study, needing many additional
sub-studies.

Vessels

As reference vessels, three types of different vessels have been selected which all three have
different sizes, different loads and usually sail over different distances. Characteristics of the
vessels are given in the Appendix A. The vessels were chosen after analyzing worldwide seaborne
trade. The goal of this study is to investigate the feasibility and economic consequences of sailing
on alternative fuels. Therefore, the selected reference vessels are three widely used vessel types.
The vessels are commonly used size, types and sailing the common voyages and represent a large
proportion of the maritime trade market, so that results from the research have an important
impact. The selection of vessels for this study are:
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• 34,350 DWT Container vessel "CMA CGM Louga".

• 149,921 DWT Oil tanker "Nordic Grace".

• 400,606 DWT Ore carrier "Ore China".

However, the developed model can also be used for the analysis of less common vessel types,
cargo, or sailing distances.

Operations

The operations represented in the study differ in length. A long route will be represented by the
voyage from Brazil to China, or Santos to Dalian, a medium length route will be represented by
the route from Arabia to Western-Europe, or Jeddah to Algeciras, and a short-sea route from
the Netherlands to Russia, or Rotterdam to St. Petersburg. The operations represent common
voyages for the selected vessels. The difference in length of the different voyages are shown in
Figure 1.

Figure 1: Different operations within scope. Top: Rotterdam - St. Petersburg. Middle: Jeddah
- Algeciras. Bottom: Santos - Dalian.
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1 Maritime transport

In this section maritime transport will be investigated to make a conscious decision on what
vessel(s) and route(s) will be analyzed in this study. The goal is to choose at least three rep-
resentative, preferred different size and type, vessels on different shipping routes. From the
literature review it was learned that vessel size and sailing distance can influence the favorable
alternative fuel choice. For example, it is not likely to use batteries on long voyages due to the
heavy weight, of the battery when a lot of energy is required, or the high storage costs when a
large amount of electricity must be stored.

To make a well-balanced vessel choice, seaborne transport will be analyzed first. Different ma-
jor shipping routes are explored and an analysis will be made of which vessels are sailing these
major shipping routes. Next, there is looked into the installed power of the different vessels
sailing the major shipping routes and the distance they travel. This is done to analyze what the
most common range-power combinations are. From these common combinations, three different
types of vessels are selected which will be used in this study. It is determined to analyze com-
mon range-power combinations in this study to cover a wide spectrum of vessels and operations
used worldwide and, therewith, arrive at results that are relevant to a large group of maritime
transport. So that the consequences of fuel transition for a known group with a large share of
air pollution is visible. However, the developed model can also be used for the analysis of less
common range-power combinations.

1.1 Seaborne transport

Today the world has more than 3000 major commercial ports. The major ocean routes are within
the Atlantic, the Pacific and the Indian ocean. Sea transport is dominated by three economic
geographical areas, North America, Europe and Asia (Stopford, 2008). As shown in Figure 2,
the majority of commercially operating vessels, used on international waters, are bulk carriers,
tankers, general cargo and container vessels.

Figure 2: Number of vessels per vessel type in 2021 (Clarkson Research, 2021)

To analyze which type of vessels, general cargo vessels, bulkers and oil tankers, are represented
on which transport routes different routes have been investigated, starting with general cargo
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liner routes, oil trade routes and lastly dry bulk routes.

1.1.1 Major liner shipping routes

The first group of sailing routes that will be investigated are the liner trade routes. With liner
trade, general cargo transported by containerized liner services, which provides fast, frequent
and reliable transport of almost any cargo to any foreign destination (Stopford, 2008) is meant.
The liner services are generally divided into three different groups:

The East-West routes: These include prominent long-haul routes across the Pacific and At-
lantic Ocean, using the biggest container-vessels (4000+ TEU) and representing almost a quarter
of the maritime trade.

The North-South routes: The vessels that sail these routes are usually smaller vessels than
the vessels on the East-West trade routes. North-South lines are for example routes from Eu-
rope to West Africa (Stopford, 2008). On these routes, less volume is transported than on the
East-West routes.

Intraregional routes: With intraregional short-sea transport is meant. Short-sea transport
plays an increasingly important part in sea-trades, because of movements between local ports.
Usually small vessels make use of these short voyages but sometimes also vessels of 3000-4000
TEU. (Stopford, 2008)

In conclusion, different size container vessels are sailing different distances. The large con-
tainer vessels sail the longer distances and the smaller vessels shorter voyages. In Section 1.2 the
different vessels sailing the different routes will be further analyzed.

1.1.2 Oil trade routes

The next investigated trade routes are the oil trade routes. Crude oil was the world’s number
one export product in 20191 (Workman, 2019) and, therefore, plays a dominant role in maritime
tradings. Different type of oil tankers are known. The size of the tanker depends on the trade
route and is:

• Panamax 60,000 DWT

• Aframax 100,000 DWT

• Suezmax 150,000 DWT

• Very Large Crude Carrier (VLLC) 280,000 DWT

• Ultra Large Crude Carrier (ULCC) 300,000 DWT

Very large crude carriers and ultra large crude carriers are not able to sail the Suez Canal due
to their draft requirements. Both are built and used to sail around Cape of Good Hope.

For investigating the major oil transport routes it has been investigated which countries are
the big exporters of oil and which countries import this oil. The top 10 countries that exported
the highest dollar value worth of crude oil are presented in Table 1 (Workman, 2019):

1All values used in this section represent the situation in 2019
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Saudi Arabia US $133.6 billion 13.3% of exported crude oil
Russia $121.4 billion 12.1%
Iraq $83.3 billion 8.3%
Canada $68.1 billion 6.8%
United Arab Emirates $66.1 billion 6.6%
United States $65.3 billion 6.5%
Kuwait $42.0 billion 4.2%
Nigeria $41.0 billion 4.1%
Kazakhstan $33.6 billion 3.3%
Angola $32.2 billion 3.2%

Table 1: Top 10 oil exporting countries in 2019

As shown in Table 1, a group of middle eastern countries sold 38.2% worth of globally exported
crude oil. A list of the 10 countries that imported the most crude oil is shown in Table 2.
The countries that imported crude oil are mostly Asian (54.2%), European (28.2%) and North
American (13.9%) countries (Workman, 2019).:

China US$238.7 billion 22.6% of overall imported crude oil
United States $132.4 billion 12.5%
India $102.3 billion 9.7%
Japan $73.1 billion 6.9%
South Korea $70.2 billion 6.6%
Netherlands $46.4 billion 4.4%
Germany $40.7 billion 3.9%
Spain $30.5 billion 2.9%
Italy $29.6 billion 2.8%
United Kingdom $24.5 billion 2.3%

Table 2: Top 10 oil importing countries in 2019

In Figure 3 the biggest import (in red) and export countries (in blue) of oil are indicated.
Subsequently, here the major shipping routes can be evaluated

Figure 3: Biggest oil importing (blue) and exporting (red) countries (the figure is made with the
help of mapchart.net)
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As Russia is connected by land to Europe and Asia and has a network of oil pipelines towards
Europe and Asia it doesn’t depend on sea transport on large scale (Notteboom et al., 2021). Oil
from Alaska and Canada is also transported by pipelines but then to the mainpart of the USA
(Notteboom et al., 2021).

For evaluating the marine transport of oil, the export countries in the Persian gulf are more
interesting. Figure 4 shows the major oil routes over sea.

Figure 4: Major oil flow routes (Notteboom et al., 2021)

Figure 4 shows that when oil is exported from the Persian gulf to Europe the Suez Canal is used.
The export of oil to China, Japan and South Korea goes through the strait of Malacca. And the
export route from the Persian Gulf to North America is around the Cape of Good Hope. For
shipments from the Persian gulf to Europe vessels not bigger than the Suezmax vessel can be
used. Very large crude carriers and ultra large crude carriers are not able to navigate through
the Suez canal due to its deep draft requirements. In the book "Maritime Economics (Stopford,
2008)" it is shown that very large crude carriers and ultra large crude carriers are used to carry
long-haul cargo, so it is more likely these vessels are used on the route from the Persian golf to
the USA or from the Persian gulf to Asia. Suezmax and very large crude carriers and ultra large
crude carriers are also used on the route from West Africa to the USA. The Aframax vessels
are used for shorter-haul trade for example within the Mediterranean to North-sea to distribute
the imported oil within West-Europe and the Panamax vessels are used for trade within the
Caribbean. In Section 1.2 more information about the vessels used on the different routes is
given.

In conclusion, the oil transport over sea is dominated by the export of oil from the Persian
gulf, using suezmax vessels to navigate through the Suez canal, towards Europe and using large
oil carriers for oil transport towards East-Asia and the USA. In Section 1.2 the different vessels
have been further analyzed.

1.1.3 Dry bulk cargo routes

From Figure 2 it is shown that next to oil and general cargo transport, bulk transport rep-
resents a large contribution in maritime trade. To analyze which are the major bulk trade
routes, different types of bulk cargoes are analyzed. The major dry bulk cargoes are iron
ore, coal ore and wheat. To analyze which routes are popular for transporting dry bulk,
the biggest exporters and importers of coal, iron ore and wheat have been investigated using
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http://www.worldstopexports.com/ (Workman, 2019)2. Starting with coal, the top 5 countries
that export and import coal are presented in Table 3 and Table 4.

Australia US $44.4 billion 37.56% of total coal exports
Indonesia $21.5 billion 18.2%
Russia $16.0 billion 13.5%
United States $9.8 billion 8.3%
Colombia $5.2 billion 4.4%

Table 3: Top 5 coal exporting countries in 2019

Japan US $23.3 billion 17.6% of total imported coal
India $23.0 billion 17.5%
China $18.9 billion 14.3%
South Korea $14.1 billion 10.7%
Taiwan $7.0 billion 5.3%

Table 4: Top 5 coal importing countries in 2019

In Figure 5 the importing (in red) and exporting (in blue) coal countries are shown to investigate
what shipping routes are used. The biggest transport chain is from Australia and Indonesia to
China, Japan, India, and South Korea. Transport of coal to Europe uses trade routes from the
USA and Russia to Europe.

Figure 5: Biggest coal importing (blue) and exporting (red) countries (the figure is made with
the help of mapchart.net)

Another major dry bulk good is wheat. The top 5 biggest wheat import and export countries
are presented in Table 5 and 6

2All values used in this section represented the situation in 2019
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Russia US $6.4 billion 16.7% of total wheat exports
United States $6.3 billion 16.4%
Canada $5.4 billion 14.1%
France $4.4 billion 11.4%
Australia $2.5 billion 6.6%

Table 5: Top 5 wheat exporting countries in 2019

Turkey US $2.3 billion 5.8% of total imported wheat
Egypt $2.0 billion 5.1%
Italy $1.9 billion 4.8%
Philippines $1.7 billion 4.4%
Indonesia $1.6 billion 4.2%

Table 6: Top 5 wheat importing countries in 2019

Figure 6 shows the importing and exporting wheat countries. Studying this map and the per-
centages wheat import and export are divided over the whole world and, therefore, it is assumed
that wheat doesn’t have a specific major shipping route.

Figure 6: Biggest wheat importing (blue) and exporting (red) countries (the figure is made with
help of mapchart.net)

The final investigated dry bulk cargo is iron ore. In Table 7 and Table 8 the biggest importing
and exporting countries of iron ore are represented:

Australia US $65.8 billion 53.8% of total iron ore exports
Brazil $22.2 billion 18.1%
South Africa $5.7 billion 4.7%
Canada $4.9 billion 4.0%
Ukraine $4.0 billion 3.3%

Table 7: Top 5 iron ore exporting countries in 2019
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China US $99.8 billion 69.1% of imported iron ore
Japan $10.9 billion 7.5%
South Korea $6.9 billion 4.8%
Germany $3.9 billion 2.7%
Netherlands $2.9 billion 2.0%

Table 8: Top 5 iron ore importing countries in 2019

In Figure, 7 ore importing countries are coloured blue and those exporting iron ore are shown in
red. More than 80% of the iron ore is transported to China, Japan and South Korea. The big
trade routes are thus all from exporting countries towards South-east Asia.

Figure 7: Biggest iron ore importing (blue) and exporting (red) countries (the figure is made
with the help of mapchart.net)

Concluding that transport of iron and coal ore is dominated with sailing routes towards South-
East Asia. Long routes from Brazil to South-East Asia and shorter routes from Australia to
South-East Asia. There are no size limitations between the major importers and exporters of
the different types of ore. Which typically power range-power combinations are used on the
described routes are further analyzed in Section 1.2.

1.2 Different vessels

Now that the different routes and their limitations (for example the vessel size limitation of the
Suez canal) are known, a further analysis is made on the power required for the different vessels
on certain ranges.

To make an overview of what power container vessels should have on different ranges, further
analysis is made of which specific vessels sail the above mentioned routes. Per route, 10 container
vessels have been selected and analyzed. To identify these vessels, information reported in Sec-
tion 1.1.1 is used. These vessels are: 4000+ TEU for east-west lines, smaller container vessels for
the north-south lines and the smallest container vessels for intraregional trade. Clarksons fleet
register is used to identify these vessels and https://www.vesseltracker.com/ is used to confirm
the routes of these vessels and to identify the distances between the trading countries. The sailing
ranges, the capacity, speed and the power of the main engines of the different vessels can be found
in Appendix A and an overview of power and range is given in the conclusion section, Section 1.3.
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Next, the oil trade is analyzed. Here 10 different vessels are analyzed: 5 suezmax vessels
sailing from the Persian Gulf to Europe and 5 differently sized random tankers sailing for
example from West Africa to the United states. Again Clarksons world fleet register and
https://www.vesseltracker.com/ are used to retrieve the needed information. The analyzed
routes are based on information found in Section 1.1.2 and the results and overview are pre-
sented in Appendix A and Section 1.3.

Finally, the bulkers are considered. A closer look at Section 1.1.3 shows that for the bulk
cargo routes there are not certain limitations like the Suez canal. Therefore, the choice has been
mode to further analyze 3 different size of bulk carriers:

1. 160,000 DWT+

2. 65,000-99,999 DWT

3. 40,000-60,999 DWT

The 100,000 - 150,000 DWT size-group is mainly already analyzed while analyzing the oil tankers
and is not further analyzed as bulk carrier. Using https://www.vesseltracker.com/ it was demon-
strated that the 160,000+ DWT vessels are mostly used for sailing from Brazil to China, the
65,000-99,999 DWT from Oceania to China and the 40,000-60,999 DWT vessels on the remain-
ing routes. 15 different vessels have been analyzed and the retrieved information is presented in
Appendix A and in Section 1.3.
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(a) Range (NM) and Power (kW) of Container vessels (b) Range (NM) and Power (kW) of Tankers

(c) Range (NM) and Power (kW) of Bulk carriers (d) Range (NM) and Power (kW) of Researched vessels

Figure 8: Range and Power of different vessels
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1.3 Conclusion of vessels on major shipping routes

In Figure 8, the different range and power combinations of the analyzed vessels are given per vessel
type. In Figure 9, all vessels are summarized and the most common power - range combinations
have been analyzed to identify 3 representative vessels.

1.3.1 Vessel choice

For the vessel choice, 3 different vessels were selected, which differ in size, type and range. This
selection is necessary to investigate if these properties influence the alternative fuel choice and
outcomes for sailing on different fuels.

Information collected in this chapter is used to identify these different vessels. The choice has
been made for common size, type and route combinations because this represents the largest
share of the maritime market. In three different groups, known reference vessels have been
chosen based on the analysis performed in this chapter and the results shown in Figure 8 and
Appendix A. The use of existing vessels implies that different variables needed for calculations
later in this study are already known.

The red circles in Figure 9 give the most common range and power combinations.

Figure 9: Most common Range (NM) and Power (kW) combinations

• Group 1: Power of 5000-2000 [kW] and sailing 0-2000 [NM], which is very similar to the
properties of intraregional liner trades by a container vessel.

• Group 2: Power 10000-20000 [kW] and sailing 2000-4000 [NM], which are common char-
acteristics by medium deadweight vessel (tankers) of 150,000 DWT.

• Group 3: Power 30000 [kW] and sailing long distances 10000 [NM] are the values found
for the bulk (ore) carriers sailing from Brasil to China with iron ore

The three different groups are represented by the container vessel CMA CGM Louga for group
1, the medium deadweight tanker Nordic Grace for group 2 and the ore carrier Ore China for
group 3. The routes are also already determined for energy calculation. However, it is possible
to analyze other routes with the developed model. The CMA CGM Louga is sailing 1500 [NM]
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from Rotterdam (The Netherlands) to St. Petersburg (Russia), the Nordic grace 2570 [NM] from
Jeddah (Saudi-Arabia) to Algeciras (Spain) and the Ore China 12000 [NM] from Santos (Brazil)
to Dalian (China). Properties of the vessels are given in Appendix B and an overview of the
group, representative vessel and route is given in Table 9.

Group Vessel Route
Container vessel CMA CGM Louga Rotterdam - St. Petersburg
Oil tanker Nordic Grace Jeddah - Algeciras
Ore carrier Ore China Santos - Dalian

Table 9: Vessel choice
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2 Required data

In this section, it will be determined which input data are required for developing a model that
analyses the economical consequences of sailing on alternative fuels. The main required data will
consist of vessel data and fuel data.

The fuels that will be compared are the fuels that were considered as most favourable in the lit-
erature review, and these are: Methanol, Ethanol, Hydrogen, Ammonia, Hydrotreated Vegetable
Oil and Battery electric. Heavy Fuel Oil will be included as benchmark. The vessels that will
be compared differ in size and type, in order to determine what the influences are of vessel size
and vessel type on the choice of a favourable fuel. The vessels that will be used in the model, as
discussed in Chapter 1, are: container vessel CMA CGM Louga, tanker Nordic Grace and ore
carrier Ore China.

To identify the required data from the fuels and vessel, first the problem and the model re-
quirements will be described. The described problems and requirements will help to determine
how the model should perform. After the problem and model requirements, in other words: the
body of the model, are investigated the required data will be described. First, the vessel data
that are required will be described in Section 2.3 and then the fuel data which are required will
be described in Section 2.4. Also in the fuel data section, additional information is given on the
fuel-specific regulations (IGF code), fuel specific converters and fuel specific storage tanks as this
includes data to be considered while sailing on specific fuels.

2.1 Problem

As described in the introduction, the use of fuels with lower energy density can lead to different
problems. As the goal of the study is to compare transport costs when sailing on alternative
fuels, the problems causing an increase in transport costs while sailing on alternative fuels will
be identified. The main problems that can occur and result in extra transport costs and, subse-
quently, in minimum required freight rate are summarized in Figure 10. The problems described
include problems occurring when a vessel that used to sail fully loaded on conventional fuels has
to sail on alternative fuels.

Figure 10: Problems that can occur when sailing on alternative fuels

The first problem represents the volume and the weight. If the total volume, or weight required
for a certain voyage carrying a certain amount of cargo and sailing on a certain fuel exceeds the
volume, or weight available on the ship, the ship will not be able to sail. Therefore, solutions to
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decrease the volume, or weight required must be found before the vessel can sail. As mentioned
in the literature review, potential solutions can be:

1. Dividing the volume of fuel needed and making more bunker stops.

2. Replace cargo volume for fuel volume and carry less cargo.

3. Carry less fuel with and sail more efficiently by lowering the sailing speed.

All three have an influence on the transport costs. An extra bunker stop results in more voyage
time, which results in less cargo transported per year. Replacing cargo volume for fuel volume
results in less cargo transported per voyage and per year. Reducing the vessel speed reduces the
amount of voyages per year, which also results in less cargo transported per year. If the trans-
ported cargo has to cover the transported cargo costs and less cargo per year is transported, the
transport costs per tonnes cargo increases.

The next problem that can influence the transport costs is if the fuel storage tank has to be
relocated as a consequence of the IGF code, as described in Section 2.4.2. This may result in
the issue that less cargo can be carried, because the new fuel tank location is in place of cargo
space, which in the end will result in the generation of less income.

The last issue that can influence the transport costs are the extra costs for the systems and
storage space which will be necessary for the operation while sailing on a particular fuel.

From the problems identified in this section, the requirements of the model can be described.
The model requirements give an overview of what the model should perform.

2.2 Model requirements

The model requirements as well as the problems described above provide insight into what data
are needed for developing the model. The model that will be developed should be able to:

• Identify if the available weight or volume on the vessel is exceeded.

• Identify if the fuel tank needs to be relocated and whether this results in cargo loss.

• Calculate the transport costs in different situations

– When an extra bunker stop is made.

– When less cargo is taken on board.

– When the vessels speed is reduced

– When a combination of above mentioned events occurs

• Give the transport costs when any variable, including vessel, fuel and operation data are
modified.

• Have the ability to modify any uncertain variables, for example fuel price, or mooring time.

The goal of the model is to identify the problems that occur when sailing on a certain fuel and to
find solutions that result in the lowest possible transport costs. To do so, information concerning
the vessel and the fuels used are required. Which data are required will be described in the
following sections.
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2.3 Vessel data

To identify if problems, as described in Section 2.1 occur and for calculating the transport costs,
different data from the vessel in question are needed. The data required are summarized in
Figure 11 and are described below.

The first box represents energy requirements. First, the power of the main engine and the
vessel speed will be considered. If this power and speed are known and the duration of an oper-
ation is known, then the energy that is needed for the vessel on an operation can be calculated.
This is necessary to find the needed volume and weight of the fuel. The energy needed can be
calculated using the values for speed, range and power of the vessel.

The second box represents tank dimensions and location. The tank dimensions are needed
to determine how much fuel storage space is available on board of the vessel and to determine if
this is enough for the amount of fuel that is needed. Also, the location of the tanks is important,
because this might change when sailing on alternative fuels that have to comply with the IGF
code. Lastly the shape of the tanks should be considered, as some of the fuels have to be stored in
cylinder-shaped storage tanks. Those tanks will require more space than conventional fuel tanks.

The third box is amount of cargo and location. These are required to determine what
amount of cargo the vessel is able to transport and will be given in tonnes, m3, or TEU depend-
ing on the vessel type. The location of the cargo is important to determine if the vessel loses
cargo space when fuel storage tanks have to be relocated.

The fourth box is volume and weight. The volume and weight-dependent values such as
lightweight, deadweight and displacement are important to determine whether one of them is
exceeded when using alternative fuels. The calculated deadweight including the weight of fuel
should not exceed the maximum deadweight of the vessel and the lightweight [t] and deadweight
[t] together should not exceed the maximum displacement [t]. The options of changing the main
dimensions, increase the displacement of the ship and maintain the original deadweight were not
considered, but is always interesting to explore in future studies.

The last box is costs. The capital and running costs of the vessel are required to calculate
the transport costs per tonnes cargo. The voyage costs, which in this study are limited to the
fuel costs as described in Section 3.1 are included in the required fuel data.

30



Figure 11: Required vessel data for the model
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2.4 Fuel data

The input data of the fuel type, needed for evaluating the problems as presented in Figure 10,
can be found in Figure 12. The fuels included in this research are Heavy fuel oil, Methanol, Hy-
drogen, Ammonia, Ethanol, Hydrotreated Vegetable Oil and Battery electric. For the different
fuel types, additional information is required, such as whether a fuel has to comply with the IGF
code, or requires special storage systems. Also decisions must be made on which type of fuel uses
which converters. This information is given in Section 2.4.1, Section 2.4.2 and Section 2.4.3.

First, it is analyzed which energy system should be used for which fuel. The investigated
energy systems are a fuel cell system, an internal combustion system, or a battery system. The
options depend on the fuel type and are summarized in Table 11. Information about the energy
system is needed, because the system can cause an increase in required volume, weight and costs.
The increase in volume and weight may result in modifications of the vessel, or the operation,
which potentially increase the costs. It is necessary to calculate these additional costs to calculate
the total transport costs per ton cargo. Also the efficiency of the converter is important, because
the efficiency determines the amount of fuel that is required for providing a certain amount of
energy. Which fuel uses which converter is described in Section 2.4.1

The next step is to determine whether the fuel type has to comply with the IGF code. If
a fuel has to comply with the IGF code, the location of the storage space might change. Relocat-
ing the storage tank may result in decrease of cargo which in the end increase the transport costs
per tonnes cargo. Which fuels have to comply with the IGF code and what further implications
will have to follow are described in Section 2.4.2

The third step is to determine if the fuel needs a special type of storage tank. If there
is need for a special type of storage tank, there might be extra costs, additional weight, or in-
creased volume which all three separately, or together can influence the transport costs. Which
fuel uses which type of storage tank is described in Section 2.4.3

Lastly, fuel data that are important for calculating the transport costs are the gravimetric
and volumetric energy densities, which imply if there is need for any modifications of the
vessel, or operation, which in the end can result in extra costs. Also, the fuel costs are required
for calculating the transport costs.

32



Figure 12: Model fuel type
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2.4.1 Energy converters

The different types of fuel converters per fuel type are described in this section. Information on
which fuel uses which converter is important for determining the weight of the fuel system, but
also to determine the additional costs.

Only common combinations of fuels and fuel converters will be analyzed. For fuel cells, the
common fuels include: methanol, ethanol, ammonia and hydrogen. These fuels can also be used
in internal combustion engines. A disadvantage of using ammonia, methanol, or ethanol in inter-
nal combustion engines is that NOx will be produced. However, the possibility of using the fuel
in internal combustion engines will still be investigated in this study. The reason for including
these is that the fuels in combination with internal combustion engines will likely have costs
advantages over the use of the same fuels when used in combination with fuel cells.

Electricity is stored in a battery and an electric motor is required as converter.

Hydrotreated Vegetable Oil can be used in internal combustion engines without major modi-
fications (DNVGL, 2019) and Heavy Fuel Oil can be used in an internal combustion engine as
well. The fuel converters used per fuel type are therefore:

• Internal combustion engines for Hydrotreated vegetable oil, Methanol, Ethanol, Heavy fuel
oil, Hydrogen and Ammonia.

• Fuel cells for Hydrogen, Ammonia, Methanol and Ethanol.

• Electric motors for electricity.

The fuel converters are used to convert fuel from storage to propulsion. The fuel converters are
not able to convert 100% of the fuel energy into propulsion energy due to energy losses from
storage tank to propulsion. Per converter it is determined what the specific efficiencies are.

Combustion engines
While burning a fuel, energy is lost due to heat loss. The thermal efficiency shows the ratio of
the work output (propulsion) and the heat input (fuel). Low speed, two stroke, turbocharged
diesel engines are the most commonly used marine propulsion engines exhibiting 50% efficiency
(Grljušić et al., 2015) which implies that the other 50% is spilled. Wärtsilä, one of the market
leaders in producing marine power plants, states that the efficiency of Wärtsilä diesel and gas
engines ranges between 42-50% (Wärtsilä, 2021). From DNVGL and as shown in Figure 44 in
Appendix C, the typical internal combustion engine efficiency ranges between 42-53%. The ther-
mal efficiency of an internal combustion engine used in this study is 48%. However, a sensitivity
analysis will be done to determine how much influence this assumption has on the calculated
transport costs.

Fuel cell
The first successfully tested fuel cell on board of a merchant ship, the offshore supply vessel
"The viking lady", was able to reach an electric efficiency of 44.5% (Mofor et al., 2015). The
typical fuel cell efficiency is expected to be around 50-60% (DNVGL, 2019). The key character-
istics sheet, concerning fuel cells, in Figure 45 in Appendix C of DNVGL also shows an efficiency
range between 50-60%. The electric efficiency of a fuel cell is, therefore, set at an average of 55%.
However, a sensitivity analysis will be done to determine how much influence this assumption
has on the calculated transport costs.
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(Battery) Electric motor
The electrical efficiency of a battery electric propulsor is much higher than the efficiency of
fuel cells and combustion engines. According to DNVGL, this efficiency is approximately 87.5%
(DNVGL, 2019). The data sheet of DNVGL shown in Figure 46 in Appendix C shows the effi-
ciencies of different batteries and ranged between 85-95%. In the paper "Marine propulsion using
battery power (Wu and Bucknall, 2016)" the efficiency for a typical battery propulsion chain are
given and are 0.99 for the battery, 0.97 for the variable speed drive and 0.98 for the propulsion
motor. Combining the different efficiencies results in 93% and ranges between the 85-95%. In
this study an average efficiency from grid-power to propulsor of 90% is adopted.

The adopted efficiencies of the different converters are presented in Table 10. Other relevant
properties of fuel converters, such as weight, or costs will be described in Chapter 3.

Internal Combustion
Engine Fuel Cell (Battery) Electric

Motor
Efficiency 48% 55% 90%

Table 10: Efficiencies of different energy converters

2.4.2 IGF code

The IGF code has been studied, because some of the analyzed fuels need to comply with this
code. The IGF code is mandatory and might cause that fuel storage tanks have to be relocated,
which can influence the amount of cargo that can be carried.

The IGF code is the International Code of Safety for Ships using gases, or other low flash-
point fuels and was established in January 2017. The purpose of the code is an international
standard for ships using low flashpoint fuels by providing mandatory provisions for the arrange-
ment, installation, control and monitoring of machinery, equipment and systems. The purpose
is to minimize the risk to the ship, its crew and the environment while using low flashpoint fuels
(ACS, 2020). The code was initially prepared for LNG, regulations for other low-flashpoint fuels
have been or will be added to the code when they are further developed (ACS, 2020). The IGF
Code is addressing three main groups of fuel:

1. Gases lighter than air.

2. Gases heavier than air.

3. Low-flash point liquid fuels.

Therefore, the following fuels are considered for compliance with the IGF Code:

• Methanol.

• Ethanol.

• (liquid) Ammonia.

• (liquid) Hydrogen.
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Important for this study are the IGF Code regulations on tank location, as these might influence
the amount of cargo that can be carried. The other regulations, as for example for monitoring
and safety systems, or piping systems that are required are excluded from this study, because
they don’t have influence on the problems analyzed in this study.

Tank location
The fuel tanks should be located at a minimum distance of B/5 from ship side to middle, or
11.5m and not less than 0.8m - 2m depending on Vc (gross design volume of the individual fuel
tank) (ACS, 2020). The need to move a fuel tank, for complying with the IGF code, depends on
the tanks current position and the design of the ship. To determine if this is necessary and if this
displacement has a negative influence on the amount of cargo that can be carried, an analysis of
the general arrangement of the vessel is needed.

2.4.3 Fuel storage

For the fuels that are not liquid, occupying a large volume, or vaporize under atmospheric tem-
perature and pressure, special storage tanks for cooling, or compression are needed. These special
tanks can increase the total storage weight and volume of the fuel including storage (Spiegel,
Colleen, 2017). The volume and weight of the storage requirements have a significant impact
on the operating range of vessels (Wärtsilla, 2020). Extra weight and volume both influence
the total weight and volume used and can cause one, or more of the problems as mentioned in
Section 2.1. Below it is indicated what type of storage tank is used per fuel type and why.

Ammonia
Ammonia is easy to liquefy under pressure with a liquid density of 601 g/L at 300 K (equivalent
to a hydrogen volumetric density of 55 g/L). The liquefaction requires a pressure of only 10 bar
at 300 K. Ammonia storage is more practical than hydrogen, because of its liquefaction tempera-
ture (-77.7 till -33.6 °C) and energy density. Lower re-liquefaction energy is needed as compared
to hydrogen, or LNG (ABS, 2020). The storage tanks for ammonia are required to be made of
stainless steel to tackle ammonia’s corrosive properties. Ammonia can be kept pressurised, or
kept in cryogenic liquid form to ambient pressure and there are strong signals that cryogenic
storage will be considered safer (Wärtsilla, 2020). However, pressurized storage Type C tanks
might be a more convenient marine solution, because these would eliminate the need for the
installation of additional re-liquefaction equipment (ABS, 2020) and, therefore, are less heavy.
This is the main reason why a compressed type C tank is preferred for ammonia storage.

Hydrogen
Hydrogen can either be stored as liquid, or as high pressured gas. For high pressure, or low
temperature storage, prismatic tanks (typical cylinders) are being used. These tanks do not
make efficient use of space and it will be determined whether they cause cargo loss. There are
two type of tanks which can be used for the storage of hydrogen:

1. 350 bar compressed hydrogen gas tanks.

2. Cryogenic liquid hydrogen tanks.

Cryogenic liquid hydrogen tanks have a high volume-requirement, but liquid hydrogen has a
lower impact on cargo capacity, due to its higher volumetric density as compared to compressed
hydrogen (Raucci et al., 2015). The choice for liquid hydrogen seems more logical. Even though
liquid storage needs a refrigeration unit for maintaining a cryogenic state, which adds extra costs
and complexity, still the choice has been made to use liquid hydrogen in this study. It should be
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noted that hydrogen also needs dedicated spaces and piping through ducts to maintain the low
temperatures (Raucci et al., 2015). The storage of liquid hydrogen is preferred to be located at
the bottom of the ship to avoid significant increase in the vertical centre of gravity.

Methanol and ethanol
Methanol is liquid between -93 °C and 65 °Celsius and ethanol’s boiling point is at 78 °Celsius
making their storage less expensive and easier than hydrogen, or ammonia storage (DNVGL,
2019). The fact that the fuel is liquid at ambient temperature implies that it does not need cryo-
genic storage tanks, or storage under pressure. It can be stored in conventional shoreside tanks
and in ballast tanks on board of the vessel and, therefore, these fuels do not require dedicated
storage capacity (Greenport, 2018).

Hydrotreated vegetable oil
Hydrotreated vegetable oil can be used as drop-in fuel for conventional fuels and can use the same
fuel storage spaces. It can be directly used in existing installations without major modifications
(DNVGL, 2019).

Heavy fuel oil
Heavy fuel oil makes use of conventional storage spaces.

Electricity
Electricity coming from on shore will be stored in a battery. The key challenge here is the size
and weight of batteries, which will be further described in Chapter 3.

2.4.4 Conclusion

Fuel Fuel converter Fuel storage system IGF Code [MJ/kg] [MJ/L]
Heavy fuel oil Internal combustion engine Conventional No 40 38.8

Methanol Internal combustion engine
Fuel cell Conventional Yes 19 15

Ethanol Internal combustion engine
Fuel cell Conventional Yes 28 21

Hydrogen Internal combustion engine
Fuel cell Cryogenic Yes 10 5

Ammonia Internal combustion engine
Fuel cell Compressed Yes 12 10

Hydrotreated vegetable oil Internal combustion engine Conventional No 44.1 34.3
Battery electric Electric motor Batteries No <1 <2

Table 11: Overview of fuel converter, fuel storage, IGF code, gravimetric and volumetric energy
density (including storage) per fuel type

In Table 11, an overview of fuel converters, fuel storage tanks, IGF codes and volumetric and
gravimetric density of the fuels (including storage) are given. The storage tank of the fuel does
influence the gravimetric and volumetric energy densities and should, therefore, be taken into
account while using the fuel on board. More details on how the weights of the fuel converters,
storage and fuel are determined will be described in Chapter 3 and are shown in Table 18.
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3 Costs, weights and volumes

Now it has been determined which data are required for the model, parameters which help to
identify the problems as described in Figure 10 need to be found. To determine if the volume
needed exceeds the volume available, the volumes of the different components which may vary
when sailing on different fuels need to be known. To determine if the needed weight exceeds the
maximum weight, the weight of the different components should be known. To determine if the
IGF code requires relocation of the new fuel tanks, the general arrangement with the old fuel
tank location in the vessel is needed. Finally, to determine what the potentially extra costs are,
the vessel costs need to be known.

In this Chapter it will be described how the costs of a vessel on a voyage, weight of a vessel
and volume of a vessel are determined and equations for calculating differences depending on
fuel choice in the purchase costs, weight and volumes are presented. First, in section 3.1 it is
explained how the transport costs will be determined. The transport costs, or costs of a voyage
determine the minimal required freight rate of the cargo. In Section 3.2 it is determined how the
vessel’s weight is distributed and what the influence of different fuel types and converters are on
the lightweight and deadweight of a vessel. In Section 3.3, the values of the required volumes are
determined.

3.1 Costs

The freight rate is based on negotiations between shipowners and shippers and equals a balance
between amount of cargo and available ships, supply and demand. If the carrier doesn’t want
to make a loss on transporting freight, then it is necessary that at least the costs of the voy-
age are covered. The freight rate is based on negotiations which depend on market conditions.
Therefore, the minimal freight rate represents the expenses, or costs of transport in this study.
The total costs of transport can be divided into the costs of building the ship, running the ship,
sailing the ship and cargo loading and unloading costs (Aalbers, 2000).

To determine the total costs of the voyage [$] (Cvoy), the daily costs [$] (Cday) of a vessel
are studied. These costs will then be multiplied with the duration [days] (D) of the voyage,
which results in the total costs of the voyage. To determine the costs of cargo, the total costs of
voyage will be divided by the weight of the cargo [t] (Wcargo) that the vessel can carry.

Cday[$] ·D[d] = Cvoy[$] (1)

Cvoy[$]

Wcargo[t]
= Ccargo[

$

t
] (2)

The total costs that have to be covered depend on the various modes of chartering the vessel.
An overview of different charter types is given in Table 12. In this study, the assumption is that
the transport is carried out under liner charter circumstances. The reason for this assumption
can be found in Chapter 1, where the choice was made to further analyze liner transport when
selecting the vessels.
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Cost type covered Bare Boat Time Charter Voyage Charter Liner Service Inter Modal
Capital X X X X X
Running X X X X
Voyage X X X
Loading (X) X X
Discharge X X
Land side X

Table 12: Costs type covered per charter type (Aalbers, 2000)

In the following sections, the different items that determine the daily costs of a liner service
charter will be described, starting with the capital costs, then the running costs, the voyage
costs and finally the cargo handling costs.

3.1.1 Capital costs

In this section, the capital costs are explained. The capital costs depend on how the ship equip-
ment and machinery are financed before the building of the ship and includes depreciation and
interest. The building costs can be influenced by the type of fuel that will be used, because of
the different prices for fuel storage and fuel converters.

The total value of a loan the bank is willing to offer varies between 40% and 80% (Yang and
Chen, 2012). The duration of the loan and interest depends on the agreed terms between ship
owner and the bank. For this study, a 20 year loan is chosen, which is as long as the usage time
of the vessel. This is chosen in order to divide the capital costs over more years. The interest
rate of the loan is 5% . If the interest and duration of the loan are known, the total costs for
building the vessel which, because of the loan are higher than the yard price, can be calculated
and divided over the voyages that the ship sails.

Capital costs
Loan length 20 Year
Interest rate 5 %

Table 13: Overview of capital costs determiners

In this study, fixed construction costs will be used, but since the engine and supporting machinery
are fuel-dependent, these costs are variable and, therefore, calculated separately. Subsequently,
these additional costs will be added, or subtracted from the capital costs.

The costs of the ship and its systems are closely correlated to the weight of the respective parts
(Aalbers, 2000). These costs will be estimated based on: 1) the vessel choice, 2) the fuel type,
since the costs of converters and supporting machinery might differ and 3) the operation, as this
might influence the expenditures as well. For example, the costs increase, or decrease when a
fuel cell instead of an internal combustion engine is used. Also, a cheaper engine might be an
option when the ship will sail slower for more efficient fuel use. The main determinant of capital
costs analyzed in this study, is caused by the difference in the systems for propulsion and power.
Also the additional costs for special fuel storage systems will be taken into account.

When components like the internal combustion engines and the systems are increased in size,
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often a proportional increase in weight is found (Aalbers, 2000). When an component decreases
in size, for example when a less bigger engine is needed, the costs for the system will decrease.
The following equation is used to calculate extra, or less costs:

K = c · a ·W b (3)

K = costs
c = factor for complexity
a = factor for local conditions
b = factor in range 0.5-1.0
W = weight/size

The parameters used are:

System Parameter Am Bm
Propulsion & Power system Pb 4100 0.84
Systems for Prop & Power Pb 3000 0.70

Table 14: System cost determinants (Aalbers, 2000)

For the costs of a battery, Figure 46 from DNVGL is used, where the typical costs for maritime
batteries are reported.

NMC
(Nickel Manganese
Cobalt Oxide)

LFP
(Lithium Iron
Phosphate)

LTO
(Lithium Titanate

Oxide)
Battery costs 500-1000 500-1000 1000-2000 USD/kWh
Operational costs Driven by electricity price

Table 15: Battery costs

The capital costs for fuel cells are retrieved from the paper: "Fuel Cell Systems Applied in
Expedition Cruise Ships–A Comparative Impact Analysis" (van Veldhuizen et al., 2020) and the
results can be found in Appendix C. Here, the preferred combinations of fuel cell and fuel type are
given. It is assumed that ethanol uses the same favourable fuel cell characteristics as methanol.
Also, the costs for storage of hydrogen (liquid), methanol and ammonia can be retrieved from
this paper. If more types of fuel cells are potentially usable, as for example for methanol, then
the choice is made for the cheapest combination:

Hydrogen Methanol & Ethanol Ammonia
Fuel cell type LT-PEMFC LT-PEMFC SOFC
Fuel cell plant 4,213 4,939 13,167 EUR/kW
Fuel storage 10 0.09 0.54 EUR/kWh

Table 16: Fuel cell costs (van Veldhuizen et al., 2020)

The capital costs as presented in this section will serve as base case. However, the use of fuel
cells is very modern and, therefore, these cells are not yet produced on a large scale. The price of
fuel cells might drop towards 2050 due to manufacturing at large scale. An analyse by McKinsey
shows that the price of a lithium-ion battery pack could drop from 500-600 [USD/kWh] to
about 160 [USD/kWh] in 2025 due to manufacturing at large scale, lower components prices and
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capacity boosts (Hensley et al., 2012). As mentioned in Section 2.2 the developed model should
be able to modify any uncertain variable. Later in this study it will be investigated what the
impact of a drop in capital costs of a battery, or a fuel cell is on the transport costs.

3.1.2 Running costs

The operating, or running costs, exist of the different components as listed below.

Crew costs
The salaries of the vessel crew are generally difficult to determine, because the salaries of vessel
crew depend on the nationality and rank of the crew members. From the paper: "evaluation
of ship design alternatives (Aalbers, 2000)", the average crew costs are estimated to amount
$50.000, with a roll factor of 1.5 to cover the costs for holidays. To clarify if this sum is still real-
istic, a further analysis of vessel crew salaries was made. Different sources reveal that the salary
differs from $9.000 till $144.000 per year from cadet to captain (Chron, 2020), (Cruisejobfinder,
2020), (Seaman Memories, 2020). This makes the sum of $50.000 with a roll factor of 1.5. Thus
$75.000 a year is a plausible average for the crew costs per person.

Insurance costs
The insurance costs for a vessel’s hull and machinery are approximately 1% of the new building
costs according to "Evaluation of ship design" (Aalbers, 2000), or 14% of the operating costs
(ShipCosts, 2021). 1% of newbuilding costs is chosen as a plausible sum for the insurance costs.

Maintenance and repair
The maintenance and repair costs increase with the age of the vessel and amount to 20-30% of
the total operating expenses (ShipCosts, 2021). The maintenance and repair costs are estimated
to amount to approximately 0.5% of the newbuild costs of a vessel (Aalbers, 2000).

Docking and special survey
Class requires a regular inspection and drydocking of the vessel, scheduled every 3, 8 and 13
year and these costs are estimated to amount 1.1-1.3 % of the newbuilding price and depend
on the age of the vessel (Aalbers, 2000). Special survey has to be performed in year 5, 10 and
15 and the costs are estimated to amount 1.4-1.8% of the newbuilding price for the additional
drydockings (Aalbers, 2000).

Management costs
The management costs for the vessel represent approximately 0.5% of the newbuilding value
(Aalbers, 2000).

Lube oils, paint and stores
The specific consumption of lubrication oil is between 0.5-1.0 g/kWh. The costs of lubrication
oil are 1250 dollar/ton according to "Evaluation of ship design options" (Aalbers, 2000). As this
source is currently more than 20 years old, an inflation calculation is used to index these costs
according to its current estimate. The annual average inflation over the past 20 years was 2.2%
per year (Amadeo, Kimberly and Wohlner, Roger, 2021), which implicates that 1250 dollar/ton
20 years ago is now inflated to 1932 dollar/ton.
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3.1.3 Voyage costs

The voyage costs depend on the route and the speed of the vessel and are represented by harbour
and canal costs, loading and unloading costs, fuel costs, commissions and claims and differences
in overtime. Here the choice was made to only investigate the fuel costs, as these differ per fuel
type. The other costs depend on the route and port, which will result in an incredible number
of different variables.

The fuel costs differ per day. The fuel price, as found in the literature review and presented
below, will be used as base case. However, history showed that fuel prices frequently fluctuate
up an down and predictions are almost always incorrect. To deal with this fluctuation and for
illustrating a sensitivity analysis, including a minimum fuel price case and maximum fuel price
case will be presented in Chapter 5.

Heavy fuel oil
The average price of heavy fuel oil was 403.50 $/mt in December 2020 (Ship and Bunker, 2020).
Since the gravimetric energy density of heavy fuel oil is known, the costs of heavy fuel oil can be
calculated and amounts to 36.31 [USD/MWh]

Methanol
The production costs of biomass methanol are estimated ranging from 84-107 [USD/MWh] but
can be potentially lower if capital costs for the production decrease (Svanberg et al., 2018).

Hydrogen
The reference costs for hydrogen will be the costs that are displayed in "Pathways to climate-
neutral shipping: A Danish case study", (ben Brahim et al., 2019) and amount to 91.77 [USD/MWh].

Ammonia
It is difficult to estimate the fuel costs for ammonia, since at present there is no vessel sailing on
ammonia. However, costs that correspond with the Japanese government’s hydrogen targets are:
2050- $320 per ton ammonia and 2030 -$480 per ton ammonia (Bunro Shiozawa, 2020). Which,
equals to 76.8 [USD/MWh].

Ethanol
From the paper "Study on the use of ethyl and methyl alcohol as alternative fuels in shipping"
(Ellis and Tanneberger, 2015) it can be derived that the costs of ethanol per metric tonnes
are higher than those of methanol. As the energy densities of ethanol are also higher than of
methanol, the costs of bio-ethanol are estimated at the same level as for bio-methanol and vary
between 84-107 [USD/MWh].

Hydrotreated vegatable oil
The costs of hydrotreated vegetable oil are approximately twice as high as its fossil counterparts
like heavy fuel oil (Balcombe et al., 2019). The price is estimated to double that of heavy fuel
oil and, therefore, amounts to 72 [USD/MWh].

Battery electric
The industrial energy price differs per country and varied between 5 and 10 pence per KWh in
Europe, which equals 67-134 [USD/MWh], in 2019 (Department for business, Energy & Indus-
trial strategy, 2020).
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3.2 Weight

The weight and volume distribution of a vessel is highly dependent on the type of converter and
storage that was determined in Section 2.4 and in Table 11.

3.2.1 Lightweight

The lightweight [t] (WLW ) of the vessel is composed of the sum of the three main components;
structural weight [t] (Ws), equipment and outfitting weight [t] (WE) and the machinery weight
[t] (WM )

WLW = WS +WE +WM (4)

The lightweight of the vessel can be derived from the vessel data, but can change per fuel type
due to the propulsion systems, or the storage tanks needed for fuel handling. To determine
the influence of different fuel types, the aspects of the lightweight that change in line with the
choice of fuel type are investigated separately. This extra, or less weight is thereafter added, or
subtracted from the lightweight of the vessel.

The propulsion system weight is fuel-dependent and can also change when less power is in-
stalled and, therefore, it is considered as a variable that changes the lightweight of the vessel.
The extra weight and volume of special storage tanks can change the lightweight as well, but as
this is already included in the gravimetric and volumetric energy density of the fuel (and storage)
as presented in Table 18, this is not taken into consideration for determining its contribution to
the lightweight. The lightweight of the vessel in this study will be determined from the known
lightweight and extra, or less potential weight of the fuel converters.

Fuel cells
The weight of the fuel cell can be calculated from the gravimetric energy density of a fuel cell
plant as reported in the paper: "Fuel Cell Systems Applied in Expedition Cruise Ships–A Com-
parative Impact Analysis (van Veldhuizen et al., 2020)" and is presented in Table 17:

Hydrogen Methanol & Ethanol Ammonia
Fuel cell type LT-PEMFC LT-PEMFC SOFC
Gravimetric power density 408 83 119 kW/ton

Table 17: Fuel cell gravimetric power density

Internal combustion engines
When an object is larger, often a non-proportional increase in weight is found (Aalbers, 2000). As
a consequence, when the size decreases, for example when a smaller motor is required because
the vessel is sailing at a lower speed, the weight and, consequently, costs will decrease. The
propulsion system can not function without the systems supporting it, like cooling systems,
heaters, pumps, compressors. The weight of the propulsion system and supporting systems can
be estimated with the formula from Watson for more recently built ships (Aalbers, 2000):

Wprop +Wsyst = 0.27 · P 0.82 (5)

W = Weight [t]
P = Power [kW]

Battery electric
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The NMC battery is selected as storage battery in this study. The NMC battery is the bat-
tery that is mostly used in shipping as compared to the other batteries as shown in Figure 46.
However, the weight of the battery is a special issue, because the battery is actually the storage
system for the fuel. The additional weight for storage and system that is used can be found in
Figure 46. in Appendix C and is presented in Table 18.

3.2.2 Deadweight

The deadweight is the sum of the total mass that the ship can carry and can be calculated
by adding up the cargo load weight, fuel weight, ballast water weight, freshwater weight, lube
oil weight, provisions weight and persons weight. The calculated deadweight should be lower
than, or equal to, the maximum allowed deadweight. The maximum allowed deadweight can be
calculated by subtracting the lightweight from the displacement in tonnes when sailing on the
maximum draft. It is described below how every component of the deadweight will be calculated.

Cargo weight
The amount of cargo that the vessel can transport contributes to the vessel data and will be
studied after selecting the vessel. If for example, the capacity is given in TEU, an maximum of
28[t] per TEU will be used. As a container weight of 28 [t] is the maximum weight, it will also be
analyzed what the influence of this assumed weight is. A sensitivity study using a lower, better
average container weight of 14 [t] will be performed. For bulk carriers, or tankers, a maximum
cargo capacity can be displayed as volume. When this is combined with the density of the cargo,
the weight can be calculated.

Fuel weight
The fuel weight is calculated from the fuel volume that is needed for a voyage and its density
which equals the volumetric energy density divided by the gravimetric energy density. It should
be noted that generally more fuel than required will be carried on board, since the situation that
the vessel runs out of fuel before reaching the port when the route had to be changed, or the
weather conditions became worse has to be taken into account. A fuel volume margin of 10%
and 20% will, therefore, be used

[MJ/L]

[MJ/kg]
= [kg/L] = [t/m3] (6)

Table 18 shows the volumetric and gravimetric energy densities (including storage). These are
based on Figure 47 and 48 of Appendix D and Figure 49 of Appendix E. Fuels that don’t need
a special storage system will remain the same as in Figure 49 of Appendix E .

Fuel Gravimetric energy density [MJ/kg] Volumetric energy density [MJ/L]
Heavy Fuel Oil 40 38.8
Methanol 19 15
Ethanol 28 21
Liquid hydrogen 10 5
Ammonia 12 10
Hydrotreated Vegetable Oil 44.1 34.3
Battery electric <1 <2

Table 18: Energy densities

Ballast water
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Ballast water is carried to maintain acceptable stability conditions and to compensate for the
weight loss due to consumption of water and fuel. With a full cargo hold, ballast tanks are nearly
empty. There are different types of ballast conditions (Marine Insight, 2020):

1. Light ballast: when the ship is heavily loaded and does not require additional ballast. In
this situation the tanks are empty.

2. Heavy ballast: during seagoing state if the ship is not fully loaded. In this situation the
tanks are filled

3. Port ballast: where ballast water corrects the trim during the loading, or discharging
operation.

In this study it is assumed that the cargo capacity is fully used when the vessel transports cargo
and, therefore, the ballast tanks are empty in the situation when the vessel is transporting cargo.

Provision, freshwater and lube oil
The weight of the provisions, freshwater and lube oil are estimated at 425 [t] per round trip as
recommended by the U.S. Maritime Administration (Perakis, 1997). This seems like a lot of
weight and is dependent on installed power, ship type, or ship size and, therefore, a sensitivity
analyses will be performed to analyze the impact of this assumption on the results.

Persons
The weight of persons is neglected. If there are for example 25 people on board of the bulk
carrier and the estimated weight is 200 kg per person (including personal belongings), the total
weight will be 5 tonnes. The total weight amounting to 5 tonnes for a vessel that is transport-
ing containers with a maximum weight of 28 tonnes, or has 100000 tonnes deadweight can be
neglected.

3.3 Volume

In this section, the volume-depending variables will be discussed. First, the cargo holds, next
the machinery and lastly, the IGF code and special storage tanks will be reviewed.

3.3.1 Cargo capacity

The cargo volume that the vessel can transport can be retrieved from the vessel data. The
capacity is displayed in m3, or TEU. If displayed in TEU, the volume can be transcribed to m3

knowing that 1 TEU has the volume of 38.5 m3. If the particular vessel is a container vessel,
the needed space for fuel will be calculated in m3 and it will be analyzed how many containers
need to be replaced, or removed from the vessel for counterbalancing the extra weight. It needs
to be investigated if the amount of cargo is equal, or less than the cargo volume capacity.

3.3.2 Machinery

The space that is needed for a fuel cell, internal combustion engine and battery needs to be de-
termined. If the machinery is larger than the available space in the engine room, the machinery
needs to be relocated. Per propulsion technology it is determined if this results in a volume
increase.

Internal Combustion Engines:
The machinery is designed for the vessels in order to sail on its design speed and the solution of
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sailing slower for more efficient fuel use only decreases the required power. It is assumed that
the lower power engines can be located in the existing engine room.

Fuel cell
The volume required for a fuel cell can be calculated using the volumetric energy densities of
the fuel cell, which are known from "Fuel Cell Systems Applied in Expedition Cruise Ships–A
Comparative Impact Analysis (van Veldhuizen et al., 2020)" and are presented in Table 19

Hydrogen Methanol & Ethanol Ammonia
Fuel cell type LT-PEMFC LT-PEMFC SOFC
Volumetric power density 250 90 32 kW/m3

Table 19: Fuel cell volumetric power density

As fuel cells are easy to pile up, it is assumed that the space within the engine room is large
enough for the fuel cells, auxiliary equipment and void spaces around the stacks and no volume-
depending adjustments are required when using fuel cells.

Battery electric:
The volume of a battery is described in Table 18. The volume needed is high as compared to
other fuels. When the battery electric propulsion is most preferred, a suitable location for the
battery should be found.

3.3.3 Tank location

The tank location depends on the IGF code, but also on the type of tank that is used. In this
section, solutions for fuels that have to comply with the IGF code, or use cylindrical tanks are
investigated. The general arrangement of the vessel indicates whether the storage tank(s) are
complying with the IGF code. The storage tank location on a container vessel, bulk carrier and
oil tanker have been analyzed and are presented in Figure 13. The figure shows that the fuel
tank locations are mostly against, or close to the hull. The IGF code requires that the tank
location is located at a specific distance from the hull. Another problem of fuel storage tanks
close to the hull is that it is not possible to locate cylindrical tanks there, because of the shape
of the hull.

(a) CMA CGM Louga

(b) Union Mark

(c) Po Yang Hu

Figure 13: Fuel tank locations (in green) of Container vessel (left), Bulk carrier (middle), Oil
tanker (right)
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When fuel is stored in cylindrical storage tanks, or has to comply with the IGF code, the stor-
age tank needs to be relocated. The fuels investigated are: ammonia, hydrogen, methanol and
ethanol. Methanol and ethanol can be stored in the ballast tanks and do not require cylindrical
tanks. Methanol is completely dilutable in water and will biodegrade rapidly. Methanol is far
less hazardous than diesel or heavy fuel oil when spilled, implying that storage in ballast tanks
is possible (Chatterton, 2018), (Freudendahl, 2015). It is assumed that there is enough space in
the current fuel tank location combined with the ballast tanks to comply with the IGF codes for
methanol and ethanol.

When Ammonia or Hydrogen are used another option is required. Ammonia and hydrogen
storage requires cylindrical tanks. The maritime industry is not yet very familiar with sailing on
hydrogen, or ammonia, therefore, vessels sailing on LNG fuel have been analyzed. LNG fuel is
also kept in spherical storage tanks and has to comply with the IGF code.

Figure 14: Fuel tank locations of cylindrical tanks on a container vessel (left) (DNV, 2015) and
a tanker (right)(Vesselfinder, 2019)

Figure 14 shows that when container vessels are sailing on LNG, the fuel tanks are located below
deck. This indicates that the tank is using the space where cargo could be stored before. When
an oil tanker is sailing on LNG, the tanks can be placed on deck. It is assumed that for bulk
carriers it is also possible to place the tanks on deck. This means that for oil tankers and bulk
carriers the placement cylindrical tanks will not result in loss of cargo volume if there is enough
deck space for locating the storage tanks. The volumes of the cylindrical storage tanks are
included in Table 18. After the required volumes of cylindrical tanks are calculated, it should be
investigated whether it is possible to locate the tank on deck for bulk carriers and oil tankers.
An overview of the tank locations is given in Table 20.

Container vessel Bulk carrier Oil tanker
Methanol Ballast and old fuel tank Ballast and old fuel tank Ballast and old fuel tank
Ethanol Ballast and old fuel tank Ballast and old fuel tank Ballast and old fuel tank
Ammonia In cargo holds Above deck if possible Above deck if possible
Hydrogen In cargo holds Above deck if possible Above deck if possible

Table 20: Location of fuel storage tank when a cylindrical tank is required, or the fuel has to
comply with the IGF code
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4 Model development

In this Chapter, the model used to determine the economical consequences of sailing on alter-
native fuels is described. The model has been developed based on the information which can be
derived from the previous chapters. The main goal of the model is to demonstrate the financial
consequences of sailing on alternative fuels, which as discussed in the introduction of this report,
implies the use fuels with a lower energy density than conventional fuels. The main problem is
that the cargo capacity per year decreases due to the lower energy density of the fuels. This is
the result of measures that must be taken in order to sail on an alternative fuel, with a vessel that
was designed for sailing on conventional fuels. The measures and their potential consequences
as analyzed in this study, are as follows:

1. Less amount of cargo can be taken on board due to the need of more fuel space, or more
fuel weight when using alternative fuels, as compared to conventional fuels. This will result
in less cargo transported in one year.

2. The vessel lowers its sailing speed for more efficient use of the alternative fuel and as a
result less fuel weight and volume needs to be carried. This will result in less voyages per
year and thus less cargo can be transport in one year.

3. Bunker stops during the voyage will be made to compensate for the need for extra fuel.
This will result in more voyage time and thus less cargo transported in one year.

The actual consequences of the measurements will be clear when the costs per ton cargo will be
calculated. The transport costs exist of capital, operational and voyage costs. This includes the
costs of possible adjustments to the vessel, or operation which are needed to actually sail on the
fuel. In order to calculate the costs per ton transported cargo, a model is developed.

In this chapter, the developed model will be explained by discussing it step by step. The model
exists of six different sections; the vessel section, fuel section, volume section, weight section,
costs section and calculation section. The vessel and fuel section serve as data for the weight,
volume and cost section, all sections together serve as input for the calculation section and an
overview of the model is given in Figure 15. This chapter is divided in different sections consist-
ing of information per section and, subsequently, examples of how the section can be applied.
The outcomes of the different examples will be shown. However, the outcomes and consequences
of different assumptions on the outcomes will be further assessed in Chapter 5.

The Tables used in this chapter represent tables similar to the developed model. In appendix I,
screenshots of the model have been added as well.
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Figure 15: Overview of the developed model. The arrows indicate what information of which section is used
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4.1 Vessel data

The first section of the model is the vessel data section. This section consists of three different
subsections. First, information regarding the vessel, then information regarding the voyage and
lastly information regarding the energy used during the voyage. The first subsection, information
regarding the vessel, consists of:

• Vessel name

• Vessel type

• Built

• LOA

• Draft

• Beam

• Speed

• Bunker capacity

• Cargo capacities

• Ballast capacity

• Engine power

• Block-coefficient

• Lightweight

• Maximum deadweight

• Crew

• Max Displacement

• Admiralty constant

• Newbuild price

• Port time

Most of the data could be found in Clarksons fleet register (Clarkson Research, 2021). The red
colour is used for criteria that could not be found and these are either calculated with help of
available other source data, or estimated.

The first step, when using the model, is to choose a vessel in the vessel section. In a drop-
down menu the following existing vessels can be chosen:

1. The +/- 150,000 DWT crude oil tanker Nordic Grace

2. The +/- 400,000 DWT ore carrier Ore China

3. The +/- 34,350 DWT container vessel CMA CGM Louga

The reason why these vessels are chosen is described in Section 1.3.1. The data that are shown
correspond with the data of the vessel chosen in the drop-down menu. The data regarding
the vessel are, when available, copied from Clarkson fleet register (Clarkson Research, 2021).
However, not all required data were available in this register. Below, a description of how the
irretrievable data were determined is given.

1) The bunker capacity of the Ore China and CMA CGM Louga was not found in Clarksons
fleet register. For both vessels, sister vessels have been analyzed and their bunker capacity is used.

2) The block coefficient is determined using information and figures from the Hydromechanic
2 dictate MT526 (Pinkster and Bom, 2006) representing: 0.84 for tankers, 0.554 for container
vessels and 0.864 for bulk carriers.

3) The block-coefficient is used to calculate the displacement of the vessel. The equation used is:

5 = cb ∗ T ∗B ∗ Lord ∗ ρseawater (7)

4) The displacement in tonnes is used to calculate the lightweight of the ship:

lightweight[t] + deadweight[t] = displacement[t] (8)
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5) The number of crew members on board the vessel is based on a survey from Deloitte concern-
ing vessel’s crew (Cambanis, 2011) and varies between 20 and 25 members.

6) The admiralty constant presents a relation between speed and power. This is used in this
study to calculate the power of the main engine, when the vessel lowers it speed. The equation
used is:

Cadm =
∆

2
3 ∗ v3s
Pd

(9)

With
∆ in tonnes
Vs in m/s or knots
Pd in kW or horsepower

7) The port time depends on the port and the facilities at the port and the type of vessel.
The selected port turn around time indicators can be found in "Review of Maritime Transport
2019, United Nations publication issued United Nations Conference on Trade and Development,
(UNCTAD, 2019)" indicating 2.05 days for dry bulk carriers, 0.7 days for container vessels and
0.94 days for liquid bulk carriers.

8) The newbuild price of the Ore China can be found in Clarckson register. The newbuild
prices of the Nordic Grace and CMA CGM Louga are determined based on newbuild costs of
similar vessels. The newbuild price for the Nordic Grace, is determined at 65m USD based on an
average newbuild price in 2020 (64m) (Hellenic Shipping News, 2020) and on the 2007 newbuild
price (65m) (Lindstad et al., 2012). To determine the capital costs of the CMA CGM Louga the
same paper (Lindstad et al., 2012) and the paper "Economies of Scale in Container Ship Costs,
(Murray, 2016)" were used. The newbuild price of the CMA CGM Louga is determined at 40m
USD.

In Appendix F, Table 50, the values representing the above discussed data of the CMA CGM
Louga, Ore China and Nordic Grace are given.

The second subsection of the vessel section consists of information on the operation. In this
subsection, the amount of cargo that the vessel transports before sailing on alternative fuels is
calculated. In other words the amount of cargo that the vessel transports while sailing on design
speed using heavy fuel oil. This calculation is made to analyse how much cargo the vessel can
transport before using alternative fuels. This amount of cargo will be used as the vessel’s cargo
capacity. The data needed and calculated in this subsection are:

• Operation

• Distance

• Duration (port and sea)

• MCR

• Energy required

• Fuel margin

• Engine efficiency

• Fuel needed in [kWh], [t] and [m³]

• Max cargo in [t] and [m³]

• Round-trips per year

• Capacity per year [t/year]

In a drop-down menu, the voyage of the vessel can be selected and the corresponding distance
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will be displayed. Also, the approximate duration for the voyage when the vessel sails on its
service speed is shown. The time at sea together with the engine power are used to calculate the
amount of energy required for the selected voyage. It is assumed that the vessel uses 80% (Sa-
putra et al., 2015) of his total engine power capacity (MCR) when cruising, or sailing its design
speed. When the required energy is calculated, the amount of fuel required can be calculated.
This is done by dividing the required energy by the efficiency of the technology used and adding
a fuel margin of 10%. A fuel margin is used to avoid that the vessel will run out of fuel when it
has to divert from the route. When the amount of required fuel is calculated, the required fuel
weight and volume of heavy fuel oil can be calculated.

The amount of cargo in tonnes that the vessel can transport when sailing on heavy fuel oil
is calculated by subtracting the non-cargo parts of the deadweight (provisions, fuel weight etc.)
from the maximum deadweight. This calculated amount of cargo will be used further in the
study as the cargo capacity [t] of the vessel. The cargo volume, when sailing on heavy fuel oil, is
copied from the vessel data as long as this is larger then the tonnes cargo divided by the density
of the cargo. Otherwise, the maximum allowable cargo volume will be lower.

The transported cargo per year can be calculated from the known amount of transported cargo
and the amount of round-trips per year when sailing on heavy fuel oil. It is assumed that the
vessel sails fully loaded out and empty back and that the running days per year are 360.

The cargo weight and cargo volume, when sailing on heavy fuel oil, will both be used in the
weight and volume section. They help by identifying the amount of weight, or volume that
will exceeded when alternative fuels are used and the cargo holds are fully loaded. A schematic
overview of the calculations made in this subsection is given in Figure 16. Table 21 shows the
different voyages when sailing with the Nordic grace.

Figure 16: Schematic overview of calculations made for the second subsection of the vessel section
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Operation Santos - Dalian Operation Jeddah - Algeciras Operation Rotterdam - St. Petersburg
Distance 12000 [NM] Distance 2570 [NM] Distance 1500 [NM]
Sailing time 827.59 [h] Sailing time 177.24 [h] Sailing time 103.45 [h]
Port time 22.56 [h] Port time 22.56 [h] Port time 22.56 [h]
Duration voyage 850 [h] Duration voyage 200 [h] Duration voyage 126 [h]
NCR 14899 kW NCR 14899 kW NCR 14899 kW
Energy needed 1.2*10e7 [kWh] Energy needed 2.6*10e6 [kWh] Energy needed 1.5*10e6 [kWh]
Fuel marge 0.1 Fuel marge 0.1 Fuel marge 0.1
Engine efficiency 0.48 Engine efficiency 0.48 Engine efficiency 0.48
Fuel needed 2.8*10e7 [kWh] Fuel needed 6.1*10e6 [kWh] Fuel needed 3.5*10e6 [kWh]
Fuel needed HFO 2543 [t] Fuel needed HFO 545 [t] Fuel needed HFO 318 [t]
Fuel needed HFO 2622 [m³] Fuel needed HFO 562 [m³] Fuel needed HFO 328 [m³]
Max cargo on operation 146953 [t] Max cargo on operation 148951 [t] Max cargo on operation 149178 [t]
Max cargo on operation 173947 [m³] Max cargo on operation 173947 [m³] Max cargo on operation 173947 [m³]
Roundrips per year 5 Roundrips per year 22 Roundrips per year 34
Capacity per year 7.5*10e5 [t/year] Capacity per year 3.2*10e6 [t/year] Capacity per year 5.1*10e6 [t/year]

Table 21: Different voyages used within study. The specified vessel is the Nordic Grace
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The final subsection of the vessel section consists of data used to determine the amount of fuel
and energy needed, when sailing a certain speed using a certain fuel. The data exist of:

• Technology used

• Efficiency

• NCR

• Power

• Fuel margin

• New speed

• Power for new speed

• Duration

• Energy required

• Fuel required

The same calculations as in the second subsection are used to calculate the amount of fuel re-
quired. The data, and thus the outcomes, vary when a different fuel, different technology, or
different design speed is used. The third subsection starts with selecting the technology. The
technology can be selected in a drop-down menu and the corresponding efficiency as presented
in Table 10 in Section 2.4.1 will be given. Subsequently, calculations will be made. The required
amount of fuel is determined the same way as for heavy fuel oil and a schematic overview of the
calculations can be found in Figure 16.

The new speed depends on the value that is entered when determining the minimum trans-
port costs in the calculation section of the model. A lower sailing speed in combination with
less fuel volume stored on board in order to reduce weight will result in a change of available
energy. With the new speed, a new power will be calculated using equation 9, the admiralty
constant. With the new power, the new normal continuous rating (NCR) corresponding with
the new speed can be calculated. The new NCR equals 80% of the new power of the vessel.
The new speed also determines the new duration of the voyage. The power and the duration of
the voyage determine the energy that is needed for the voyage. This is only correct if there are
no losses and all available fuel is used. The efficiency of the technology used and a fuel margin
of 10 % need to be considered for determining how much energy is needed for a voyage. The
calculated total required fuel will be used to calculate the volume and mass of the fuel for the
voyage. This will be used later in the weight and volume section of the model.

Table 22 shows the difference in amount of fuel required when sailing the Nordic Grace from
Santos to Dalian with a speed of 14.5 knots and 10.0 knots, respectively.

Energy Energy
Technology ICE Technology ICE
Efficiency 0.48 Efficiency 0.48
NCR 14899 [kW] NCR for new speed 4887 [kW]
Power 18624 [kW] Power for new speed 6109 [kW]
Fuel marge 0.10 Fuel marge 0.10
New speed 14.5 [kn] New speed 10 [kn]
Duration on sea 828 [h] Duration on sea 1200 [h]
Energy needed 1.2*10e7 [kWh] Energy needed 5.9*10e6 [kWh]
Fuel needed 2.8*10e7 [kWh] Fuel needed 1.3*10e7 [kWh]

Table 22: Energy calculation data while sailing 14.5 [kn] (left) and 10 [kn] (right) with the Nordic
Grace from Santos to Dalian
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4.2 Fuel data

The second section of the developed model represents the fuel data section. The fuel data
section exists of information as described in Section 2.4 and is divided in three subsections. The
first subsection consists of information about the fuel. In a drop down menu the fuel type and
corresponding technology can be chosen. When the fuel type and machinery are selected, the
corresponding values belonging to a certain fuel will appear. After selecting fuel type and the
type of machinery, all data are fixed. The data corresponding with the fuel type and machinery
are:

• Fuel type

• Technology used

• IGF code

• Special storage tank

• Gravimetric energy density (including
special storage)

• Volumetric energy density (including spe-
cial storage)

• Fuel costs from literature review

• Density

On the fuel section, information about the fuel which is needed to calculate the costs of transport
is given. This also includes additional information regarding the technology used, the IGF code
and special fuel storage tanks. The costs, when using a fuel cell, or battery, and gravimetric and
volumetric energy density, when using a fuel cell are given and will be used to determine the
costs of transport.

If a fuel cell is used, the volumetric energy density and gravimetric energy density are given.
Both will be used to calculate the weight and volume of the fuel cell system. When the propul-
sion system is an internal combustion engine, the gravimetric energy density and volumetric
energy are not given. The weight of the internal combustion engine will be calculated using
equation 5. As the engine room will not be modified and the engine volume can decrease as
consequence of a lower sailing speed, the volume available for the combustion engine will always
be sufficient. Figure 17 shows which information of the fuel converter is distributed to which
section of the model.
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Figure 17: Schematic overview of which converter information is distributed to which section in
the model

The influence of the IGF code will be visible in the volume section of the model. In the fuel data
section it is only indicated whether a fuel has to comply with the IGF code.

The fuel data section does not include any calculations, but gives necessary information used in
other sections of the model. Table 23 shows an example of how the data for heavy fuel oil and
hydrogen (while using a fuel cell) will vary.

Fuel type HFO Fuel type Hydrogen FC
Technology used ICE Technology used FC
IGF code N/A IGF code Yes
Special storage tank N/A Special storage tank Yes
Gravimetric energy density (incl. storage) 40 [MJ/kg] Gravimetric energy density (incl. storage) 10 [MJ/kg]
Gravimetric energy density (incl. storage) 11111 [kWh/t] Gravimetric energy density (incl. storage) 2778 [kWh/t]
Volumetric energy density (incl. storage) 38.8 [MJ/L] Volumetric energy density (incl. storage) 5 [MJ/L]
Volumetric energy density (incl. storage) 10778 [kWh/m³] Volumetric energy density (incl. storage) 1389 [kWh/m³]
Fuel costs 36 [USD/MWh] Fuel costs 92 [USD/MWh]
Density (incl. storage) 0.97 [t/m³] Density (incl. storage) 0.50 [t/m³]

Propulsion system ICE Propulsion system FC
Volumetric energy density N/A [kW/m³] Volumetric energy density 250 [kW/m³]
Gravimetric energy density TBD [kW/t] Gravimetric energy density 408 [kW/t]
Costs of system TBD [USD/kW] Costs of system 5098 [USD/kW]

IGF code No IGF code Yes
Fuel storage in cargo space? N/A Fuel storage in cargo space? TBD
Loss of cargo space N/A Loss of cargo space TBD

Special storage tank No Special storage tank Yes
Extra costs of storage tank 0.00 [USD/kWh] Extra costs of storage tank 12.10 [USD/kWh]

Table 23: Data shown on the fuel section after selecting heavy fuel oil (left) and Hydrogen FC
(right)

4.3 Volume

The third section of the model is the volume section. In the volume section it is indicated
whether the fuel capacity [m³] given in the vessel data is equal to, or higher than the fuel volume
that is required. If not, the amount of excess fuel is shown. A solution for this problem will be
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investigated in the calculation section of the model.

Further in this section, information is given whether the fuel storage space is in the right lo-
cation. In Section 3.3 is described that for some fuels the bunker storage space, now located
near the hull of the vessel, needs to be relocated when cylindrical storage spaces are used, or
when the fuel has to comply with the IGF code. It is not possible to fit cylindrical cryogenic or
pressurized tanks against the hull, due to the hull form of the vessel.

If one of the two problems, "the fuel needs to comply with the IGF code" or "the fuel needs a
special storage space" occurs, the model shows a red "NO" and the amount of fuel that needs
to be replaced will be calculated. It is assumed that a vessel is designed so efficiently that it is
not possible to relocate the fuel storage to empty spaces. As described in Section 3.3, cylindrical
tanks will be relocated in the room for cargo when the specific vessel is a container vessel and
will be placed on deck when the vessel is a tanker or bulk carrier. The calculated amount of
fuel that needs to be relocated equals the amount of cargo lost when the particular vessel is a
container vessel. Assuming that the volume of a container is 38 m³ and has a maximum weight
of 28 [t], the lost cargo in tonnes can be calculated. If a tanker, or bulk carrier is used it should
be investigated if the amount of fuel that needs to be relocated fits on deck. If loading on deck is
not possible, the fuel storage will be in place of cargo space, if the fuel is stored in place of cargo
space the gross lost of cargo space is larger, because vessel crew must be able to move around
the tanks for maintenance and for additional space for pumps to refuel the tanks. The amount
of lost extra space depends on the length of the cylindrical tank, therefore, an extra cargo space
lost of 50% is used in this study. This is based on a concept plan as shown in Figure 18 from
the paper: "Economic analysis of trans-ocean LNG-fueled container ship (Adachi et al., 2014)".

Figure 18: Concept view and general arrangement when cylindrical tanks are used (Adachi et al.,
2014)

When methanol, or ethanol is selected, the special storage space part will show "Ballast". This
means that methanol and ethanol can be stored in the ballast tanks. It is assumed that the relo-
cation of these fuel tanks does not result in cargo loss as explained in Section 3.3. The relocated
volumes need to be double checked for methanol and ethanol in order to analyze if it is possible
to store the fuel volume in the ballast tanks.

In Table 24, the difference of when a container vessel, or when an oil tanker sails on hydro-
gen, a fuel that requires cylindrical storage tanks, is shown.
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Tanks Tanks
IGF code Yes IGF code Yes
Special storage space Yes Special storage space Yes

Fuel storage space Fuel storage space
Fuel capacity 3465 [m³] Fuel capacity 2160 [m³]
On right location No On right location No
Ballast capacity 12000 [m³] Ballast capacity 11617 [m³]
Cargo loss 0 [m³] Cargo loss 1434 [m³]
Fuel volume needed 4357 [m³] Fuel volume needed 1434 [m³]
Too much 0 [m³] Too much 0 [m³]

Table 24: Volume data when sailing with tanker Nordic Grace (left) and container vessel CMA
CGM Louga (right) from Jeddah to Algeciras with 14.5 [kn] on hydrogen

4.4 Weight

The weight section consists of two different subsections. The first subsection is the lightweight,
which changes when the weight of the machinery changes. The weight of the machinery changes
when the vessel sails at lower speed than its designed speed and uses a less powerful and smaller
engine. The new lightweight is calculated by calculating the weight of the old machinery and
subtract this weight from the known lightweight. As a result, the lightweight now only consists
of the structural weight and the equipment and outfitting weight. The new propulsion and
systems weight are calculated with the technology specific weight calculation formulas presented
in Section 3.2 and will be added to the structural, equipment and outfitting weight to calculate
the new lightweight. The new lightweight will vary when the speed and thus the required power
varies. Figure 19 shows a schematic overview of the calculation.

Figure 19: Schematic overview of how the new lightweight can be calculated

When the new lightweight is lower then the old lightweight then this difference in weight remains
unused. This weight can be used for extra deadweight. The new maximum deadweight can be
calculated by subtracting the new lightweight from the displacement. The deadweight will also
be calculated by adding the fuel weight, cargo weight, ballast water weight, provision, freshwater
and lube weight. The cargo weight is the calculated cargo capacity from the vessel section and
represents the cargo weight on the voyage when using heavy fuel oil as described in Section 4.1.
The fuel weight can be calculated from the gravimetric energy density [kWh/kg] and the energy
required for the voyage [kWh]. The maximum deadweight will be subtracted from the calculated
deadweight and when this is negative there will be no need for any modification of the operation,
or the vessel. If the result is positive, then the vessel is too heavy and one of the problems, as
described in Figure 10, occurs and additional measurements are needed. The outcomes of the
measurements will be used for the calculation section of the model. Figure 20 gives a schematic
overview of how the deadweight is used to calculate the "too much weight" on board of the vessel.
Table 25 shows an example of a situation where the calculated weight equals the allowable weight
(left) and how the model will look like when the calculated weight is higher than the allowable
weight (right).
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Figure 20: Schematic overview of how the excess weight can be calculated

Lightweight Lightweight
Propulsion type ICE Propulsion type ICE
Lightweight 37170 [t] Lightweight 37170 [t]
Propulsionweight (old) 857 [t] Propulsionweight (old) 857 [t]
Lightweight - propuls 36314 [t] Lightweight - propuls 36314 [t]
Propulsionweight (new) 857 [t] Propulsionweight (new) 857 [t]
Added weight 0 Added weight 0
Lightweight new 36314 [t] Lightweight new 36314 [t]

Deadweight Deadweight
Displacement 187091 [t] Displacement 187091 [t]
Max Deadweight 149921 [t] Max Deadweight 149921 [t]
Cargo volume 173947 [m3] Cargo volume 173947 [m3]
Cargo weight 148951 [t] Cargo weight 148951 [t]
Fuel weight 545 [t] Fuel weight 1816 [t]
Ballast water weight 0 [t] Ballast water weight 0 [t]
Additional propulsion weight 0 [t] Additional propulsion weight 0 [t]
Provision, freshwater and lube weight 425 [t] Provision, freshwater and lube weight 425 [t]
Calculated deadweight 149921 [t] Calculated deadweight 151192 [t]
Too much weight 0 [t] Too much weight 1271 [t]

Table 25: Weight data using HFO (left) and Ammonia ICE (right) on the Nordic Grace when
sailing from Jeddah to Algeciras

59



4.5 Costs

The costs section is divided into three different subsections. The capital costs representing the
purchase costs of the vessel and machinery and how this is financed, the running costs of the
vessel and the voyage costs.

The capital costs subsection exists of:

• Building costs

• Additional costs for tech-
nology

• Additional costs for sys-
tems

• Additional costs for stor-
age system

• Total building costs

• Financed

• Repayment term

• Interest rate

• Interest and equity costs
year 1

• Interest and equity costs
year 20

• Average interest and eq-
uity costs

• Total interest and equity
costs

• Total costs of ship

• Annual depreciation

• Days operating

• Daily depreciation

The additional costs for the system and the propulsion for internal combustion engines are
calculated using:

Kpropulsion = 4100 ∗ P 0.84
new − 4100 ∗ P 0.84

old (10)

Ksystem = 3000 ∗ P 0.70
new − 3000 ∗ P 0.70

old (11)

Both equations will be 0 when the vessel is sailing its design speed and negative when the vessel
is sailing on lower speed than its design speed. When the technology used consists of a fuel cell,
the price per kW as described in Section 3.1.1 will be used to calculate the additional system
costs. An overview of these costs together with the storage costs is given in Table 26. The
battery electric technology costs are included in the fuel storage costs. The fuel storage costs for
different fuels are discussed in Section 3.1.1 concerning capital costs and are presented in Table
26. When a fuel cell, or battery is used the capital costs for the internal combustion engine will
be subtracted from the vessels building costs first. This is done using the following equation:

Kpropulsion = 4100 ∗ P 0.84
old (12)

Hydrogen Methanol & Ethanol Ammonia
Fuel cell plant 5.10 5.98 15.93 [USD/kW]
Fuel storage 12.1 0.11 0.65 [USD/kWh]

NMC
(Nickel Manganese
Cobalt Oxide)

LFP
(Lithium Iron
Phosphate)

LTO
(Lithium Titanate

Oxide)
Capex 500-1000 500-1000 1000-2000 [USD/kWh]
Opex Driven by electricity price [USD/kWh]

Table 26: Overview of fuel cell plant, fuel storage and battery operational costs
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Within the model, the capital costs vary per operation. Both the storage of the battery and fuel
cell as well the costs of the fuel cell can decrease when less fuel is required. This might occur
when the vessel is lowering speed and as a result less power and a less expensive power plant
are needed, or when the vessel makes more fuel stops during the voyage meaning that a smaller,
cheaper, storage tank can be an option. The total building costs of the vessel are the sum of the
building cost that were retrieved from the literature and the additional costs for the propulsion
and storage systems (which, sometimes, can be negative). How measurements influence the cap-
ital costs will be further discussed in Chapter 5.

"Financed" shows the relation between debt and equity, for financing the vessel. The repay-
ment term is 20 years, which equals the lifetime of the vessel and machinery. This is chosen
in order to spread the costs of the interest together with the cost of capital over 20 years.
The interest rate includes the entire building costs, meaning that there is also interest paid
over private money. This is done because private money that was used to buy the vessel could
have had more value if it had been invested in stocks for example. An interest rate of 5 % is used.

The average costs of the interest are calculated by adding the costs of the interest in year 1
(maximum costs) with the costs of the interest in year 20 (minimum costs) and divided by 2.
The total costs of the ship equals the total building costs + the total costs of interest and eq-
uity. When the total costs are calculated and the life span of the vessel and length of the loan
are known, the annual depreciation can be calculated. Knowing the operating days (360) per
year, the daily depreciation can be calculated. The top of Table 28 shows an example of how
the building costs differ when the vessel is sailing on a lower speed and how the depreciation is
calculated.

The second subsection of the costs section exists of the running costs. The running costs are
discussed in Section 3.1 and presented in Table 27.

Running costs
Crew costs 75000 $/year per crew member
Insurance 1 % of newbuilding costs
Maintenance & Repair 0.5 % of newbuilding costs
Docking
Special survey

1.1, 1.2, 1.3
1.4, 1.6, 1.8

% of newbuilding costs
% of newbuilding costs

Management 0.5 % of newbuilding costs

Lub. oil, Paint & Stores 0.5-1.0
1931

g/kWh
$/ton

Table 27: Overview of running costs determinants

The yearly costs of docking and special survey costs are calculated by adding the different costs
for the surveys, as presented in Table 27, and divide them over 20 years. The yearly running
costs are the summation of all different outcomes except for the Lube oil, paint and store costs.
These costs are calculated per day by using the values given in Table 27, the known energy
required on a voyage and the duration of the voyage. The daily costs are calculated by dividing
the yearly costs by running days and adding the daily lube oils, paint and store costs.
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The last section are the voyage costs which exist of:

• Fuel price [USD/MWh]

• Fuel needed [MWh]

• Fuel needed [kWh]

• Total fuel costs [USD/voyage]

• Total fuel costs [USD/day]

The fuel price and fuel required are known after a fuel and operation are selected in the fuel
sections and vessel sections of the model. The costs per voyage can be calculated by multiplying
the fuel price with the required amount of fuel. The fuel costs represent only the costs made
when the vessel is at sea, but not when the vessel is in a port. This implies that hotel costs for
the accommodation are excluded from this study. The costs per voyage divided by the voyage
duration in days results in the costs per day.

The total daily costs are the sum of the three separately calculated costs as mentioned above.
The voyage costs are calculated by multiplying the daily costs by the days of voyage. The yearly
costs are the daily costs multiplied by the running days. Figure 28 shows how the costs differ
and are distributed when the Nordic Grace is sailing Jeddah to Algeciras on heavy fuel oil while
sailing with a speed of 14.5 [kn] and 10 [kn]
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Capital costs Capital costs
Building costs 6.5*10e7 [USD] Building costs 6.5*10e7 [USD]
Additional costs for propulsion 0 [USD] Additional costs for propulsion -9.6*10e6 [USD]
Additional costs for systems 0 [USD] Additional costs for systems -1.6*10e6 [USD]
Additional costs for storage system 0 [USD] Additional costs for storage system 0 [USD]
Total building costs 6.5*10e7 [USD] Total building costs 5.4*10e7 [USD]
Repayment term 20 [Years] Repayment term 20 [Years]
Interest rate 5 [%] Interest rate 5 [%]
Interest and equity costs year 1 3.3*10e6 [USD] Interest and equity costs year 1 2.7*10e6 [USD]
Interest and equity costs year 20 0 [USD] Interest and equity costs year 20 0 [USD]
Average interest and equity costs 1.6*10e5 [USD] Average interest and equity costs 1.3*10e5 [USD]
Total interest and equity costs 3.3*10e6 [USD] Total interest and equity costs 2.7*10e6 [USD]
Total costs of ship 6.8*10e7 [USD] Total costs of ship 5.6*10e7 [USD]
Annual depreciation 3.4*10e6 [USD/year] Annual depreciation 2.8*10e6 [USD/year]
Days operating per year 360 [d] Days operating per year 360 [d]
Of which in Port 41 [d] Of which in Port 41 [d]
Daily capital costs 9.5*10e3 [USD/day] Daily capital costs 7.8*10e3 [USD/day]

Running costs Running costs
Crew costs 1.7*10e6 [USD/Year] Crew costs 1.7*10e6 [USD/Year]
Insurance costs 6.5*10e5 [USD/Year] Insurance costs 5.3*10e5 [USD/Year]
Maintenance and repair 3.3*10e5 [USD/Year] Maintenance and repair 2.7*10e5 [USD/Year]
Docking 1.2*10e4 [USD/Year] Docking 9.7*10e3 [USD/Year]
Special survey 1.6*10e4 [USD/Year] Special survey 1.3*10e4 [USD/Year]
Management 3.3*10e5 [USD/Year] Management 2.7*10e5 [USD/Year]
Lube oils, paint and stores 0.75 [g/kWh] Lube oils, paint and stores 0.75 [g/kWh]
Lube oils, paint and stores 459 [USD/day] Lube oils, paint and stores 459 [USD/day]
Yearly costs 3.0*10e6 [USD/Year] Yearly costs 2.7*10e6 [USD/Year]
Daily running costs 8.7*10e3 [USD/day] Daily running costs 8.1*10e3 [USD/day]

Voyage costs Voyage costs
Fuel price 36 [USD/MWh] Fuel price 36 [USD/MWh]
Fuel needed 6052 [MWh] Fuel needed 2878 [MWh]
Total fuel costs 2.2*10e5 [USD/voyage] Total fuel costs 1.0*10e5 [USD/voyage]
Annual fuel costs 9.4*10e6 [USD/year] Annual fuel costs 4.5*10e6 [USD/year]
Daily fuel costs 2.6*10e4 [USD/day] Daily fuel costs 1.2*10e4 [USD/day]

Total daily costs 4.4*10e4 [USD/day] Total daily costs 2.8*10e4 [USD/day]
Total yearly costs 1.6*10e7 [USD/year] Total yearly costs 1.0*10e7 [USD/year]
Total voyage costs 3.3*10e5 [USD/voyage] Total voyage costs 3.0*10e5 [USD/voyage]

Table 28: Costs overview of the Nordic Grace when sailing from Jeddah to Algeciras on HFO
with 14.5 [kn] (left) and 10 [kn] (right)
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4.6 Calculation

The calculation sections is a mathematical sections where the most cost effective solution(s) is/are
calculated from the issue(s) that occur(s) within the weight or volume sections of the model.
For example, what will happen if the total calculated deadweight is higher than the allowed
deadweight, or when the fuel (including storage) volume is higher then the fuel storage capacity?
The outcome(s) found within the volume, or weight sections will be shown in the calculation
sections as presented in Table 29. Table 29 shows the overweight problem that occurrs when the
Nordic Grace is sailing from Jeddah to Algeciras using methanol in combination with an internal
combustion engine.

Problem
Too much weight 602 [t]
Too much volume 0 [m³]

Table 29: Overweight problem occuring when sailing with the Nordic Grace from Jeddah to
West-Europe on Methanol ICE

When one of the two problems occurs, different solutions for solving the problem(s) will be looked
at and these exist of:

Extra fuel stop(s). An extra fuel stop includes mooring time, refueling time and port time.
With the extra time that is needed to refuel, the amount of round-trips per year can be calcu-
lated. The capacity per round-trip is known and together with the amount of round-trips the
capacity per year can be calculated. The costs per ton cargo can be calculated by using the
yearly costs of the vessel and the yearly capacity, while making extra bunker stops. An example
of costs per ton cargo when sailing with the Nordic Grace from Jeddah to Algeciras when making
an extra bunker stop is given in Table 30.

Bunker stop
Mooring/Anchor time 2 [h]
Flow rate 200 [t/h]
Flow rate 267 [m³/h]
Total time for weight 5.0 [h]
Total time for volume 2 [h]
Cost of extra bunker stop 18245 [USD]
New roundtrip duration 405 [h]
Voyages per year 21
Capacity per year 3.2*10e6 [t/year]
Capacity loss 39877 [t/year]
Cargo costs with max cargo over a year 3.1*10e7 [USD/year]
Cargo costs with max cargo over a year 9.89 [USD/t]

Table 30: Solution of an extra bunker stop when sailing with the Nordic Grace from Jeddah to
Algeciras on Methanol (ICE) with 14.5 [kn]

Reducing the amount of cargo. The excess fuel volume, or weight on board of the vessel
will be compensated by reducing the weight, or volume of the cargo on board. The capacity per
round-trip will decrease, which will result in less capacity per year. If the capacity per year and
the yearly vessel costs are known, the costs per ton cargo can be calculated. Figure 31 shows
the values representing the reducing cargo option. The calculated costs per ton cargo when
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sailing with the Nordic Grace from Jeddah to Algeciras on Methanol (ICE) with a reduced cargo
amount are given.

Reducing cargo
Capacity loss per voyage 602 [t/voyage]
Capacity loss per year 13016 [t/year]
New capacity per year 3.2*10e6 [t/year]
Cargo cost with max capacity 9.81 [USD/t]

Table 31: Outcome of reducing cargo when sailing with the Nordic Grace from Jeddah to Alge-
ciras on Methanol (ICE) with 14.5 [kn]

Replacing fuel with cargo. When fuel is replaced by cargo, less energy is available on board
of the vessel. This indicates that the vessel should use the amount of fuel available on board
more efficiently and thus sail at a lower speed. The decrease in sailing speed results in reduced
power needed as calculated with the Admiralty constant equation. How much power and which
speed are required are presented in the vessel sections. If the corresponding power and speed
are known, the amount of fuel required and the duration of the round-trip can be calculated.
The round-trip duration and cargo capacity determine the cargo capacity per year. If the yearly
vessel costs and the cargo capacity are known, the costs per ton cargo can be calculated. But in
the case of reducing speed, costs are also saved. When less fuel is consumed, the expenditures
on fuel decrease. But also the capital costs decrease due to the fact that a smaller engine can be
used, or smaller fuel storage spaces are possible. These savings are calculated in the costs sections
of the model. Figure 32 gives an overview when sailing on methanol ICE with the Nordic Grace
from Jeddah to Algeciras. The speed corresponding with replacing the fuel weight by cargo for
full capacity per voyage is 12 [kn] compared to 14.5 [kn].

Reducing speed Reducing speed
Less fuel 3.2*10e6 [kWh] Less 0 [kWh]
Less Energy 1.5*10e6 [kWh] Less energy 0 [kWh]
Energy needed 2.6*10e6 [kWh] Energy needed 1.8*10e6 [kWh]
Energy available 1.1*10e6 [kWh] Energy available 1.8*10e6 [kWh]
Max speed 14.5 [kn] Max speed 12.0 [kn]
Duration on sea 177 [h] Duration on sea 214 [h]
Roundtrip 400 [h] Roundtrip 473 [h]
Voyages per year 22 Voyages per year 18
Capacity per year 3.2*10e6 [t/year] Capacity per year 2.7*10e6 [t/year]
Capacity loss 0 [t/year] Capacity loss 502350 [t/year]
Cargo costs 9.77 [USD/t] Cargo costs 8.50 [USD/t]
Energy corresponding with speed 2640755 [kWh] Energy corresponding with speed 1808650 [kWh]

Table 32: Solution of reducing speed when sailing 14.5 [kn] (left) and 12.0 [kn] (right) with the
Nordic Grace from Jeddah to Algeciras on Methanol (ICE)

Discussion of different options. A closer look at the different options when sailing on
methanol shows a remarkable feature. In Table 32, the available energy increases when the
vessel speed decreases. The explanation for this phenomenon is that the weight of the systems
decrease when the speed decrease and thus the power of the engine and the size decrease.

The most cost-effective option when sailing on methanol with the Nordic Grace from Jeddah
to Algeciras is the option of reducing speed. The main reason for this is that the fuel costs
represent a very significant part of the daily costs when using methanol. Saving fuel by reducing
speed is, therefore, the most preferred outcome. The savings on capital costs and running costs
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are less significant as shown in figure 21.

Figure 21: Overview of costs when sailing with the Nordic Grace from Jeddah to Algeciras on
methanol (ICE)

4.7 Verification of the Model

In this section, the model will be tested to investigate if it works properly. This is done by
entering diverse parameters which are known to lead to specific outcomes. First, the current
state scenario, meaning sailing on heavy fuel oil, is tested. Within the model, none of the prob-
lems related "too much weight" or "too much volume" should occur. Next, extreme situations
are considered and the expectations are illustrated. After running the extreme scenarios it will
be checked whether the given values correspond with the expected outcomes. In Table 33, the
scenarios and expected outcomes are described. The results in the table show whether the model
has fulfilled the expectations. If the expected outcomes and the actual outcomes match then a
check-mark is given in the table.

All expected outcomes, as presented in Table 33, matched the actual outcomes and the model
performed as expected, and is, therefore, successfully verified. The exact results and values used
for the different scenarios can be found in Appendix G.

Now that the model is developed verified and validated, different simulations and scenarios can
be analyzed. In the next chapter, all fuels will be analyzed aiming to find the most cost-effective
options using thoughtful ways to reduce costs. Combinations like making an extra bunker stop
to reduce the size of the storage tank and thus save capital expenses of the storage tank, while
reducing speed to save fuel expense will be further analyzed. Also several values used are, regret-
fully, not certain. For example, the flow rate that is used represents the flow rate of conventional
fuels and not of ammonia, or the time in port varies per port and might be higher as estimated
now. This will be further analyzed and discussed in Chapter 5
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Scenario Expectation Result Verified

Running on Heavy fuel oil None of the problems ("too much weight" and "too much volume")
occurs

Too much weight = 0 [t]
Too much volume = 0 [t] X

Increase fuel storage costs [USD/kWh] to high value A small storage tank is favourable and thus more bunker stops
is most cost effective solution

0 stops = 18.66 [USD/t]
1 stop = 11.91 [USD/t]
5 stops = 7.47 [USD/t]
20 stops = 6.21 [USD/t]

X

Increase mooring time of extra bunker stop (1 stop) to high value The option make an extra bunker stop will increase
Mooring time 200 [h] = 17.76 [USD/t]
Mooring time 250 [h] = 19.24 [USD/t]
Mooring time 300 [h] = 20.72 [USD/t]

X

Increase capital costs to high value Influence of speed reduction and thus fuel saving reduces influence
of tonnes transported increases

20 [kn] = 89.27 [USD/t]
15 [kn] = 112.47 [USD/t]
10 [kn] = 159.62 [USD/t]
5 [kn] = 303.45 [USD/t]

X

Increase fuel costs to high value Influence of speed reduction and thus fuel saving increases

20 [kn] = 118.81 [USD/t]
15 [kn] = 86.40 [USD/t]
10 [kn] = 56.57 [USD/t]
5 [kn] = 30.36 [USD/t]

X

No additional costs for fuel cell Fuel cell performance better on costs than internal combustion engine
because of efficiency

Methanol ICE = 8.51 [USD/t]
Methanol FC = 7.88 [USD/t] X

Efficiency increase of propulsion system Costs reduces due to fuel costs Efficiency 0.48 = 4.96 [USD/t]
Efficiency 0.8 = 3.79 [USD/t] X

Make use of battery electric system on long distances (Santos - Dalian) Expensive due to storage costs, heavy and big
Too much weight = 71952 [t]

Too much volume = 30024 [m3]
Additional costs for storage =11302m [USD]

X

Table 33: Verification of the Model (vessel used: Nordic Grace)
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4.8 Validation of Costs

In this section, an analysis is performed if the values, which are used to indicate the daily costs
of the vessel, correspond with the costs of an existing comparable vessel. Costs are variable and
depend on external developments, such as fuel prices, or how the ship is financed. However, the
distribution of the different aspects of daily costs help with validating the calculated daily costs
which are used for this study.

The validation of costs is carried out for oil tanker Nordic Grace while sailing 14.5 knots us-
ing heavy fuel oil. Because the equations used for the other vessels and fuels are similar, the
choice is made not to validate every fuel and vessel separately. In the book "Maritime Eco-
nomics" an overview of how different costs (capital costs, voyage costs and running costs) relate
to each other during the indicated given. The distribution of the costs according to "Maritime
economics" and according to this study are presented in Figure 22.

Figure 22: Costs distribution of Nordic Grace and Capesize bulk carrier (Stopford, 2008)

The left and right part of Figure 22 show that the distribution of costs is different. The capital
costs used in this study are an average over 20 years and, therefore, lower than the figure shown
for the first 5 years of the bulk carrier as analyzed in Maritime Economics. The amount of debt
to be paid decreases every year, which results in a decrease of interest and debt over time. The
capital costs differ from 11-47% in "Maritime Economics" in 15 years. If there is assumed that
the the capital costs in "Maritime economics" are linear over 15 years, then the average capital
costs are 29% per year. However, the capital costs decreases with an increasing decreases from
47% to 11%, indicating that the average costs will be lower than 29 % and close to the 21%
average costs as used in this study.

The operating, or running costs include dry docking and inspection in for example year 3 or/and
5 or/and 10. In this study, an average is used to represent these docking costs per year, which
is in contrast with the age-dependent costs as given in "Maritime Economics". Resulting in the
representation of the running costs is 20 %. The running operating costs used in "Maritime
Economics" are higher and vary from 18 % to 31 %. The fact that these percentages differ is
also caused by the difference in percentages of the given voyage costs and the capital costs.

Analyzing the voyage costs shows, that the voyage costs are causing the main difference in
percentages in cost distribution used in this study and in "Maritime Economics". In this study
the voyage costs are higher than the voyage costs found in "Maritime Economics". The vessel
used in this study is a tanker and the vessel used in "Maritime Economics" is a bulk carrier. The
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port time differs between these two vessel types These are 0.94 days and 2.05 days, respectively
(UNCTAD, 2019). The fuel use and associated fuel costs of a bulk carrier are, therefore, less
than for a tanker. Also fuel costs depend on voyage, speed and vary every day. The source used
for determining the costs contribution used in "Maritime Economics" dates from 1993, implying
that the crude oil price of 1993 was used. In this study, the crude oil price of 2019 is used.
The historical crude oil prices and inflation adjusted price of crude oil show a difference which
explains the difference in voyage costs in 1993 and 2019. The inflation-adjusted crude oil price
in 1993 was 27.78 [USD/barrel] as compared to 51.44 [USD/barrel] in 2019. The outcome is that
in that marine fuel was cheaper in that era indicating lower voyage costs (Macro trends, 2021).

The fact that fuel price, or voyage costs depend on voyage, speed and fuel price will implicate
that the voyage costs will differ in time. More relevant is the fact that the capital costs and the
running costs match the real-life situation. Different sources, like Greiner (2015) and Arnsdorf
(2013) show that the daily running costs of a suezmax tanker are less then 10,000 [USD]. In this
study, these costs are 10,660 [USD]. As the referred articles date from 2013 and 2015, a raise in
the daily running costs, in line with the 2021 situation, seems plausible. Lastly, the distribution
of the daily costs for oil tankers is analyzed using the paper: "Methodology of day-to-day ship
costs assessment (Počuča, 2006)" . The daily fixed costs, representing the depreciation costs and
the daily operating costs, are quite similar to the fuel costs, which is again similar to this study
(54%/46%). In conclusion, the costs used in this study will be accurate enough for the purpose
of this study and comparable with the real-life situation.
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5 Results

In this chapter, the results of the developed model will be presented and discussed. According
to the fuel type, the outcomes have been analyzed. The results consists of performed analyses
using different fuel types for the vessels "Nordic Grace", "CMA CGM Louga" and "Ore China"
sailing from Jeddah to Algeciras, from Rotterdam to St. Petersburg and from Santos to Dalian
respectively. However, less common operation - vessel type combinations have been analyzed as
well.

In this chapter, the most cost-effective measurements, when sailing on alternative fuels, are
calculated. The problems that occur, as discussed in Section 2.1, are that maximum weight, or
maximum volume which a vessel can carry can be exceeded, or that storage tanks have to be
relocated. The "too much weight", or "too much volume" problems are the consequence of a
vessel carrying its maximum cargo capacity while sailing on an alternative fuel. The maximum
cargo capacity represents the cargo capacity which the vessel can transport when sailing on heavy
fuel oil. The possible need for relocating fuel storage tanks is the consequence of the IGF code,
or the need for using cylindrical fuel tanks.

In the model, different options will be investigated to reduce the weight, or the volume and
should result in the vessel transporting cargo without being too heavy, or too full. Also the
size of the fuel tank is further analyzed and it is investigated if it is possible to relocate the
tank to other locations, as discussed in Section 3.3.3. When relocating the fuel storage tanks, it
should be considered whether this causes a decrease in cargo capacity. The chapter is divided
into different sections presenting different solutions and corresponding cargo costs. The goal is
to investigate what the most cost-effective ways are to overcome the exceeded weight, exceeded
volume, or tank relocation when sailing on alternative fuels. It is assumed that the vessel sails
fully loaded on the way towards the importing country and returns empty.

5.1 Results of the Nordic Grace

In this section, the results of the vessel "Nordic Grace" are presented. First, the options of re-
ducing cargo, reducing speed, or using an extra fuel stop to overcome the exceeded weight and/or
exceeded volume are investigated. An extra fuel stop in this case means that the vessels make an
extra stop during the voyage to compensate for the loss of fuel which was saved in order to lower
the vessel weight. A flow rate for refueling of 110 - 280 [t] for marine fuel was found (Ascenz,
2019). A mooring time of 2 hours is selected which includes the time for the vessel to sail in, stop
and for the barge to connect. Further, it is assumed that the tanker the Nordic-Grace can store
a maximum 1000 m3 of hydrogen and ammonia on deck to comply with the IGF code. If the
tank volume exceeds 1000m3 the hydrogen, or ammonia fuel tank will be stored in place of cargo.

The results are shown in Table 34 and Table 35. Table 34 shows the transport costs of the
different fuel types when an extra bunker stop is made, or when the amount of cargo is reduced
while sailing the vessels design speed. Table 35 gives the minimum transport costs when the
vessels speed is adjusted. The "too much weight" and "too much volume" columns in Table 34
indicate how much weight, or volume, is exceeded when sailing on a specific fuel. The weight and
volume are not exceeded in the reduced speed scenario in Table 35, because the minimum cost
is achieved at a lower speed than necessary to solve the problem of exceeded weight, or volume.
"The cargo costs columns" show the transport costs in USD per tonnes of the solutions used
to overcome the exceeded weight, or volume. For ammonia and hydrogen it is also investigated
what the size of the fuel tanks are, in order to investigate if the tanks can be relocated on deck.
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Some results, or words are highlighted, because these need extra focus, or clarification. This is
done in the different subsections.

Fuel type Too much weight
[t]

Too much volume
[m³] Location of tank Size of storage

[m³]

Cargo costs
(extra stop)
[USD/t]

Cargo costs
(cargo loss)
[USD/t]

HFO 0 0 Correct 4.96 4.96
Methanol ICE 602 0 Ballast and fuel tank 9.89 9.81
Methanol FC 0 0 Ballast and fuel tank 10.95 10.95
Hydrogen ICE 1634 891 In place of cargo 4357 11.92 11.75
Hydrogen FC 546 337 In place of cargo 3803 12.36 12.25
Ammonia ICE 1271 0 In place of cargo 2179 8.71 8.60
Ammonia FC 340 0 In place of cargo 1901 14.29 14.19
Ethanol ICE 233 0 Ballast and fuel tank 9.44 9.38
Ethanol FC 0 0 Ballast and fuel tank 10.59 10.59
HVO 0 0 Correct 7.89 7.89
NMC Battery 14737 3707 Low in vessel 72.34 67.5

Table 34: Results of an extra bunker stop, or reducing amounts of cargo while sailing the Nordic
Grace fully loaded from Jeddah to Algeciras with 14.5 [kn]

Fuel Cargo costs
[USD/t]

Speed
[kn] Location of tank Size of tank

[m³]
HFO 4.43 9 Correct
Methanol ICE 6.73 6 Ballast and fuel tank
Methanol FC 6.80 6 Ballast and fuel tank
Hydrogen ICE 7.28 6 On deck 746
Hydrogen FC 7.21 6 In place of cargo 1809
Ammonia ICE 6.16 7 On deck 508
Ammonia FC 6.99 6 In place of cargo 1901
Ethanol ICE 6.58 6 Ballast and fuel tank
Ethanol FC 6.66 6 Ballast and fuel tank
HVO 5.94 7 Correct
NMC Battery 18.34 2 Low in vessel

Table 35: Minimum cargo costs after reducing speed

5.1.1 Reducing speed, reducing cargo, or an extra stop

The results show that in all cases a reduction of speed is the most cost-effective intervention.
Figure 23 and Figure 24 show the influence of speed reduction on costs when using a fuel cell
and an internal combustion engine (the values used can be found in Appendix H in Table 59).
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Figure 23: Influence of reducing speed [kn] on cargo costs [USD/t] while using an internal
combustion engine

Figure 24: Influence of reducing speed [kn] on cargo costs [USD/t] while using a fuel cell

Analyzing Figure 23 and Figure 24 show that at higher speeds a fuel cell is more expensive for
the same fuel used in an internal combustion engine. The reasons that causes this difference are
presented in Figure 25. In Figure 25, the costs distribution of the Nordic Grace using ammonia
in a fuel cell and in an internal combustion engine when sailing 10 [kn] is shown. The costs
distribution shows that the fuel costs are more significant when fuels are used in an internal
combustion engine at higher speed and, therefore, saving fuel and lowering speed reduces these
costs significantly. The fuels used in combination with a fuel cell give more significant capital
costs, reducing speed, and thus the power required, reduces the capital costs significantly. When
speed is increased, power increases, leading to an increase in capital costs increase as well. The
capital costs for fuel cells are currently higher than the capital costs of internal combustion
engines, resulting in higher transport costs at high speeds when using a fuel cell as compared to
an internal combustion engine.
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Figure 25: Costs distribution of Nordic Grace sailing on ammonia with 10 [kn] when using a fuel
cell (left) and an internal combustion engine (right)

5.1.2 NMC Battery

Another aspect requiring attention is that the NMC battery is not an option for the Nordic Grace
sailing from Jeddah to Algeciras, because the battery is too heavy, too big and too expensive, as
shown in Table 34.

5.1.3 Location of the tank

Next, the location of the fuel tank should be carefully considered. The location of the storage
tank is determined by the type of storage tank that is required and the IGF code. The exceeded
volume is calculated by subtracting the size of the available fuel tank on board from the volume
required. If the tank needs to be relocated, the entire volume required should be reconsidered.
The volume of a cylindrical tank can be calculated with the following equation:

V = π ∗ r2 ∗ L. (13)

This indicates that when a tank of 4357 m³ is required, as shown in Table 34, a very long, or wide
tank is required. In Section 3.3.3 it was stated that fuel tanks for ammonia and hydrogen, when
sailing an oil tanker, will be relocated on deck. However, even when 4 different tanks are used,
the amount of 4357 m³ volume is not likely to fit on deck because of the fuel tank size. When
the transport costs, while using hydrogen, or ammonia, are compared with the transport costs,
while using other fuels, it is not likely that the option of hydrogen, or ammonia at this speed
will be used. Even if the vessel will sail on hydrogen, or ammonia, reducing speed, and thereby
also reducing fuel volume, is a more costs-effective option as shown in Table 35. However, in the
developed model, a fuel tank with volumes larger than 1000 m³ will not be stored on deck, but
located in place of cargo and will result in cargo loss and increased transport costs.

5.1.4 Difference in costs

Analyzing the minimum costs at the vessels design speed as presented in Table 34 shows that fuels
used in a fuel cell are more expensive than when the same fuel is used in an internal combustion
engine. The average minimum costs of fuels used in fuel cells are 12 [USD/t], while the average
costs of fuels used in combination with an internal combustion engine are 8.73 [USD/t]. Even
though fuel cells are more efficient and save fuel costs, the fuel cell capital costs result in a
more expensive use of fuels in fuel cells. Within the minimized transport costs, presented in
Table 35, differences are identifiable as well. The costs per tonnes cargo vary between 7.28-4.43
[USD/t] (excluding the expensive batteries). The fuel price influences the difference in costs,
because the price of the fuel with the lowest costs is 36 [USD/MWh] while the highest fuel costs
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are 92 [USD/MWh] for the fuel. However, this is not the only parameter that causes the price
difference. Table 36 shows the costs per tonnes cargo when all fuels have the same fuel price,
while used in combination with an internal combustion engine.

Fuel Speed
[kn]

Minimum cargo costs
[USD/t]

HFO 9 4.43
Methanol 8 4.43
Hydrogen 9 5.34
Ammonia 9 4.48
Ethanol 9 4.43
HVO 9 4.43

Table 36: Minimum costs when all fuels have the same costs as heavy fuel oil and used in an
internal combustion engine

Analyzing the costs distribution of hydrogen shows that the 12.10 [USD/kWh] storage costs
have a significant contribution in the cargo costs of hydrogen. The costs are still visible when
the speed is reduced to a level where the cargo capacity and the fuel price are the same as of
HFO. These storage costs can be lowered when more fuel stops are made and, subsequently, a
smaller storage tank can be an option. A smaller storage tank reduces the storage costs and, in
that case, hydrogen might become competitive to other alternative fuels.

5.1.5 Influence of a smaller storage tank

To investigate if alternative fuels with high fuel storage costs can be competitive with other fuels,
it is analyzed how the fuel storage costs can be reduced. The fuel storage costs are presented in
[USD/kWh] and are, therefore, determined by the size of the fuel storage tank. The size of the
storage tank depends on the amount of fuel which the vessel requires for its voyage. This means
that when the voyages become shorter, the fuel storage costs can be reduced. The reason for this
is that a smaller fuel storage tank is used on board of the vessel. In order to reduce the energy
required on board, the voyage is divided into parts. After each sailed part, the tank is filled up
and as a result the fuel storage tank can remain small. The energy required, until a fuel stop is
reached, is calculated with the following equation:

Energy required =
Energy required for voyage

1 + amount of stops
(14)

The disadvantage of stopping more often is that the time needed for a voyage increases. This
extra voyage time leads to the fact that less voyages can be made within a year. The result of
less voyages per year is that less tonnes of cargo are transported per year, finally resulting in
higher costs per tonnes cargo. The time which a bunker stop requires is calculated by Equation
15:

Extra time[h] = Amount of stops ∗Mooring time[h] +
Fuel required[t]

Flow rate[t/h]
∗Amount of stops

(15)
The extra time needed for a bunker stop is added to the voyage duration, meaning that on the
way towards the importing country as well as on the way back the same number of stops are
made. The influence of a smaller storage tank and more fuel stops is analyzed for fuels that have
known storage costs.
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Hydrogen
First, hydrogen is analyzed. The influence of more bunker stops, when sailing on hydrogen in
combination with an internal combustion engine, is presented in Figure 26. The minimum cargo
costs [USD/t] and corresponding stops and vessel speed are presented in Table 37. In Appendix
H the exact data as represented in Figure 26 can be found in Table 60.

Figure 26: Influence of extra stop(s) when sailing on hydrogen in combination with internal
combustion engine

Fuel No. of stops Size of tank at speed
[m³]

Speed
[kn]

Cargo costs
[USD/t]

Difference with 0 stops
[USD/t]

Hydrogen 0 746 6 7.28 0
Hydrogen 1 373 6 7 0.28
Hydrogen 2 249 6 6.93 0.35
Hydrogen 3 187 6 6.91 0.37
Hydrogen 10 68 6 7.01 0.27

Table 37: Minimum cargo costs when making extra stops while sailing on hydrogen using an
internal combustion engine

Analyzing Figure 26 and Table 37 shows that the effect of making extra bunker stops reduces
the cargo costs per tonnes significantly. When making 2, or 3 extra bunker stops, the costs per
tonnes cargo reduces with 0.35-0.37 [USD/t]. However, the amount of costs reduction decrease
when the number of stops increase. After a certain number of stops, the costs per tonnes cargo
even increase, implying that the advantage of making extra stops is limited.

As the duration of the stops is based on assumptions and a flow rate found for conventional
marine fuels, it is investigated what the influence is of the estimated additional time for the
bunker stop. It is investigated what the costs are when the mooring time is 0, 2, 5 and 10 [h].
The results are presented in Figure 27 and Figure 28. The exact values per speed are given in
Appendix H, in Table 61 and Table 62.
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Figure 27: Influence of mooring time while making 1 extra stop when sailing on hydrogen using
an internal combustion engine

Figure 28: Influence of mooring time while making 2 extra stops when sailing on hydrogen using
an internal combustion engine

Analyzing Figure 27 and Figure 28 shows two things. 1) The advantage of an extra fuel stop
depends on the time of the fuel stop. This means that there must be the opportunity to refuel
quickly before reducing the volume of the storage tank. 2) Even when the mooring time is 10
[h] it is still more cost-effective than zero stops and using a large fuel storage tank. However,
the advantage of 2 stops as compared to 1 stop disappears. When applying the same method to
lower the costs for hydrogen use in a fuel cell, the most cost-effective solution is 10.96 [USD/t]
while making 1 stop sailing 10 [kn].

Other fuels with storage costs
The capital costs increase when using methanol, ethanol, or ammonia, due to storage costs as
well. The costs per kWh are described in Table 38:

76



Ammonia Methanol Ethanol
Storage Costs 0.65 0.11 0.11 [USD/kWh]

Table 38: Costs of fuel storage

Ammonia has the second most expensive fuel storage costs. The influence of an extra stop, while
using ammonia, is investigated in order to analyze if an extra stop reduces the cargo costs for
ammonia as well. The differences in costs are presented in Figure 29. The exact values can be
found in Appendix H in Table 63.

Figure 29: Influence of making 1 extra stop when sailing on ammonia using an internal combus-
tion engine

Figure 29 shows that the cargo transport costs of ammonia increase when an extra stop is
made. The influence of an extra stop on the cargo costs of ethanol and methanol are not further
researched. The storage costs of ethanol and methanol are lower than for ammonia indicating
that the option of making an extra stop, and use a smaller fuel tank, would not lower the
transport costs on this voyage for the Nordic Grace when sailing on ethanol and methanol.

5.2 Influence of vessel size and type

The influence of vessel size, or vessel type is analyzed by determining the costs per tonnes cargo
for different vessels using different fuel types. An overview is given in Table 39. The exact values
corresponding to the varying vessel speed can be found in Table 64, Table 65 and Table 66 of
Appendix H.

The CMA CGM Louga as well as the Ore China have, next to the measures taken to sail
on hydrogen and ammonia, additional cargo loss. The storage tanks for hydrogen and ammonia
for the Ore China are too large to locate on deck and are, therefore, located in the cargo space.
The CMA CGM Louga is a container vessel, which implies that the storage tanks for ammonia
and hydrogen have to be located in place of cargo as well. The amounts of cargo lost in these
situations can be found in Table 64 and Table 65 of Appendix H. For the Nordic Grace it is
assumed that the fuel storage tanks can be relocated on deck. However, it needs further research
whether this is realistic. When the tanks are over 1000 m3 they are considered too large to fit on
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deck and should be relocated in place of cargo. An overview, ranking from the most favourable
fuel to the least favourable fuel when sailing the different vessels is given in Table 39.

CMA CGM Louga
Rotterdam - St. Petersburg

Nordic Grace
Jeddah - Algeciras

Ore China
Santos - Dalian

Fuel type Speed
[kn]

Cargo costs
[USD/t]

Difference
with HFO Fuel type Speed

[kn]
Cargo costs
[USD/t]

Difference
with HFO Fuel type Speed

[kn]
Cargo costs
[USD/t]

Difference
with HFO

1 HFO 11 6.18 0 HFO 9 4.43 0 HFO 11 13.36 0
2 HVO 8 8.22 33.01% HVO 7 5.49 23.93% HVO 8 18.15 35.85%
3 Ammonia ICE 8 8.5 37.54% Ammonia ICE 7 6.16 39.05% Ammonia ICE 7 19.70 47.46%
4 Ethanol ICE 8 9.06 46.60% Ethanol ICE 6 6.58 48.53% Ethanol ICE 7 20.20 51.20%
5 Ethanol FC 8 9.25 49.68% Ammonia FC 6 6.58 48.53% Ethanol FC 7 20.4 52.69%
6 Methanol ICE 7 9.28 50.16% Ethanol FC 6 6.66 50.34% Methanol FC 7 20.84 55.99%
7 Methanol FC 7 9.43 52.59% Methanol ICE 6 6.73 51.92% Methanol ICE 6 20.95 56.81%
8 Hydrogen ICE 7 9.60 55.34% Methanol FC 6 6.8 53.50% Ammonia FC 6 21.54 61.23%
9 Hydrogen FC 7 9.63 55.83% Hydrogen FC 6 7.2 62.53% Hydrogen FC 5 27.12 102.99%
10 Ammonia FC 7 9.62 55.66% Hydrogen ICE 6 7.28 64.33% Hydrogen ICE 5 28.58 113.92%
11 Battery 5 17.94 190.29% Battery 3 18.52 318.06% Battery 3 151.4 1033.23%

Table 39: Overview of favourable fuel types per vessel

Analyzing Table 39 shows that the ranking of the most favourable alternative fuel differs per
vessel. Reducing vessel speed is for all fuels the most cost-effective solution, and this is inde-
pendent of voyage, or vessel size. When the vessels are sailing their design speed and the most
cost-effective solution is reducing the amount of cargo, the fuel ranking changes, as is shown in
Table 40.

CMA CGM Louga
Rotterdam - St. Petersburg

20 [kn]

Nordic Grace
Jeddah - Algeciras

14.5 [kn]

Ore China
Santos - Dalian

14.8 [kn]

Fuel type Cargo costs
[USD/t]

Difference
with HFO Fuel type Cargo costs

[USD/t]
Difference
with HFO Fuel type Cargo costs

[USD/t]
Difference
with HFO

1 HFO 7.59 0 HFO 4.96 0 HFO 14.15 0
2 HVO 12.31 62.19% HVO 7.89 59.07% HVO 22.09 56.11%
3 Ammonia ICE 13.54 78.39% Ammonia ICE 8.58 72.98% Ethanol ICE 26.35 86.22%
4 Ethanol ICE 14.71 93.81% Ethanol ICE 9.38 89.11% Methanol ICE 27.65 95.41%
5 Methanol ICE 15.43 103.29% Methanol ICE 9.81 97.78% Ammonia ICE 27.69 95.69%
6 Hydrogen ICE 17.37 128.85% Ethanol FC 10.59 113.51% Ethanol FC 30.13 112.93%
7 Ethanol FC 16.95 123.32% Methanol FC 10.95 120.77% Methanol FC 30.42 114.98%
8 Methanol FC 17.52 130.83% Hydrogen ICE 11.75 136.90% Ammonia FC 38.85 174.56%
9 Hydrogen FC 18.43 142.82% Hydrogen FC 12.25 146.98% Hydrogen FC 46.48 228.48%
10 Ammonia FC 20.37 168.38% Ammonia FC 14.19 186.09% Hydrogen ICE 47.28 234.13%
11 Battery 57.1 652.31% Battery 67.5 1260.89% Battery 871.18 6056.75%

Table 40: Overview of favourable fuel types per vessel sailing design speed

In minimized transport costs situation as well as in the situation that vessels sail their design
speed, a different ranking of preferred fuel types appear for different vessels and operations. This
implies that vessel size and operation do have an influence on the preferred alternative fuel. How
the costs of the CMA CGM Louga and Ore China are distributed can be further analyzed to
see what causes this specific ranking of favourable fuel types and how the costs are distributed.
This investigation could possibly lead to other cost-effective options and interesting insights for
sailing with these vessels.

Future considerations
When determining the transport costs of the CMA CGM Louga, it was assumed that the con-
tainer vessel is fully loaded. However, when the CMA CGM Louga, or another container vessel
is analyzed, it should be taken into account that container ships are almost never fully loaded.
If a container vessel is not fully loaded, the excess of volume, or weight will be lower, or does
not even play an important role after all. In the future, when analyzing a container vessel, it
would be more logical to mention lost revenue instead of increased cargo transport costs. This
means that the amount of cargo loss to compensate for the weight that is required when sailing
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on alternative fuels, or when the fuel tanks are placed in place of cargo should be calculated
and translated to lost revenue. When the freight rate is known, the amount of lost cargo can
be expressed in terms of potential loss of revenue which in case of a not fully loaded container
vessel remains the same as for a fully loaded container vessel.

5.3 Influence of voyage

In Table 41, the influence of voyage is given for hydrogen in combination with an internal com-
bustion engine, methanol in combination with a fuel cell and heavy fuel oil, when sailing the
design speed with the Nordic Grace. The boxes in red imply that it is not possible to sail 14.5
[kn] when using the fuel, or that an extra stop, or reduce in cargo is not necessary. The fuel-
converter combinations have been chosen to investigate what the influence of the voyage is on
the effect of 1) the high capital costs of a fuel cell, 2) the high operational costs for hydrogen
and 3) to investigate what the influence of the voyage is on the base case represented by heavy
fuel oil. Expected is that the storage costs of hydrogen result in higher transport costs for longer
voyages. This implies that making more voyages and sailing higher speed is preferred when the
capital costs are high. The costs distribution using the different fuels on different voyages while
varying speed are given in Figure 30, Figure 31 and Figure 32.

Hydrogen ICE Methanol FC Heavy fuel oil
14.5 (speed) Extra stop Cargo loss 14.5 (speed) Extra stop Cargo loss 14.5 (speed) Extra stop Cargo loss

Rotterdam - St. Petersburg 6.56 6.43 6.57 2.98
Jeddah - Algeciras 11.92 11.75 10.95 4.96
Santos - Dalian 79.4 81.82 50.55 50.79 22.64

Table 41: Influence of vessel cargo price while making an extra stop, or reducing cargo while
sailing, if needed, on design speed from Jeddah - Algeciras

Figure 30: Influence of voyage when sailing with the Nordic Grace on heavy fuel oil
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Figure 31: Influence of voyage when sailing with the Nordic Grace on methanol using a fuel cell

Figure 32: Influence of voyage when sailing with the Nordic Grace on hydrogen using an internal
combustion engine

As shown above, it appears that shorter voyages have less influence on the transport costs per
fuel type than long voyages. This might make it possible to sail at higher speed, on short voyages,
and make more voyages per year for profit. In the situation where an expensive storage option
is chosen, like hydrogen, the reduction of the storage tank size and lowering the speed are the
most cost effective measurement. The introduction of more fuel stops on long voyages, thereby
reducing the need for large storage rooms might be an interesting option as well, and can be
further investigated. The exact values per speed and voyages are given in Appendix H in Table
67, Table 68 and Table 69
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5.4 Fixed combustion engine, or fuel cell

In the previous results the combustion engine, or fuel cell, and their associated costs and weight
are modified. The capital costs and weight of the internal combustion engine and fuel cell rep-
resent the costs and weight of a fuel cell, or combustion engine for the required power when
the vessels is sailing a certain speed. In other words, when sailing slower, the required power is
reduced and with it the costs, and the weight, of the combustion engine, or fuel cell. This results
in lower capital costs when the vessel is sailing at lower speed which results, because of this,
in lowering sailing speed was the most cost-effective solution. However, in a real-life situation
when a combustion engine, or a fuel cell are installed, the capital costs remain the same. In this
section, it is investigated what the most cost-effective solution is if the combustion engine, or
fuel cell and its associated costs and weight remain unchanged when less power is required.

An engine power of 18,624 [kW] is used for this analysis, which represents the engine power
of the Nordic Grace. The results are presented in Table 42 and a complete overview of the
transport costs corresponding with different speeds can be found in Table 77 in Appendix H.

Costs
[USD/t]

Speed
[kn]

Costs increase
compared to

HFO
HFO 4.73 11 0.00%
Methanol ICE 7.38 7 56.03%
Methanol FC 10.36 11 119.03%
Hydrogen ICE 8.00 6 69.13%
Hydrogen FC 10.78 9 127.91%
Ammonia ICE 6.75 7 42.71%
Ammonia FC 14.19 14.5 200.00%
Ethanol ICE 7.20 11 52.22%
Ethanol FC 10.10 7 113.53%
HVO 6.49 8 37.21%

Table 42: Minimized transport costs when capital costs and the weight of the engine, or the fuel
cell are fixed, when sailing the Nordic Grace from Jeddah to Algeciras

Analyzing Table 42 shows that the sailing speeds, corresponding with the minimized transport
costs, increases in comparison with the sailing speed corresponding to the minimum transport
costs as presented in Table 35. Table 35 presents the minimized transport costs when the
associated engine, or fuel cell costs were modified to the required power. The reason why the
vessel requires a higher sailing speed as compared to the results as discussed in Table 35 is the
fixed high capital costs of the 18,624 [kW] engine. Further analysis of Table 42 reveals that
when a fuel is used in an internal combustion engine, a lower speed is more preferable for the
same fuel when used in a fuel cell. When a fuel cell is used the vessels speed increase is even
more significant. A fuel cell of an 18,624 [kW] is significantly more expensive than an 18,624
[kW] internal combustion engine, especially when ammonia fuel in combination with a fuel cell
as shown in Table 43.
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Costs [USD]
Ammonia FC 2.97E+08
Ethanol FC 1.11E+08
Methanol FC 1.11E+08
Hydrogen FC 9.49E+07
Internal combustion engine 1.58E+07

Table 43: Costs of 18,624 kW a fuel cell (FC), or, an internal combustion engine (ICE)

In conclusion, fuels used in fuel cells have a more significant effect on capital costs. The capital
costs influence the running costs as well. This will result in a less significant benefit of fuel saving
as compared to the benefit of transporting more cargo over a year in order to reduce the costs
per tonne cargo. In conclusion, when an 18,624 [kW] fuel cell, or internal combustion engine is
installed, the calculation showed that the action of transportation of more cargo over a year is
preferred over a fuel-saving measurement when an 18,624 [kW] fuel cell.

5.5 Conclusions of results

To answer the main question: "In an optimized situation, how do the transport costs when
sailing on various fuels with different energy density than conventional fuels compare?", several
scenarios have been analyzed. From these scenarios several conclusions can be drawn.

• Reducing speed is the most cost-effective option when sailing on alternative fuels.

• Batteries are too expensive, too heavy and too large to be cost-competitive with other
alternative fuels when sailing a 150,000 DWT tanker from Jeddah to Algeciras.

• When large volumes need to be relocated, the option for relocating storage tanks on deck
should be investigated. If this is not realistic, the fuel tanks should be in place of cargo.
This, in the end, will influence the cargo costs.

• When the alternative fuels have the same fuel price, the difference in costs will be deter-
mined by the fuel storage tank. When vessels are sailing at higher speed the capital costs
of a fuel cell will determine the difference in costs.

• A smaller storage tank and making extra stops reduces the transport costs up to a certain
point, but then increases again due to the time needed for an extra fuel stop. Only a
reduction in transport costs while sailing the Nordic Grace from Jeddah to Algeciras on
hydrogen and making an extra stop was achieved.

• In an optimized situation, where reducing speed is most favourable, the ranking of most
favourable fuel type does change when other vessel sizes, or types are used. If the vessel
sails its design speed, vessel size and vessel type do influence the ranking of most favourable
alternative fuels as well.

• When the capital costs are high, an increase in voyage numbers results in the reduction
of the costs. For short voyages alternative fuels with high storage costs like hydrogen are
more cost-effective than for long distances, making extra bunker stops on long voyages
interesting when using hydrogen.
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6 Sensitivity analysis

In this chapter, sensitivity analysis will be performed on estimated parameters earlier this study
and on parameters of which it is uncertain how they will develop towards 2050. It is investigated
what the influence of these assumed, or uncertain values, corresponding with the parameters,
are on the calculated transport costs. The parameters that will be examined are:

• Fuel price

• Engine costs

• Engine efficiency

• Crew wage

• Amount of running days

• Fuel margin

• Container weight

• Provision weight

In the analysis, the effect on the transport costs when the value of an assumed, or uncertain
parameter increases, or decreases is investigated and evaluated. Parameters will be adjusted
towards a different, mostly a maximum and/or a minimum scenario. The values that were used
for calculating the transport costs in previous chapters will be indicated as: "base case values".
The base case values are the values for parameters which were considered as most likely during
the study.

6.1 Fuel price

The first variable that is analyzed is the fuel price. In the previous sections, one fuel price, based
on the literature review, is used. However, past experience shows that fuel price is very difficult
to predict. The price of fuel is unexpected and can rise or fall at any time. Figure 33 gives an
overview of the market prices of natural gas and Brent crude oil over the past 5 years.

Figure 33: Overview of price of natural gas [USD/MMBTU] (left) and brent crude oil
[USD/barrel] (right) from the last 5 years (graphs from www.marketsinsider.com)

Analyzing Figure 33 shows that the prices for natural gas varied between -40% and +80% percent,
and the crude oil from -60% till 70% over the previous 5 years, as compared to the baseline which
represents the fuel prices in 2016. It is expected that these kind of variations will continue towards
2050 and that the fuel price, as used in this study, will differ from the fuel price in 2050. For
this reason, a sensitivity study is done to show what the impact is of an increase, or decrease in
fuel price on the transport costs as determined in previous sections. It is analyzed per fuel type
what impact a 10%, 20%, 30%, 40% and 50% increase, or a similar decrease of the fuel price has
on the transport costs. In Table 44, the effect of the percentual increases and decreases of the
fuel price on the transport costs are given.
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Fuel type -50% -40% -30% -20% -10% Base case +10% +20% +30% +40% +50%
HFO -23.02% -18.06% -13.09% -8.58% -4.29% 0.00% 3.84% 7.67% 11.29% 14.90% 18.28%
Methanol ICE -26.15% -20.06% -14.71% -9.36% -4.31% 0.00% 4.46% 8.92% 13.22% 16.94% 20.51%
Methanol FC -21.18% -16.62% -12.21% -7.79% -3.82% 0.00% 3.82% 7.65% 11.47% 14.71% 17.79%
Hydrogen ICE -20.47% -15.93% -11.95% -7.97% -3.98% 0.00% 3.85% 7.14% 10.44% 13.74% 17.03%
Hydrogen FC -18.45% -14.29% -10.54% -7.07% -3.47% 0.00% 3.47% 6.80% 9.71% 12.62% 15.53%
Ammonia ICE -25.49% -19.64% -14.29% -9.25% -4.71% 0.00% 4.38% 8.28% 12.18% 16.23% 20.13%
Ammonia FC -15.02% -12.02% -9.01% -6.01% -3.00% 0.00% 2.72% 5.15% 7.73% 10.16% 12.73%
Ethanol ICE -25.99% -20.21% -14.74% -9.57% -4.56% 0.00% 4.26% 8.51% 12.92% 16.72% 20.36%
Ethanol FC -20.72% -16.37% -12.01% -7.66% -3.75% 0.00% 3.75% 7.36% 11.11% 12.01% 17.72%
HVO -25.42% -19.70% -14.31% -9.26% -4.55% 0.00% 4.55% 8.75% 15.49% 16.33% 20.20%
Battery -1.47% -1.20% -0.87% -0.60% -0.33% 0.00% 0.27% 0.60% 0.87% 1.15% 1.47%

Average -20.31% -15.83% -11.61% -7.56% -3.71% 0.00% 3.58% 6.98% 10.58% 13.23% 16.52%
Average without battery -22.19% -17.29% -12.69% -8.25% -4.04% 0.00% 3.91% 7.62% 11.55% 14.44% 18.03%

Table 44: Transport costs increase, or decrease [%] per scenario (percentage added on, or sub-
tracted from the fuel price base case) when sailing with the Nordic Grace from Jeddah to Algeciras

Analyzing Table 44 shows that when the fuel price in 2050 increases with 50% as compared to
the fuel price used in this study, an average increase (excluding battery) of 18% in transport
costs should be taken into account when using the developed model. When the fuel price is
50% lower than used in this study, the calculated transport costs will decrease with an average
(excluding battery) of 22%.

In conclusion, the transport costs are sensitive to the influence of changing fuel price and it
should be taken into account that the transport costs calculated by the developed model can
differ when fuel prices differ. The differences in transport costs are given in the different figures.
In Figure 34, Figure 35 and Figure 36, overviews are presented of how the transport costs develop
from a fuel price decrease of 50% to the base-case (in blue) and from the base-case to a fuel price
increase of 50%. The figures show how the fuel price is distributed in different scenarios and how
the transport costs can vary from the transport costs as presented in this study. The specific
values of transport costs are presented in Appendix H, Table 70, Table 71, Table 72 and Table
73.
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Figure 34: Fuel price distribution when using heavy fuel oil, hydrotreated vegetable oil and ethanol at speed, from base-case to +50% (orange)
and from base-case to -50% (blue) when sailing with the Nordic Grace from Jeddah to Algeciras
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Figure 35: Fuel price distribution when using methanol and hydrogen at speed, from base-case to +50% (orange) and from base-case to -50%
(blue) when sailing with the Nordic Grace from Jeddah to Algeciras
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Figure 36: Fuel price distribution when using ammonia and a battery at speed, from base-case to +50% (orange) and from base-case to -50%
(blue) when sailing with the Nordic Grace from Jeddah to Algeciras
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6.2 Engine costs

The second sensitivity analysis involves the combustion engine and fuel cell used. First it is
analyzed if fuel cells are more cost-effective, when sailing the vessels design speed, when fuel cells
become less expensive. Thereafter, it is analyzed how the transport costs differ when different
combustion engine, or fuel cell efficiencies are used. It will be examined what the influences are
of the assumptions of 48% internal combustion engine efficiency and 55% fuel cell efficiency on
transport costs.

Use of a fuel cell when sailing the vessels design speed
In Section 5.1.4 it is stated that, when the vessel is sailing at higher speed, transport costs are
higher when fuels are used in combination with a fuel cell, than when the same fuel is used in
an internal combustion engine. Section 5.4 shows that when the fuel cell capital costs are fixed,
the minimized costs when using a fuel cell are significantly higher than when using an internal
combustion engine.

The use of fuel cells is very modern and fuel cells are not produced on large scale. The price of
a fuel cell might drop towards 2050 due to manufacturing at large scale. To determine what the
consequence are of a drop in fuel cell capital costs, it is analyzed what the influence is of a 20%,
40%, 60% and 80% drop in fuel cell price on the transport costs, when sailing at higher speed
(the vessels design speed). The results are presented in Figure 37.

Figure 37: Transport costs decrease when the capital costs of a fuel cell or battery decrease when
sailing the Nordic Grace from Jeddah to Algeciras

Figure 37 shows that a reduce in fuel cell costs can decrease the transport costs significantly when
using a fuel cell, when sailing at higher speeds. It should, therefore, be taken into account that
when fuel cells become cheaper, the transport costs at higher speed will be lower than presented
by the developed model.

Efficiency of an internal combustion engine and a fuel cell
In this study, an internal combustion engine efficiency of 48% and a fuel cell efficiency of 55% are
used. However, the efficiencies of fuel cells and internal combustion engines vary. Typically, effi-
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ciencies of fuel cells vary between 50-60% and for internal combustion engines between 42-53%,
according to the key characteristics of fuel cell concepts and combustion engines described by
DNVGL (DNVGL, 2018). It is, therefore, analyzed what the impact of these different efficiencies
are on the transport costs. For internal combustion engines, a minimum efficiency of 42% and
a maximum efficiency of 53% are used. For fuel cells, a minimum of 50% and maximum of 60%
efficiency are used. The results of are shown in Table 45 and Table 46.

Fuel cell efficiency

50% 55%
Base case 60%

Fuel type Minimum Costs
[USD/t]

Transport costs
Increase

Minimum Costs
[USD/t]

Minimum Costs
[USD/t]

Transport costs
Increase

Methanol FC 7.06 3.82% 6.8 6.58 -3.24%
Hydrogen FC 7.52 4.30% 7.21 6.95 -3.61%
Ammonia FC 7.18 2.72% 6.99 6.82 -2.43%
Ethanol FC 6.91 3.75% 6.66 6.45 -3.15%

Table 45: Influence of different fuel cell efficiencies on the transport costs when sailing the Nordic
Grace from Jeddah to Algeciras

Fuel cell efficiency

42% 48%
Base case 53%

Fuel type Minimum Costs
[USD/t]

Transport costs
Increase

Minimum Costs
[USD/t]

Minimum Costs
[USD/t]

Transport costs
Increase

HFO 4.67 5.42% 4.43 4.26 -3.84%
Methanol ICE 7.16 6.39% 6.73 6.45 -4.16%
Hydrogen ICE 7.78 6.87% 7.28 6.94 -4.67%
Ammonia ICE 6.54 6.17% 6.16 5.89 -4.38%
Ethanol ICE 6.98 6.08% 6.58 6.30 -4.26%
HVO 6.32 6.40% 5.94 5.69 -4.21%

Table 46: Influence of different internal combustion engine efficiencies on the transport costs
when sailing the Nordic Grace from Jeddah to Algeciras

The results show that transport costs are influenced by efficiencies used. When calculating the
transport costs using a minimum and maximum efficiency, a 2.7-6.9 % increase and 2.4-4.4%
decrease on minimum transport costs occurs. This implies that when a less, or more efficient
propulsion system is used, the transport costs as calculated in this study will only slightly differ
from the transport costs corresponding to the more, or less efficient system. This differences
should be taken into account when using the developed model.
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6.3 Crew wage

As described in Section 3.1.2, the salaries of the vessel crew are generally difficult to determine,
because the salaries of vessel crew depend on the nationality and rank of the crew members. In
this study, an average crew salary of $75.000 is used. In this section it is analyzed what the
influence is of a difference of +50%, +33%, -33% and -50% on crew wage on the transport costs.
The results are presented in Figure 38 and Table 74 in Appendix H.

Figure 38: Influence on minimized transport costs when different crew wages are used when
sailing the Nordic Grace from Jeddah to Algeciras

The minimized transport costs vary from -9% to +8% when the crew wages increase, or decrease
with 50% and from +5% to -6% when the crew wages increase, or decrease with 33%. The crew
wage is a relevant parameter for the transport costs. It is, therefore, necessary to keep in mind
that large differences in costs between can occur when crew wages are significantly higher, or
lower than 75,000 [USD].
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6.4 Amount of running days

In Section 4.1 it is stated that the number of running days per year of a vessels is 360. This
amount of running days is quite high, especially when an old vessel is considered. When the
running days are less than used in this study, less voyages can be made, implying that the
transport costs will increase. In this section it is investigated what the influence is of the number
of running days by decreasing the running days from 360 to 300 days per year. The results are
shown in Figure 39 and in Table 75 in Appendix H.

Figure 39: Influence on minimized transport costs when the vessel runs 300 days per year when
sailing the Nordic Grace from Jeddah to Algeciras

Analyzing Figure 39 shows that when the running days decrease to 300 days, the minimized
transport costs increases between 10-19 %, depending on the fuel type. When the model is used
it should be taken into account that the amount of running days is a relevant parameter for the
transport costs and the amount of running days should be determined carefully, or a transport
costs increase should be taken into account.
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6.5 Fuel margin

In this study, a fuel margin of 10% is assumed. To investigate the influence of this assumption it
is analyzed what the minimized transport costs are when a fuel margin of 20% is used. A higher
fuel margin results in less amount of weight available for cargo. It is expected that the transport
costs will be higher, because less cargo can be taken with. The results when comparing a fuel
margin of 20% instead of 10% are shown in Figure 40 and in Table 76 in Appendix H.

Figure 40: Influence on minimized transport costs when a fuel margin of 20% is used, when
sailing the Nordic Grace from Jeddah to Algeciras

Analyzing Figure 40 shows that a fuel margin of 20% instead of 10% results in an increase of
the minimized transport costs between 2.5-4.25% which seems a small difference, but should be
taken into account while determining transportation costs with a fuel margin greater than 10%.

6.6 Container weight

In this study, the transport costs are given in tonnes and not TEU, implying that the weight
of a TEU does not matter. However, when fuel tanks need to be placed in place of cargo, the
lost (container) volume is converted to weight. In this study, a container weight of 28 [t] is used,
which is the maximum weight of a container. Not all containers will be loaded with 28 [t] and,
therefore, it is investigated what the minimized transport costs are when a lower container weight
of 14 [t] is used. Table 47 shows the difference in transport costs when sailing from Rotterdam
to St. Petersburg with the CMA CGM Louga with 14 [t] containers instead of 28 [t] containers.
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Container weight
28 [t] 14 [t]

Costs
[USD/t]

Speed
[kn]

Costs
[USD/t]

Speed
[kn]

Transport costs
increase

Hydrogen ICE 9.6 7 9.57 7 -0.31%
Hydrogen FC 9.63 7 9.61 7 -0.21%
Ammonia ICE 8.5 8 8.49 8 -0.12%
Ammonia FC 9.62 7 9.61 7 -0.10%

Table 47: Influence on minimized transport costs when container weight is 14t, when sailing the
CMA CGM Louga from Rotterdam to St. Petersburg

The change in container weight only influences the transport costs when using hydrogen, or
ammonia, because both require special fuel storage tanks, which will be placed in place of cargo
and result in cargo losses. Analyzing the transport costs increase shows that the influence of
container weight is negligible. The lost volume and corresponding weight is relatively low as
compared to the weight of the total cargo taken with.

6.7 Dry provision weight

The last parameter that is examined with a sensitivity analysis is the dry provision weight. In
this study, a dry provision weight of 425 [t] is assumed. Provision weight varies per operation,
size of the vessel and crew. It is analyzed what the influence on minimized transport costs are
when instead a lower dry provision weight of 100 [t] is used. The results are given in Table 48.

Provision weight
425t

Provision weight
100t

Costs [USD/t] Costs [USD/t] Transport costs
increase

HFO 4.43 4.42 -0.23%
Methanol ICE 6.73 6.72 -0.15%
Methanol FC 6.8 6.78 -0.29%
Hydrogen ICE 7.28 7.28 0.00%
Hydrogen FC 7.21 7.19 -0.28%
Ammonia ICE 6.16 6.14 -0.32%
Ammonia FC 6.99 6.98 -0.14%
Ethanol ICE 6.58 6.56 -0.30%
Ethanol FC 6.66 6.64 -0.30%
HVO 5.94 5.93 -0.17%
Battery 18.34 18.3 -0.22%

Table 48: Influence of provision weight on minimized transport costs, when sailing the Nordic
Grace from Jeddah to Algeciras

Analyzing Table 48 demonstrates that the transport costs decrease when using 100 [t] as dry
provision weight is negligible. This is explained by the fact that 425-100=325 [t] of weight, left
for extra cargo, is relatively low for a 150,000 DWT oil carrier and will not result in an appointive
transport cost advantage.
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6.8 Conclusions of sensitivity analysis

In Table 49, an overview is given of what the impact is of varying assumed, or uncertain pa-
rameters. Different colours are used to indicate which changes in parameters result in major
differences and are, therefore, considered relevant. The colours used are:

• Green when minimized transport costs are not very sensitive for changes in the value of
this parameter (0 - 1%)

• Yellow when minimized transport costs are sensitive for changes in the value of this pa-
rameter (1 - 5%)

• Red when minimized transport costs are very sensitive for changes in the value of this
parameter (>5%)

Using different fuel prices Minimum case (-50%) Maximum case (+50%)
-18.45% till -25.99% 17.03% till 20.51%

Using different fuel cell capital costs are reduced Minimum case (-20%) Maximum case (-80%)
-3.02% till -9.16% -12.08% till -36.58%

Using different internal combustion engine efficiencies Minimum case (42%) Maximum case (53%)
5.24% till 6.87% -3.84 till -4.67%

Using different fuel cell efficiencies Minimum case (50%) Maximum case (60%)
2.72% till 4.30% -2.43% till -3.61%

Using different crew wages Minimum case (-50%) Maximum case (50%)
-9.59% till -8.46% 7.83% till 8.56%

Using different amount of running days 300 days
10.18% till 13.73%

Using a different fuel margin Fuel maring 20%
2.58% till 4.26%

Using a different container weight Container weight14 [t]
-0.10% till -0.31%

Using a different provision weight 100 [t]
0% till 0.32%

Table 49: Range of minimized transport costs increase of all fuels combined in different scenarios

Analyzing Table 49 shows that fuel price, fuel cell costs, internal combustion engine efficiency,
crew wage and running days values can influence the minimized costs significantly. This may
result in transport costs higher, or lower than calculated, when the used parameter values differ
from the real-life situation.
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7 Conclusion and Discussion

Sailing on alternative fuels is the solution in order to comply with MEPC.304(72) ambitions
which were adopted by the IMO in 2018. These ambitions are to reduce the CO2 emissions by
70% per transport work by 2050 as compared to 2008 and to reduce the greenhouse gas emission
by 50% in 2050 as compared to 2008.

For this study, a model was developed. The model should be used to investigate the econom-
ical consequences of sailing on various alternative fuels. The main goal was to investigate the
economical consequences using alternative fuels in international shipping. In the model various
parameters can be adjusted and their influence on the cargo transport costs can be established.

The main research question was:
In a situation where the transport costs are minimized, how do the transport costs
compare when sailing on various fuels with different energy densities than conven-
tional fuels?

In order to answer this main research question, several sub-question had to be answered first.

1. How much energy, fuel volume and fuel weight per fuel type are required for
different vessels on specific routes and operations?

The amount of required energy differs per vessel, voyage and fuel type. The required fuel volume
and fuel weight differ per situation. The scope of the study is, therefore, limited to specific
situations. The developed model, however, can be adjusted to every new situation including
another specific vessel on a specific route using a specific fuel.

2. Which vessels and which sailing distances should be investigated and what are
the most promising fuels fulfilling all the requirements for these vessels and sailing
distances?

Three different sized and different types of representative vessels and their operations had been
analyzed. The chosen vessels and operations used were:

• A 34,350 DWT container vessel sailing from the Netherlands to Russia.

• A 150,000 DWT crude oil tanker sailing from Arabia to Western-Europe.

• A 400,000 DWT ore carrier sailing from Brazil to China.

For this analysis, the combinations of three different vessel types which differ in size, type and
voyage length were used in order to cover for most common and uncommon circumstances.

3. What is the impact of sailing on an alternative fuel with a lower energy den-
sity? Does this require more bunker stops, additional storage space for the fuel, or
should sailing speed be reduced, or what are the best possible combinations?

The impact of sailing on alternative fuels is that in some cases the vessel becomes too heavy, or
the volume of the fuel storage tank is not sufficient. The most cost-effective solution to bypass
these problems is lowering the sailing speed eventually at a rate which is even lower then required
for transporting maximum cargo. The financial impact of the fuel costs counter weighs the ad-
vantages of transporting more cargo. This is also the case when the overweight, or fuel density
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problems are already dealt with. However, for making a profit by transporting maximum cargo
loads the optimized situation might change. The model showed that when the capital costs are
high, the most ideal situation is to transport the maximum allowed amount of cargo at a higher
speed. In the situation when the fuel storage tank costs are high, a combination of reducing
speed and extra bunker stops is most preferable.

4. What are the costs in an optimized situation, including possibly extra bunker
stops, decrease in speed, or a decrease in cargo space?
The transport costs in an optimized situation analyzing the 150,000 DWT oil tanker are the low-
est for Hydrotreated Vegetable Oil, second lowest for ammonia in combination with an internal
combustion engine and the highest for battery electric.

The fuel cell options are the least favourable at higher speed, because the capital costs of a
fuel cell are high. The use of all alternative fuels are regretfully more expensive than the use
of conventional heavy fuel oil. In a future situation when these prices approximate each other,
a different outcome of the analysis might be expected. What will remain is the difference in
storage costs.

In conclusion, the fuel costs of alternative fuels are currently higher than those of conventional
fuels. Batteries are currently also too heavy, too large and too expensive to be considered. The
capital costs of fuel cells make that the use of fuels in combination with a fuel cell is currently
expensive at higher speeds. High fuel storage costs make hydrogen currently not competitive
with conventional fuels.

Future work

The model performs as expected. It could be interesting to investigate other possible scenarios.
A few examples are given below:

• In this study, the amount of exceeded weight when sailing on alternative fuels, except
battery electric, was relatively low e.g. 1634 [t] as compared to deadweight of 150,000 [t]
(Nordic Grace), or 464 [t] as compared to a deadweight of 34,350 [t] (CMA CGM Louga)
and 11800 [t] as compared to a deadweight of 400,000 [t]. It could also be interesting
to investigate situations where the amount of overweight represents a more significant
percentage of the deadweight.

• In this study, reducing speed was most favourable, because the costs of fuel are relatively
high as compared to other costs. Therefore, it was not a surprise that the cost saved on
fuel are preferable to higher cargo capacity. When cargo becomes more profitable, cargo
capacity might become more relevant and other outcomes with regard to speed when sailing
on alternative fuels can be expected.

• More types of voyages and different vessels can be also analyzed. Also alternative sailing
routes and port stops can be considered.

• In this study, it is assumed that the vessel returns back empty. Alternatively, a situation
in which the vessel returns with another cargo load can be studied. Also hybrid situation
might become an option e.g. container/general cargo, or container/bulk.
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WjkhlmjnWj[op3WqrhYnWj[3s3t3Wtu/f8.3-X2fgg523̂3-mt3̂3o7v/3p/w/73Yf25-mt3̂3]x]x3608./77/.6M03P5/2̀3]3t3ab[-3̂3a/77/8.3b/.523[25/.N50.3-P8.5N3̂3-f02f63aL̂yzxx3/.3yzxxXf̀N{u23̂3]x]s3608./77/.6M03P5/2̀

-O5X6/768.345./678

G������������F�������$��?��)�;�$�?�A�	
�$�?�A�����$�+�����������	��������������������JD���;�!�	�����������D���;������	�<��
�����)����
�������	�
�;������������������

o116.6M0/73h0vM2N/.6M0

*& :'*�*�I'*�:�� !��;����"�	��������@�)����:�;�����"�	�������������|�()	��$���		�+����"�DA�$�*9��:);<��=>��=?�$�A)		�:);<�
A���>��&*9 :+*�:+�'�::IG +��9�)	

�&�������������;�$�'���������%H$=?��*����������	�:����
��=�$�?=�&����	���#�� :G*: �& 'I*@+�
 �����&������������+�I��?J�F	�$� �����9�
	�?�'J�	!H�'JI$����D�D���		����+I� '}�I:&��'A ��& 'I*@+��@���������������	��)�,F���
����<�����%$�(�		�����������F�����=�$H�%�������

W~f6ON50.345./678

nohj3Wj�hjW3s3t34658573̂3b/2.867/3]̂8.2M_53�l[̂v75t�][̂o3̂3]̂8.2M_53�̂XP7̀3�]xNN3tyy�zNN3gM25{8.2M_53]���xxN_b3.M./73/.3��2ON`

or�hphol�3y3t3oft̀34658573�50̀3̂3b/2.867/3�̂8.2M_53�p]x3̂3�̂8.2M_53�̂XP7̀3]xxNN3t3]�xNN3gM25{8.2M_53��z�xN_b3.M./73/.3s�xxx2ON3126w60d3y3t3oL3d5052/.M2c8e3/.3��y��5_b3.M./7�3cz����_ko3.M./7e3/.3zx��̀

YlmYrp-ml3s3t3�Y3Y2MO577523cov.3L50.25e3cN5Xu/06X/7e�34/76/03n/2605�3��2ON�3�sN`

m[�Wl3Wj�hjW3WqrhYnWj[3s3t3-X25Z3-u/v.̀



��������� ���	
��	��������

�������������	����������������	� ���

��� !"�#��$%&'�() *#��$'+','�,-./01'234/5564'7'2",'7'%89.'&.:.8'*/462",'7';<;<'=>01.88.1=?>'@6.4A';','BC$2'7'B.88.01'C.164'$46.1D6>1'2@016D'7'2/>4/='BE7FG<<'.1'FG<<3/ADH-4'7';<;+'=>01.88.1=?>'@6.4A

B" &�!'�() *#��$'+','B?=864I'E?DJ?0=16'7'K-.>LM=.L.>L'N466>0'&OPFAGHFAF7<AQ'.1'R'5.4A

�#�!N��EO'+','�D64L6>3@'S=6068'N6>A'7'23.>=.'SE+;'7'T7014?U6'V73@8A'+;QDD','+GTDD'5?46H014?U6'TTGDUC'1?1.8'.1'+IW<<4JD'X4=:=>L'+','%E'L6>64.1?4Y0Z'.1'G<[\A

2.86']'*/43-.06'[=01?4@

�����
���̂ _�	
�������������̀a���������
�������b_	c����d�������
���	
����e	��������fege���������	����d�h�â �����i���������������̂	��
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C Information of different fuel converters

Figure 41: Performance of different fuel cells and different fuels (van Veldhuizen et al., 2020)

Figure 42: Preferred fuel cell systems (van Veldhuizen et al., 2020)
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Figure 43: Comparison of different Fuel Cell Technologies (of Energy, 2015)
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Figure 44: Key characteristics for engine concepts (DNVGL, 2018)
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Figure 45: Key characteristics for fuel cell concepts (DNVGL, 2018)
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Figure 46: Key characteristics of the three principal lithium-ion battery chemistry’s in maritime
batteries (DNVGL, 2018)

.
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D Information of energy densities including storage

Figure 47: Comparison of gravimetric and volumetric storage density for fuels (DNVGL, 2018)

Figure 48: Energy densities for different energy carriers. The arrows represent the impact on
density when taking into account the storage systems for the different types of fuel (indicative
values only) (DNVGL, 2019)
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E Information from literature review

Figure 49: Overview of how different aspects compare for the different analysed fuel types from
literature review MT54010
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F Vessel data
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Vessel Nordic Grace Vessel CMA CGM Louga Vessel Ore China
Type Tanker Type Container Vessel Type Ore carrier
Built 2002 Built 2018 Built 2011
LOA 274.19 [m] LOA 194.99 [m] LOA 359.94 [m]
Draft 15.85 [m] Draft 11.5 [m] Draft 23 [m]
Beam 50 [m] Beam 32.2 [m] Beam 64.99 [m]
Speed 14.5 [kn] Speed 20 [kn] Speed 14.8 [kn]
Bunker capacity 3850.7 [m3] Bunker capacity 2400 [m3] Bunker capacity 8616 [m3]
Cargo capacities 173947 [m3] Cargo capacities [m3] Cargo capacities 224427 [m3]
Cargo capacities 1094000 [Barrels] Cargo capacities 2487 [TEU] Cargo capacities 224427 [m3 Ore]
Cargo density 0.8757 [t/m3] Cargo density [t/m3] Cargo density [t/m3]
Ballast capacity 12000 [m3] Ballast capacity 11617 [m3] Ballast capacity 190826 [m3]
Engine power 18624 [kW] Engine power 16080 [kW] Engine power 29400 [kW]
Cb 0.84 Cb 0.554 Cb 0.864
Lightweight 37170 [t] Lightweight 6651 [t] Lightweight 75871 [t]
Maximum deadweight 149921 [t] Maximum deadweight 34350 [t] Maximum deadweight 400606 [t]
Crew 22 Crew 20 Crew 25
Max Displacement 182528 [m3] Max Displacement 40001 [m3] Max Displacement 464856 [m3]
Max Displacement 187091 [t] Max Displacement 41001 [t] Max Displacement 476477 [t]
Admiralty constant 535.47 Admiralty constant 591.57 Admiralty constant 672.67
Newbuild price 65000000 Newbuild price 40000000 Newbuild price 140000000
Port time 22.56 [h] Port time 16.8 [h] Port time 49.2 [h]

Table 50: Different vessels used in the study
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G Verification of model

Fuel type HFO
Propulsion system ICE
IGF code N/A
Special storage tank N/A
Gravimetric energy density (incl. storage) 40 [MJ/kg]
Gravimetric energy density (incl. storage) 11111 [kWh/t]
Volumetric energy density (incl. storage) 38.8 [MJ/L]
Volumetric energy density (incl. storage) 10778 [kWh/m³]
Fuel costs 36 [USD/MWh]
Density (incl. storage) 0.97 [t/m³]

Problem
Too much weight 0 [t]
Too much volume 0 [m³]

Table 51: Running on heavy fuel oil

Extra costs of storage 100 USD/kWh

Amount of stops 0 Amount of stops 5
Cargo costs 18.66 [USD/t] Cargo costs 7.47 [USD/t]

Amount of stops 1 Amount of stops 20
Cargo costs 11.91 [USD/t] Cargo costs 6.21 [USD/t]

Table 52: Increase of fuel storage to extreme value

Mooring/Anchor time 200 [h]
Cargo costs 17.76 [USD/t]

Mooring/Anchor time 250 [h]
Cargo costs 19.24 [USD/t]

Mooring/Anchor time 300 [h]
Cargo costs 20.72 [USD/t]

Table 53: Increase mooring time of extra stop
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Daily capital costs 1000000 [USD/day]

Speed 20.0 knots Speed 10.0 knots
Cargo costs 89.57 [USD/t] Cargo costs 159.62 [USD/t]

Speed 15.0 knots Speed 5.0 knots
Cargo costs 112.47 [USD/t] Cargo costs 303.45 [USD/t]

Table 54: Increase capital costs

Fuel price 1000 [USD/MWh]

Design speed 20.0 knots Design speed 10.0 knots
Cargo costs 118.81 [USD/t] Cargo costs 56.57 [USD/t]

Design speed 15.0 knots Design speed 5.0 knots
Cargo costs 86.40 [USD/t] Cargo costs 30.36 [USD/t]

Table 55: Increase fuel costs

Fuel type Methanol ICE

Additional costs for propulsion 0 [USD]
Additional costs for systems 0 [USD]
Cargo costs 8.51 [USD/t]

Fuel type Methanol FC
Cargo costs 7.88 [USD/t]

Table 56: No additional costs for fuel cells

Engine type ICE Engine type ICE
Efficiency 0.48 Efficiency 0.80

Cargo costs 4.96 [USD/t] Cargo costs 3.79 [USD/t]

Table 57: Efficiency increase

Too much weight 71952 [t]
Too much Volume 30024 [m³]
Additional costs for storage system 11302841379 [USD]

Table 58: Battery on long distance
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H Results
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Fuel type 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
HFO 21.09 [USD/t] 10.93 7.68 6.16 5.34 4.88 4.61 4.47 4.43 4.44 4.50 4.60 4.73 4.88 4.96 4.96 4.96
Methanol ICE 21.38 11.53 8.58 7.38 6.88 6.73 6.80 6.99 7.28 7.64 8.05 8.50 9.89 9.81
Methanol FC 22.19 11.86 8.75 7.47 6.94 6.80 6.89 7.15 7.53 7.99 8.54 9.16 9.83 10.56 10.95
Hydrogen ICE 21.47 11.70 8.85 7.74 7.33 7.28 7.43 7.73 8.11 8.57 11.92 11.75
Hydrogen FC 22.26 12.00 8.96 7.75 7.29 7.21 7.37 7.76 8.22 8.78 9.42 10.13 12.36 12.25
Ammonia ICE 21.3 11.35 8.32 7.03 6.43 6.19 6.16 6.26 6.45 6.77 8.71 8.6
Ammonia FC 22.13 11.78 8.68 7.45 7.01 6.99 7.26 7.72 8.35 9.11 10.08 11.11 12.25 14.29 14.19
Ethanol ICE 21.36 11.48 8.51 7.28 6.75 6.58 6.61 6.78 7.04 7.37 7.75 8.17 8.63 9.44 9.38
Ethanol FC 22.16 11.81 8.68 7.38 6.82 6.66 6.73 6.96 7.31 7.76 8.28 8.87 9.52 10.22 10.59
HVO 21.27 11.29 8.23 6.9 6.28 6.01 5.94 6.01 6.16 6.39 6.66 6.97 7.32 7.69 7.89 7.89 7.89
NMC Battery 25.41 18.34 18.52 20.56 72.34 67.5

Table 59: Transport costs for the Nordic Grace sailing from Jeddah to Algeciras on different speeds and fuels

Fuel Too much weight (14.5 knots)
[t]

Size of tank at 6 [kn]
[m³] No. of stops 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed)

Hydrogen 1634 746 0 21.47 [USD/t] 11.70 8.85 7.74 7.33 7.28 7.43 7.73 8.11 8.57
Hydrogen 545 373 1 21.44 11.62 8.71 7.55 7.1 7 7.12 7.37 7.72 8.15 8.64 9.18
Hydrogen 182 249 2 21.44 11.6 8.68 7.49 7.04 6.93 7.03 8 7.62 8.04 8.53 9.07 9.66
Hydrogen 0 187 3 21.44 11.6 8.68 7.46 7.02 6.91 7.01 7.25 7.59 8.02 8.51 9.05 9.65 10.29 10.63
Hydrogen 0 68 10 21.54 11.69 8.76 7.58 7.12 7.01 7.13 7.4 7.78 8.24 8.77 9.37 10.02 10.37 11.11

Table 60: Results extra stop while using hydrogen in an internal combustion engine

Fuel Too much weight
(14.5 knots)

Size of tank
6[kn]

Mooring time
[h] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed)

Hydrogen 545 373 2 21.44 [USD/t] 11.62 8.71 7.55 7.1 7 7.12 7.37 7.72 8.15 8.64 9.18
Hydrogen 545 373 5 21.46 11.64 8.74 7.59 7.14 7.05 7.17 7.43 7.8 8.24 8.74 9.29
Hydrogen 545 373 10 21.5 11.69 8.79 7.64 7.2 7.12 7.26 7.54 7.92 8.38 8.9 9.48

Table 61: Results 1 extra stop with different mooring times using hydrogen in an internal combustion engine
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Fuel Too much weight
(14.5 knots)

Size of tank
6[kn]

Mooring time
[h] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed)

Hydrogen 182 249 2 21.44 [USD/t] 11.6 8.68 7.49 7.04 6.93 7.03 7.25 7.62 8.04 8.53 9.07 9.66
Hydrogen 182 249 5 21.49 11.65 8.74 7.57 7.11 7.02 7.14 7.4 7.77 8.21 8.72 9.29 9.91
Hydrogen 182 249 10 21.57 11.74 8.84 7.69 7.24 7.17 7.32 7.61 8.01 8.49 9.05 9.66 10.33

Table 62: Results 2 extra stop with different mooring times while using hydrogen in an internal combustion engine

Fuel Too much weight 14.5
[kn]

Size of storage tank at 7
[kn] No. of stops 1 2 3 4 5 6 7 8 9 10 11 12 13

Ammonia 1271 508 21.3 [USD/t] 11.35 8.32 7.03 6.43 6.19 6.16 6.26 6.45 6.77 7
Ammonia 363 508 21.34 11.39 8.36 7.07 6.48 6.25 6.23 6.35 6.56 6.85 7.19 7.58 8.01

Table 63: Results of 1 extra stop while using Ammonia

Fuel type Too much weight (14.5 [kn])
[t] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 (speed) 20 (stop) 20 (cargo)

HFO 0 34.93 [USD/t] 17.97 12.47 9.84 8.36 7.64 6.89 6.54 6.33 6.22 6.18 6.21 6.28 6.39 6.53 6.7 6.89 7.11 7.34 7.59
Methanol ICE 220 35.25 18.62 13.45 11.16 10.03 9.49 9.28 9.3 9.46 9.74 10.09 10.52 10.99 11.52 12.08 12.67 13.3 13.95 15.59 15.43
Methanol FC 0 37.18 19.51 13.97 11.49 10.26 9.65 9.43 9.45 9.65 9.98 10.43 10.96 11.57 12.24 12.98 13.78 14.64 15.55 16.51 17.52
Hydrogen ICE 597 35.28 18.7 13.57 11.33 10.24 9.75 9.6 9.67 9.9 10.24 10.68 11.19 11.75 12.38 13.05 13.77 17.54 17.37
Hydrogen FC 0 37.22 19.57 14.07 11.62 10.4 9.83 9.63 9.68 9.91 10.28 10.76 11.33 11.98 12.7 13.5 14.36 15.82 16.72 17.32 18.43
Ammonia ICE 464 35.15 18.43 13.16 10.78 9.54 8.9 8.59 8.50 8.56 8.73 8.99 9.31 9.68 10.10 10.56 11.06 13.67 13.54
Ammonia FC 0 37.12 19.4 13.86 11.41 10.23 9.72 9.62 9.81 10.21 10.79 11.52 12.38 13.36 14.47 15.68 17.00 18.43 19.97 21.61 23.37
Ethanol ICE 85 35.22 18.56 13.37 11.05 9.89 9.31 9.08 9.06 9.2 9.44 9.76 10.15 10.59 11.08 11.61 12.17 12.76 13.37 14.01 14.71
Ethanol FC 0 37.16 19.46 13.9 11.4 10.13 9.5 9.25 9.25 9.42 9.72 10.14 10.64 11.22 11.87 12.58 13.34 14.17 15.04 15.97 16.95
HVO 0 35.12 18.37 13.07 10.65 9.38 8.69 8.35 8.22 8.24 8.36 8.57 8.83 9.15 9.51 9.91 10.34 10.8 11.28 11.78 12.31
NMC Battery 4938 38.69 22.54 18.55 17.62 17.94 18.92 20.28 21.91 57.1 58.4

Table 64: Overview of results of the CMA CGM Louga sailing from Rotterdam to St. Petersburg
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Fuel type Too much weight (14.5 [kn])
[t]

Size of tank
[m³] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.8 (speed) 14.8 (stop) 14.8 (cargo)

HFO 0 26.17 [USD/t] 20.68 17.62 15.79 14.66 13.97 13.57 13.39 13.36 13.46 13.64 13.9 14.15
Methanol ICE 4347 28.72 24.1 21.91 20.95 20.71 20.91 21.41 22.14 23.02 27.72 27.65
Methanol FC 2402 29.05 24.23 21.96 21.01 20.84 21.19 21.91 22.9 24.11 25.51 30.48 30.42
Hydrogen ICE 11800 5387 m³ 32.31 28.9 27.94 28.21 29.21 30.66 47.5 47.28
Hydrogen FC 8624 4701 m³ 32.14 28.35 27.12 27.2 28.06 29.44 31.18 46.66 46.48
Ammonia ICE 9178 6895 m³ 28.11 23.28 20.89 19.72 19.26 19.25 24.87 24.77
Ammonia FC 6510 3385 m³ 28.94 24.27 22.25 21.64 21.91 22.8 24.15 38.98 38.85
Ethanol ICE 1686 28.51 23.81 21.55 20.52 20.2 20.33 20.76 21.41 22.22 23.15 26.4 26.35
Ethanol FC 79 28.87 23.98 21.65 20.64 20.4 20.68 21.33 22.26 23.41 24.74 26.24 27.87 29.32 29.28
HVO 0 27.71 22.74 20.2 18.9 18.3 18.15 18.29 18.66 19.18 19.82 20.57 21.39 22.09
NMC Battery 111362 151.4 914.58 871.18

Table 65: Overview of results of the Ore China sailing from Santos to Dalian

Fuel type Too much weight (14.5 [kn])
[t]

Size of tank on deck
[m³] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss

HFO 0 21.09 [USD/t] 10.93 7.68 6.16 5.34 4.88 4.61 4.47 4.43 4.44 4.50 4.60 4.73 4.88 4.96 4.96 4.96
Methanol ICE 602 21.38 11.53 8.58 7.38 6.88 6.73 6.80 6.99 7.28 7.64 8.05 8.50 9.81 9.89
Methanol FC 0 22.19 11.86 8.75 7.47 6.94 6.80 6.89 7.15 7.53 7.99 8.54 9.16 9.83 10.56 10.95
Hydrogen ICE 1634 1119 21.47 11.70 8.85 7.74 7.33 7.28 7.43 7.73 8.11 8.57 11.92 11.75
Hydrogen FC 546 977 22.26 12.00 8.96 7.75 7.29 7.21 7.37 7.76 8.22 8.78 9.42 10.13 12.36 12.25
Ammonia ICE 1271 560 21.3 11.35 8.32 7.03 6.43 6.19 6.16 6.26 6.45 6.77 8.71 8.6
Ammonia FC 340 488 22.13 11.78 8.68 7.45 7.01 6.99 7.26 7.72 8.35 9.11 10.08 11.11 12.25 14.29 14.19
Ethanol ICE 233 21.36 11.48 8.51 7.28 6.75 6.58 6.61 6.78 7.04 7.37 7.75 8.17 8.63 9.44 9.38
Ethanol FC 0 22.16 11.81 8.68 7.38 6.82 6.66 6.73 6.96 7.31 7.76 8.28 8.87 9.52 10.22 10.59
HVO 0 21.27 11.29 8.23 6.9 6.28 6.01 5.94 6.01 6.16 6.39 6.66 6.97 7.32 7.69 7.89 7.89 7.89
NMC Battery 14737 25.41 18.34 18.52 20.56 72.34 67.5

Table 66: Overview of results of the Nordic Grace sailing from Jeddah to Algeciras

Route Fuel Technology Too much weight 14.5 [kn] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
Rotterdam - St. Petersburg Hydrogen ICE 954 12.52 [USD/t] 6.8 5.1 4.42 4.15 4.09 4.16 4.31 4.52 4.82 5.12 6.56 6.43
Jeddah - Algeciras Hydrogen ICE 1634 21.47 11.70 8.85 7.74 7.33 7.28 7.50 7.82 8.24 8.73 11.92 11.75
Santos - Dalian Hydrogen ICE 7629 103.2 58.74 47.09 44.27 44.51 46.54 49.72 53.71 79.4 81.82

Table 67: Results of sailing different routes with the Nordic Grace using Hydrogen ICE
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Route Fuel Technology Too much weight 14.5 [kn] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
Rotterdam - St. Petersburg Methanol FC 0 12.96 [USD/t] 6.94 5.13 4.37 4.06 3.98 4.04 4.2 4.43 4.72 5.06 5.44 5.86 6.33 6.57
Jeddah - Algeciras Methanol FC 0 22.19 11.86 8.75 7.47 6.94 6.80 6.89 7.15 7.53 7.99 8.54 9.16 9.83 10.56 10.95
Santos - Dalian Methanol FC 1497 41.29 35.5 32.83 32.19 32.62 33.79 35.47 37.55 39.95 42.62 50.55 50.79

Table 68: Results of sailing different routes with the Nordic Grace using methanol FC

Fuel Technology Too much weight
[t] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss

Rotterdam - St. Petersburg HFO ICE 0 12.33 [USD/t] 6.42 4.52 3.64 3.16 2.89 2.73 2.66 2.63 2.64 2.68 2.75 2.83 2.93 2.98 2.98 2.98
Jeddah - Algeciras HFO ICE 0 21.09 10.93 7.68 6.16 5.34 4.88 4.61 4.47 4.43 4.44 4.50 4.60 4.73 4.88 4.96 4.96 4.96
Santos - Dalian HFO ICE 0 99.51 51.33 35.96 28.8 24.93 22.72 21.46 20.79 20.53 20.55 20.78 21.17 21.69 22.3 22.64 22.64 22.64

Table 69: Results of sailing different routes with the Nordic Grace using methanol HFO

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
HFO 3.41 [USD/t] 12 [kn] 3.63 11 [kn] 3.85 11 [kn] 4.05 10 [kn] 4.24 10 [kn] 4.43 9 [kn] 4.60 9 [kn] 4.77 9 [kn] 4.93 8 [kn] 5.09 8 [kn] 5.24 8 [kn]
Price growth -23.02% -18.06% -13.09% -8.58% -4.29% 0.00% 3.84% 7.67% 11.29% 14.90% 18.28%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
Methanol ICE 4.97 8 [kn] 5.38 8 [kn] 5.74 7 [kn] 6.10 7 [kn] 6.44 6 [kn] 6.73 6 [kn] 7.03 6 [kn] 7.33 6[kn] 7.62 5 [kn] 7.87 5 [kn] 8.11 5 [kn]
Price growth -26.15% -20.06% -14.71% -9.36% -4.31% 0.00% 4.46% 8.92% 13.22% 16.94% 20.51%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
Methanol FC 5.36 7 [kn] 5.67 7 [kn] 5.97 7 [kn] 6.27 6 [kn] 6.54 6 [kn] 6.80 6 [kn] 7.06 6 [kn] 7.32 6 [kn] 7.58 6 [kn] 7.80 5 [kn] 8.01 5 [kn]
Price growth -21.18% -16.62% -12.21% -7.79% -3.82% 0.00% 3.82% 7.65% 11.47% 14.71% 17.79%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
Hydrogen ICE 5.79 7 [kn] 6.12 6 [kn] 6.41 6 [kn] 6.70 6 [kn] 6.99 6 [kn] 7.28 6 [kn] 7.56 6 [kn] 7.80 5 [kn] 8.04 5 [kn] 8.28 5 [kn] 8.52 5 [kn]
Price growth -20.47% -15.93% -11.95% -7.97% -3.98% 0.00% 3.85% 7.14% 10.44% 13.74% 17.03%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
Hydrogen FC 5.88 7 [kn] 6.18 7 [kn] 6.45 6 [kn] 6.70 6 [kn] 6.96 6 [kn] 7.21 6 [kn] 7.46 6 [kn] 7.70 5 [kn] 7.91 5 [kn] 8.12 5 [kn] 8.33 5 [kn]
Price growth -18.45% -14.29% -10.54% -7.07% -3.47% 0.00% 3.47% 6.80% 9.71% 12.62% 15.53%

Table 70: Transport costs increase per fuel price scenario when sailing with the Nordic Grace from Jeddah to Algeciras
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-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
Ammonia ICE 4.59 9 [kn] 4.95 8 [kn] 5.28 8 [kn] 5.59 7 [kn] 5.87 7 [kn] 6.16 7 [kn] 6.43 6 [kn] 6.67 6 [kn] 6.91 6 [kn] 7.16 6 [kn] 7.4 6 [kn]
Price growth -25.49% -19.64% -14.29% -9.25% -4.71% 0.00% 4.38% 8.28% 12.18% 16.23% 20.13%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
Ammonia FC 5.94 6 [kn] 6.15 6 [kn] 6.36 6 [kn] 6.57 6 [kn] 6.78 6 [kn] 6.99 6 [kn] 7.18 5 [kn] 7.35 5 [kn] 7.53 5 [kn] 7.7 5 [kn] 7.88 5 [kn]
Price growth -15.02% -12.02% -9.01% -6.01% -3.00% 0.00% 2.72% 5.15% 7.73% 10.16% 12.73%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
Ethanol ICE 4.87 9 [kn] 5.25 8 [kn] 5.61 7 [kn] 5.95 7 [kn] 6.28 7 [kn] 6.58 6 [kn] 6.86 6 [kn] 7.14 6 [kn] 7.43 6 [kn] 7.68 5 [kn] 7.92 5 [kn]
Price growth -25.99% -20.21% -14.74% -9.57% -4.56% 0.00% 4.26% 8.51% 12.92% 16.72% 20.36%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
Ethanol FC 5.28 7 [kn] 5.57 7 [kn] 5.86 7 [kn] 6.15 7 [kn] 6.41 6 [kn] 6.66 6 [kn] 6.91 6 [kn] 7.15 6 [kn] 7.40 6 [kn] 7.46 6 [kn] 7.84 5 [kn]
Price growth -20.72% -16.37% -12.01% -7.66% -3.75% 0.00% 3.75% 7.36% 11.11% 12.01% 17.72%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
HVO 4.43 9 [kn] 4.77 9 [kn] 5.09 8 [kn] 5.39 8 [kn] 5.67 7 [kn] 5.94 7 [kn] 6.21 7 [kn] 6.46 6 [kn] 6.86 6 [kn] 6.91 6 [kn] 7.14 6 [kn]
Price growth -25.42% -19.70% -14.31% -9.26% -4.55% 0.00% 4.55% 8.75% 15.49% 16.33% 20.20%

-50% -40% -30% -20% -10% Base case 10% 20% 30% 40% 50%
NMC Battery 18.07 2 [kn] 18.12 2 [kn] 18.18 2 [kn] 18.23 2 [kn] 18.28 2 [kn] 18.34 2 [kn] 18.39 2 [kn] 18.45 2 [kn] 18.5 2 [kn] 18.55 2 [kn] 18.61 2 [kn]
Price growth -1.47% -1.20% -0.87% -0.60% -0.33% 0.00% 0.27% 0.60% 0.87% 1.15% 1.47%

Table 71: Transport costs increase per fuel price scenario when sailing with the Nordic Grace from Jeddah to Algeciras
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Too much weight (14.5 knots) Too much Volume (14.5 knots) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed)
Fuel price -50% HFO 0 0 21 [USD/t] 10.75 7.4 5.79 4.88 4.31 3.95 3.71 3.56 3.47 3.42 3.41 3.43 3.47 3.5
Base fuel price HFO 0 0 21.09 10.93 7.68 6.16 5.34 4.88 4.61 4.47 4.43 4.44 4.50 4.60 4.73 4.88 4.96
Fuel price +50% HFO 0 0 21.18 11.11 7.95 6.53 5.81 5.44 5.28 5.24 5.29 5.41 5.58 5.79 6.02 6.28 6.42

Too much weight (14.5 knots) Too much Volume (14.5 knots) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed)
Fuel price -50% Methanol ICE 602 0 21.15 11.05 7.86 6.4 5.65 5.24 5.04 4.97 4.99 5.07 5.2 5.37
Base fuel price 0% Methanol ICE 602 0 21.38 11.53 8.58 7.38 6.88 6.73 6.80 6.99 7.28 7.64 8.05 8.50
Fuel price +50% Methanol ICE 602 0 21.62 12.01 9.31 8.36 8.11 8.23 8.55 9.02 9.58 10.21 10.9 11.63

Too much weight (14.5 knots) Too much Volume (14.5 knots) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed)
Fuel price -50% Methanol FC 0 0 21.98 11.44 8.11 6.61 5.86 5.49 5.36 5.39 5.52 5.75 6.06 6.42 6.85 7.32 7.58
Base fuel price 0% Methanol FC 0 0 22.19 11.86 8.75 7.47 6.94 6.80 6.89 7.15 7.53 7.99 8.54 9.16 9.83 10.56 10.95
Fuel price +50% Methanol FC 0 0 22.39 12.28 9.38 8.32 8.01 8.1 8.42 8.91 9.53 10.24 11.03 11.89 12.82 13.8 14.32

Too much weight (14.5 knots) Volume on deck at cost-effective option 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed)
Fuel price -50% Hydrogen ICE 1634 1015 21.24 11.23 8.14 6.79 6.13 5.83 5.79 5.84 5.98 6.2
Base fuel price 0% Hydrogen ICE 1634 746 21.47 11.70 8.85 7.74 7.33 7.28 7.43 7.73 8.11 8.57
Fuel price +50% Hydrogen ICE 1634 518 21.7 12.17 9.55 8.68 8.52 8.72 9.21 9.8 10.5 11.26

Too much weight (14.5 knots) Volume on deck at cost-effective option 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed)
Fuel price -50% Hydrogen FC 546 2188 22.06 11.6 8.35 6.92 6.24 5.95 5.88 6.03 6.26 6.57 6.96 7.42
Base fuel price 0% Hydrogen FC 546 1809 22.26 12.00 8.96 7.75 7.29 7.21 7.37 7.76 8.22 8.78 9.42 10.13
Fuel price +50% Hydrogen FC 546 1158 22.46 12.41 9.58 8.58 8.33 8.47 8.85 9.49 10.18 10.98 11.87 12.84

Table 72: Overview of results when fuel price is adjusted when sailing with the Nordic Grace from Jeddah to Algeciras135



Too much weight (14.5 knots) Volume on deck at cost-effective option 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
Fuel price -50% Ammonia ICE 1271 839 21.11 10.96 7.73 6.24 5.43 4.99 4.74 4.62 4.59 4.67 5.46 5.39
Base fuel price 0% Ammonia ICE 1271 508 21.3 11.354 8.32 7.03 6.43 6.19 6.16 6.26 6.45 6.77 8.71 8.6
Fuel price +50% Ammonia ICE 1271 21.49 11.74 8.91 7.82 7.43 7.4 7.58 7.89 8.3 8.86 11.96 11.81

Too much weight (14.5 knots) Volume on deck at cost-effective option 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
Fuel price -50% Ammonia FC 340 1901 21.96 11.44 8.17 6.76 6.14 5.94 6.02 6.29 6.73 7.29 8.06 8.87 9.8 11.49 11.41
Base fuel price 0% Ammonia FC 340 1901 22.13 11.78 8.68 7.45 7.01 6.99 7.26 7.72 8.35 9.11 10.08 11.11 12.25 14.29 14.19
Fuel price +50% Ammonia FC 340 1901 22.3 12.12 9.19 8.14 7.88 8.05 8.49 9.15 9.96 10.92 12.11 13.34 14.69 17.09 16.97

Too much weight (14.5 knots) Too much Volume (14.5 knots) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
Fuel price -50% Ethanol ICE 233 21.13 11.02 7.82 6.35 5.58 5.16 4.95 4.87 4.87 4.94 5.05 5.2 5.39 5.75 5.72
Base fuel price 0% Ethanol ICE 233 21.36 11.48 8.51 7.28 6.75 6.58 6.61 6.78 7.04 7.37 7.75 8.17 8.63 9.44 9.38
Fuel price +50% Ethanol ICE 233 21.59 11.93 9.2 8.2 7.92 7.99 8.27 8.7 9.21 9.8 10.45 11.14 11.87 13.12 13.02

Too much weight (14.5 knots) Too much Volume (14.5 knots) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
Fuel price -50% Ethanol FC 0 0 21.97 11.42 8.08 6.57 5.8 5.43 5.28 5.29 5.42 5.64 5.93 6.28 6.69 7.15 7.4
Base fuel price 0% Ethanol FC 0 0 22.16 11.81 8.68 7.38 6.82 6.66 6.73 6.96 7.31 7.76 8.28 8.87 9.52 10.22 10.59
Fuel price +50% Ethanol FC 0 0 22.36 12.21 9.28 8.19 7.84 7.89 8.18 8.64 9.21 9.88 10.64 11.46 12.35 13.29 13.78

Too much weight (14.5 knots) Too much Volume (14.5 knots) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
Fuel price -50% HVO 0 21.09 10.93 7.68 6.16 5.34 4.88 4.61 4.47 4.43 4.44 4.5 4.6 4.73 4.88 4.96
Base fuel price 0% HVO 0 21.27 11.29 8.23 6.9 6.28 6.01 5.94 6.01 6.16 6.39 6.66 6.97 7.32 7.69 7.89
Fuel price +50% HVO 0 21.45 11.66 8.78 7.65 7.21 7.14 7.27 7.54 7.9 8.33 8.82 9.35 9.91 10.5 10.81

Too much weight (14.5 knots) Too much Volume (14.5 knots) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
Fuel price -50% Battery 25.27 18.07 18.11 20.01 69.76 65.09
Base fuel price 0% Battery 25.41 18.34 18.52 20.56 72.34 67.5
Fuel price +50% Battery 25.54 18.61 18.93 21.11 74.92 69.9

Table 73: Overview of results when fuel price is adjusted when sailing with the Nordic Grace from Jeddah to Algeciras

37,500 (-50%) 50,000 (-33.33%) 75,000 100,000 (+33.33%) 112,500 (+50%)

Costs [USD/t] Speed [kn] Transport costs
increase Costs [USD/t] Speed [kn] Transport costs

increase Costs [USD/t] Speed Costs [USD/t] Speed [kn] Transport costs
increase Costs [USD/t] Speed [kn] Transport costs

increase
HFO 4.03 9 -9.03% 4.16 9 -6.09% 4.43 9 4.68 10 5.64% 4.8 10 8.35%
Methanol ICE 6.16 6 -8.47% 6.35 6 -5.65% 6.73 6 7.12 6 5.79% 7.3 7 8.47%
Methanol FC 6.22 6 -8.53% 6.41 6 -5.74% 6.8 6 7.18 6 5.59% 7.37 6 8.38%
Hydrogen ICE 6.64 5 -8.79% 6.87 5 -5.63% 7.28 6 7.66 6 5.22% 7.85 6 7.83%
Hydrogen FC 6.6 5 -8.46% 6.82 6 -5.41% 7.21 6 7.59 6 5.27% 7.79 6 8.04%
Ammonia ICE 5.61 6 -8.93% 5.81 6 -5.68% 6.16 7 6.49 7 5.36% 6.66 7 8.12%
Ammonia FC 6.32 5 -9.59% 6.55 6 -6.29% 6.99 6 7.38 6 5.58% 7.57 6 8.30%
Ethanol ICE 6 6 -8.81% 6.19 6 -5.93% 6.58 6 6.95 7 5.62% 7.11 7 8.05%
Ethanol FC 6.08 6 -8.71% 6.27 6 -5.86% 6.66 6 7.04 6 5.71% 7.23 7 8.56%
HVO 5.43 6 -8.59% 5.61 7 -5.56% 5.94 7 6.27 7 5.56% 6.44 7 8.42%
Battery 16.66 2 -9.16% 17.22 2 -6.11% 18.34 2 19.27 3 5.07% 19.65 3 7.14%

Table 74: Influence on minimized transport costs when crew wages are varied, when sailing the Nordic Grace from Jeddah to Algeciras
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360 days 300 days Percentage
HFO 4.43 9 [kn] 4.96 11 [kn] 11.96%
Methanol ICE 6.73 6 [kn] 7.43 7 [kn] 10.40%
Methanol FC 6.8 6 [kn] 7.61 6 [kn] 11.91%
Hydrogen ICE 7.28 6 [kn] 8.13 6 [kn] 11.68%
Hydrogen FC 7.21 6 [kn] 8.12 6 [kn] 12.62%
Ammonia ICE 6.16 7 [kn] 6.8 7 [kn] 10.39%
Ammonia FC 6.99 6 [kn] 7.95 6 [kn] 13.73%
Ethanol ICE 6.58 6 [kn] 7.25 7 [kn] 10.18%
Ethanol FC 6.66 6 [kn] 7.47 6 [kn] 12.16%
HVO 5.94 7 [kn] 6.58 8 [kn] 10.77%
Battery 18.34 2 [kn] 21.83 2 [kn] 19.03%

Table 75: Influence of amount of running days on minimized transport costs when sailing the Nordic Grace from Jeddah to Algeciras

Fuel margin
10.00% 20.00%

Costs [USD/t] Speed [kn] Costs [USD/t] Speed [kn] Transport costs
increase

HFO 4.43 9 [kn] 4.58 9 [kn] 3.39%
Methanol ICE 6.73 6 [kn] 7.01 6 [kn] 4.16%
Methanol FC 6.8 6 [kn] 7.03 6 [kn] 3.38%
Hydrogen ICE 7.28 6 [kn] 7.59 5 [kn] 4.26%
Hydrogen FC 7.21 6 [kn] 7.49 6 [kn] 3.88%
Ammonia ICE 6.16 7 [kn] 6.41 6 [kn] 4.06%
Ammonia FC 6.99 6 [kn] 7.17 5 [kn] 2.58%
Ethanol ICE 6.58 6 [kn] 6.83 6 [kn] 3.80%
Ethanol FC 6.66 6 [kn] 6.88 6 [kn] 3.30%
HVO 5.94 7 [kn] 6.18 7 [kn] 4.04%
Battery 18.34 2 [kn] 19.01 2 [kn] 3.65%

Table 76: Influence of fuel margin on minimized transport costs, when sailing the Nordic Grace from Jeddah to Algeciras
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 14.5 (speed) Extra stop Cargo loss
HFO 25.74 [USD/t] 13.26 9.23 7.31 6.24 5.6 5.2 4.95 4.81 4.74 4.73 4.76 4.82 4.91 4.96
Methanol ICE 26.03 13.86 10.13 8.53 7.78 7.46 7.38 7.47 7.67 7.95 8.28 8.66 9.89 9.81
Methanol FC 54.87 28.31 19.74 15.68 13.43 12.08 11.25 10.76 10.48 10.36 10.36 10.45 10.61 10.82 10.95
Hydrogen ICE 26.12 14.03 10.4 8.88 8.22 8 8.09 11.79 11.75
Hydrogen FC 50.15 26.04 18.34 14.76 12.82 11.72 11.09 10.87 10.78 10.83 11 11.26 12.36 12.25
Ammonia ICE 25.95 13.68 9.87 8.17 7.33 6.91 6.75 8.71 8.6
Ammonia FC 109.27 55.63 37.98 29.34 24.31 21.08 18.89 17.34 16.23 15.42 14.99 14.6 14.29 14.19
Ethanol ICE 26.01 13.81 10.06 8.43 7.65 7.3 7.2 7.26 7.43 7.67 7.98 8.33 9.44 9.38
Ethanol FC 54.85 28.26 19.67 15.59 13.31 11.94 11.09 10.57 10.27 10.13 10.1 10.16 10.29 10.48 10.59
HVO 25.92 13.62 9.78 8.05 7.18 6.73 6.53 6.49 6.55 6.69 6.89 7.13 7.41 7.72 7.89

Table 77: Transport costs when capital costs and weight of engine, or fuel cell is fixed, when sailing the Nordic Grace from Jeddah to Algeciras
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I Model

In this section screenshots of the developed model are shown.

Vessel part
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Fuel part

Volume part
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Weight part

Costs part
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Calculation part
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