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Definitions

Conventional fuel
Fossil fuels that are presently commonly in use in the maritime industry, i.e. MGO and HFO.

Alternative fuel
Fuels that are presently not commonly in use maritime industry such as methanol, hydrogen, ammonia. In
other words all fuels except variants of HFO and MGO.

Renewable fuel
Fuels that are produced using a sustainable production method, this can be bio-fuel or synthetically pro-
duced fuel from renewable electricity.

E-fuel
A fuel produced synthetically from renewable electricity.






Summary

As the world is slowly shifting towards a more sustainable economy, the shipping industry has also expe-
rienced increased pressure to reduce emissions. To achieve such emission reductions, regulation could be
implemented in the future by governmental bodies. Such regulation can take the shape of direct emission
reduction requirements or indirect measures such as a carbon tax. One of the ship types that will also experi-
ence the influence of such regulation are chemical tankers. To comply with regulation, several measures can
be taken. First of all, the efficiency the vessel can be improved. Secondly the operational speed of a tanker
can be reduced. Finally tankers could use alternative fuels. This can be a fossil alternative fuel such as LNG
or a renewable fuel. There are many candidates that could be used as renewable fuel on vessels, all having
specific challenges and upsides.

While such measures can be used to reduce emission, the present use of especially renewable fuels is negli-
gible due to the high cost. However if confronted with new regulation, ship operators will be forced to turn
to these measures. It is then important for shipowners to be able to select the most promising measure or
alternative fuel for their specific operations and vessel.

The research objective of this thesis is therefore to develop a models that can help to gain better insight
into the financial impact of using alternative fuels and speed reduction to comply with emission reduction
regulation. By applying these models on a broad range of vessels and scenario’s, trends could then be found.
The main research question is: What is the financial impact of using alternative fuels and speed reductions on
a chemical tanker to comply with decarbonization regulation, considering various carbon tax scenario’s?

To answer this question, first research scenarios were generated. Parameters that are varied for the differ-
ent scenarios are: the decarbonization pathway, the emission reduction strategies, the carbon tax, and the
fuel prices. Fuels included are MGO, ammonia, methanol and methane(LNG). Only synthetic fuels (e-fuel)
are included as renewable fuel. Next the life-cycle-emissions of the fossil and renewable versions of fuels
were analysed. Emissions are measured on a life cycle bases to avoid shifting emission from the tank-to-wake
to the well-to-tank phase. Next a model is developed to predict future fuel prices of renewable fuels. It was
found that e-ammonia is expected to have the lowest production cost, while higher cost are expected for e-
methanol and e-methane. For all fuels, production cost are expected to decrease significantly between 2025
and 2050.

Next models were developed to analyse the scenario’s. For all scenarios, a range of vessels was analysed.
Vessel parameters that were varied are: deadweight, trade distance and design speed. Based on the results
from these models the following statements can be made:

¢ For a chemical tanker that is required to operate with a 70% lower emission intensity during its entire
lifetime, the model determined what is the best renewable fuel to mix in with MGO. No speed reduction
was used in this case. The model found that renewable ammonia is the most cost-effective solution.
This conclusion showed limited sensitivity to vessel size, design speed, trade distance, carbon price or
renewable fuel prices.

» For a chemical tanker that is required to comply with increasingly stricter IMO emission intensity goals
on a yearly bases, the model determined what is the best alternative fuel. The vessel then runs on
a combination of renewable and fossil alternative fuel that is adjusted annually to comply with the
emission reduction goal. No speed reduction was used on this case. It was found that for this case,
ammonia is the most cost-effective alternative fuel. This conclusion showed limited sensitivity to vessel
size, design speed, trade distance, carbon price or renewable fuel prices.

» For a chemical tanker that is required to comply with increasingly stricter IMO emission intensity goals
on a yearly bases, the model determined what is the best alternative fuel when the vessel is also allowed
to reduce its speed. The vessel then runs on a combination of renewable and fossil alternative fuel that

vii
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is adjusted annually to comply with the emission reduction goal. This scenario was only analysed for a
large scale tanker. The optimal fuel choice showed significant sensitivity to the freight rate. When the
freight rate is low, methane is the best alternative fuel. When the freight rate is high, ammonia is the
best alternative fuel. When the methane slip is reduced to levels that will achievable in several years,
the optimal fuel choice was methane for both freight rates. Furthermore it was found that the optimal
speed was lower than the reference speed for all scenarios and freight rates.

Furthermore it was found that in almost all scenarios, the cost of shipping will increase significantly in both
absolute cost as well when measured relative to the reference cases including carbon tax. Only scenarios with
a combination of high carbon taxes and low renewable fuel prices resulted in a very limited increase or small
decrease in cost relative to the reference case including carbon tax.

This research and constructed models can be used as a tool to evaluate financial impact of complying with
possible emission regulation. However, used values are based on sources and their corresponding assump-
tions. These can change significantly in the future, changing the outcome of the model.
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Introduction

Maritime shipping presently accounts for most of the global ton-miles worldwide, especially over long dis-
tances and due to worldwide economical growth, the global demand for freight transport will experience a
significant growth over the coming decades. DNV GL predicts that seaborne trade will increase in all trade
segments except crude oil and oil products and will grow by 39% measured in transported tonnes between
2016 and 2030, and a further 2% between 2030 and 2050[30]. In other words, demand for shipping in tonne-
miles will will peak between 2030 and 2040 after which demand will stabilise. These dynamics can be seen in
figure 1.1[28]. This increasing amount of shipping demand will result in more emissions while in 2018 ship-

World seat trade: ton il
Units: Tt-nm/yr
Crude oil Bl Oil products B Natural gas m Bulk Container I Other cargo

AT

1
i

1980 1990 2000 2010 2020 2030 2040 2050

Sewrces: forecast- DNV GL: historical data - Clarkson Ressarch, 2017

Average annual growth rate in % 2010-2016 2016-2030 2030-2050
Crude ail 1.8 1.2 27
Oil products 27 15 -1.5
Matural gas 4.1 6.8 1.0
Bulk 4.4 1.7 05
Container 4.5 28 1.2
Othercarge 45 2.8 1.0
Average 37 2.0 0.2

Figure 1.1: Predicted global sea trade and growth([28].
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ping emissions already accounted for 2.89% of global anthropogenic greenhouse gas emissions.

Regulation

The shipping industry has meanwhile experienced increased pressure to reduce these emissions. To create
the needed incentive more regulation could be implemented in the future by governmental bodies. The Inter-
national Maritime Organisation (IMO) has adopted an ambitious long-term strategy with the aim to reduce
harmful GHG emissions with at least 50% by 2050 compared to 2008. Furthermore the IMO aims to reduce
the carbon intensity (CO» per tonne-mile) of the shipping industry with more than 40% by 2030 and by more
than 70% by 2050 as can be seen in figure 1.2. Presently these goals have not been translated into regulation,
so vessels do not have to comply with these goals, however in the future further regulation could be imple-
mented forcing vessels to reduce their emissions.

IMO strategy for major reductions in GHG emissions from shipping

Units: GHG emissions

Emission pathway
in line with IMO's
GHG strategy

Bl Business-as-usual
emmissions?

Emission gap

2008 2020 2030 2040 2050 within 2100

Figure 1.2: Visualisation of the IMO ambitions[29]

Chemical tanker market

One of the shipping markets that could experience significant impact from such a shift to a more sustainable
world economy and maritime industry is the chemical tanker market. Firstly because the demand within
the tanker market could shift away from the transport of fossil fuels. According to Wartsila, the demand
for oil tankers might drop by half in the most extreme reduction scenario and gas demand could drop by a
quarter[6]. However the energy transition could also be positive for chemical tankers because clean energy
sources are not spread fairly around the world which could boost the demand for transport of renewable fuels
to area’s lacking the capability to produce this energy[6]. Secondly the tanker market will feel impact from the
possible regulation as discussed earlier, which will require emission reductions.

Possible Measures

If tankers want to reduce emissions and meet these carbon reduction targets set by the IMO for 2050, funda-
mental different technologies and operational changes will have to be adopted. The maritime industry has
been discussing potential emission reducing solutions for many years and several possible types of measures
can be distinguished that could reduce shipping emissions[26].

First of all the emissions of tanker can be reduced by improving the design of the tanker and increasing the
efficiency. The IMO aims to enforce such improvement through the implementation of an energy efficiency
design index (EEDI) for new ships. The purpose of the EEDI for new build ships is to promote the use of more
energy efficient equipment and engines. The EEDI wants to achieve this goal by requiring a minimum energy



efficiency level per tonne mile. The IMO intents to tighten the required EEDI incrementally every five years
and by doing so the EEDI is expected to stimulate innovation and development of all systems and compo-
nents that influence the fuel efficiency of vessels[65].

Secondly the operational speed of a tanker can be reduced, also known as 'slow steaming. This is done to cut
down fuel consumption and carbon emissions. Slow steaming is a well-known concept and has successfully
helped ship owners in reducing the amount of fuel needed to run ships, which in turn has lead to significant
decrease in carbon emissions[19].

Another high-potential solution is the use of alternative fuels. This can be LNG which can reduce carbon
emissions, but only up to alimited amount. To decrease emissions even further, renewable fuels can be used.
This are fuels which are produced in a sustainable manner. There are many candidates that could be used
as renewable fuel on vessels such as renewable methanol, hydrogen, ammonia, ethanol or diesel, all having
specific challenges and upsides[30].

CII
The use of these alternative fuels does pose one great challenge which how to measure the emission reduc-
tion achieved and how to implement this in the present regulation on carbon intensity reduction of vessels.

Presently the carbon intensity of vessels is expressed at the IMO using the ’Carbon Intenisty Indicator’(CII).
The CII is an indicator that provides ship operators with the fraction of emissions that a vessel can emit com-
pared to a benchmark. This is therefore not a one-time obligation but requires continuous improvement to
comply with regulations. This continuously improving CII could follow the green line as can be seen in figure
1.2 if the CII requirements are identical to the IMO goals. This would result in a 70% reduction in 2050. This
IMO goal is however only an expressed goal but has not been translated into strict regulation.

Presently are two main methods that can be used to measure the carbon intensity (i.e. carbon emissions
“per ton mile”) of shipping that can be used when calculating the CII metric. The first is the Energy Efficiency
Operational Indicator (EEOI) as proposed by the IMO. A second method is the Annual Efficiency Ratio (AER).
The main difference lies in the calculation how much cargo the vessel transports. The EEOI is the ratio of a
vessel’s CO2 emissions per actual cargo transported divided by the distance sailed. The AER is the ratio of a
vessel’s CO2 emissions per vessel capacity divided by the distance that is sailed. I.e. the AER assumes that the
vessel is always filled. Both methods express the CCI in the same units (g CO2/ton-mile).

The methods as described above both calculate emission using a carbon factor(CF). This factor only takes
CO2 emissions in the tank-to-wake phase into account, neglecting well-to-tank emissions as well as other
greenhouse gasses such as methane and N20 emissions. When comparing fossil fuels that emit the bulk of
their emissions in the tank-to-wake (TTW) phase, this is a defensible approach. However when using alter-
native fuels, it is not always the case that the majority of emissions takes place during the TTW phase. For
non-renewable ammonia for instance, almost all emissions take place during the well-to-tank(WTT) phase.
Measuring the EEOI of a vessel operating on non-renewable ammonia using the EEOI or AER would there-
fore result in a theoretical carbon intensity reduction. However instead of actually reducing emissions, the
emissions have merely been shifted to another phase in the production chain. The use of renewable fuels
poses a similar problem, especially when considering different types of renewable fuels that all result in a
different amount of emission reduction depending on the production process of the renewable fuel. There-
fore to measure the actual carbon intensity reduction achieved by a vessel, emissions in both the WTT and
TTW phase need to be taken into account. Measuring emissions in both these phases is known as a ’Life Cycle
Analysis’[7]. Taking the entire well-to-wake system into account gives an complete overview of emissions and
therefore gives an opportunity to compare the use of alternative fuels on an equal bases.

Cost of alternative fuels

While such renewable and alternative fuels can be used to reduce emission, the present use of especially re-
newable fuels is negligible due to expected high fuel costs over the lifetime of the ship compared to fossil
fuels. These high fuel costs can reduce the return on investment significantly and deteriorate the competitive
position of the shipping company[30]. However in the future the use of these renewable fuels can increase
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if regulation forces shipowners of tankers to reduce emissions. Indirect measures such as a carbon tax could
also promote the use of renewable fuels because the cost of using fossil fuels would increase significantly.
However when confronted with such regulation, it is important for shipowners to be able to select the most
promising alternative fuel for their operations and vessel. These alternative fuels all have specific character-
istics. Some fuels will be have relatively high capital cost, other fuels relatively high operational cost. De-
pending on the specifics of the trade, different fuels might then be the optimal solution. To find this optimal
solution, good insight into the total costs ownership (TCO) of vessels using alternative fuels is needed. This
can then help shipowners to be able to make substantiated design choices for future vessels.

Conclusion

In this section, the problem statement was explained. The IMO has expressed emission reduction goals which
can be achieved by various measures such as increasing the efficiency of the vessel, slow steaming or using
alternative fuels. However it is important when using alternative fuels that emissions are actually reduced and
not shifted to a different phase such as fuel production. Furthermore good insight into financial impact of
emission mitigating measures is required for shipowners to be able to make substantiated business choices.

1.1. State of Art & Research Gap

Evaluating the research that has been performed on alternative fuels it is clear that there is extensive research
on the application and financial consequences of alternative fuels on vessels. Research can be found for the
use of alternative fuels in various vessels such as cruiseships[71], container vessels [65], ferries[4], fishing
vessels[25], dredgers[15] and tankers[62].

Within research performed on tankers two categories can be distinguished, one being research where the
cargo is used as fuel and the other research where the tanker has a separate fuel tank. Research projects that
focus on the use of the cargo as alternative fuel are performed by Methanex [48] and J. Tijdgat[66]. Methanol
producer Methanex has been a forerunner in the application and research of this concept by using the trans-
ported methanol as fuel on board of their dual fuel tankers[48]. J. Tijdgat researched the use of renewable
hydrogen carriers (RHC) as fuel on tankers[66]. These RHC are chemicals that can be used to transport hy-
drogen efficiently between locations by first reforming hydrogen to a chemical that is more easily transported.

Research on the application of alternative fuels on tankers with separate fuel tanks is performed by Baldi
et al. [5]. MAN Energy solutions [62] also reviewed several fuels including methanol but did not review am-
monia as potential fuel. Research on specifically ammonia for has been performed by N. de Vries[17].

Research on the life-cycle emission of fossil and renewable marine fuels is among others done by Bilgili [9],
Hwang et al. [64] and Bengttson [7]. Research looking specifically at reducing emissions to meet IMO goals is
done by Ampah et al.[3]

Research looking at the financial consequences of reducing life cycle emissions using alternative fuels is less
extensive but performed for a roro-passenger ship in Croatia[54].

It can be concluded that extensive research is performed on the influence of alternative fuels on various as-
pect of shipping such as the design, life cycle emissions and cost of vessels. However there is a limited amount
of research integrating these separate parts into one model while considering emission intensity reduction
targets.

1.2. Research Objective

The research objective of this thesis is to develop a models that can help to gain better insight into the finan-
cial impact of using alternative fuels and speed reduction to comply with emission reduction regulation for a
broad range of chemical tankers. This objective can be split into two sub-objectives:

¢ Developed a models that can evaluate the financial impact of using alternative fuels to comply with
certain regulation.

¢ Developed a model that can evaluate the financial impact of using alternative fuels and speed reduction
to comply with certain regulation.
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By analysing both these objectives for a broad range of vessels and scenario’s, trends could then be found.
Some fuels have higher capital cost, other fuels higher operational cost which could lead to a different op-
timal fuel depending on the operations and size of the vessel. Analysing this could increase the insight into
which fuels are most suited to help the chemical tanker fleet comply with specific decarbonization pathways
and how speed reductions influence this. Design speed, capacity, operational range, and carbon taxes are
varied to gain insight into a broad range of vessels and scenario’s. Because the price of renewable fuels is
strongly dependent on electricity prices, electricity price will be used as input variable and varied. Impact
can be described as CAPEX, OPEX, Fuel cost, Carbon tax cost, Total cost of Ownership (TCO) and profit.

1.3. Research Questions
This section will give an overview the main research question and sub-questions.

Main research question
What is the financial impact of using alternative fuels and speed reductions on a chemical tanker to comply
with decarbonization regulation, considering various carbon tax scenario’s?

Sub-questions
1. What are the life cycle emissions of the selected fossil and renewable fuels?

2. What renewable fuel prices can be expected between 2025 and 2050 for renewable fuels depending on
renewable electricity price scenario’s and carbon tax scenario’s ? And how do they compare to each
other and to fossil fuels?

3. What is the financial impact of mixing in a minimal amount of renewable fuel with MGO on a chemical
tanker to achieve a 70% emission intensity reduction during its entire lifetime? And can trends be found
in which alternative fuel is optimal depending on multiple variables?

4. What is the financial impact of using renewable and fossil alternative fuels on a chemical tanker to
comply with the IMO emission intensity goals? And can trends be found in which alternative fuel is
optimal depending on multiple variables?

5. What is the financial impact of using speed reductions, renewable alternative fuel and fossil alternative
fuels on a chemical tanker to comply with the IMO emission intensity goals? And can trends be found
in which alternative fuel is optimal depending on multiple variables?

1.4. Research approach
In this section, the research approach is defined. This research approach will help to answer the research
questions and to achieve the research goal. A general illustration of the research approach of this study can
be seen as a flowchart in figure 1.3.

Fuel price
. S Model to
Scenario Life cycle estimation of analyse Economic |
selection ™| @analysisof - fossiland selected —»>  model ™ Results
fuels renewable ‘
scenarios
fuels

Figure 1.3: Overview of the research approach
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First an overview of research scenarios that will be analysed in this study will be given in chapter 2.

A key input variable of the parametric and economic model are the life cycle emissions of the fuels. Therefore
a life-cycle emission analysis is done of the selected fuels. An LCA is used to avoid shifting emission from the
tank-to-wake phase to the well-to-tank phase. This is further explained and worked out in chapter 3.

Next a model is developed to be able to estimate the future prices of renewable fuels for various electric-
ity price scenario’s. This is done based on predicted capital and operational cost of fuel synthesis plants. This
is the "fuel price model’ as is further elaborated on in chapter 4.

Next a 'model to analyse selected scenarios’ will be developed in chapter 5. The first goal of this model is
estimate the dimensions and characteristics of a chemical tankers based on deadweight and design speeds.
This later enables the fast analysis of a broad range of vessels. The characteristics of this conventional vessel
are then used to estimate the characteristics of a vessel with the same capacity but that can comply with the
regulation as determined by the scenario through the use of alternative fuels.

An economic model is then developed to determine the vessels capital cost, operational cost, lifetime fuel
cost, carbon tax cost and finally the total cost of ownership of the vessel. This model can be found in chapter

6.

These models then give all the tools to analyse the scenario’s in chapter 7, 8 and 9.



Research scenarios

The research objective of this thesis is gain better insight into the financial impact of using alternative fuels
and speed reduction on vessels to comply with possible emission regulation. Therefore multiple scenario’s
of regulation and technical solutions will be analysed in this study. The goal of this chapter is to select the
scenarios.

Therefore all sub-parts from which scenarios can be created are discussed in this chapter in section 2.1, 2.4,
4.10 and 2.4. Next a combination of these sub-parts is selected to create the research scenarios, which will be
done in section 2.5.

2.1. Decarbonization pathway

While the IMO has expressed carbon reduction goals for the future, no long term regulation on the emission
intensity reduction of vessels has presently been implemented that can be used in this study as decarboniza-
tion objective. This study will therefore look at the following two hypothetical pathways:

e Immediate 70% intensity reduction: this pathways requires vessels to have reduced emission intensity
by 70% in 2025 compared to a base case. This goal does not changing over the lifetime of the vessel.
This is scenario is not an ambition expressed by the IMO, but could be the ambition of an operator.

¢ Gradual implementation: this pathway requires a continuous improvement of the carbon intensity
over the years, with 2008 as reference point. A reduction of 40% should be achieved in 2030 and a
emission intensity reduction of 70% in 2050. The annual emission reduction goals are assumed to
follow a linear line between the set targets in 2008, 2030 and 2050.

2.2. Emission reduction strategies

In line with the research objective of this study, two emission reduction strategies are considered being "speed
reductions" and "alternative fuels" as further explained below.

Speed reduction
The first strategy to reduce emission will be reducing the operational speed of the vessel.

Technical implementation of alternative and renewable fuels
Secondly alternative fuels can be implemented on a vessel. This can be done using several methods, these
will be discussed below:

¢ Mixing renewable diesel with MGO: renewable diesel to can be added to the fossil diesel-oil on a
vessel. The fraction of the renewable version can than be made as large as needed to achieve carbon
reduction goals. This approach has limitations due to the inefficient production process of e-diesel,
making it relatively expensive to produce and use[66]. This pathway is therefore not considered in this
study.
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¢ Mixing of renewable alternative fuel with MGO: To overcome the production problem of synthetic
diesel it can be chosen to add a different renewable alternative fuel to a MGO powered engine. This re-
newable alternative fuel can be methanol, ammonia or another alternative renewable fuel. In that case
the engine operates on a mixture of MGO and a renewable version of ammonia for example. Again de-
pending on the required carbon reduction, the vessel can increase the fraction of renewable alternative
fuel[63][4].

100% of fuel used

Figure 2.1: Implementation strategy using MGO and renewable alternative fuel

¢ Complete switch to alternative fuel: finally it can be chosen to completely switch to an alternative fuel
such as LNG, ammonia of methanol. In past decade the use of LNG has increased significantly and
is now commonly used on vessels. This strategy has also been used for the ferry Stella Germanical4]
which operates completely on methanol except some required pilot fuel. To be able to achieve its car-
bon goals, the vessel can then operates on a combination of the fossil and renewable version of the
alternative fuel. If regulation become stricter over the years, the vessel can increase its share of renew-
able fuel to keep compliant.

Minimal Pilot

100% of fuel used

Figure 2.2: Implementation strategy that makes a complete switch to an alternative fuel.

2.3. Carbon Emissions Tax

A emission trading system could be introduced in the future to reduce the emissions. Such a carbon tax aims
to raise incentives for shipping companies to invest in technologies to enable cleaner shipping or switch to
less emission intensive fuels. The height of the carbon tax will have large influence on its effect, therefore the
following scenarios are considered:

e Zero
e Low
e High

2.4. Renewable prices

Shipowners generally aim to make a profit, and the cost of an emission militating solution such as alternative
fuels will therefore have large influence on the use of that solution. How renewable fuel price will develop is
uncertain and therefore two scenarios will be considered:

¢ Low renewable fuel price

* High renewable fuel price

2.5. Scenario generation

Combining the scenario’s above, a large amount of combination of decarbonization pathways and strategies
arises. For this study it is chosen to limit these combinations to three. The first combination is "immediate
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70% intensity reduction” with a "Mixing of e-fuel with MGO" implementation strategy. Secondly the "Grad-
ual implementation" decarbonization pathway is combined with the "complete switch to alternative fuel"
technical implementation strategy. Thirdly the "Gradual implementation" decarbonization pathway is also
combined with both a "complete switch to alternative fuel" strategy as wall as speed reductions. All these
combinations are analysed for the different carbon tax and fuel price scenario’s. An overview of these options

can be found in table 2.1.

Decarbonization Carbon | Power .
Strategy . . Scenario
pathway price price
high 1
Immediate 70% None low 2
intensity Addition of minimal high 3
reduction in amount e-fuels to MGO Low low 4
2025 high | 5
High low 6
None high 7
Complete switch to combination of fossil and low 8
Gradual Implementation renewable version of alternative fuel, to be Low high 9
able to yearly increase the use of e-fuel to keep low 10
compliant with increasingly stricter IMO goals. | High high 11
low 12
Speed reduction None high 13
+ low 14
. . Complete switch to combination of fossil and Low high 15
Gradual implementation . .
renewable version of alternative fuel, to be low 16
able to yearly increase the use of e-fuel to keep | high high 17
compliant with increasingly stricter IMO goals low 18

Table 2.1: An overview of all scenarios that will be analysed in this study






Life Cycle Analysis of fuels

To be able analyse the financial impact of using alternative fuels to comply with emission regulation, it is first
important to determine the emissions connected to the fuels. This chapter will explain the reasons behind
using a life cycle analysis to measure emissions. Therefore the concept of a LCA is explained in section 3.1
after which the analysis is done for the selected fuels in section 3.2.

3.1. Concept of a life cycle analysis

For the analysis of the environmental impact of fuel a life cycle assessment can be used. This process is
also known as a Well-to-Wake analysis in the maritime industry and addresses the complete environmental
impact of a fuel. Using LCA avoids shifting environmental impact from one phase in the life cycle to another
phase which is essential to map overall environmental impact[7]. Within the life cycles of fuels, two phases
can be distinguished as can be seen in figure 3.1. The first is the "Well-to-Tank” (WTT) which is the phase
from the acquisition of feedstocks such as oil to production/processing including finally transportation. The
second phase is the "Tank-to-Wake” (TTW) phase which spans from the tank of the vessel to final disposal.
finally the term "Well-to-wake” covers the complete process from cradle to grave.

¢jl-§1t¢E-¢ E-@,él:»&?j

e
Oil extraction, Pipeline Oil tanker Refinery Oil bun!(ering Oil based
production / transport transport terminal fuelled ship
processing
Tank to Wake
Well to Tank (W1T) (TtW)

Well to Wake (WtW)

Figure 3.1: Illustration of the concept 'well-to-tank’ and 'tank-to-wake’ for fossil fuels(33]

The environmental impacts analysed in an LCA can be classified into five categories as shown below[64]:

¢ Global Warming Potential (GWP): An index for the radiative force of a given substance, accumulated
over a time horizon, relative to the reference substance, being carbon dioxide (CO>).

* Acidification Potential (AP): An index that measures the acidifying effect of substances.

¢ Photochemical Ozone Creation Potential (POCP): An index that gives an indication of the potential
capacity of an organic compound to create ozone in the troposphere.

» Eutrophication Potential (EP): An index that measures the excessive biological activity of organisms
due to over-nutrification.

11



12 3. Life Cycle Analysis of fuels

¢ Particulate Matter (PM): An index to measure the secondary fine dust emitted into the atmosphere.

In this study only the Global Warming Potential will be reviewed, the other categories fall outside the scope
of this study.

Global warming potential

The GWP of emissions is expressed as a "20-year GWP" or "100-year GWP" which are both indicators for the
relative impact of a substance compared CO, over a respective timeframe, i.e. the 20-year GWP is based on
the energy that is absorbed over 20 years by a substance. Because the impact is expressed relative to CO,, this
results in a theoretically higher GWP of gases with shorter lifetimes than CO, when considering the 20-year
GWP.

This is particularly of relevance for methane. Since methane has a shorter atmospheric lifetime than CO,,
the 20-year GWP is higher than the 100-year GWP. The 20-year GWP of methane has been estimated to be 84,
compared with the 100-year GWP of 28[69] as can be seen in table 3.1. This is relevant for this study because
the impact of methane slip would have significant larger impact on the results when using a 20 year GWP[68].
In this study the 100 year GWP of substances will be used.

GWP | 20years | 100 years
CO, 1 1
NH4 84 28
N20 264 265

Table 3.1: GWP of CO2,NH4 and N20.

3.2. Life cycle analysis of selected fuels

The life cycle emissions of the fossil variants of methanol, amonnia, LNG and MGO reviewed extensively
in research[36][37][69]. Research into the life cycle emissions of renewable synthetic fuels produced from
DAC and renewable fuels is is not as established. This study will therefore base the life cycle emissions of
the renewable fuels on two factors. The first is the carbon-intensity of the wind power that is used for the
production of e-fuels. The second factor is the carbon dioxide removed from the air by DAC as can be seen in
equation 3.1. Values for the (negative) emissions of DAC are based on the values in chapter 4.

fuel energy . . .
W T Trenewable fuel = ——— -carbon INTENSItY gjecqricity + €MISSIONSPAC @.D
Mproduction

The carbon intensity of wind energy is assumed to be 13 g CO,-eq/kWh[43]. The used production effi-
ciencies are 54.47%, 43.33% and 42.22% for respectively ammonia, methane and methanol. These are the
efficiencies as determined in chapter 4 for the year 2020. It should be noted that other renewable energy
sources such as hydro or solar have higher carbon intensities of respectively 28 and 73 g CO,/kWh as can be
seen in figure 3.2. Reviewing the influence of this difference in carbon intensity falls outside the scope of this
project.
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Figure 3.2: The carbon intensity of various power sources[43]

3.2.1. Life cycle analysis of ammonia
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The life cycle analysis of renewable and fossil ammonia can be found in table 3.3. The WTT emissions of

renewable ammonia is calculated using formula 3.1. The carbon footprint of grey ammonia depends on the
feed stock and the efficiency of the ammonia plant. The difference in carbon footprint of ammonia plants is
significant, plants that use coal as feed stock can have emission of up to 161 gr CO2eq/M]J ammonia. How-
ever normally existing plants are more efficient, emitting approximately 161 gr CO,/MJ ammonia[49]. Fi-
nally modern ammonia plants are the most efficient, being able to produce with emissions as low as 86 gr

CO2eq/MJ ammonia[44]. This study will use a value of 96.5 gr CO2eq/M]J[69].

Harmful emissions of Ammonia | [g/g-fuel] | [g CO2-eq/M]] | Source
WTT

WTT Fossil ammonia 96.50 [44]
WTT Synthetic ammonia 6.62 Calculations
TTP

CO, 0 0 [14]
CH4 0 0 [14]
N20 0.000080 1.13 [14]
Sub-total 1.13

WTP Fossil Ammonia 97.6

WTP Synthetic Ammonia 7.76

Table 3.2: The life cycle emissions for renewable and fossil ammonia. Sources can be found in the table. The WTT of fossil ammonia is
the average value of the higher and lower limit of 86-107 kg CO2 eq eq/GJ[44]. The N20 emission of ammonia engines is unknown and

should be verified by an engine manufacturer, for now it is assumed that NH3 (dual fuel) performs similar as HFO in g/kWh
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3.2.2. Life cycle analysis of methanol

The life cycle analysis of renewable and fossil methanol can be found in table 3.3. The WTT emissions of
renewable methanol is calculated using formula 3.1. The life-cycle emissions of fossil methanol are built up
from extraction of methane, transport and processing. The amount of emissions affiliated with the extraction
of natural gas strongly depend on the location, ranging from 2 gr CO,eq/M] in Norway to 8 gr CO2eq/M]J in
Russia. However overall the total well-to-tank (WTT) GHG emissions from methanol production made from
natural gas is strongly dominated by the emissions from the combustion from natural gas during methanol
production at the plant. Transport emissions are almost neglectable. This results in 20.38 gr CO2eq/M] for
methanol when produced from natural gas[69].

Harmful emissions of Methanol | [g/g-fuel] | [gCO,-eq/M]] | Source:
WTT

WTT Fossil Methanol 20.38 (69]
WTT Synthetic Methanol -60.44 Calculations
TTP

CO2 1.37 69.00 (69]
CH4 0 0 [69]
N20 0 0 (69]
Sub-total 69.00

WTP Fossil 89.38

WTP Synthetic wind 8.55

Table 3.3: The life cycle emissions for renewable and fossil methanol. Sources can be found in the table.

3.2.3. Life cycle analysis of methane

Harmful emissions of LNG | [g/g-fuel] | [gCO,-eq/M]] | Source
WTT

WTT Fossil LNG 19.46 [69]
WTT Synthetic LNG -47.80 Calculations
TTP

CO» 2.75 56.12 [36]
CH4 0.02 11.42 [36]
N20 0.000110 0.59 [36]
Sub-total - 68.14

WTP Fossil LNG 87.61

WTP Synthetic LNG 20.33

Table 3.4: The life cycle emissions for renewable and fossil LNG. Sources can be found in the table.

3.2.4. Life cycle analysis of MGO

3.3. Comparison of results

An overview of results of the LCA analyses can be seen in figure 3.3. It can be seen that e-LNG still has signifi-
cant GHG emissions due to methane slip but still results in approximately 77% reduction compared to fossil
LNG. for e-ammonia and e-methanol significant lower life cycle emission were found, resulting in respec-
tively a 92% and 90% emission reduction. Furthermore it was found that while e-ammonia has the lowest
life-cycle emission, the fossil version has the highest due to the production process.
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Harmfull emission of MGO 0.1% S | [g/g-fuel] | [gCO,-eq/M]] | Source:
WTT
WTT Fossil MGO 0.1% S 12.92 X
TTP
CO, 3.16 74.00 X (h!]
CH4 0.000019 | 0.013 X
N20 0.000149 | 0.92 X
Sub-total 74.94
| WTP Fossil MGO 0.1% S 87.86

Table 3.5: The life cycle emissions for renewable and fossil methanol. Sources can be found in the table.
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Figure 3.3: The well to wake emissions of fuels

3.4. Conclusion

Fuels

0 I I I | I

Fossil NH3 e-NH3

Fossil MeOH e-MeOH

The goal of this chapter was to map the life cycle emission of various fuels. For the LCA the greenhouse gasses
CO2, N20 and CH4 were considered and their impact as GHG has been measured as the 100 year CO,eq. It was
found that e-LNG still has significant GHG emissions due to methane slip but still results in approximately
77% reduction compared to fossil LNG. For e-ammonia and e-methanol significant lower life cycle emission
were found, resulting in respectively a 92% and 90% emission reduction.






Fuel price estimation of fossil and
renewable fuels

The goals of this chapter is to give a overview of the production and availability of ammonia, methanol and
LNG. This is done by reviewing different types and availability of ammonia, methanol and LNG in respec-
tively section 4.1 and 4.6.

Next in section 4.4 an analysis will be made of energy demand and capital costs of the feedstocks of syn-
thetic fuels. The synthetic production of green ammonia, methanol and LNG will be reviewed in respectively
section 4.5,4.6 and 4.7. Finally an overview of expected fuel costs will be given in section 4.8 for renewable
fuels and in section 4.9 for fossil fuels.

4.1. Types and availability of ammonia

Ammonia has a long history of large scale production, and is a globally traded commodity. Depending on the
energy source for the production om ammonia, different types of ammonia can be distinguished such as grey,
blue and green ammonia. While these types of ammonia have different carbon dioxide footprints, the physi-
cal product 'ammonia’ is identical. Below the different types of ammonia of ammonia will be reviewed[44]:

¢ Grey ammonia is normally produced from fossil energy sources, usually natural gas. The ammonia
production plant turns these fossil sources into gaseous hydrogen, a process known as steam reform-
ing. Next this hydrogen is used in combination with nitrogen to make ammonia using the Haber-Bosch
process|[44].

¢ Blue ammonia has a similar production process as grey ammonia, having one difference which is that
the carbon emissions from the ammonia plant are captured and stored at a permanent location. This
process is known as carbon capture and storage (CCS)[44], hence significantly reducing the carbon
footprint of the ammonia[44].

¢ Green ammonia is produced completely from renewable electricity, air and water. This type is therefore
also known as renewable or sustainable ammonia. It is assumed that the carbon footprint of ammonia
from this production method is close to zero. For it to be completely zero-emissions, the entire industry
including transport will need to become sustainable. At the moment not all life cycle emission can
be reduced to zero, the reduction in carbon emissions for green ammonia is therefore estimated at
more than 90% for wind power-based ammonia. For solar based ammonia the emission reduction is
estimated at 75%[44].

Ammonia availability

The worldwide production of ammonia has been increasing over the last decades steadily. Production has a
high correlation with the growth of the world population because 85% of all ammonia is used for the produc-
tion of fertilisers. At the moment the total world production of ammonia is approximately 180 million tons

17
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[44] while the worldwide production capacity is 243 million tons. Therefore only 75% of the present produc-
tion capacity is actually used to produce ammonia. The most plausible reasons for the large gap is the high
age of many ammonia plants. However, even corrected for age, a higher production output of 90% can be
expected[44], leaving the possibility to increase production by 40 million tons.

The industrial production of green ammonia is presently almost non-existant, however the transitioning to-
wards an sustainable ammonia production industry is accelerating. In 2020 multiple large-scale projects for
the production of green ammonia were announced which could lead to the availability of millions of tons
of low-carbon ammonia this decade[11]. The world’s largest ammonia manufacturer, CF Industries has set
a target to achieve net-zero carbon emissions by 2050. Therefore they will first build a 20,000 ton green am-
monia production facility in the U.S.A. Furthermore Fertiberia and Iberdrola announced their intention to
expand their existing green ammonia plans, from a 20 MW pilot plant that will be operational next year, to a
full 800 MW of electrolytic hydrogen production by 2027[11].

The total marine fuel consumption is currently approximately 250 million tons. To put the present production
capacity of ammonia into perspective, it would require approximately 150 million tons of ammonia a year to
replace 30% of the current marine fuel consumption according to white paper Ammonfuel[44]. Hence ad-
ditional production capacity is most likely needed if the application of ammonia as a marine fuel becomes
significant.

Since more green ammonia production capacity is being build, the production of green ammonia could grad-
ually replace fossil based ammonia. However the fossil based variant will remain important for the coming
decades. For that reason, future vessels might have to use combination of green and fossil while the full tran-
sition is still ongoing. To give more insight into the availability of both green and grey ammonia, DNV GL has
located all ammonia bunker locations worldwide. This data is published in their ’Alternative Fuels Insight’
online tool. Figure 4.1 shows the ammonia available bunker locations from this tool[27].
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Figure 4.1: Wordwide bunker locations for ammonia according to DNV GL [27]

4.2. Types and availability of methanol

Methanol is generally produced from coal, natural gas or biomass. The following types of methanol can be
distinguished depending on the source of the energy[41]:

* Grey Methanol; Worldwide most methanol is produced by the synthesis of natural gas. Steam reform-
ing and partial oxidation are the chemical processes that are mainly used to produce syngas from which
methanol can be produced.
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¢ Blue methanol has a similar production process as grey methanol, having one difference which is that
the carbon emissions from the methanol plant are captured and stored at a permanent location. This
process is known as carbon capture and storage (CCS)[44], and can reduce the carbon footprint of the
fuel[44] partially.

* Green methanol from carbon neutral biomass; Presently methanol is made mainly from fossil re-
sources, however in the future a (gradual) transition to methanol produced in a sustainable manner is
required to reduce emissions significantly. Methanol production from biomass such as wood or food
residues is one way of producing sustainable methanol. Wood residues are a biomass source because it
can be converted into black liquor which can be gasified to syngas which is needed for the production
of methanol. In the future such processes could become part of large wood processors that have excess
biomass. In the end such a sustainable way of producing methanol can make methanol a clean fuel
with low well-to-wake (WTW) emissions[42].

¢ Green synthetic methanol; Another sustainable method for the synthesis of methanol is production
from green hydrogen (from electrolysis with sustainable electricity). This method uses a reverse wa-
ter gas shift reaction (RWGS) between hydrogen and captured CO, to produce a mixture of CO and
H20. Next the CO is separated, and mixed with H2 to form (green) syngas from which methanol can be
produced[41].

Methanol availability

The production of methanol is distributed over approximately 90 methanol plants in Asia, North and South
America, Europe, Africa and the Middle East and totalled to about 95 million metric tons in 2018[2]. Produc-
tion capacity in not used completely since these methanol plants have a combined production capacity of
about 110 million metric tons. This production is mainly driven by energy applications for methanol since it
is primarily used as a chemical feedstock or as a transportation fuel[42]. The key importers of methanol are
the US and China, both importing around 5 million metric tons of methanol annually[42].

Production of green methanol from biomass is still limited. A new methanol plant from BioMCN in the
Netherlands is the first large scale bio-methanol plant and produces 200,000 tonnes/year by producing bio-
methanol from biogas sourced from waste digestion plants. Production of green methanol from green hy-
drogen is also still very limited and no large-scale plant exist yet but several pilot-plants are being build.
North-C-Methanol is one of these demonstrator projects that is presently being build. It consists of an elec-
trolyser plant with a power of 63 MW, splitting water in green hydrogen and oxygen, using renewable energy
from off-shore wind. Oxygen will be used locally in the steel industry. Green hydrogen will be combined with
captured CO,, originating from industrial point sources, in a catalytic methanol synthesis plant with a pro-
duction capacity of 45.000 ton methanol per year[12]. Because CO; is sourced from industrial sources for this
plant, the process is still not a closed cycle but could become so if CO; is sourced from the air.

The total marine fuel consumption is currently approximately 250 million tons[44]. To put the present pro-
duction capacity of methanol into perspective, it would require approximately 160 million tons of methanol a
year to replace 30% of the current marine fuel consumption. This estimation is based on the LHV of methanol
and MGO and only gives a rough estimation. Considering the present methanol production of 96 million tons
it shows that a significant increase in production capacity would be needed if the application of methanol as
a marine fuel increases to substantial levels.

DNV GL located all methanol bunker locations worldwide and published them in their ’Alternative Fuels
Insight’ online tool. Figure 4.2 shows the methanol available bunker locations from this tool[27]. It can be
noted that worldwide supply is existing, however less developed area’s such as West-Africa do not have avail-
able bunker locations.

4.3. Types and availability of methane

Methane is a product that is generally available in a non-pure form as natural gas or liquefied natural gas(LNG)
but other types can also be distinguished:

¢ Grey methane: Presently almost all methane worldwide comes from natural gas.
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Figure 4.2: Wordwide bunker locations for methanol according to DNV GL [27]

* Green methane can be sourced from bio-mass or produced synthetically. Synthetic methane is also
known e-methane due to the fact that the production process of this variant is dependant on electrcity.

4.4. Feedstocks of synthetic fuels

The previous sections have given a general overview of available types of ammonia, methanol and methane.
It was found that renewable fuels can be produced from bio-mass or from electricity using synthesis. This
study will limit its scope to synthetic renewable fuels. The most important elements for the production of
synthetic fuels are renewable energy, hydrogen, nitrogen and carbon dioxide. Therefore this section will fur-
ther review these elements before the synthetic production of fuels itself is further analysed in section 4.5 and
on.

Therefore the cost of renewable energy will first be reviewed. Next the production processes of hydrogen,
nitrogen and carbon dioxide are reviewed.

4.4.1. Renewable energy
The cost of renewable energy in this study has been based on data from International Renewable Energy
Agency and can be seen by year in table 4.1[38][40].

Electricity price 2020 2030 2050
Scenario 1: High [USD/kWh] 0.056 0.050 0.030
Scenario 1: high average [USD/GJ] | 15.556 | 13.889 | 8.333
Scenario 2: Low best [USD/kWh] 0.056 0.04 0.02

Scenario 2: Low best [USD/G]J] 15.556 | 11.111 | 5.556

Table 4.1: Energy prices from IRENA[39].

4.4.2. Electrolysis

There are multiple ways to produce hydrogen from renewable power such electrolysis, thermolysis, and ther-
mochemical cycles. The most used and mature process at the moment is electrolysis, therefore this method
will be reviewed in this study. During electrolysis, water is separated into hydrogen and oxygen by a current
between two electrodes as can be seen in formula 4.1[13].
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2-H,O +electricity=2- Hy + O; (4.1)

Electrolysers can be categorised into low- and high temperature electrolysers. For low-temperature electrol-
ysis there are two main technologies which are Proton Exchange Membrane (PEM) and Alkaline Electrolysis
Cells (AEC). For high temperature electrolysis, Solid oxide electrolysis cell (SOEC) is the main technology[20].
An overview of these technologies can be seen in table 4.3. At the moment only AEC electrolysers are com-
mercially available, therefore this technology will be used in this study.

Table 4.2: Overview of AEC, PEM and SOEC electrolysters[20]

Low temperature High temperature
Technology AEC PEM SOEC
Year 2017 2030 2050 | 2017 2030 2050 | 2017 2030 2050
TRL(Assumption) | 8-9 9 9 7-8 9 9 5-7 9 9
C ial but D -
Maturity Commerical ommerciatbl emON= | ommercial
small scale stration

Table 4.3: The technology readiness level of the main electrolyser technologies[20].

The efficiency of an alkaline electrolyser is estimated at 66% in 2020,68% in 2030 en 75% in 2050[38] as can
be seen in table 4.4. The capital costs are estimated at 696 USD per ton hydrogen in 2020 and are set to decline
to 122 USD per ton hydrogen in 2050. The CAPEX of the electrolyser[38], OPEX[13], replacement cost[13],
plant lifetime[13], capacity factor[13] and stack lifetime in 2020[13], 2030[13] and 2050 [16] supporting these
numbers can be found in table 4.4.

Energy demand electrolyser 2020 2030 2050
Electrolysis efficiency [%] (LHV) 66 68 75
Electrolysis [G]/ton H2] 181.82 176.47 | 160.00
CAPEX electrolyser 2020 2030 2050
CAPEX Electrolyser [$/kWel] 840.00 | 626.67 | 200.00
OPEX [%] 3.50 3.50 3.50
Stack lifetime [h] 75000 95000 125000
Stack replacement cost [% of CAPEX] | 50.00% | 50.00% | 50.00%
Plant lifetime [years] 30.00 30.00 30.00
Capacity factor [%] 80.00 80.00 80.00
Total CAPEX [USD/ton H2] 696.50 | 461.21 122.23

Table 4.4: The efficiency of electrolysis in 2020, 2030 and 2050 are the average of the range estimated by the IEA[34] for these years.
CAPEX based on IRENA[38]. OPEX, Replacement cost, Plant lifetime and capacity factor are based on Selma et al.[13]. Stack lifetime in
2020 and 2030 based on [13]. Stack lifetime in 2050 based on [16].
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4.4.3. Direct Air Capture of CO,

For the production of synthetic hydrocarbons, carbon dioxide is needed as a feedstock. Carbon dioxide can
either be captured from point sources (PC) or alternatively it can be captured from ambient air by direct air
capture (DAC). While carbon capture from point sources might reduce overall emissions it is not carbon neu-
tral. Therefore only carbon capture by means of DAC is considered in this study[20].

DAC systems have the main advantage that they do not depend on CO, point sources. Therefore they can
be directly integrated into an synthetic fuel production plants, i.e. saving CO, transportation costs. Fur-
thermore this enables fuel production at locations with high power availability but without carbon dioxide
sources. A downside of DAC system are the high energy demand and costs compared to capture from point
sources. This is a result of the relative low CO, concentration of 0.04% in ambient air. In contrast, the carbon
dioxide level in flue gasses of gas and coal power plants are respectively 3-10% and 12-15%(20].

At the moment DAC is technically feasible and several demonstration plants have been build. Some have
been developed at commercial scale and the technology can be considered near to commercial available.
The energy demand of DAC systems used in this study is 1535 kWh/toncoy in 2020, 1458 kWh/toncgy in
2030 and 1316 kWh/toncg in 2050[23]. The capital costs of DAC are calculated using variables as found in
table 4.5, this gives an estimated CAPEX of 33.8 USD/ton CO; in 2020, 9.16 USD/tonCO> in 2030 and 7.76
USD/tonCO; in 2050[23].

Energy demand 2020 [ 2030 | 2050
DAC GJ/ton CO, 553 [525 | 474
CAPEX

CAPEX [USD/(t CO2 an.) | 815.00 | 265.00 | 222.00
Lifetime [years] 25 30 30
CAPEX [USD/ton] 326 883 |74
OPEX

OPEX [% of capex p.a.] 370 [370 [3.70

Total CAPEX + OPEX DAC [$/ton CO,] | 33.81 [ 9.16 | 7.67

Table 4.5: Energy demand|[23] and capital cost[23] of DAC. The CAPEX is first shown as capital cost per ton production capacity. Dividing
this by the lifespan of the system gives the cost per ton CO>.

4.4.4. Air separation of nitrogen

To separate nitrogen from air, an air separation unit (ASU) can be used. The power requirements for the ASU
unit are estimated at 200 MJ/ton N»[31]. The capital cost are estimated at 2.78 USD per ton nitrogen, based
on variables as can be seen in table 4.6.

Energy demand ASU 2020 | 2030 | 2050
N, separation (ASU) [G]/ton N»] | 0.2 0.2 0.2

CAPEX ASU 2020 2030 2050
CAPEX [USD/kW ] 13182 | 13182 | 13182
OPEX [% of capex p.a.]

Lifetime [years] 30 303 30
CAPEX [USD/ton Nj] 2.78 2.78 2.78

Table 4.6: The power requirements[31] and variables used to calculate capital costs[50] of an air separation unit.
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4.5. Synthesis of Ammonia

4.5.1. Production process & energy demand

To produce ammonia from hydrogen and nitrogen, the Haber and Bosch process is used and the chemical
equation of this process is shown in equation 4.2. This production process is performed at an operating
pressure between 100 - 250 bar and a temperature between 400 and 500 degrees Celsius. Furthermore iron
oxide based catalyst is present in this process to support the chemical reaction[1].

N> +3H, =2NH;3 (+Heat) 4.2)

For the production of 1 ton of ammonia using the Haber-Bosch Process, 178 kg of hydrogen is needed. For
the production of the required green hydrogen, electrolysis is used which is estimated at an efficiency of 58%
in 2017 and is expected to increase as is explained in further detail in section 4.4.2

For the production of the required nitrogen, an air separation unit (ASU) can be used to separate the ni-
trogen from the air. The ASU requires 200 MJ for the production of 1 ton N
citeThesisyielsandusing822kgN, for 1 ton of ammonia, this requires 160 MJ/ton NH3[17]. It is assumed
that the energy consumption of this process remains constant over the years.

For the synthesis ammonia, the nitrogen and hydrogen are compressed and inserted into the Haber-Bosch re-
actor. The synthesis of ammonia with the Haber-Bosch process requires an additional 1600 MJ/ton NH3[31].
An overview of the energy consumption of ammonia production can be seen in table 4.7.

. Mass Ener Ener Ener
Ammonia needed [ton] need?d’ 2020 need?d’ 2030 need?d’ 2050
Electrolysis [G]/ton NH3] 0.18 32.36 31.41 28.48
Separation Ny [GJ/ton NH3] | 0.82 0.16 0.16 0.16
Synthesis [G]/ton NH3] 1.60 1.60 1.60
Liquifaction [G]/ton NH3] 0.01 0.01 0.01
Total [GJ/ton NH3] 34.14 33.19 30.25
Efficiency (LHV) [%] 54.48 56.05 61.48

Table 4.7: The energy consumption of ammonia production. Electrolysis based on [38]. ASU, synthesis and liquifaction based on [31].

Capital costs

The capital cost of ammonia are based on the capital cost of ASU and electrolysis as discussed in respectively
section 4.4.4 and 4.4.2. For the synthesis of ammonia using an Haber Bosch reactor, capital costs of 122.09
USD per ton ammonia are assumed[66]. An overview of capital cost for ammonia can be found in table 4.8

Ammonia CAPEX Mass needed [ton] | 2020 2030 2050
CAPEX electrolysis [USD/ton NH3] 0.18 123.98 | 82.10 21.76
CAPEX ASU [USD/ton NH3] 0.82 2.29 2.29 2.29
CAPEX synthesis + liquifaction [USD/ton NH3] 122.09 | 122.09 | 122.09
Total CAPEX [USD/ton NH3] ‘ 248.35 | 206.47 | 146.13

Table 4.8: The capital expenses of ammonia.

4.6. Synthesis of methanol

4.6.1. Production process and energy demand

Green methanol can be produced using a reverse water gas shift reaction (RWGS). In this reaction green hy-
drogen and CO; are reformed into carbon mono oxide and water. This can be seen in equation 4.3. Next, the
carbon dioxide is separated, and CO and additional CO, are mixed with H2 to form (green) syngas. Finally
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the syngas is used to form methanol in reactor as is shown by equation 4.4. This reaction is exothermic and
high pressures are needed to enable the reaction.

CO; + Hy(+Heat) =CO+ H,O 4.3)

CO+2Hy=CH30H(+Heat) 4.4)

In this study electrolysis is used for the production of the required green hydrogen. The efficiency of this
process is estimated at 58% in 2017 and is expected to increase as has been discussed in the section 4.4.2. For
the production of the required carbon dioxide, DAC is used as further explained in section 4.4.3. Finally it is
assumed that the synthesis of methanol requires 4.8 GJ/ton. These values are summarised in table 4.9.

Mass Ener: Ener: Ener:
Methanol needed [ton] neediz 2020 neediz 2030 neediz 2050
Electrolysis [G]/ ton MeOH] | 0.19 34.36 33.35 30.24
DAC [G]/ ton MeOH] 1.44 7.97 7.57 6.83
Synthesis [G]/ ton MeOH] 4.80 4.80 4.80
Total [GJ/ton] 47.13 45.72 41.87
Efficiency (LHV) [%] 42.22 43.52 47.53

Table 4.9: The energy demand electrolysis[34], DAC[23] and synthesis[66] for methanol production.

Capital cost of methanol production

The capital cost of methanol are based on the capital cost of DAC and electrolysis as discussed in respectively
section 4.4.3 and 4.4.2. For the synthesis of methanol using an RWGS, capital costs of 143.02 USD per ton
methanol are assumed[66]. An overview of capital cost for methanol can be found in table 4.10

Methanol total cost Mass needed [ton] | 2020 2030 2050
CAPEX electrolysis [USD/ton MeOH] 0.19 131.64 | 87.17 | 23.10
CAPEX DAC [USD/ton MeOH] 1.44 48.75 13.21 11.07
CAPEX synthesis + liquifaction [USD/ton MeOH] 143.02 | 143.02 | 143.02
Total capex [USD/ton MeOH] 323.41 | 243.40 | 177.19

Table 4.10: The capital costs of electrolysis[38], DAC[23] and synthesis[66] of methanol.

4.7. Synthesis of methane

4.7.1. Production process & energy demand

Synthetic natural gas (SNG) can be produced synthetically by methanation, a process is performed trough the
Sabatier reaction which is shown in equation 4.5 In this process CO, and H, react to form water and methane.
Next to methanisation, synthetic methane can be produced through the reverse reaction of steam methane
reforming. In this process carbon monoxide and hydrogen react to form methane as can be seen in equation
4.6. To produce the required carbon monoxide, endothermic reversed water gas shifting (RWGS) can be used
as shown in equation 4.7. The most widely used process is the combination of an endothermic reversed water
gas shift (RWGS) reaction and an exothermic CO methanation[20].

CO,+4H,O=CHy+2H,0 (+Heat) (4.5)
CO+3H; =CHy+ H>O (+Heat) (4.6)
COy+ Hy +Heat=CO+ H,O 4.7)

In this study electrolysis is used for the production of the required green hydrogen. The efficiency of this
process is estimated at 58% in 2017 and is expected to increase as has been discussed in the section 4.4.2. For
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the production of the required carbon dioxide, DAC is used as further explained in section 4.4.3. The energy
demand of the methanation is set at 1,2 GJ/ton methane[31]. Finally the liquefaction process has an energy
demand of 5GJ/kg[17]. These values are summarised in table 4.11.

Mass Energy Energy Energy

Methane needed [ton] | needed 2020 | needed 2030 | needed 2050
Electrolysis [GJ/ton CH4] | 0.50 91.45 88.76 80.48

DAC [G]/ton CH4] 2.74 15.14 14.38 12.98
Synthesis [G]/ton CHA4] 1.20 1.20 1.20
Liquifaction [G]/ton CHA4] 5.00 5.00 5.00

Total [G]/ton CH4] 112.80 109.35 99.66
Efficiency (LHV) [%] 43.44 44.81 49.17

Table 4.11: The energy consumption of electrolysis[34], DAC[23], synthesis[31] and liquefaction[17] for the production of methane.

Capital costs of methane

The capital cost of methane are based on the capital cost of DAC and electrolysis as discussed in respectively
section 4.4.3 and 4.4.2. For the synthesis of methane using the methanisation, capital costs of 330,23 USD per
ton methane are assumed[66]. An overview of capital cost for methane can be found in table 4.12.

Methane CAPEX Mass needed [ton] | 2020 2030 2050
CAPEX Electrolysis [USD/ ton CH4] | 0.50 350.34 | 231.99 | 61.48
CAPEX DAC [USD/ ton CH4] 2.74 92.63 25.10 21.03
CAPEX Synthesis [USD/ ton CH4] 330.23 | 330.23 | 330.23
Total CAPEX [USD/ ton CH4] 773.20 | 587.32 | 412.74

Table 4.12: The capital cost of electrolysis[38], DAC[23] and synthesis/liquefaction[66] for methane production

4.8. Price of synthetic fuels

The total production cost (TC) of the synthetic fuels in can be calculated by formula 4.8.
Total costs (TC) = CAPEX + energy demand - energy prices (4.8)

The results can be found in table 4.13 for scenario 1 (average wind) and scenario 2 (best wind). These results
can also be found in figure 4.3 and 4.4

Validation

The calculated fuel prices were compared with literature to validate the calculations. For e-ammonia it was
found that prices of $ 465 to $ 1000 are expected for 2025 to 2030, which is a relatively wide range, but the
calculated price fall within this estimate[44]. For 2040 to 2050, expected prices of $ 319 to $ 523 were found,
which are again comparable prices to the calculated prices[44]. The cost of e-methanol is expected to de-
crease to levels between USD 250-630/t by 2050 according to IRENA, which is a wide range compared to the
range in this study but does correspond with the found prices. For e-methane, prices of $ 1392 to $3102 were
found in literature for 2030[20]. For 2050 price estimates were found from $1202 to $2186 for e-methane
which is higher than the own estimate.

4.9. Price of fossil fuels

The price of fossil fuels in this study is based on prices in October 2020 and are kept steady over the years. An
overview can be found in table 4.14
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Figure 4.4: The fuel prices as calculated for the 'low’ electricity price scenario.

4.10. Carbon Emissions Tax

A carbon emission trading system could be introduced in the future to reduce the carbon emissions and can
have a large impact on the costs of shipping. This study will therefore also look at the consequences of carbon
taxes on the TCO of vessels using alternative fuels.

A carbon tax can include only carbon dioxide emissions or can also include other greenhouse gasses. These
include methane (CH4) and nitrous oxide (N»O) which expressed as (CO2) equivalent emission. Furthermore
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Fuel prices for ’high’ fuel price scenario | 2020 2030 2050
e-Ammonia [USD/ton NH3] 779.39 667.39 398.25
e-Methanol [USD/ton MeOH] 1056.58 | 878.43 526.12
e-Methane [USD/ton] 2527.80 | 2153.93 | 1352.70
e-Ammonia [USD/GJ NH3] 41.90 35.88 21.41
e-Methanol [USD/GJ] 53.09 44.14 26.44
e-Methane [USD/GJ] 51.59 43.96 27.61

Fuel prices for 'low’ fuel price scenario | 2020 2030 2050

e-Ammonia [USD/ton NH3] 779.39 575.21 314.21
e-Methanol [USD/ton MeOH] 1056.58 | 767.09 439.04
e-Methane [USD/ton] 2527.80 | 1840.61 | 1039.38
e-Ammonia [USD/GJ NH3] 41.90 30.93 16.89

e-Methanol [USD/GJ] 53.09
e-Methane [USD/GJ] 51.58

38.54 22.06
37.56 21.21

Table 4.13: Development of fuel costs. Prices of MGO, LNG and Methanol based on Baldi at al.[5]. Price of ammonia based on the relative
cost of ammonia compared to methanol

Fossil fuel Pricein 2020 | Pricein 2030 | Price in 2050
MGO [USD/ton] 689.6 689.6 689.6

LNG [USD/ton] 474.8 474.8 474.8

MeOH [USD/ton] | 321.4 3214 321.4

NH3 [USD/ton] 265 265 265

Table 4.14: Prices of fossil fuels as used in this study. Prices of MGO, LNG and methanol based on Baldi at al.[5]. Price of ammonia based
on the relative price of ammonia compared to methanol as found by Moya et al.[10] and the methanol price as used in this study.

it is up to the authorities to include or exclude the greenhouse gas emissions that result from the combustion
of renewable carbon bases fuels such as e-methanol. In this study all greenhouse gas emissions (CO,,CH4
and N20) including those of renewable fuels need to be paid for.

The Intergovernmental Panel on Climate Change researched how high a carbon tax should be to be able
to meet the requirements of the Paris Accord. They found that the majority of scenarios with a greater than
66% chance of limiting temperature change to less than 2 °C are those that reach between 430 and 480 ppm.
To stay within these limits, an CO; eq. price of 80$ in 2020$ increasing to 200$ in 2050 is required. A lower tax
of 19 USD in 2020 and increasing to 100 USD in 2050 will result in a 530- 580 ppm scenario according to the
IPCC which would not be compatible with COP21 and EU climate goals.

[ 2020 2030 2050 2100
Carbon taxscenario | ;o1y/0n COseq] | [USD/ton COseq) | [USD/ton COseq] | [USD/ton COseq]
Zero 0 0 0 0

Low 19 32 100 550

High 80 90 220 1500

Table 4.15: Carbon tax scenario’s
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4.11. Integral cost of fuel prices and carbon tax

To get insight into the competitive position of renewable version of a fuel compared to fossil version, the
integrated prices of the fuel cost and carbon tax can be calculated. This is done using formula 4.9

Fuel Costintegrated,i,j = Fuel price; j+EF;x* CT;j (4.9)
where:

Fuel price; ; = fuel price of fuel i in year j in USD/ton
EF; = The emission factor of fuel i in CO, equivalent as calculated in chapter 3
CT;j =The carbon tax in year j

This gives insight into the total cost of using fossil and renewable fuels. An example of this shown in figure
4.5 for a low fuel price and ’high’ carbon tax scenario. It can be seen that the cost of fossil fuels has increased
significantly compared to the fuel prices as shown in figure 4.4 where no carbon tax was applied yet. The

Integrated cost of fuel price + carbon tax
fuel scenario =low, carbon tax =high
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35
0}
a 30 - e-ammonia
> . )
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257 — fossil methanol
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20 A fossil methane
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2025 2030 2035 2040 2045 2050

year
Figure 4.5: Caption

results for all combinations of fuel scenarios and carbon tax scenarios can be found in appendix A. It was
found that generally renewable fuels will not be financially competitive with fossil fuels without a carbon tax.
An exception on this is a 'best’ fuel scenario around the year 2045, in which renewable ammonia is found
to be as expensive to produce as fossil ammonia. The application of a carbon tax changes this significantly,
making ammonia economically competitive abound 2032 for a ’high’ carbon tax scenario with a 'best’ fuel
scenario.

4.,12. Conclusion

The goal of this chapter was to give an overview of renewable fuel types and to make an estimation of future
renewable fuel prices for a "high’ and a 'low’ fuel price scenario. Therefore the fuel production efficiencies of
the selected renewable fuels were analysed

It was found that ammonia is more efficient to produce compared to methanol and methane, resulting in
lower operational expenses during production. In combination with renewable power prices and capital ex-
pense estimations, fuel price estimations were made. It was found that on a USD/GJ bases, renewable ammo-
nia is expected to be the most cost effective e-fuel to produce between 2025 and 2050. Meanwhile methane
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and methanol are expected to have higher production cost. Overall renewable fuel cost are expected to de-
crease as much as 50% for an ’high’ renewable energy scenario and up to 60% for a 'low’ renewable energy
scenario between 2020 and 2050. This is a result of expected improvements in production efficiencies, de-
creasing capital cost and decreasing renewable power prices.

Finally the integral price of fuels was calculated by combining the carbon tax cost and fuel price of the fuels.
Without a carbon tax renewable fuels are expected to be more expensive than the fossil fuel prices. However
a carbon tax can improve the position of renewable fuels significant. with 'low’ renewable fuel prices and a
high carbon tax, ammonia could already become economically competitive as early as 2030.






Models to analyse the selected scenarios

The research objective of this study is to gain better insight into the financial impact of using alternative fu-
els and speed reduction to comply with emission reduction regulation for a broad range of chemical tankers
for several scenario’s. Therefore three combinations of carbonation pathways and implementation strategies
were selected in chapter 2.

To be able to analyse these three combinations of decarbonization pathways and implementation strategies,
three models were developed. The first model is designed to analyse scenario 1 to 6, the second for scenario
7 to 12 and the last model to cover scenarios 13 to 18. The goal of this chapter is to explain the working of
these models. Since these models share many aspects, it is chosen to first explain the model for scenario 1 to
6. Then it explained how this model is adjusted to be able to analyse scenario 7 to 12. Afterwards this model
is then further developed into the model for scenario 13 to 18.

5.1. Model for scenario 1 to 6

The goal of this section is to explain the working of the model used to analyse scenario 1 to 6. Therefore an
overview of the input variables of the model is first given in section 5.1.1. Next the rationale of the model is
explained in paragraph 5.1.2. Finally paragraph 5.1.3 to 5.1.8 will explain the individual parts of the model.
An overview of the model can be found in figure 5.1.

5.1.1. Input

To be able to build a tool that can analyse a broad range of chemical tankers, a model is created that can esti-
mate the characteristics of a vessel depending on various variables. It is chosen to use such a model instead
of using reference vessels because a parametric model can generate a matrix of vessels based on many vari-
ables, making broad analysis possible. Using reference vessels, it is extremely difficult to compare vessels that
only differ on one variable such as design speed for example, complicating achieving the goal of this thesis,
which is to find trends along different variable axes.

To be able to generate a large variety of vessel, deadweight has been chosen as the first input variable and
will be used to determine the characteristics of the vessel.

The 'design speed’ is the second input variable of the model. The installed power on a ship is mainly de-
termined by the required propulsion power, which is a result of the hull resistance and the speed at which it
the vessel sails. This makes the design speed an important variable.

The third variable is the 'trade distance’ which is the distance from Harbor A to Harbor B, i.e. this is half a

31
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Figure 5.1: Overview of the parametric model for scenario 1 to 6

round trip distance. This is an important variable because it influences the required fuel capacity of the ves-
sel and therefore also the deadweight.

The fourth variable 'fuels’ is the selection of alternative fuels. The objective of the project is to find trends
along the use of alternative fuels by comparing different fuel types. The choice of fuel is a important variable
because it has an impact on the main characteristics of the ship as storing alternative fuels can require more
storage space and increase the weight of the fuel compared to the reference fuel. More weight influences the
resistance and therefore the installed power.

Finally the 'Decarbonization pathway’ is the final variable, this is the regulation scenario to which the vessel
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should comply. This greatly influences the quantity of renewable fuel used on the vessel, which influences
the design. This is therefore an important variable.

This gives the following list of variables:
¢ Cargo capacity
¢ Design speed
» Trade distance
* Fuels

¢ Decabonization pathway

5.1.2. Model architecture

These input variables are then used in the model as can be seen in figure 5.1. The purpose of the model is to
be able to reconfigure a vessel for a decarbonization pathway in which the vessel operates with a 70% lower
emission intensity. This achieved by adding an renewable alternative fuel to the MGO. This model can then
by used to analyse abroad range of vessels with different design speeds. In this model, the carbon reduction
needs to be achieved compared to the same vessel with the same design speed but operating on MGO.

To achieve this, the model first estimates the dimensions of a reference vessel for the provided cargo ca-
pacity. This is done in the block 'Dimensions’. The model then estimates the installed power of the vessel
in the block 'Installed power’. In the block 'Ratio of MGO and renewable fuel’ the model then estimates how
much renewable fuel should be mixed in with the MGO to achieve the decarbonization target. Using the trade
distance, installed power and the ratio of MGO and renewable fuel, the total fuel consumption is estimated in
the block 'Consumption’. Using the fuel consumption, the required storage capacity is then estimated in the
block 'fuel storage’. This block also estimated the weight of the fuel storage and fuel itself. If fuel storage and
fuel lead to change in displacement larger than 0.0001% then the model goes back to the ’installed’ power
block and makes a recalculation of the installed power. This then also requires a recalculation of the ratio of
MGO and renewable fuel. Because the installed power has increased, the vessel will have to increase its share
of renewable fuel to keep compliant with the decarbonization goal. This again influences the storage and so
on until there is a converged solution.

5.1.3. Dimensions

The first step of the model is to estimate the dimensions of the vessel based on the deadweight of the vessel.
This is done based on the formula’s as further explained below. The fact that this method is not able to take
design constrains into account, for the Panama canal for example, is accepted.

The length overall of a chemical tanker is first estimated using equation 5.1[53]

50-dwt
l”( 18491 )

0.0258

The length between perpendiculars can then be estimated using equation 5.2. This formula is based on a
regression performed on data obtained from Clarksons, as can be seen in appendix B.

Log = (6.1)

Lpp = 1.0029- Loq — 8.4414. (5.2)

The width is calculated using equation 5.3[53]:

B=0.125-L1045 (5.3)

For the draft of the vessel, equation 5.4 is used. This formula is based on a regression performed on data
obtained from Clarksons, as can be seen in appendix B

T =0.0676- L3877 (5.4)
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The displacement is calculated using the block coefficient. This coefficient Cp is calculated using equation
5.5[70]. Where f is 1.06 for chemical tankers.

CB =0.8217- f . L%;l}Z . B—0.3072 . TO.1721 . V—O.6153 (5.5)

For V in this equation, the average design speed (Vayerage design) Of the chemical tanker of that size is used.
This speed is the speed that a vessel of that size can be expected to normally operate on. This average design
speed can be calculated using equation 5.6[67]. This formula has a maximum of 15 knts.

Vaverage design = 5-8343 - dw %% for R:[13:15] (5.6)

The displacement in tons is then calculated using equation 5.7, where p is the density of water, set at 1.025.
A=Ly,-B-T-Cp-p (5.7

5.1.4. Installed power

The second step in the model is to estimate the installed power of the chemical tanker. This can be done us-
ing more advanced empirical methods such as a Holtrop-Mennen analysis or by using more simply methods
such as the Admirality constant. The latter is only able to give an approximate idea about the required power,
which is mainly suited for preliminary design phase of a vessel. Since this study also looks at the general
characteristic of a vessel, and not at the in detail characteristics, it has been chosen to use the the Admiralty
constant to determine the power requirements. The formula for this can be seen in equation 5.8.

AZ/B . V3
Pinst= ——— (5.8
Cadm

Where A is the displacement in tons, V is the vessel speed and C is a vessel specific constant.
To be able to use this method, the Admiralty constant for the chemical tanker with a certain displacement
needs to be determined. This is done using equation 5.9.

A2/3.y3
average design

Cadmi = (5.9)

P installed, average design speed

The design speed required for this equation can be calculated using formula 5.6. The installed power in kW
of a vessel with average design speed (Vaverage design) and a deadweight can be determined using equation
5.10[46].

Pinst, average design speed = 22.419 - dwi®>% (5.10)

This gives all the required information to determine the Admiralty constant for a chemical tanker with capac-
ity Q. This can then be used to determine the installed power for a chemical tanker with the same capacity
but a different design speed. Furthermore this method also enables for a correction to the installed power
if the model concludes that the displacement has increases due to the use of the new fuel as can be seen in
equation 5.11

A23 3
Pinst. corr. = —rr (5.11)
Cadm

5.1.5. Ratio MGO and renewable fuel

Now the dimensions and installed power is determined, the next step is to calculate the required fraction
fraction of renewable fuel. The vessel needs to reduce its carbon intensity by 70% for the decarbonization
pathway in scenario 1 to 6. This is 70% compared to same chemical tanker, designed at the same design
speed but powered by MGO. To determine the fraction of renewable fuel, the relative emission factor (REF) of
the fuels is used. This factor is an indicator for the relative emissions associated with one MJ of fuel energy for
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Fuel Relative emission factor (REF) measured on LCA bases
MGO 1.000000
Fossil methane 0.997183
Renewable methane | 0.231454
Fossil ammonia 1.111279
Renewable ammonia | 0.088406
Fossil methanol 1.017327
Renewable methanol | 0.097342

Table 5.1: Relative life cycle emission of all fuel compared to MGO for the same amount of thermal energy. This is based on the results of
chapter 3.

a fuel compared to MGO. The REF of all fuels considered in this study can be found in table 5.1. These values
are based on the life cycle analysis performed in chapter 3.
The renewable fuel fraction is determined by solving equation 5.12

(1 -RT)- (Pinst- REFvico) = Pinst,corr. - (Frmco - REFMGOo + Fryen, - REFen.) (5.12)
Where:
Pinst = the installed power of the MGO powered version of the vessel.
P;nstcorr. = the installed power of the new configuration
RT = The reduction target, for example 0.7 for a 70% emission reduction

REFyco = The relative emission factor of MGO

REF;.,. =The relative emission factor of the renewable fuel.

Fryco  =The fraction of energy generated from MGO

Frren.  =The fraction of energy generated from the renewable fuel.

Minimal pilot fuel

The equation above provides a fraction of the energy that needs to be provided by the renewable fuel to com-
ply with the pathway. It could be the result of equation 5.12 that a very large part needs to be replaced with
renewable fuel. However for each of the alternative fuels, a minimal amount of MGO is needed as pilot fuel.
Therefore a feasibility check is needed for every result of formula 5.12.

It was found that for methanol a minimum of 5% of fuel mass is required as pilot fuel[61]. This is needed
because methanol is more difficult to ignite compared to diesel due to its higher auto-ignition temperature.
Similar to methanol, ammonia also requires a pilot fuel. This is tested for multiple diesel-ammonia ratio’s in
research and it found that the engine could be operated up to a maximum weight share ratio of 95% ammonia
and 5% diesel. Therefore a minimum of 5% mass diesel will be used in this study[55][18]. For LNG a pilot fuel
energy percentage of 2.5% diesel is assumed[18]. These values can also be seen in table 5.2

Fuel | Minimal Pilot fuel [%]
MGO(pilot) 0

Methanol 5% of mass = 10.14% of energy
Ammonia 5% of mass = 10.7% of energy
LNG 2.5% of mass = 2.18% of energy

Table 5.2: Minimal pilot fuel percentages

5.1.6. Fuel consumption

Next step is to determine the fuel required fuel capacity. It is assumed that the chemical tankers are all outfit-
ted with a two stroke engine[18]. Two stroke, low speed turbocharged diesel engines generally exhibiting 50%
thermal efficiency according to Grljusi¢ et al[32] and this efficiency will be used in this study for the MGO
engine. Wartsild states that the efficiency of Wartsild dual-fuel diesel and gas engines have increased steadily
over the years and efficiencies up to 50% can be achieved [72]. The thermal efficiency of two stroke dual fuel
LNG engines is therefore set at 50%.
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For ammonia a thermal efficiency of 50% will also be used. This is based on the claim made by MAN En-
ergy Solution that their engines can "operate on almost any fuel or fuel quality with no or limited decrease
in efficiency and with the reliable performance and operating characteristics as the conventional two-stroke
engine even in adverse weather conditions.[63]” For methanol a identical thermal efficiency will be used[4].

The fuel consumption on the vessel can then be estimated based on the engine efficiency, trade distance
and installed power. It is assumed that design speed it achieved at 85% of the MCR, so en engine margin
(EM) of 15% is assumed. The formula for the MGO can be seen in equation 5.16 and in equation 5.17 for the
renewable fuel:

DiStanceround,trip -60-60- (1 —EM) - Piust.corr - Frmco

FCumgo = - (5.13)
Ncomb * Vdesign - Mass energy density ;o
FCpoy = Distanceroynd,rip-60-60- (1 —EM)- Pinsfﬁ.corr FrRen (5.14)
Ncomb * Vdesign - Mass energy densityp,,
FCpco = Fuel consumption of MGO on a round trip in kg
FCren = Fuel consumption of a renewable fuel on a round trip in kg
Fryco = The fraction of energy generated from MGO
FrRen. = The fraction of energy generated from the renewable fuel.
Neomb = The combustion efficiency
EM = The engine margin
Vdesign = The design speed
Distance; ynd;rip = Distance of a round trip in nautical miles
Pinst,corr = The installed power
5.1.7. Fuel storage

Having determined the fuel consumption of both the the MGO and renewable fuel, next the amount of fuel
capacity of the vessel is calculated. This is done based on three parameters. The first is the energy demand
of the vessel for a single round trip. Secondly 10% additional fuel capacity is added to compensate for the
non retrievable fuel in the tanks. Thirdly additional capacity is added to provide some flexibility and to cover
for additional fuel consumption in bad weather. This extra capacity is primarily a choice of the ship owner
and can be a matter of business strategy. Adding extra capacity allows the operator to bunker more fuel
at locations with lower bunker prices which can be financially attractive. However this study will limit the
extra capacity since alternative fuels require more volume than conventional fuels. The additional capacity
is therefore set at 25%.

Fuel capacity[kg] = Fuel consumption - (1 + Cphon retrievable) * (1 + Cextra capacity) (5.15)

Where:

Chonretrievable = The fraction of non retrievable fuel
Cextracapacity = The fraction fuel taken as extra capacity

Methanol storage

Methanol is a liquid at standard ambient temperature and pressure(SATP), which means that methanol stor-
age tanks do not require insulation, pressure or cooling. This is a major advantage compared to other alter-
native fuels such as ammonia or hydrogen that need refrigeration, compression or a combination of both.
This result in a more efficient use of storage space due to the absence of insulation and offers more flexibility
in the selection of storage locations within the vessel[71].

The methanol fuel storage system requires special attention when it comes to the location of fuel tanks in line
with the IGF code. Because methanol is alow-flashpoint fuel, it requires a protective cofferdam at all locations
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where the tanks are not bounded by bottom shell plating of the ship. A perk of methanol is that methanol can
be stored in double bottom tanks because it considered to be not harmful to the environment.[52][35]. Over-
all it is assumed that methanol does not require significant changes to the vessel and can be implemented
into the vessel.

Ammonia storage

Ammonia can also be stored at atmospheric pressure if refrigerated to temperatures below -33.6 C°or under
pressure without refrigeration[56][51]. Large downsides of semi and fully refrigerated storage are the required
back-up systems and insulation. These must be in place to make the arrangement sufficiently reliable to
ensure continuous low temperature (and hence pressure) in the tank. The anticipated choice for storing
ammonia for use as propulsion fuel is therefore likely to be a pressurized tank type C at ambient temperature
according to DNV GL[56]. This because this is a more reliable and simple solution compared to refrigerated
or semi-refrigerated storage. The requirements for the location of the tanks and fuel pipes are expected to be
similar to the DNV GL requirements for LPG fuel[56]. This includes a minimum distance from ship sides and
bottom to limit the risk of tank rupture when suffering damage. The tank location must be away from high
fire risk spaces and engine rooms, and it should be protected from areas with a high damage risk such as the
surrounding of crane[56]. Overall it is assumed that ammonia can be stored on deck without changes to the
vessel dimensions. This location could marginalises the stability of a vessel however stability calculations fall
outside the scope of this study.

LNG storage

The C-Tank type is the most common tank technology for LNG fuel containment and is produced for smaller
scale applications such as fuel storage. Their main characteristic is the high storage pressure gas, approxi-
mately 5 bar, and a maximum allowable working pressure of 20 bar[22]. Locating LNG fuel tanks on deck is
presently done on vessels and this study will also assume that this is possible[22].

Storage system weight
Next the weight of the tanks needed to store the fuels is calculated. The weight of the fuel storage system is
estimated based on the parameters as found in table 5.3.

Fuel MGO | LNG | MeOH | NH3
Tank weight[kg/kg fuel] 0.00 0.29 | 0.00 0.47
Energy density LHV [M]/kg] 427 | 49.7 | 199 18.6
Energy denisty LHV incl. tank [M]J/kg] | 42.7 38.7 | 19.9 12.6

Table 5.3: The weight of fuel storage[14]

From this the total weight of fuel and tanks can be determined. This can then be used to calculate the
new displacement of the vessel. If that displacement increases more than 0.0001%, then the installed power
is recalculated using the new displacement.

5.1.8. Exhaust Gas Treatment

Ammonia is a carbon and sulphur free fuel, and combustion therefore produces no CO, or SO, emissions
and negligible amount of soot. Exhaust gasses from the combustion of ammonia do contain other pollutants
such as NO, and N20 and possible slip of ammonia. Due to these emissions, ammonia fuelled ships might
not comply with Tier III and therefore will require treatment of exhausts gasses to reduce the NOx byprod-
ucts. A possible solution is selective catalytic reduction (SCR) technology, which is a mature technology that
is already in use on vessels. SCR is an exhaust gas after-treatment process where a catalytic reduction is used
to remove NO, and N20 from the exhaust gas[44].Normally ammonia is used as the reducing agent by adding
an urea solution into the exhaust gas, however direct injection of ammonia is possible as can be seen in fig-
ure 5.2. A perk of this after-treatment technology is that a ammonia-fuelled ship already carries the required
ammonia. According to MAN Energy Solutions, the ammonia consumption for the SCR system is small com-
pared to ammonia used for propulsion[63].

For methanol it is assumed that an SCR is needed[18].
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For the diesel fuelled reference engine NOy, it is assumed that an SCR is needed to be able to meet NO,
Tier I1I levels[4].

N
Exhaust gas

This SCR process
requires ammonia
in order to work

Figure 5.2: The selective catalytic reduction process[63]

5.2. Model for scenario 7 to 12

This section will explain the model that is used to analyse scenario 7 to 12. The decarbonization pathway in
scenario 7 to 12 is a gradual implementation of IMO goals. This pathway requires a continuous improvement
of the carbon intensity over the years, with 2008 as reference point. A reduction of 40% should be achieved in
2030 and a emission intensity reduction of 70% in 2050. The annual emission reduction goals are assumed to
follow a linear line between the set targets in 2008, 2030 and 2050. In scenario 7 to 12 the emission intensity
reduction needs to be achieved compared to the same vessel with the same speed but then operating on MGO.

The technical solution chosen for these scenario’s is a complete switch to an alternative fuel except a minimal
pilot fuel. To be able to achieve its carbon goals, the vessel can then operates on a combination of the fossil
and renewable version of the alternative fuel. As regulation becomes stricter over the years, the vessel can
increase its share of renewable fuel to keep compliant.

To analyse scenario 7 to 12 a new model is developed that is built of from two sub-models. The first model a
parametric model to determine the impact of the complete switch to an alternative fuel (plus minimal pilot
fuel), this model will be explained in paragraph 5.2.1. The second sub-model is the 'yearly bunker model.
This model determines how much renewable fuel is required each year to keep compliant with the decar-
bonization goals. Paragraph 5.2.2 will explain this model further.

5.2.1. Parametric model for scenario 7 to 12

The parametric model used to analyse scenario 7 to 12 is for a large part similar to the model used for scenario
1 to 6. An overview of this model can be seen in figure 5.3 The ’inputs’, the block 'dimension’ and the block
‘installed power’ are identical to those blocks in the model for scenario 1 to 6. For further information on
these blocks, paragraph 5.1.1, 5.1.3 and paragraph 5.1.4 can be consulted.

Fuel consumption

The first difference compared to the model for scenario 1 to 6 occurs at the block "fuel consumption". In
the model for scenario 7 to 12, a complete switch to alternative fuel is made with the exception of the pilot
fuel. Because the type of alternative fuel (renewable or fossil) does not influence the design of the vessel, it is
now possible to directly estimate the fuel consumption of the vessel based on several parameters. These are
engine efficiency (see paragraph 5.1.6 explanation), trade distance, installed power and minimal pilot fuel.
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Again it is assumed that design speed it achieved at 85% of the MCR. The formula for the fuel consumption
of the pilot and alternative fuel can be seen in respectively equation 5.16 and 5.17:

Distance;ound,trip-60-60- (1 =EM) - Pinst.corr - Frpilor

- (5.16)
Ncomb * Vdesign - Mass energy denSItYpilot

Fcpilot =
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FCopp = Distanceroundtrip -60-60-(1-EM)- Pinst_w‘r, (1= Frpilor (5.17)
Ncomb * Vdesign - Mass energy densityp,,

FCpiior = Fuel consumption of pilot fuel(MGO) on a round trip in kg
FCyyy = Fuel consumption of the alternative fuel on a round trip in kg
Frpitor = The fraction of energy generated from MGO

Ncomb =The combustion efficiency

EM = The engine margin

Viesign = The design speed

Distance;oyndsrip = Distance of a round trip in nautical miles

Pinst.corr = The installed power

Next the fuel capacity (fuel storage in overview) can be determined as is done for the model for scenarios
1 to 6. If the displacement has increased more than 0.0001% due to the stored fuel and associated tanks, the
installed power will be recalculated using the Admiralty constant as was also done in the model for scenario 1
to 6. Again this continues until the model converges to a solutions. From this then follows a vessel operating
on the alternative fuel with new characteristics, which was the purpose of the parametric model.

5.2.2. Yearly bunker model

The next step is to determine how much fossil alternative fuel and how much renewable alternative fuel is
used each year. To find the optimal ratio between the two for each year that the vessel is in operation, a model
is developed of which an overview can be seen in figure 5.4. The model has will determine the combination
of fuels based on three parts that are further explained below:

e Part 1 - Pilot fuel: The vessel requires a minimal amount of pilot fuel as has been determined by the
parametric model, hence this value is not changed by the bunker model.

* Part 2 - Renewable alternative fuel to comply with IMO: Next a minimum amount of renewable alter-
native fuel is needed to comply with the decarbonization pathway that becomes stricter every year.

e Part 3 - Fossil or renewable alternative fuel: Finally a part of the fuel taken can be filled by either
renewable or fossil alternative fuel. If this part is filled by renewable fuel than the vessel operates with
less emissions than IMO goal require. If this part is filled with fossil alternative fuel than the vessel
operates just complying with the IMO goals.

The first part is determined by the parametric model because the amount of pilot fuel is a fixed value. The
second part can be found by solving equation 5.18

(1 = RT) - (Pinst - REFMGO) = Pinst,corr. * (Frpilot - RE Fpilot + Frren - REFien + Frfos - RE Fyos) (5.18)
Where:
Pinst = the originally installed power on the MGO powered reference version of the vessel.
Pinst,corr = the installed power of the new configuration
RT = The reduction target for a specific year, for example 0.7 for a 70% emission reduction

REFpijor = The relative emission factor of the pilot fuel (MGO)

REF,.;, =The relative emission factor of the renewable version of the alternative fuel.
REFf,s =The relative emission factor of the fossil version of the alternative fuel.

Frpj1o¢ = The fraction of energy generated from the pilot fuel(MGO)

Frren = The fraction of energy generated from the renewable version of the alternative fuel.
Frros  =The fraction of energy generated from the fossil version of the alternative fuel.

The last part (Part 3) is filled according to the most financially attractive solution. To determine this, the
model uses the integrated cost of the fuel price and carbon tax. This is the addition of the fuel price and the
carbon tax that has to paid after to burning the fuel in question. Depending on the fuel prices and carbon tax
applying in a specific year, the overall cost of one of the two will be lower. The fuel with the lowest overall cost
is then selected to fill in part 3.
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Figure 5.5: An example of the fuel use on a ammonia fuelled 45000 tons chemical tanker on a trade of 12000nm round trip. Design
speed is 15 knts. The scenario depicted is scenario 10 from the research scenario overview in chapter 2, with a low carbon tax and low
renewable fuel prices. It can be seen that between the year 2025 and 2042 a minimal amount of renewable fuel is used. Then a complete
switch is made to renewable fuels in 2042. This can explained by looking at the combination of carbon taxes and fuel prices for this
scenario.

This model can result in a very varying use of alternative fuels over the years. To illustrate how the models
works, figure 5.5 is shown below. This figure shows the fractions of the pilot, renewable and fossil alternative
fuel over the years. This distribution belongs to a ammonia fuelled 45000 tons chemical tanker on a trade of
12000nm round trip. Design speed is 15 knts. The scenario depicted is scenario 10 from the research sce-
nario overview in chapter 2, with a low carbon tax and low renewable fuel prices. It can be seen that between
the year 2025 and 2042 a minimal amount of renewable fuel is used. This is to keep compliant with the de-
carbonization pathway. Then a complete switch is made to renewable fuels in 2042. This can explained by
looking at the combination of carbon taxes and fuel prices for this scenario in figure A.4 in Appendix A. There
it can indeed be seen that it is cheapest solution to use renewable methanol in the year 2042 and on.
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5.3. Model for scenario 13 to 18

The third model used in this study is developed to analyse scenario 13 to 18.The decarbonization pathway in
scenario 13 to 18 is a gradual implementation of IMO goals. This pathway requires a continuous improvement
of the carbon intensity over the years, with 2008 as reference point. A reduction of 40% should be achieved in
2030 and a emission intensity reduction of 70% in 2050. The annual emission reduction goals are assumed to
follow a linear line between the set targets in 2008, 2030 and 2050.

The technical solution chosen for these scenario’s is a combination of
* Speed reductions
* A complete switch to an alternative fuel except a minimal pilot fuel.

To be able to achieve its carbon goals, it can be chosen for the vessel to be designed and operate on a lower
speed compared to the reference speed at which a such vessels 'normally ’ operates. It is assumed that the
vessel operates at a constant speed during its lifetime. Suppose the reference speed for a vessel is 20 knots,
then the new vessel can be designed at 14 knots to reduce the carbon intensity. This concept is also known
as 'slow steaming’. In addition the vessel can operate on a combination of the fossil and renewable version
of the alternative fuel to mitigate emissions. As regulation becomes stricter over the years, the vessel can in-
crease its share of renewable fuel to keep compliant. It is important to note that in this model the emission
intensity reduction needs to be achieved compared to the a vessel with the same capacity, operating at a pre-
determined fixed reference speed. That way the influence of speed reduction can be analysed later on.

To analyse scenario 13 to 18 a new model is developed that is again built of from two sub-models. The first
model a parametric model to determine the impact of the complete switch to an alternative fuel (plus mini-
mal pilot fuel), this model will be explained in paragraph 5.3.1. The second sub-model is the 'yearly bunker
model. This model determines how much renewable fuel is required each year to keep compliant with the
decarbonization goals. Paragraph 5.2.2 will explain the purpose and goal of this model.

5.3.1. Parametric model for scenario 13 to 18

The parametric model used to analyse scenario 13 to 18 is almost the same as the model used for scenario’s
7 to 12. An overview of the model can be seen in figure 5.6. The one exception is the block ’installed power
reference vessel’ which can be found at the right side of the model overview. This block calculates the installed
power for the vessel that is being analysed, but is designed to operate at the reference speed.
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5.3.2. Yearly bunker Model

For scenario 13 to 18, one minor modification need to be made to the bunker tool compared to the tool
used for scenario 7 to 12. The 'yearly bunker tool’ used equation ?? to determine the amount of renewable
fuel needed to comply with the decarbonization pathway in scenario 7 to 12. For these scenario’s the speed
of the reference vessel was the same as for the design vessel. For scenario 13 to 18, a reference speed was
introduced to be able to analyse the influence of speed reductions. This changes the equation that determines
the minimum amount of renewable fuel for a specific year. The new equation can be found in equation 5.19.

Pinstcorr - Dist Pinstret. - Dist

(1—RT)'( )'REFMGO = ( )'(FrPilot * REFpjiot + Frren * REFren + Frios - REFfos) (5.19)

Vdesign Vref

Where:

Pinstrer = The installed power on the MGO powered reference vessel with reference speed V...
P;nsicorr = The installed power of the new vessel

Dist = The distance of the trade
RT = The reduction target for a specific year, for example 0.7 for a 70% emission reduction
Viaesign = The design speed of the new vessel.

Vieference = The speed of the reference vessel.
REFpijor =The relative emission factor of the pilot fuel (MGO)

REF,., =Therelative emission factor of the renewable version of the alternative fuel.
REFyr,s = The relative emission factor of the fossil version of the alternative fuel.

Frpiijo¢r = The fraction of energy generated from the pilot fuel(MGO)

Frren = The fraction of energy generated from the renewable version of the alternative fuel.
Freos = The fraction of energy generated from the fossil version of the alternative fuel.

The effects of how this model influences the fuel use can be seen in figure 5.7. This figure shows the fuel
use on a ammonia fuelled 45000 tonschemical tanker on a trade of 12000nm round trip. Design speed is 11
knts, while the reference speed is 15 knts. The scenario depicted is scenario 17 from the research scenario
overview in chapter 2, with a high carbon tax and high renewable fuel price. It can be seen that between the
year 2025 and 2043 no renewable fuel has to be used. This can be explained by the significant speed reduc-
tions, which lowers the carbon intensity of transport. Next between 2045 and 2039, a minimal amount of
renewable fuel is used. In these years, the speed reduction is not sufficient to comply with the decarboniza-
tion pathway. Then a complete switch is made to renewable fuels in 2041. This can explained by looking at the
combination of carbon taxes and fuel prices for this scenario in figure A.5 in Appendix A. There it can indeed
be seen that it is cheaper to use renewable methanol in the year 2041 and on then to use fossil methanol.
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Figure 5.7: This figure shows the fuel use on a ammonia fuelled 45000 tons chemical tanker on a trade of 12000nm, round trip. Design
speed is 11 knts, while the reference speed is 15 knts. The scenario depicted is scenario 17 from the research scenario overview in
chapter 2, with a high carbon tax and high renewable fuel price. It can be seen that between the year 2025 and 2034 no renewable fuel
has to be used. This can be explained by the significant speed reductions, which lowers the carbon intensity of transport. Next between
2034 and 2040, a minimal amount of renewable fuel is used. In these years, the speed reduction is not sufficient to comply with the
decarbonization pathway. Then a complete switch is made to renewable fuels in 2041. This can explained by looking at the integrated
cost of carbon taxes and fuel prices for this scenario in figure A.5 in Appendix A. There it can indeed be seen that it is cheaper to use
renewable ammonia in the year 2041 then to use fossil ammonia.



Economic analysis

This section will explain how the financial analysis of the vessel is performed. Therefore the financial indi-
cators will be explained in subsection 6.0.1. Next in subsection 6.0.2 the calculations behind the capital cost
of a vessel will be explained. Afterwards subsection 6.0.4 will explain the calculations behind the operational
cost of the vessel. Finally the formula’s behind fuel cost and carbon tax cost are explained in respectively
subsections 6.0.5 and 6.0.6.

6.0.1. Financial indicators

The final goal of this research project is to be able to determine the financial impact of alternative fuels on a
specific trade. A common method to assess the financial impact is to determine the increase in Total cost of
ownership (TCO). This approach can also be found in research performed by Baldi et al.[5] which researches
the cost of alternative fuels for different types of vessels. The model limits the GHG emissions at a maxi-
mum level and then minimises the total costs of ownership (TCO). Using the TCO as a measure for the eco-
nomic performance of a vessel is also used in similar research performed by J. tijdgat[66], ].M. Rozendaal[57],
Bergsmal8] and Mestemaker et al.[47]. This research project will therefore also use the increase in TCO as a
financial measure. The reference TCO used in these calculation is the TCO of the vessel when operating on
MGO. The total cost of ownership can be calculated by formula 6.1[5].

TCO = (CAPEX + OPEX + Fuel Cost + Carbon Tax) (6.1)

6.0.2. CAPEX

The calculation for the capital costs(CAPEX) will be explained in this section. The CAPEX depends on the
initial building cost, how the ship is financed, depreciation, interest and scrap value. The formula for CAPEX
is shown in equation 6.0.2. The crap value of the vessel will be set at 10%(66], the interest rate at 7% and the
loan duration at the lifetime of the vessel (25 years)[45].

. C
CAPEX = [1 rn serap 6.2)

| Chiitgine —
—a+nn building A+
Where:

n = Loan duration

p = principal payments

r = interest rate

Chuilding = Building costs
Cscrap = Scrap value

The building costs Cpy;aiing of the vessel will be based on the building costs of conventionally fuelled refer-
ence vessels after which a correction is done for the use of an alternative fuel as can be seen in formula 6.3.
Systems that are taken into account in the correction are the engine, fuel storage and after treatment.

47
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Cbuilding,new fuel = Cbuilding,original - Cstorage,original + Cstorage,new - Cengine,original + Cengine,new + Cscrubber  (6.3)

6.0.3. New built cost

The building cost (Cpyiiaing,originai) of an chemical tankers is based on the trendline as can be seen in figure
6.1 and formula 6.4. This trendline depicts the building cost as function of the deadweight of the vessel and
is based on data obtained from Clarkson.

New built cost [$] = 0.0846 - dwt®>939 (6.4)
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Figure 6.1: CAPEX of a chemical tanker. Data retrieved from Clarksons.

CAPEX engine
The capital costs for a diesel engine is set at 419.8[18] USD/kW and 639.5 USD/kW for dual engines as can be
seen in table 6.1[14]. The operational cost of the engines is set at 2.5% of capital cost yearly[14].

Component CAPEX{USD/kW] | OPEX [%] | Source
Diesel engine 419.8 2.5 (18]
Methanol dual fuel engine | 639.5 2.5 [14]
Ammonia dual fuel engine | 639.5 2.5 [14]
LNG dual fuel engine 639.5 2.5 [14]

Table 6.1: The capital costs of diesel and dual fuel engines

CAPEX of exhaust gas cleaning
The capital cost of a SCR system is assumed to be 46.51 USD/kW installed engine power[17]. The operational
cost of an SCR is estimated at 6.98 USD/kWh[17].

Component | CAPEX{USD/kW engine power] | OPEX [USD/kWh] | Source
SCR 46.51 6.98 [17]

Table 6.2: The capital costs of diesel and dual fuel engines
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Storage unit | CAPEX[eur/kWh] | CAPEX[USD/kg fuel] | Source
MGO 0.08 1.14 Baldi
HFO 0.10 1.29 Baldi
LNG 0.31 491 Baldi
Ammonia 0.15 0.90 Baldi
MeOH 0.14 0.90 Baldi

Table 6.3: The capital costs of storage|[5]

CAPEX fuel storage

The cost of fuel storage are based on the weight of fuel stored and can be found in table 6.3. Operational costs
of tanks are neglected.

6.0.4. Vessel operational and voyage costs
The operating costs for a vessel include:

¢ Crew costs CAPEX

¢ Maintenance: routine engineering, dry docking
¢ Fabric maintenance

¢ Insurance: hull, P&I,loss of hire, etc.

¢ Administration

* Regulatory costs

e Management fee

Earlier studies show that these operational costs can vary significantly between ship owners, this study as-
sumes the operational costs to be 2.25% op the ship new-built costs annually[21][73]. This is built up from
1.00% non-crew operating cost and 1.25% crew cost.

Furthermore the operational cost of the SCR system are estimated at 6.98 USD/kWh.

6.0.5. Fuel cost
The fuel cost are calculated using formula 6.5

years
Fuel Cost = Z (Fcpilot,y “Prpitot,y + FCalter. fossil,y " PTaiter,fossil,y + FCalter.renewable,y " Pralter,renewable,y)
y=1
(6.5)

where:

FCpitor = fuel consumption of pilot fuel in year 'y’

FCaiter, fossil = fuel consumption of the fossil version of the alternative fuel in year 'y’

FCaiter,renewanie = fuel consumption of the renewable version of the alternative fuel in year 'y’

Prpitor = fuel price of pilot fuel in year 'y’

Praiter,fossil = fuel price of the fossil version of the alternative fuel in year 'y’

Praiter,renewanle = fuel price of the renewable version of the alternative fuel in year 'y’
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6.0.6. Carbon tax
The total carbon tax is calculated using formula 6.6
years
Carbontax= ) (FCpiior,y- EFpilor- CTy) (6.6)
y=1
years
+ (Fcalter.,fossil,y . EFalter.,fossil . CTy) (6.7)
y=1
years
+ (Fcalter.,renewable,y . EFalter.,fossil : CTy) (6.8)
y=1
(6.9)
where:
FCpiior = fuel consumption of pilot fuel in year 'y’ in tons
FCaiter,fossil = fuel consumption of the fossil version of the alternative fuel in year 'y’ in tons
FCaiter,renewabie = fuel consumption of the renewable version of the alternative fuel in year 'y’ in tons.
EF; = The emission factor of the fuel in tonCO, equivalent per ton fuel as calculated in chapter 3

CTy = The carbon tax in year per ton CO; eq.



Results: scenario 1 to 6

In this chapter, scenarios 1 to 6 will be analysed. In these scenarios, vessels operate at a 70% emission in-
tensity reduction during their entire lifetime compared to the basecase. This is an emission reduction goal
that is more ambitious than IMO goals but could be considered by vessel operators. To analyse in the cost
of achieving this and to find the best alternative fuel for a broad range of vessels and operational profiles, a
general analysis is first done in section 7.1. Next a more in detail case study is done in section 7.2.

7.1. General analysis

The goal of this section is to get an general insight into the most financially attractive alternative fuel for a
broad range of vessels and operations. To achieve this goal, a broad range of vessels with different design
speeds, capacities, trade distance were generated to be analysed. Then all six fuel price and carbon tax sce-
nario’s were applied to these vessels. Since this gives a large amount of combinations, some variables were
restricted to several sizes. This gives the following combination of vessel variables:

¢ Capacity: 5000, 20000 and 45000 ton deadweight. This covers the smallest to the largest chemical
tankers.

* Design speed: varied from 9 knots to 20 knots. This is a wide range around the standard speed of
approximately 13.5 to 15 knots of a chemical tanker.

¢ Trade distance (round trip): 2000, 4000 and 12000 nm which cover almost all trade routes of chemical
tankers[58].

To be able to analyse this broad range of vessels, these were first translated into figures. Two of these figures
can be seen in figure of this can be seen in figure 7.1 and 7.2. A single figure gives the results for all three
capacities, all speeds, one trade distance, one fuel scenario and one carbon tax scenario. This resulted in 18
figures as can be found in Appendix C for all combinations of carbon tax, fuel price and trade distance.

In almost all scenario’s it was found that ammonia is positioned to be the most cost-effective solution for
a vessel that operates at an emission intensity reduction of 70% during its entire lifetime. However doing so
generally results in significant TCO increases as can be seen in the figures in appendix C.

Further analysing the figures, it can be seen that design speed is a key driver in the increase in cost. This
can also be clearly seen in figure 7.1, where vessels operating at lower speeds around 12 knots experience a
limited increase in TCO when operating compliant with the regulation. However for higher design speeds, it
can be seen that the TCO of the compliant vessels increases significantly faster than cost of the non-compliant
MGO vessel.

Influence of increase of displacement
One exception on ammonia being the most cost effective solution was found for small-scale vessels operating
at relatively high speed on long distance trades. This can be seen in figure 7.2. For such vessels it found that
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Figure 7.1: The TCO of vessels with a deadweight of 5000, 20000 and 45000 tons for various fuels under a 'high’ fuel scenario and 'zero’
carbon tax on a trade distance of 2000nm round trip. The green line depicts the cost reference line. This is a completely MGO powered
vessel that does not comply with the emission intensity targets, but does pay carbon tax if the carbon tax scenario requires so.
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Figure 7.2: The TCO of vessels with a deadweight of 5000, 20000 and 45000 tons for various fuels under a 'low’ fuel scenario and "high’

carbon tax. Trade distance is 12000nm round trip.

ammonia performs slightly worse than methane.

It was found that for these small vessels operating on long distance trades at high speed, there is a signifi-
cant increase in displacement for methanol and especially ammonia. This is shown in figure 7.3 for a 5000
tons vessel operating at a trade of 12000nm. This figure shows the increase of displacement for various design
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Figure 7.3: The increase in deadweight of a tanker with a deadweight of 5000 tons on a trade with 12000nm roundtrip. The carbon tax is
"low’, the fuel scenario is 'low’. It can be seen that the use of ammonia as renewable fuel leads to a significant increase in deadweight.

speeds for the different fuels. There it can be seen that the displacement can increase up to 40% for ammonia.
This significant increase in deadweight is a result from the lower energy density of the fuels and the weight
of the required tanks. For higher speeds, the increase in displacement is so significant that the results should
be interpreted with caution. This because the model uses the Admirality constant to estimate the installed
power on a vessel with increased resistance. This method is well proven for small increases in displacement
but might not be accurate for large increases in displacement as seen here[59]. For the mid and large scale
vessels, the increase in displacement was found to be 10% at most.

Finally it should be noted that this exception has limited practical value since such vessels are (almost) non-
existent considering that chemical tankers of such size generally operate on shorter trades and are built for
lower design speeds.

7.2. Case analysis

The previous section gave an analysis of a broad range of vessels, operations and scenario’s. To get better
insight into the absolute financial consequences of operating with 70% less emission intensity three case
studies will be analysed in this section. These cases are a small-scale, mid-scale and large-scale tanker which
are further explained below. Cases are based on the top trade routes for chemical tankers[58].

¢ Small-scale: a tanker with a deadweight of 5000 tons that sails with a speed of 13.5 knots on a trade
with a round trip distance of 2000nm. This can be a short trip within Europe[58].

¢ Mid-scale: a tanker with a deadweight of 20000 tons that sails with a speed of 15 knots on a trade
with a round trip distance of 4000nm. This can be a trade between the north west Europe and the
Mediterranean[58].

e Large-scale: a tanker with a deadweight of 45000 tons that sails with a speed of 15 knots on a trade
with a roundtrip distance of 12000nm[58]. This can be a trade between the middle east and north east
Asia[58].

For the cases above the increase in cost has been determined as can be seen in table 7.1. The increase in cost
has been depicted as a relative increase compared to a non-complying vessel that operates on MGO but does
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pay carbon taxes.
As can be seen in table, it was found that ammonia is the most cost-effective alternative fuel to comply

Immediate 70% emission intensity reduction

Carbon | E-Fuel 100% MGO NH3 MeOH CH4
Scale price price Scenario | reference case | [% [% [%
[mln USD] increase] increase] increase]
high 1 79.4 42.3 59.6 69.2
None low 2 79.4 28.1 44.1 47.4
Small scale high 3 92.8 26.3 41 49.3
Low low 4 92.8 14.1 27.8 30.6
high 5 112.1 10 22.2 29
High low 6 112.1 11.2 13.6
None high 1 178.4 41.7 58.6 68.8
low 2 178.4 27.7 43.3 47.2
. Low high 3 208.3 25.9 40.4 49.1
Mid-scale Tow 4 208.3 13.9 27.3 30.6
High high 5 251.2 9.8 21.8 29
low 6 251.2 10.9 13.7
None high 1 265.8 41.1 55.3 65.6
low 2 265.8 27.9 41 45.6
Large-scale Low high 3 307.1 26.4 38.7 47.6
low 4 307.1 14.9 26.3 30.3
high high 5 366.2 11.1 21.4 28.9
low 6 366.2 1.4 11 14.3

Table 7.1: Overview of TCO for a small-,mid- and large-scale chemical tanker. For ammonia, methanol and methane the relative increase
in cost is shows compared to a vessel that operates on 100% MGO but does pay a carbon tax.

with the decarbonization requirements for all cases. In most cases, achieving the required emissions reduc-
tion goals results in a increase in cost compared to the reference case. Only for small and mid scale vessels,
scenario 6 has a reduction in cost compared to the MGO reference case. In these cases it is not only required
but also economically beneficial to comply with the decarbonization pathway.

7.3. Conclusion

The goal of this chapter was to analyse and get more insight into the TCO of chemical tankers that need to
achieve a 70% emission intensity reduction during their entire lifetime. This emission reduction was achieved
by mixing in a renewable alternative fuel with the MGO.

In almost all combinations of scenario’s, trade distances and vessel sizes it was found that ammonia is po-
sitioned to be the most cost-effective solution. The only exception found was for for small scale vessels op-
erating at high speeds and on long trade distances. In this case ammonia has similar cost as methanol and
methane. It was found that the increase in displacement of these small scale tankers using ammonia is sig-
nificant due to the weight of fuel and storage tanks. This increases the fuel consumption, which reduces the
competitive position of ammonia.



Results: scenario 7 to 12

In this chapter the TCO of vessels complying with IMO emission intensity reduction on a yearly basis will
be discussed, i.e. the vessel has to comply with increasingly strict regulation. In 2030 the vessel will have to
operate with a 40% intensity reduction compared to the base case, slowly increasing to a intensity reduction
of 70% in 2050. To analyse the influence of achieving this on the TCO and to find the best alternative fuel for
a broad range of vessels and operational profiles, a general analysis is first done in section 8.1. Next a more in
detail case study is done in section 8.2.

8.1. General analysis

Similar as in general analysis in chapter 7, the goal of this section to get better insight into the most financially
attractive alternative fuel for a broad range of vessels and operations. To achieve this goal, a range of vessels
with different design speeds, capacities and trade distance were generated to be analysed for the different
scenarios. These variables were varied within the same ranges as in chapter 7. Then all six fuel price and
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Figure 8.1: The TCO of vessels with a capacity of 25000, 90000 and 180000 for various fuels under a 'high’ fuel scenario and 'zero’ carbon
tax on a trade distance of 1000miles round trip. The green line depicts the cost reference line. This is a completely MGO powered vessel
that does not comply with the emission intensity targets, but does pay carbon tax if the carbon tax scenario requires so.

carbon tax scenario’s were applied to these vessels. This resulted in 18 figures as can be found in Appendix
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Figure 8.2: The TCO of vessels with a deadweight of 5000, 2000 and 45000 tons for various fuels under a "high’ fuel scenario and 'zero’
carbon tax on a trade distance of 1000miles round trip. The green line depicts the cost reference line. This is a completely MGO powered
vessel that does not comply with the emission intensity targets, but does pay carbon tax if the carbon tax scenario requires so.

D for all combinations of variables. One figure gives the results for all three capacities, all speeds, one trade
distance, one fuel scenario and one carbon tax scenario. A example of the results is shown in figure 8.1 for a
2000nm trip for 'low’ renewable fuel prices and a 'high’ carbon tax. Figure 8.2 shows the results for a 12000nm
trade with 'low’ renewable fuel prices and a 'high’ carbon tax.

Analysing all 18 generated figures, it was found that in almost all scenario’s ammonia is positioned to be
the most cost-effective solution for a vessel that complies with IMO goals on a year by year bases.

Sensitivity to design speed, vessel size and trade distance

Limited influence of design speed, vessel size or trade distance on this ammonia being the most cost effective
solution was found. The only exception to this is found for fast small scale vessels on the trade of 12000nm.
In that case methane performs better independent of the fuel price and carbon tax scenario. In chapter 7 the
same exception was found.

Sensitivity to carbon tax

It was found that applying a carbon tax has large influence on the relative cost of IMO compliant vessels
compared to a MGO fuelled non-IMO compliant reference vessel. It was found that when no carbon-tax
was applied, the relative cost of a compliant vessel is significantly larger than a non-compliant-MGO vessel.
This can be concluded from figure D.2 and figure D.14, for which all variables are the same except a different
carbon tax. When a high carbon tax is applied this greatly reduces the relative cost. This is alogical result since
a carbon tax will have a smaller impact on vessels with less emissions. However no influence was found on
the relative competitive position of ammonia, which is the most cost-effective alternative fuel independent
from the carbon tax.
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Sensitivity to price scenario

It was found that a low renewable fuel price scenario reduces the relative increase in TCO of a compliant
vessels compared to a 'high’ renewable fuel price scenario, as can be expected. This because the fuel cost of
the compliant vessel are reduced in such a scenario. No influence of the fuel price was found on ammonia
being the fuel with the lowest TCO. It was found that in the "high’ fuel price scenario, the TCO of a methane
fuelled vessel increases relatively much. This makes methane generally as expensive as methanol, while for a
‘low’ renewable fuel price scenario, the TCO of a methane powered vessel is generally lower.

8.2. Case analysis

Next a more specific analysis is done for three case studies, being a small-scale, mid-scale and large-scale
tanker that were selected in chapter 7. The results of the three cases for all six scenario’s can be found in table
8.1. It can be seen that ammonia as alternative fuel results in the smallest increase in cost for all scenarios

IMO emission goals compliant on yearly basis

Carbon | E-Fuel 100% MGO NH3 MeOH CH4

Scale price price Scenario | reference case | [% [% [%

[mln USD] increase] increase] increase]

high 7 79.4 27.9 41.9 41.5

None low 8 79.4 17.2 30.3 25
Small scale high 9 92.8 16.4 28 27.5
Low low 10 92.8 6.8 18 13.5
high 11 112.1 4.2 13.9 13.7

High low 12 112.1 4.9 2

None high 7 178.4 27.5 41.1 41.3
low 8 178.4 16.9 29.7 25.1
. Low high 9 208.3 16.2 27.5 27.5
Mid-scale Tow 10 208.3 6.7 17.6 13.6
High high 11 251.2 4.1 13.6 13.8

low 12 251.2 4.7 2.2
None high 7 265.8 28.1 39.1 40.3
low 8 265.8 18 28.4 25.3
Large-scale Low high 9 307.1 17.4 26.5 27.5
low 10 307.1 8.3 17.3 14.5
high high 11 366.2 5.8 13.6 14.6

low 12 366.2 5.1 3.6

Table 8.1: The results for the three case studies. The small scale vessel has a deadweight of 5000 tons and operates at 13.5 knts on a trade
0f2000nm round trip. The mid scale has a deadweight of 20000 tons and operates at a speed of 15 knots on a trade of 4000nm round trip.
Finally the large scale vessel has a deadweight of 45000 tons and operates at a speed of 15 knots on a trad eof 12000nm round trip.

and all vessel sizes. This would therefore be the most attractive alternative fuel when assessed from a solely
economically perspective.

8.2.1. Break-even year for scenario 12

As can be seen in table 8.1 there are three solutions (scenario 12 for all sizes) in which the ammonia fuelled
solution does not only comply with the decarbonization strategy, but also has a lower TCO than the MGO
reference case. For these cases, the timeline of the total cost of ownership was analysed to find the breakeven
point between MGO and ammonia. Note that the yearly amortisation is included in the curve as a yearly
payment, not as a single payment at the start of the lifetime of the vessel. For the mid scale vessel this is
depicted in figure 8.3. For the small and large scale vessel, the timelines can be found in appendix D. As can
be seen in the figure, the breakeven point of ammonia lies around 2044. For the other fuels, the breakeven
points lie outside the lifetime of the vessel. It can be seen that both methanol and methane depict a slowing
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curve, while the reference case shows an increasing curve. For a vessel with a longer lifetime, a breakeven
point can therefore be expected. The small scale vessels has its breakeven points for ammonia around 2044,
the large scale around 2046.

Cumulative TCO as function of years
round trip = 4000nm, V = 15.0knts, dwt=20000tons

1e8 fuel scenario =low, carbon tax =high
254 — MGO 100% Emissions
' e-ammonia + fossil ammonia
—— e-methanol + fossil methanol
2.0 1 e-methane + fossil LNG
A 151
2
S
k_
1.0 1
0.5 A
0'0 b T T T T T T
2025 2030 2035 2040 2045 2050
Years

Figure 8.3: The cumulative TCO for the midscale vessel in scenario 12. The yearly amortisation of the loan is integrated in the yearly cost.

8.3. Conclusion

The goal of this chapter was to get more insight in different factors which can influence TCO of chemical
tankers for scenario 7 to 12. In these scenarios, the vessel is required to comply stricter emission regulation
on a yearly bases. This emission reduction was achieved by making a complete switch to a combination of
the fossil and renewable version of an alternative fuel.

Similar as in chapter 7 it was found that for almost all scenario’s, trade distances and vessel sizes, ammo-
nia is positioned to be the most cost-effective solution. This conclusion showed limited sensitivity to the
height of the carbon tax, design speed, vessel size or fuel price. The competitive position of ammonia was
found to be sensitive to the trade distance for small-scale vessels. For small-scale vessels operating at long
distances(12000nm roundtrip) at relative high speeds, it is was found that methane has the lowest TCO.



Results: scenario 13 to 18

In this chapter the financial impact of using speed reduction and alternative fuels to comply with IMO emis-
sion goals is analysed. As in the previous chapter, the decarbonization pathway is the "following yearly IMO
goals’ pathway as discussed in the scenario’s in chapter 2. So in 2030 the vessel will operate with 40% inten-
sity reduction compared to the base case, and each year the vessel will need to comply with stricter regulation.

To achieve this goal a model was developed that was explained in chapter 5 called the "model for scenario 13
to 18". This model will give a TCO of a vessel, which is not sufficient to analyse the financial impact of both
speed reductions and alternative fuels. This because the revenue of a vessel will also decrease if the speed
of the vessel is decreased. Therefore the profit of the vessel will be used as an indicator in this chapter. To
calculate the profit of a vessel, first the revenue is calculated using formula 9.1. The number of port calls is
calculated with the assumption that a vessel spends 24 hours in an harbour.

Revenueannua = Freight Rate - Port calls - M4, g0 9.1)
Where:
Freight Rate = revenue to transport 1 ton of product on a specific trade in USD/ton
Portcalls =number of times that cargo is delivered in one year
Mcargo = the mass of cargo transported on a trade

Next the revenue and the TCO can be used to calculate the overall profit of the vessel using equation 9.2:

Profit = Revenue — TCO 9.2)

9.1. Cases and freight rates

In the previous chapters 7 and 8, three cases were analysed being a small, mid and large scale. In this chapter
only one large scale case will be analysed, but the freight rate is introduced as a new variable. It is chosen to
only analyse one ship size to limit the amount of combinations of variables.

* Large-scale: a tanker with a deadweight of 45000 tons including bunkers. The vessel sails originally
with a (reference) speed of 15 knots on a trade with a round trip distance of 12000nm. This is the
distance between the Rotterdam and Mumbai.

It is assumed that the density of the cargo is 0.7 ton/m3, which is a average density for oil products. Fur-
thermore it is assumed that the freight rate to transport 1 ton of product from Rotterdam to Mumbai is $85
for a ’high’ freight rate scenario. This was the rate in January 2020[24]. To analyse the sensitivity of the re-
sults to freight rate, a 'low’ freight rate scenario will also be reviewed. For this 'low’ freight rate scenario, the
rate is reduced to $45. While the 'base case’ speed is 15 knots, the operational speed of the vessel will be
varied between 4 and 20 knots. This operational speed is kept constant over the lifetime of a vessel, to limit
the complexity of the problem. In real life a vessel could further optimise its operations by also varying the
operational speed during its lifetime depending on fuel prices and other circumstances.
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9.2. Results

The results for all fuels, fuel price scenario’s and carbon tax scenario’s can be found for both freight rates in
Appendix E. An example of these results is shown in figure 9.1 for a low’ freight rate, "high’ fuel, and "high’
carbon tax scenario. For this scenario, it can be seen that methane is the optimal fuel choice with an optimal
operational speed of 11 knots. However it can be seen that both methanol and ammonia only perform slightly
WOTSE.

For the high freight rate, an example of these results is shown in figure 9.2 for a 'low’ fuel, and ’high’ car-
bon tax scenario. For this scenario, ammonia is the optimal fuel choice with an optimal operational speed of
14.5 knots. Furthermore the difference with methane and methanol is much larger.

To give an overview of the results, the fuel with the highest profit and affiliated optimal operational speed is

-- Profit as function of speed --
round trip = 12000nm
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1e8 fuel scenario = high, carbon tax =high
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Figure 9.1: Profit analysis for a large scale tanker operating between the Rotterdam and Mumbai. This analysis is done for a 'low’ freight
rate, 'low’ fuel, and "high’ carbon tax scenario. The reference speed is 15 knots, this is the speed at which the 2008 base case is set for the
determination of IMO emission reduction goals. Operational speed can be seen on the lower axis, profit on the vertical axis. The fuels in
the figure are Ammonia, Methanol and LNG(methane).

shown in table 9.1.

9.3. Analysis of results

Analysing the results in table 9.1 several things can be noted about the sensitivity to changes of variables:

Sensitivity of results to the carbon and fuel price scenario

Limited influence of the carbon tax and fuel scenario was found on the outcome of the most optimal fuel. The
optimal operational speed however shows large correlation with the carbon price and fuel prices. For both
both a higher carbon tax and high renewable fuel price scenario, the operational speed decreased. Resistance
increases with a third power, while revenue is correlated linearly with speed. Therefore a higher fuel price will
decrease the optimal speed.

Sensitivity of result to the freight rate
First of all it can be seen that the optimal operational speed of the vessel is highly dependant on the freight
rate. When the freight rate is 'high’, the vessel operates on a higher optimal speed than during a 'low’ freight
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Figure 9.2: Profit analysis for a large scale tanker operating between the Rotterdam and Mumbai. This analysis is done for a "high’ freight
rate, 'low’ fuel, and "high’ carbon tax scenario. The reference speed is 15 knots, this is the speed at which the 2008 base case is set for the
determination of IMO emission reduction goals. Operational speed can be seen on the lower axis, profit on the vertical axis. The fuels in

the figure are Ammonia, Methanol and LNG(methane).

Profit for various scenario’s

Fuel with Optimal
Freight | Carbon | E-fuel | Scenario . operational
Scale . . highest
Rate price Price | Nr. profit speed
[knts]
High L13 Methane | 11.25
None Low L14 Methane | 11.5
Low High L15 Methane | 11
Low Low L16 Methane | 11.5
High L17 Methane | 10.75
High Low L18 Methane | 11
Large-scale
None High H13 Ammonia | 14.0
Low H14 Ammonia | 15.0
High Low High H15 Ammonia | 13.75
Low H16 Ammonia | 14.75
High High H17 Ammonia | 13.5
Low H18 Ammonia | 14.5

Table 9.1: Results of profit analysis for a 45000 ton chemical tanker at a high freight rate of $85 and low freight rate of $45 for a trade

between Rotterdam am Mumbai.

rate scenario. This is a logical result, since the additional fuel cost can be compensated by the higher revenue

up to certain point.

Secondly the optimal fuel choice showed significant sensitivity to the freight rate. It can be seen that methane
results in the highest profit in all scenarios with a low freight rate. Meanwhile, it can be seen that ammonia
results in the highest profit in all scenario’s with a high freight rate. The profit as seen in the table is a complex
gathering of influences such as CAPEX, OPEX, fuel cost, freight rates, carbon taxes and operational speeds.
However the dominance of methane in the low freight rate scenarios, can partially can be explained by look-
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--fuel energy fractions--
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Figure 9.3: The energy fraction of the fuels on board of a methane powered large scale tanker. The fuel scenario is 'low’, the carbon tax is
"low’, the freight rate is 'low’. The green line depicts how much of the energy used for propulsion comes from fossil methane. The orange
line depicts how much from the energy comes from e-methane. The blue lines shows the fraction of energy that is generated by the pilot
fuel(MGO). This show for each year. As can be seen, there is no change over the years and the vessel operates on fossil methane and pilot
fuel, i.e. no renewable fuel is used.

ing at the combination of renewable and fossil fuels as used in the scenarios.

It can be seen in table 9.1 that the optimal speed for the low freight rate scenarios is significantly lower than
the reference speed of 15 knots. Lowering the speed of the vessel will not only reduce fuel cost but also re-
duces the emission intensity of the vessel. Due to this reduction in emission intensity achieved by the speed
reduction, the need to use renewable fuels to lower emissions is also reduced. Therefore the vessel can now
operate using relatively much fossil fuel. This can seen by comparing the ratio of fossil and renewable fuels
of scenario L16 and H16. Figure 9.3 show the annual combination of pilot, fossil and renewable fuel for the
methane powered vessel for scenario L16. It can be seen that the vessel operates completely on fossil fuel
up to 2032, after which more renewable methane is gradually used. When looking at the summation of fuel
prices and carbon taxes affiliated to the emissions of the respected fossil fuels it was found earlier that fossil
methane remains a relatively affordable fossil fuel. This can also be seen in appendix A, for all combinations
of fuel prices and carbon taxes. Hence, when the optimal operational speed is low due to a relatively low
freight rate, the position of methane as fuel will improve relatively. This is only one of the factors influenc-
ing the profit, with many more such as capital cost also influencing the result. However in this specific case,
methane is also the most affordable fuel.

Figure 9.4 show the annual combination of pilot, fossil and renewable fuel for the ammonia fuelled vessel
of scenario H16. It can be seen that the vessel uses a significant amount of renewable fuel compared to sce-
nario L16. This is required due the optimal speed of 14.75 knots, which is higher than the optimal speed found
for scenario L16. This increase in speed is a result of the higher freight rate. Since this speed is only marginally
lower than the reference speed, significant use of renewable fuel is required to comply with the decarboniza-
tion pathway. As was seen in chapter 8, the use of renewable fuel is relative expensive for a methane powered
vessel due to the high price of renewable methane. Meanwhile renewable ammonia is more affordable com-
pared on a energy base, therefore the competitive position of ammonia will therefore improve in the high
freight rate scenario. In this specific case, ammonia is also the most profitable.
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Figure 9.4: The energy fraction of the fuels on board of a methane powered large scale tanker. The green line depicts how much of the
energy used for propulsion comes from fossil methane. The orange line depicts how much from the energy comes from e-methane. The
blue lines shows the fraction of energy that is generated by the pilot fuel(MGO). This show for each year. As can be seen, the use of fossil
methane decreases and the use of renewable methane increases. This change is caused by the increasingly stricter IMO regulation. It
should be noted that the carbon tax is not the factor pushing the use of renewable methane. If a carbon tax would have increased the
cost of fossil methane enough to make e-methane competitive, then a complete switch to renewable methane would be present.
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9.3.1. Sensitivity to methane slip

The model up to now assumed a methane slip of 0.02 grams for each gram of methane/LNG burned. As can
be seen in chapter 3, methane slip is in that case responsible for 13% of the CO, equivalent emission when
of the life cycle emissions of fossil LNG. For renewable methane the methane slip is responsible for 56% of
the life cycle emissions. Methane slip is therefore a important factor to be considered. MAN engines stated
they expect that the methane slip can be limited to 0.2 g/kWh of engine power[60]. This is equal to 0.00136
g/g fuel assuming a 50% engine efficiency. This would reduce the well-to-wake emission from methane from
87.61 gr CO, eq/MJ fuel to 76.96 CO, eq/M], i.e. a reduction of 12.1%. For renewable methane, the well-to-
wake emissions are reduced from 20.33 CO, eq/M]J to 9.68 CO2 eq/M]J. This could influence the outcome of
the model, and therefore the case study is performed again taking into account the lower methane slip. The
results can be found in table 9.2.

Comparing the results in this table to the results in table 9.1 it can be seen that the optimal fuel for the low
freight rate is still methane. However the optimal speed of the low freight rate has increased. This is a logical
result of two influences:

¢ Firstly the lower well-to-wake emission reduce the carbon tax on both the renewable and fossil version
of methane, hence the total cost of both fossil and renewable methane is lowered. With a lower fuel
price, the competitive position of methane improves.

¢ Secondly the lower WTW emissions of fossil LNG reduces the required amount of renewable methane
to comply with the decarbonization pathway. Since fossil LNG(including carbon tax) is significantly
less expensive then renewable methane, this reduces the fuel cost of a methane powered vessel. This
results in an improvement of competitive position of methane compared to ammonia and methanol.

Furthermore it can be seen that methane is now the optimal fuel for the 'high’ fuel price scenarios(H13 to
H18). This is the result of the same processes as discussed above.

Profit for various scenario’s

Fuel with | OPtimal
Freight | Carbon | E-fuel | Scenario . operational
Scale . . highest
Rate price Price | Nr. profit speed
[knts]
High L13 Methane | 11.75
None Low L14 Methane | 12.25
Low High L15 Methane | 11.5
Low Low L16 Methane | 12
High L17 Methane | 11.25
High Low L18 Methane | 11.5
Large-scale
None High H13 Methane | 13.25
Low H14 Methane | 14.25
High Low High H15 Methane | 13.25
Low H16 Methane | 14
High High H17 Methane | 13
Low H18 Methane | 13.75

Table 9.2

9.4. Conclusion

The goal of this chapter was to analyse scenario 13 to 18 for a large scale chemical tanker. In these scenario’s
both alternative fuels and speeds reductions were used as means reduce the carbon intensity of the vessel.
It was found methane is the optimal fuel choice for a large-scale chemical tanker when the freight rate is
relatively low. This is mainly the result of fossil methane being a very affordable fuel compared to the fossil
and renewable versions of methanol and ammonia. Furthermore it was found that the operational speed
is reduced greatly in all scenario’s to obtain the highest profit. For higher freight rates, it was found that
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ammonia is the most cost-effective fuel. Finally the influence of methane slip was assessed. It was found that
the result were significantly sensitive to this change. With the lower methane slip, the position of methane
improved significantly.






Conclusion

In this chapter, the conclusions of this study are explained and discussed. First a discussion of the results is
presented. Afterwards the conclusion will first give an answer to sub research questions, and afterwards to
the main research question. This is followed by recommendations for future work.

10.1. Discussion

In this section, the results of the research are discussed. This study is used to get insight into the financial
impact of complying with different decarbonization pathways under various carbon taxes. The results of this
study will give an indication of this impact, however the model is based on other literature and assumptions
which have influence on the these results. While using this model for further research, it is important to use
up to date data, improving the reliability of the model. Below the study will be further discussed in three
parts: the scope, the model and scenarios and finally the ship design.

Based on the scope of the model:

¢ The prices of the renewable fuels are based on assumptions for the electricity price, electrolyser cost,
capital cost and production cost prices. Meanwhile literature showed that the future development of
these prices is highly uncertain. No sensitivity study was included to analyse the influence of changes
in these parameters, reducing the reliability of these prices.

¢ Methanol and methane are carbon based fuels and the price of these synthetic fuels is therefore de-
pendant in the cost of CO2. This study has looked at direct air capture as CO, source, however this is
a relative expensive process compared to other CO2 sources such as capture from a point source at a
factory. Since ammonia is not carbon based, the choice to only include DAC therefore improves the
competitive position of ammonia in this study.

¢ This study only included wind power as renewable energy source. Other renewable energy sources
such as hydro or solar can also be used in reality. These renewable energy sources can have different
energy prices and different carbon intensities influencing the expected fuel price.

¢ No internal rate of return(IRR) was assumed for the electricity production and the fuel production. The
inclusion of a IRR would increase would increase the cot for both, which could influence the outcome
of the model.

¢ This study assumed that no distribution and bunker cost were present for the renewable fuels. In reality
there are significant differences in bunker cost between fuels. Therefore bunker cost should be included
for more reliably results.

Based on the model and scenarios:

¢ The results of the model can be used to get an impression of the financial impact of complying with
decarbonization strategies.
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10. Conclusion

It was chosen to limit the combinations of decarbonization strategies and decarbonization pathways
to three combinations. Mixing in of e-fuel with MGO has for example not been analysed for the gradual
emission decarbonization pathway, while such a strategy could prove to be more cost-effective. Results
should therefore only be interpreted as representative for the specific combination of decarbonization
pathway and decarbonization strategy.

The model assumes a fixed duration of time in the harbour for manoeuvring, discharging and loading
independent of the vessel size. In reality the time needed for this can differ depending on the vessel
size. Furthermore it was assumed that the vessel only consumes fuel while in transit, neglecting fuel
consumption for operations in the harbour. The fuel consumption of these operations could influence
the outcome of the model.

It was found that a vessel can comply with decarbonization pathways while using a limited amount of
renewable fuel if the speed of the vessel is reduced. This makes the outcome if the model potentially
sensitive to relative and absolute price changes of fossil fuels. The model does not take this into account
and assumes a fixed price for fossil fuels. In reality the absolute and relative prices of fossil fuels also
show a high volatility, hence the results should be interpreted with this in mind.

It was found that if the vessel uses both speed reductions and alternative fuel to comply with decar-
bonization strategies, the most cost-effective fuel is highly dependent on the freight rate. Methane is
optimal for low freight rates, ammonia for high rates. The model only took the possibility of a constant
speed reduction over the entire lifetime of the vessel into account. In reality the vessel could reduce its
operational speed further during its lifetime which could lead to different results.

Based on the ship design:

This study assumed that ammonia and LNG can be stored on deck. However this study showed thatthe
weight of the fuel and storage tanks can be significant for alternative fuels. This could then marginalises
the stability of a vessel. Furthermore it was assumed that there was no limit to the amount of volume
the fuel tanks could occupy on deck, while there could be practical limitations to this.

This study used the admiralty constant to adjust for the increased resistance due to additional fuel and
fuel system weight. For some vessels it was found that the displacement can increase significantly, for
these cases the accuracy of this method could be inadequate.

This study assumed that vessels will use internal combustion engines as power source. However in the
future fuel cells could be used on vessels. Fuel cells have the advantage that these do not have NO, or
CH4, emissions, while these emissions can be a problem for ICEs and increase the carbon tax paid by a
vessel.

This study assumed that LNG, ammonia and methanol have a thermal efficiency of 50%. Meanwhile
literature showed that there can be differences between the fuels[4]. This could influence the relative
competitive position of the fuels.

The OPEX of the vessels in this model is determined based on two factors. The first is a fixed amount
based on the CAPEX, the second part is based on the use of urea for the SCR unit. In reality differences
between the fuels can be expected due to the large differences in chemical properties of the fuels.

10.2. Conclusion

Main research question of this study is: What is the financial impact of using alternative fuels and speed
reductions on a chemical tanker to comply with decarbonization regulation, considering various carbon tax
scenario’s? First, the sub research questions are answered before the main research question is answered.

Sub-questions

1.

What are the life cycle emissions of the selected fossil and renewable fuels?

It was found that the life cycle emission of fossil MGO are 87.86 gr CO» eq/M]. Those of fossil am-
monia are 97.63 gr CO, eq/M], those of e-ammonia re 7.76 gr CO, eq/M], those of fossil methanol are
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89.38 gr CO» eq/M]J, those of renewable methanol are 8.55 gr CO» eq/M]J, those of fossil LNG are 87.6 gr
CO; eq/M]J and those of e-methane are 20.33 gr CO, eq/M].

2. What renewable fuel prices can be expected between 2025 and 2050 for renewable fuels depending on
renewable electricity price scenario’s and carbon tax scenario’s 2 And how do they compare to each other
and to fossil fuels?

It was found that on a USD/GJ bases, renewable ammonia is expected to be the most cost effective
e-fuel to produce between 2025 and 2050. Meanwhile methane and methanol are expected to have
higher production cost. Furthermore it was found that renewable fuel prices can be expected to de-
crease as much as 50% for an "high’ renewable energy scenario and up to 60% for a 'low’ renewable
energy scenario between 2020 and 2050. This is a result of expected improvements in production effi-
ciencies, decreasing capital cost and decreasing renewable power prices.

Furthermore it was found that a carbon tax can improve the position of renewable fuels significant.
With 'low’ renewable fuel prices and a high carbon tax, ammonia could already become economically
competitive as early as 2030.

3. What is the financial impact of mixing in a minimal amount of renewable fuel with MGO on a vessel to
achieve a 70% emission intensity reduction during its entire lifetime? And can trends be found in which
alternative fuel is optimal depending on multiple variables?

In almost all combinations of scenario’s, trade distances, vessel speeds and vessel sizes it was found that
ammonia is positioned to be the most cost-effective alternative fuel to comply with the decarboniza-
tion pathway. The only exception found was for for small scale vessels operating at high speeds and on
long trade distances. In this case ammonia has similar cost as methanol and methane. It was found that
the increase in displacement of these small scale tankers using ammonia is significant due to the weight
of fuel and storage tanks. This increases the fuel consumption, which reduces the competitive position
of ammonia. In almost all scenarios a significant increase of TCO was found compared to the base case.

4. What is the financial impact of using renewable and fossil alternative fuels on a vessel to comply with the
IMO emission intensity goals? And can trends be found in which alternative fuel is optimal depending
on multiple variables?

It was found that for almost all scenario’s, ammonia is positioned to be the most cost-effective alter-
native fuel to comply with the decarbonization pathway. This conclusion showed limited sensitivity
to the height of the carbon tax, design speed, vessel size, trade distance, design speed or renewable
fuel prices. The competitive position of ammonia was found to be sensitive to the trade distance for
small-scale vessels. For small-scale vessels operating at long distances(12000nm roundtrip) at relative
high speeds, it is was found that methane has the lowest TCO. Furthermore in almost all scenarios a
significant increase of TCO was found compared to the base case.

5. What is the financial impact of using speed reductions, renewable alternative fuel and fossil alternative
fuels on a vessel to comply with the IMO emission intensity goals? And can trends be found in which
alternative fuel is optimal depending on multiple variables?

When both alternative fuels and speeds reductions were are used as means reduce the carbon intensity
of the vessel, it was found methane is the optimal fuel choice for a large-scale chemical tanker when
the freight rate is relatively low. For higher freight rates, it was found that ammonia is the most cost-
effective fuel. Furthermore it was found that the operational speed is reduced greatly in all scenario’s
to obtain the highest profit. Finally the influence of methane slip was assessed. It was found that the
result were significantly sensitive to this change. With the lower methane slip, the position of methane
improved significantly.
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Furthermore the model showed that methanol as fuel requires a lower capital cost than an ammonia LNG,
but has relatively high fuel cost. Therefore it was expected that methanol could be the optimal fuel choice for
vessels with a low fuel consumption. This trade off was not observed for the vessel sizes, trade distances and
speeds analysed in this study.

To finalise it can be concluded that there is significant financial impact when a vessel is required to com-
ply with the reviewed regulation. The cost of shipping increased in all analysed scenarios when measured
in absolute cost. Only in extreme cases with high carbon taxes and low renewable fuel prices, it was found
that decarbonization does not result in an increase in cost relative to the MGO reference vessel. This because
the high carbon tax increases the TCO of the MGO fuelled vessels significantly in such cases. Furthermore it
can be concluded ammonia is positioned to be the most cost-effective solution in almost all scenario’s and
vessels if only alternative fuels are used as decarbonization measure. If slow steaming is also used as a sec-
ondary emission mitigating measure, in combination with the use of alternative fuels, the most cost effective
solution was highly dependent on the freight rate. For low freight rates methane was found to be financially
optimal, for high freight rates it was found that ammonia is positioned as the best alternative fuel.

10.3. Future work
In this section, recommendations for future work are presented:

¢ The model has been used to analyse chemical tankers, but is well suited to be adjusted to analyse other
vessel types. This could be done in further work.

¢ Methanol requires a lower capital than an ammonia or LNG fuelled vessel, but has higher operational
cost. Therefore it can be expected that methanol is a good fuel choice for vessels with a low fuel con-
sumption. The vessels analysed by this study did not show such a trade off, but further research could
analyse smaller vessels where this trade off might be present.

It was chosen to limit the analysed fuels to methanol, ammonia and methane. E-diesel was not in-
cluded due to the expected high price. The results found that when the operational speed of the vessel
is reduced, a vessel can comply with regulation using a limited amount of renewable fuel. Therefore e-
diesel might prove to be a feasible solution as drop in fuel. While the production price might be higher,
e-diesel avoids the higher capital cost of other renewable fuels.

¢ The study included a range of combinations of carbon taxes and decarbonization pathways. However
reality, future scenarios are unknown. To be able to really make substantiated business choices, future
research could be done into the probability of possible regulation.

¢ In this study a limited the amount of scenarios were included and paired with decarbonization strate-
gies. In further work a more detailed view of the impact of regulations can be achieved by using a
a Monte Carlo Simulation. Using such simulations, more possible regulations and decarbonization
strategies can be combined and analysed.

¢ This model assumed that CO,,CH4 and N,O are taken into account as greenhouse gas. However it
is possible that future regulation will focus solely on carbon emissions. This study could be repeated
while looking solely at carbon emissions.
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Figure A.1: Integrated fuel cost for one fuel price scenario and one carbon tax scenario. This has been calculated by applying the carbon
tax on the LCA emissions of the fuel and adding these cost to the fuel cost. The renewable version of the fuel is labelled with 'SYN’, the
fossil version with 'F’.
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Figure A.2: Integrated fuel cost for one fuel price scenario and one carbon tax scenario. This has been calculated by applying the carbon
tax on the LCA emissions of the fuel and adding these cost to the fuel cost.The renewable version of the fuel is labelled with 'SYN’, the
fossil version with 'F’.
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Figure A.3: Integrated fuel cost for one fuel price scenario and one carbon tax scenario. This has been calculated by applying the carbon
tax on the LCA emissions of the fuel and adding these cost to the fuel cost.The renewable version of the fuel is labelled with 'SYN’, the
fossil version with 'F’.
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Figure A.4: Integrated fuel cost for one fuel price scenario and one carbon tax scenario. This has been calculated by applying the carbon
tax on the LCA emissions of the fuel and adding these cost to the fuel cost.The renewable version of the fuel is labelled with 'SYN’, the
fossil version with 'F’.
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Figure A.5: Integrated fuel cost for one fuel price scenario and one carbon tax scenario. This has been calculated by applying the carbon
tax on the LCA emissions of the fuel and adding these cost to the fuel cost.The renewable version of the fuel is labelled with 'SYN’, the
fossil version with 'F’.
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Figure A.6: Integrated fuel cost for one fuel price scenario and one carbon tax scenario. This has been calculated by applying the carbon
tax on the LCA emissions of the fuel and adding these cost to the fuel cost.The renewable version of the fuel is labelled with 'SYN’, the
fossil version with 'F’.



Trendlines

This appendix contains the trendlines as determined for chapter 5 based on data retrieved from Clarksons
Intelligence.
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Figure D.3

Figure D.4
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Figure D.7

Figure D.8
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Figure D.15

Figure D.16
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D.1. Timeline of cumulative TCO of the small, mid and large scale vessel
for scenario 12
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Figure D.19: The figure depicts the breakeven point for the selected fuel for scenario 12 for the small scale tanker. The
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E.2. High freight rate
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Profit[USD]
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Profit[USD]

-- Profit as function of speed --
round trip = 12000nm

deadweight=45000 tons, V_design = 15.0, freight rate =high

1e8 fuel scenario = low, carbon tax =high

Ammonia_SYN

359 - MeOH_SYN e
LNG_SYN = e

310 -~ -

2.5 - _—' g

2.0 1 - -

1.5 4 Ry -

104 = -

0.5 L T T T T T T T _

5.0 7.5 10.0 125 15.0 175 20.0

Operational speed[knts]

22.5



Bibliography

[1] K.T. Alkusayer and A. Ollerhead. Ammonia synthesis for fertilizer production. 2016.

[2

M. Alvarado. The changing face of the global methanol industry. URL https://chemweek.com/CW/
Document/80172/The-changing-face-of-the-global-methanol-industry.

[3]1 J.D. Ampah. Reviewing two decades of cleaner alternative marine fuels: Towards imo’s decarbonization
of the maritime transport sector. 2021.

[4] K.Andersson and C. Salazar. Methanol as a marine fuel report. 2015.

[5] E Baldi, S. Brywolf, and E Marechala. The cost of innovative and sustainable future ship energy systems.
2019.

6] J. Bateman. The green energy of the future could come from
tankers, 2019. URL https://www.wartsila.com/insights/article/

the-green-energy-of-the-future-could-come-from-tankers.

[7

S. BENGTSSON, K. ANDERSSON, and E. FRIDELL. A comparative study of four fossil fuels for marine
propulsion. 2011.

[8

J. Bergsma, P. 't Hart, J. Pruyn, and R. Verbeek. Final report: Assessment of alternative fuels for seagoing
vessels using heavy fuel oil. 2019.

[9

L. Bilgili. Comparative assessment of alternative marine fuels in life cycle perspective. 2021.

[10] A.BoulamantiJose and A. Moya. Production costs of the chemical industry in the eu and other countries:
Ammonia, methanol and light olefins. 2016.

[11] T. Brown. Green ammonia in australia, spain, and the united states, 2020. URL https://www.
ammoniaenergy.org/articles/green-ammonia-in-australia-spain-and-the-united-states/.

[12] T. Brown. North-c-methanol, 2020. URL https://northccuhub. eu.

[13] S.Brynolfa, M. Taljegarda, M. Grahna, and J. Hanssona. Electrofuels for the transport sector: A review of
production costs. Renewable and Sustainable Energy Reviews 81, 2018.

[14] C-job. Internal documents. 2021.

[15] B. Castro. Towards zero emission work vessels: the case of a dredging vessel. INTERNATIONAL CON-
FERENCE ON MODELLING AND OPTIMISATION OF SHIP ENERGY SYSTEMS, 2019.

[16] A. CHRISTENSEN. Assessment of hydrogen production costs from electrolysis: United states and eu-
rope. For the ICCT, 2020.

[17] N. de Vries. Safe and effective application of ammonia as a marine fuel. 2019.
[18] N. de Vries. Personal communication. 2021.
[19] CE Delft. Regulating speed: a short-term measure to reduce maritime ghg emissions. 2017.

[20] CE Delft. Availability and costs of liquefied bio- and synthetic methane the maritime shipping perspec-
tive. 2020.

[21] Cambridge energy research associates(CERA). The new wave: global Ing in the 21th century: final report.
2002.

107


https://chemweek.com/CW/Document/80172/The-changing-face-of-the-global-methanol-industry
https://chemweek.com/CW/Document/80172/The-changing-face-of-the-global-methanol-industry
https://www.wartsila.com/insights/article/the-green-energy-of-the-future-could-come-from-tankers
https://www.wartsila.com/insights/article/the-green-energy-of-the-future-could-come-from-tankers
https://www.ammoniaenergy.org/articles/green-ammonia-in-australia-spain-and-the-united-states/
https://www.ammoniaenergy.org/articles/green-ammonia-in-australia-spain-and-the-united-states/
https://northccuhub.eu

108

Bibliography

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

[33]

(34]
(35]
(36]
(37]
(38]

[39]

(40]
[41]

(42]

(43]

(44]

(45]
[46]

(47]

Dr. Evangelos, K. Boulougouris, Mr. Leonidas, and E. Chrysinas. Lecture notes on Ing fueled vessels
design training. 2015.

M. Fasihi, O. Efimova, and C. Breyer. Techno-economic assessment of co2 direct air capture plants.
Journal of Cleaner Production, 2019.

M. Fern. Global spot freight rates under pressure as chems shipping demand slows further.

C.H. Gabrielii and S. Jafarzadeh. Alternative fuels and propulsion systems for fishing vessels. INTERNA-
TIONAL CONFERENCE ON MODELLING AND OPTIMISATION OF SHIP ENERGY SYSTEMS, 2020.

P, Gilbert, A. Bows-Larkin, S. Mander, and C. Walsh. Technologies for the high seas: meeting the climate
challenge. 2014.

DNF GL. Alternative fuels insight, 2020. URLhttps://afi.dnvgl.com/Map.

DNV GL. Seaborn trade outlook: the energy transition. @~ URL https://www.dnvgl.com/
expert-story/maritime-impact/Seaborne-trade-outlook-the-energy-transition.html.

DNV GL. Decarbonization in shipping, 2020. URL https://www.dnvgl.com/maritime/insights/
topics/decarbonization-in-shipping/index.html.

DNV GL. Maritime forecast to 2050 - energy transition outlook 2020. 2020.

A. Grinberg, O. Alishav, A. Bardow, Dr. Gennady, S. Gideom, and S. Grader. Nitrogen-based fuels: A
power-to-fuel-to-power analysis. Angewandte Chemie, 2016.

M. Grljusic, V. Medica, and G. Radica. Calculation of efficiencies of a ship power plant operating with
waste heat recovery through combined heat and power production. Energies, 2015.

S Hwang, B. Jeong, K. Jung, and P. Kim, Zhou. Life cycle assessment of Ing fueled vessel in domestic
services. Journal of Marine Science and Engineering Article, 2019.

IEA. The future of hydrogen seizing today’s opportunities. G20 Japan, 2019.

IMO. Interim guidelines for the safety of ships using methyl/ethyl alcohol as fuel. 2020.
IMO. Fourth imo greenhouse gas study. 2020.

international maritime organization. Third imo greenhouse gas study 2014. 2014.
IRENA. Hydrogen:a renewable energy perspective. 2019.

IRENA. Future of wind deployment, investment, technology, grid integration and socio-economic as-
pects. 2019.

IRENA. Renewable power generation costs in 2020. 2020.
IRENA. Innovation outlook renewable methanol. 2021.

R. Kajaste, M. Hurme, and P. Oinas. Methanol-managing greenhouse gas emissions in the production
chain by optimizing the resource base. 2018.

J.K. Kaldellis and D. Apostolou. Life cycle energy and carbon footprint of offshore wind energy. compar-
ison with onshore counterpart. 2017.

ALFA LAVAL, HAFNIA, HALDOR TOPSOE, VESTAS, and SIEMENS GAMESA. Ammonfuel an industrial
view of ammonia as a marine fuel. 2020.

Financial Counseling Services LTD. Sbusiness — shipping loans.
MAN. Propulsion trends in Ing carriers - two-stroke engines.

B. Mestemaker, B. Castro, H. Blom, end E. Cornege, and K. Visser. Zero emission vessels from a ship-
builders perspective. 2019.


https://afi.dnvgl.com/Map
https://www.dnvgl.com/expert-story/maritime-impact/Seaborne-trade-outlook-the-energy-transition.html
https://www.dnvgl.com/expert-story/maritime-impact/Seaborne-trade-outlook-the-energy-transition.html
https://www.dnvgl.com/maritime/insights/topics/decarbonization-in-shipping/index.html
https://www.dnvgl.com/maritime/insights/topics/decarbonization-in-shipping/index.html

Bibliography 109

(48]

(49]

(501

[51]

(52]

(53]

(54]

[55]

[56]

[57]

(58]
(59]
[60]
[61]

(62]
[63]

(64]

(65]
[66]
[67]
[68]

(69]

[70]
[71]

[72]

(73]

Methanex. Methanol-fueled vessels mark one year of safe, reliable, and efficient operations, 2017. URL
https://www.methanex.com/sites/default/files/news/1YearOfMethanolVessels.pdf.

E.R. Morgan. Techno-economic feasibility study of ammonia plants powered by offshore wind. 2013.

R.M. Nayak-Luke. Techno-economic viability of islanded green ammonia as a carbon-free energy vector
and as a substitute for conventional production. Energy & Environmental Science, 2020.

American Bureau of Shipping. Ammonia as marine fuel. 2020.

International Maritime Organization. Igc-code int. code for the construction and equipment of ships
carrying liquefied gases in bulk (msc.177(79)). 1986.

A. Papanikolaou. Ship Design: Methodologies of Preliminary Design. Springer, 2014.

M. Per¢ic. Life-cycle cost assessment of alternative marine fuels to reduce the carbon footprint in short-
sea shipping: A case study of croatia. 2020.

Al]. Reiter and S.C. Kong. Demonstration of compression-ignition engine combustion using ammonia
in reducing greenhouse gas emissions. Energy Fuels, 2008.

DNV Gl Group Technology & Research. Ammonia as marine fuel - white paper. 2020.

J.M. Roozendaal. Methanol hybrid offshore working vessels a technical, environmental and economic
assessment. 2020.

SHIPSFOCUS. World’s top chemical tanker trade routes 2019. 2019.
MAN Energy Solutions. Basic principles of ship propulsion. .
MAN Energy Solutions. Managing methane slip. .

MAN Energy Solutions. Computerized engine application system, . URL https://www.man-es.com/
marine/products/planning-tools-and-downloads/ceas-engine-calculations.

MAN Energy Solutions. Costs and benefits alternative fuels for an Ir1 product tanker - white paper. 2018.
MAN Energy Solutions. Man b&w two-stroke engine operating on ammonia. 2020.

S Soo Hwang, S. Jin Gil, L. Gang Nam, and L. Ji Won. Life cycle assessment of alternative ship fuels for
coastal ferry operating in republic of korea. Journal of Marine Science and Engineering Article, 2020.

K. Teriin. Assessing alternative fuel types for ulcvs in face of uncertainty. 2020.
J. Tijdgat. Shipping renewable hydrogen carriers. 2020.
MAN Diesel & Turbo. Propulsion trends in tankers.

D. Valerro. Air Pollution Calculations: Quantifying Pollutant Formation, Transport, Transformation, Fate
and Risks. Elsevier, 2019.

PS.van Lieshout, V. de Jonge, R. Verbeek, A.W. Vredeveldt, and S. Finner. Green maritime methanol: Wp3
factsheet and comparison with diesel and Ing. 2020.

M. Ventura. Estimation methods for basic ship design.
C.L. Volger. Alternative fuels on board of carbon-neutral cruise vessels. 2019.

Wirtsila. Improving efficiency. URL https://www.wartsila.com/sustainability/
innovating-for-sustainable-societies/improving-efficiency.

L. YANG. Optimising liquefied natural gas supply chains - a case study in china. Maritime Affairs(Port
Managament), 2002.


https://www.methanex.com/sites/default/files/news/1YearOfMethanolVessels.pdf
https://www.man-es.com/marine/products/planning-tools-and-downloads/ceas-engine-calculations
https://www.man-es.com/marine/products/planning-tools-and-downloads/ceas-engine-calculations
https://www.wartsila.com/sustainability/ innovating-for-sustainable-societies/improving-efficiency
https://www.wartsila.com/sustainability/ innovating-for-sustainable-societies/improving-efficiency

	Introduction
	State of Art & Research Gap
	Research Objective
	Research Questions
	Research approach

	Research scenarios
	Decarbonization pathway
	Emission reduction strategies
	Carbon Emissions Tax
	Renewable prices
	Scenario generation

	Life Cycle Analysis of fuels
	Concept of a life cycle analysis
	Life cycle analysis of selected fuels
	Comparison of results
	Conclusion

	Fuel price estimation of fossil and renewable fuels
	Types and availability of ammonia
	Types and availability of methanol
	Types and availability of methane
	Feedstocks of synthetic fuels
	Synthesis of Ammonia
	Synthesis of methanol
	Synthesis of methane
	Price of synthetic fuels
	Price of fossil fuels
	Carbon Emissions Tax
	Integral cost of fuel prices and carbon tax
	Conclusion

	Models to analyse the selected scenarios
	Model for scenario 1 to 6
	Model for scenario 7 to 12
	Model for scenario 13 to 18

	Economic analysis
	Results: scenario 1 to 6
	General analysis
	Case analysis
	Conclusion

	Results: scenario 7 to 12
	General analysis
	Case analysis
	Conclusion

	Results: scenario 13 to 18
	Cases and freight rates
	Results
	Analysis of results
	Conclusion

	Conclusion
	Discussion
	Conclusion
	Future work

	Overview of integrated fuel cost per scenario
	Trendlines
	Complete overview of the results of chapter 7
	Complete overview of the results of chapter 8
	Timeline of cumulative TCO of the small, mid and large scale vessel for scenario 12

	Complete overview of the results of chapter 9
	Low freight rate
	High freight rate

	Bibliography

