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Summary

To keep the global warming of the Earth to a minimum, the greenhouse gas emissions need to be
reduced. Van Oord aims to be carbon neutral by 2050; therefore, Van Oord is exploring alternative fuels.
Ammonia is a promising option to use as a fuel due to the forty times lower well-to-wake emissions than
MGO when it is produced with green energy. There is no carbon content in ammonia. Furthermore,
the expected cost of using ammonia as a fuel is lower than other competitive 'green’ fuels, such as
hydrogen or methanol, due to the lower storage or fuel cost of ammonia. The goal of this research is
to determine if and when it is economically viable to use ammonia as a fuel to decarbonize a trailing
suction hopper dredger (TSHD). This is expressed in cost per dredged material [€/m3].

Ammonia needs to be handled, stored and consumed taking into account safety precautions to
have a safe operable ship. Additionally, ammonia has poor combustion characteristics, and there-
fore a promoter such as hydrogen (7-11%) or MGO (40-60%) is necessary to initiate the combustion.
Additionally, internal combustion engines (ICE) using ammonia as a fuel are expected to have a low
transient load capability. Therefore, if there is no MGO present, the loading capability of the ICE with
the load variation of the dredging process is a challenge. This dredging process has a dynamic load-
ing. The same challenge applies for a Solid oxide fuel cell (SOFC), where the SOFC does hardly have
transient load capabilities.

A TSHD has a dynamic engine load, and the main reasons for this transient load is the change
in propulsion power, which is dependant on the friction of the draghead and the sailing speed of the
vessel. Furthermore, a sudden change in mixture density in the dredging tube during dredging will
result in a sudden transient load. To cope with these transient loads, the energy supply on board of a
TSHD must have transient load capabilities.

A fuel consumption model has been developed to compare five drive train configurations for the
dredging project Kustlijnzorg with an operational profile of 30 days. The total power demand [kW] and
the dP/dt [kW/s] was included on a boolean way in this model. By means of this model, the main
particulars of the engines, fuel cells and batteries regarding power and energy were determined. The
output of this model was the amount of fuel consumed during 30 days. This fuel consumption model
was validated with another project.

The Construction Industry Research and Information Association (CIRIA) has developed a method
to valuate a TSHD. With this CIRIA methods, the value of a conventional TSHD is determined and
compared with the value of the ammonia driven configurations. The value of a new vessel that operates
on ammonia can be estimated with the help of a sustainability factor. It is found that the CAPEX and
OPEX are mainly dependent on the value of the vessel and the fuel consumption.

Currently, it is not economically feasible to use ammonia as a fuel to decarbonize a TSHD. However,
when green ammonia is used in combination with a SOFC, then a TSHD can be fully decarbonized,
but that is not economically feasible. In order to make ammonia an economically feasible option for a
TSHD, the price of MGO and carbon has to increase, or the price of the SOFC and ammonia (grey and
green) has to decrease significantly.

Currently it is unclear if the carbon tax in the future applies to wake-to-tank (WTT) or well-to-wake
(WTW) emissions. If the WTW emissions are taxed, then grey ammonia is never a better choice than
MGO in terms of cost. Which is also the case when considering the C0,., emissions.

To conclude, it is currently not economically feasible to decarbonize a TSHD using ammonia as a
fuel based on the cost per dredged material [€/m3]. The limited transient load capabilities of drive train
configurations on ammonia, need a battery or MGO to cope with the transient load of a TSHD. Future
progress in the technology or developments in the reduction of transient loads could make ammonia
as a fuel for a TSHD a better option. Finally, future developments in the price of: carbon, ammonia and
MGO can make it economically feasible to decarbonize a TSHD.



Contents

Summary iii
1 Introduction 1
1.1 Background. . . . . . . L 1
1.2 Researchproblem . . . . . . . . . . 1
1.3 Thesisoutline. . . . . . . . . . 2
2 Ammonia 4
21 Ammoniaasamaritimefuel . . . . . .. ... ... . 4
2.1.1 Ammoniaproduction . . . . . . .. 4
2.1.2 Ammonia characteristics. . . . . . . . .. .. .. 4
2.1.3 Ammoniastorage. . . . . . . .. e 5

2.2 Ammoniarelated emissions . . . . . .. . 5
221 Wellto-tank. . . . . . . L 5
222 Tank-to-wake . . . . . . . L 5
2.2.3 Carbondioxideequivalent . . . . . . . ... ... ... 5

2.3 Engine technologies forammonia. . . . . . . . . .. ... L L o oL L 6
2.3.1 Compressionignition. . . . . . . . . . L 6
2.3.2 Sparkignition. . . . .. 6
2.3.3 Nitrogenoxidesregulations . . . . . . .. ... o oo 7
2.3.4 Selective catalyticreduction . . . . . . .. .. ... 7

2.4 Fuel cell technologies forammonia . . . . . . . . . . . .. ... . 8
241 Alkaline fuelcell (AFC). . . . . . . . . 8
242 PEMFC . . . . . e 9
2.4.3 Solidoxide fuelcell (SOFC) . . . . . . . . . . .. . . 9

25 Ammoniacracker. . . . . . 9
2.6 Combination of fuel cellandengine . . . . . . . . . . . .. .. ..o 9
2.7 Safety aspectsofammonia . . . . . .. ... ... 10
271 Healthrisks. . . . . .. .. 10
2.7.2 COrroSION . . . . . o e e e e e e e e e 11
2.7.3 Legislation . . . . . .. . 11
274 Impactonsealife. . . . . .. . . .. 11

2.8 Conclusion . . . . . . e e 11
3 Trailing suction hopper dredger 12
3.1 Dredging cycle of a trailing suction hopperdredger . . . . . ... ... ... ....... 12
3.2 Drive systems for a trailing suction hopperdredger . . . . . ... ... ... ... .... 12
3.3 Energystoragesystems . . . . . . . .. .. 13
3.3.1 Battery . . . . . 13
3.3.2 Capacitor . . . . . . . . 14
3.3.3 Flywheel . . . . . . e 14

3.4 VoxAmalia . . . . . . . 14
3.4.1 Installedpower . . . . . . . L 14

3.5 Transientprofile . . . . . . . . . . . 15
3.6 Transientload duringdredging . . . . . . . . . . . ... 16
3.7 Production estimation . . . . . ... 19
3.8 Hoppersedimentation . . . . . . . ... 19
3.8.1 Cycletime. . . . . . . . . e 21
3.8.2 Weightinfluence . . . . . . . . .. . 21



Contents

3.9 FuelConsumption . . . . . . . . . e
3.9.1 FuelEstimation. . . . . . . . . . . .. e
3.9.2 Fuelactualerrors. . . . . . . . . . e
3.9.3 Fuelestimationerrors . . . . . . . . . ...

3.10 Conclusion . . . . . . L e e

4 Configurations
4.1 Conventional . . . . . . . L
42 1MGOICE +battery. . . . . . . . . . e
4.3 2dual-fuelammoniaMGOICE . . . . . . . . . .. .. ...
4.4 3 Dual-fuel ammonia MGO ICE + battery . . . . . . . . . . . . ... ... L.
45 4 AmmoniaSOFC +battery . . . . . . . . . . . L
4.6 5Ammoniadrive +battery . . . . . . ..
4.7 Conclusion . . . . . . . . e

5 Modelling approach
5.1 Input: Powerdemand . . . . . . . .. ...
5.2 |Input: Configuration withsetup . . . . . . . .. . .. ... ... ... ..
5.3 Powermanagementstrategy . . . . .. . . ... L
5.4 Output: fuel consumption . . . . . . . . .
5.5 Simulation strategy. . . . . . . . ..
5.6 Conclusion . . . . . . .

6 Cost calculations

6.1 Value estimation of a (new) trailing suction hopperdredger . . . . . . ... ... ... ..

6.1.1 Depreciationandinterest. . . . . . . . .. .. ... L

6.1.2 Maintenanceandrepair . . . . . . . . ...
6.2 Wearandtearcost. . . . . . . . . . . ... e
6.3 Fuelcost . . . . . . . e
6.4 Lubricantcost. . . . . . . .. e
6.5 Carboncost. . . . . . . . .. e
6.6 Crewcost. . . . . . . . . e
6.7 INSUranCe . . . . . . . . . e e e
6.8 Costofdredged material. . . . . . . . . . . . L
6.9 Conclusion . . . . . . . .. e e

7 Results
7.1 Priceassumptions . . . . . . ... e
7.1.1 Priceofequipment . . . . . ...
7.1.2 Priceoffuel. . . . . . .
713 Carboncost. . . . . . .
7.2 Final setup of each configuration . . . . . . ... .. ... oo
7.3 Carbon dioxide equivalent emissions for each configuration. . . . . . . . ... ... ...
7.4 Weeklycosts . . . . . . . . L
7.5 Costofdredged material. . . . . . . . . . . L
7.6 Sensitivityanalysis . . . . . . .. e
7.6.1 Carbontax . ... .. . . . . . . e
7.6.2 MGO-cCOSt. . . . . .
7.6.3 Ammoniacost . . . . ...
7.6.4 SOFCcCoSt . . . . . . . e
7.6.5 SOFCdegradation . . . . . . . . . . . . .
7.7 Conclusion . . . . . . L e e

8 Discussion

9 Conclusion
9.1 Recommendations . . . . . . . . . . . .. e e e



Vi Contents

Bibliography 60
A Appendix A 67
B Appendix B 68
B.1 Results . . . . . . . e 68
B.1.1 Carbontax . . . . .. . . . . . e 68

B.1.2 MGOcost. . . . . . . . e 69

B.1.3 Ammoniacost . . . . . . ... 70

B.1.4 SOFCcost . . . . . . . . e 71

B.1.5 SOFCdegradation . . . . . . . . . . . . . . . . . e 72

C Python code 73
C.A simulation. . . . . . . e 73

D Simulations 74



Introduction

1.1. Background

The maritime industry is responsible for around 3 percent of the global emissions caused by humans [1].
In order to meet the ambitious climate goals that are widely accepted it is necessary for the expanding
maritime industry to reduce its harmful greenhouse gas emissions. Nowadays Van Oord as a company
aims to reduce their carbon footprint by 2.5 percent every year, this reduction will be increased to 4.2
percent in the near future. In order to achieve this Van Oord needs to reduce their emissions in all
business units, including the operation of their trailing suction hopper dredger fleet. Carbon dioxide
is not the only green house gas that is taken into account when looking into decarbonisation. The
four different green house gases that exist are: carbon dioxide, methane, nitrous oxide and fluorinated
gases [2]. When looking into decarbonisation it is important to speak of C0O, equivalent. One kilogram
of N, 0 is as harmful for the environment as 298 kilograms of €0,[2].

Currently the fleet of Van Oord consist among other types of vessels out of 18 trailing suction hopper
dredgers. Atrailing suction hopper dredger is a self-propelled that can suck up material from the seabed
to depths up to 100 meters deep depending on the vessel. The most common activities of a TSDH are
deepening canals and harbors and spraying up sand for coastal protection [3]. These trailing suction
hopper dredgers of Van Oord use HFO, MGO or LNG as fuel, which are fossil fuels and emit too much
emissions to meet the climate goals. The goal is to use sustainable fuels having a net zero carbon
footprint. Ammonia could be such a sustainable fuel if the production is done with renewable energy
sources. Furthermore, ammonia can serve as an hydrogen carrier or can be directly used as a fuel [4].
If ammonia is directly used as a fuel in a combustion engine then there are no carbon emissions [5].
Therefore ammonia as a fuel for a hopper dredger can contribute to the decarbonisation of the world.
Currently, there is still a lot of uncertainty in the costs of the technology involved.

1.2. Research problem

The goal of this research is to determine if it is economical feasible to use ammonia as a fuel to de-
carbonize a trialling suction hopper dredger. To answer the main research question, the following
questions need to be answered:

1. Why has ammonia the potential to decarbonize the maritime industry over alternative fuels?
What are the different prime movers that can power a vessel using ammonia as a fuel?
What operational profile does a trailing suction hopper dredger have during its operation?
What is the origin of the transient load condition during dredging?

Which configuration can match the operational profile of a trailing suction hopper dredger?

Is it economically feasible to use ammonia as fuel for a TSHD in 20307?

N o o & »w N

How can future scenarios in prices affect the economic feasibility of an ammonia driven TSHD?

1



2 1. Introduction

For this thesis the following three scenarios are investigated:
« Scenario 1, Only the TTW C0,,, emissions are taxed
* Scenario 2, the WTW C0,,, emissions are taxed and grey ammonia is used

+ Scenario 3, The WTW C0,., emissions are taxed and green ammonia is used

1.3. Thesis outline

Chapter 2 introduces ammonia as a fuel with a literature study. Firstitis explained how ammonia can be
produced and what the difference is between green, blue and grey ammonia. Then, the characteristics
of ammonia such as energy density, auto ignition temperature and storage conditions are explained.
After that the difference between the well to tank and well to wake emissions is discussed. Then, the
drive train systems with ammonia are explained

In Chapter 3 the trailing suction hopper dredger (TSHD) introduced. First, the dredging cycle of a
TSHD will be introduced. Then it is explained why the Vox Amalia is chosen and which data is used.
The transient profile of the Vox Amalia is investigated and the fuel consumption is estimated. Then, the
hopper sedimentation will be explained. Due to the possible weight increase, due to heavier equipment,
the hopper capacity decreases. This relation is linearized over time for simplification reasons.

Chapter 4 explains the modelling approach for this research. The output of this model is the fuel
consumption. The fuel consumption was estimated with one engine instead of four engines to prevent
the need of a power management strategy.

Chapter 5 explains the following configurations that are used for this research:

» Conventional

1 MGO ICE + battery

2 DF MGO NH3

3 DF MGO NH3 + battery

4 NH3 SOFC + battery
* 5 Ammoniadrive + battery

For each configuration a simplified power layout is given. furthermore, the specific fuel consumption
for each configuration is given. Finally the MCR/s for configurations that use ammonia as a fuel is
explained.

Chapter 6 introduces a cost estimation framework for a TSHD. The value of a TSHD can be deter-
mined with the Construction Industry Research and Information Association (CIRIA) method. By using
this method and the price of equipment for each configuration, the OPEX of each configuration can be
determined. Furthermore, the OPEX of a TSHD consist of the following six components:

* Maintenance and Repair
» Wear and Tear

* Fuel

* Lubricant

» Carbon

» Crew

Finally, the total weekly cost of a TSHD are divided by a the amount of dredged material in a week.
The result is the cost per dredged material.

Chapter 7 discusses the results. The cheapest setups for each configurations are illustrated. Fur-
thermore, the total weekly costs are investigated. Finally an sensitivity analysis is done for the following
four components:



1.3. Thesis outline

» Carbon tax
* MGO cost

* Ammonia cost

SOFC cost

SOFC degradation



Ammonia

2.1. Ammonia as a maritime fuel

Ammonia is a translucent colorless substance that has the potential to be a promising fuel for the trans-
portation sector [6]. Nowadays, ammonia is mainly used as a fertilizer [7]. Therefore the infrastructure
for ammonia does already exist, however the infrastructure is not large enough to deliver enough am-
monia to support the maritime industry at this moment in time [8]. Furthermore, ammonia can be stored
more easy than hydrogen. Additionally, the price of ammonia is predicted to be lower than e-methanol

9.

2.1.1. Ammonia production

In 2019, the global ammonia production was 146 metric tonnes and it is projected that in 2050 1.2 billion
tonnes of ammonia will be produced [10]. Currently, large scale ammonia production is generated with
fossil fuels such as coal and natural gas [11]. Around 80 percent of the ammonia is nowadays produced
with natural gas and therefore, the ammonia prices are directly related to the gas prices [12]. Most
ammonia is nowadays produced with the Haber-Bosch process which is an exothermic process and
the reaction equation is shown in Equation 2.1 [13].

N, + 3H, < 2NH, (2.1)

The building blocks of ammonia are Hydrogen and Nitrogen and these are mixed with a molar ratio
of 3:1 [14]. During the Haber-Bosch process nitrogen and hydrogen are put under high temperature
(450-600°) and pressure (100-250 bar) [15]. Ammonia can be classified into three different categories:

* Grey ammonia
* Blue ammonia
« Green ammonia

Grey ammonia is produced with the use of conventional fossil fuels, like most ammonia. For blue am-
monia fossil fuels are used for the production of ammonia just like grey ammonia, however carbon
capture systems are used or trees are planted in order to be carbon neutral [16]. To meet the needs
of a sustainable world green ammonia is preferred. Green ammonia is produced by renewable energy
sources. Large scale green hydrogen production needs to exist, before large scale green ammonia
production can take place because hydrogen is a component for ammonia. Next to the conventional
ammonia production process, algae could also produce ammonia, this is currently not done on a com-
mercial scale [17].

2.1.2. Ammonia characteristics

Ammonia is 10 times more energy dense than a lithium ion battery. However, ammonia has a lower
energy density than MGO as is shown in Table 2.1. This means that bigger storage tanks are necessary
for ammonia to store the same energy if MGO was stored. Hydrogen has a higher gravimetric energy

4



2.2. Ammonia related emissions 5

density than ammonia (120 vs 18.8 MJ/kg), but the volumetric energy density of hydrogen is lower
than that of ammonia. These volumetric energy densities that are shown in Table 2.1 do not include
the storage tanks and equipment itself, but only the volume of the fuel. The auto ignition temperature
of ammonia is at930 kelvin at ambient pressure and therefore ammonia is more difficult to ignite then
diesel [6].

Table 2.1: Energy densities and auto ignition temperature of various fuels [6], [18]-[24].

Fuel Energy density LHV [MJ/kg] | Volumetric liquefied energy density LHV [MJ/L] | Auto ignition temperature [°C]
Ammonia 18.6 12.7 630
Marine gas oll 42.7 36.6 225
LNG 48.6 20.8 537
Hydrogen 120 8.5 560
Methanol 19.9 18.2 464

2.1.3. Ammonia storage

Marine gas oil can in contrast to ammonia be stored at ambient pressure and temperatures. Ammonia
is preferably stored in its liquid phase and this is possible when ammonia is stored at -33°Celsius at
ambient pressure [25]. Another way for ammonia to be liquefied is to pressurize ammonia with around
9 bar at room temperature[26]. Hydrogen has a lower boiling point than ammonia and needs to be
stored at -253°Celsius at ambient pressure to be in its liquid phase[27]. Therefore the cost of storing
liquid ammonia is around 30 times lower than storing liquid hydrogen [11], [28].

2.2. Ammonia related emissions

First of all, when looking into emissions it is important to look at the whole life cycle where these
emissions are produced and the C0O, equivalent emissions. As a final point in this section, carbon
taxes are discussed.

2.2.1. Well-to-tank

Well-to-wake is the entire process chain a fuel goes through in its cycle. Meaning from raw resources
in the ground to a usable fuel to storing the fuel inside a tank and to transforming the fuel into energy.
Well-to-tank (WTT) is only the first part of this process until storing the fuel inside a tank. The WTT
emissions for ammonia and MGO are shown in table 2.2.

Table 2.2: The emission factor in C0,eq for MGO and ammonia used in an ICE [9].

Fuel type WTT [kg CO5cq/kg] | TTW [Kg COyeq/kg] | WTW [kg CO,.q/kg]
MGO 0.72 3.25 3.97
Ammonia (grey) 2.25 0.10 2.35
Ammonia (green) 0 0.10 0.10

2.2.2. Tank-to-wake

Tank-to-wake (TTW) emissions are the emissions that are emitted when the fuel is converted into
energy. For an ammonia fuel cell the tank to wake emissions are expected near zero. Furthermore,
for an ammonia engine the tank to wake emissions can be near zero when all the NO, is captured
[29]. Ammonia has no carbon content and therefore no carbon dioxide is emitted when ammonia is
combusted, however N,0 can be formed in the exhaust gasses.

2.2.3. Carbon dioxide equivalent

The four different green house gasses are: Carbon dioxide, methane, nitrous oxide and fluorinated
gasses. Fluorinated gases are the only green house gasses that do not occur naturally and are there-
fore fully generated by human activities [2]. The three most common fluorinated gases are: hydrofluo-
rocarbons, perfluorocarbons and sulphur hexafluoride. The impact of each gas is different as is shown
in Table 2.3. €0, equivalent is a way to compare emissions of different green house gasses to C0,. For
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example, one tonne of methane has same impact on the environment as 25 tonnes of carbon dioxide
has.

Table 2.3: The €0, equivalent for the green house gasses [2], [30].

Green house gas | Carbon equivalent [tonne CO,/tonne]
Carbon Dioxide 1

Methane 25

Nitrous oxide 298

Fluorinated gases | up to 22800

2.3. Engine technologies for ammonia

There have been several studies about using ammonia as a fuel for the maritime industry. The history
of an engine running on ammonia goes back to 1822 where an ammonia engine was used for a small
locomotive [31]. One of the first patents where the idea of running an engine of an ammonia/hydrogen
mixtures originates back from 1938 [32]. Research on ammonia as a fuel for internal combustion
engines has been done for a very long time already. However, large scale applications of ammonia
engines for the marine industry do not exist yet. Recently, a large scale test on a 4-stroke engine that
was powered by ammonia was done by Wirtsila and in the coming years such engines will become
available [33].

Ammonia has a low flammability and therefore it is difficult to ignite when it is used as a fuel in
combination with an internal combustion engine (ICE) [34]. Using a hydrogen/ammonia mixture can
help the combustion process [35]. Diesel can like hydrogen serve as a promoter for the combustion
process of ammonia. Furthermore, the ideal operating point of an dual fuel ammonia/diesel engine is
at an energy ratio of about 40-60 percent [36]. The diesel is necessary to burn the ammonia, due to
the poor combustion characteristics of ammonia .Such an ammonia diesel dual fuel engine could serve
as a solution if no hydrogen is available, because diesel is more widely available. NO,, N,0 emissions
and ammonia slip remain a problem with the ammonia engine technology [37], [38]. Selective catalytic
reduction (SCR) can capture NO, emissions by using ammonia slip [38]. However, nitrous oxide can
be formed in SCR processes and is a problem in diesel oxidation catalysts [39].

2.3.1. Compression ignition

A conventional marine diesel engine is a Cl (compression ignition) engine, the working principle of
such an engine is that the air and fuel are ignited due to the heat from the compression [40]. The
octane rating of ammonia is about 110 - 130 which is higher than that of diesel [41]. Due to the higher
octane rating than hydrogen and gasoline, ammonia is more difficult to auto ignite and it must be used
at engines with a higher compression ratio [42]. Ammonia has a low flammability range and a high
auto ignition temperature and therefore higher compression ratios are necessary to ignite the fuel.
These higher compression ratios will result in higher combustion temperatures and therefore the NO,
emissions will rise [43]. There are no big engine modifications necessary for running a compression
engine on a ammonia diesel mixture, however the corrosive nature of ammonia can impose a problem
to the materials used [44].

2.3.2. Spark ignition

Next to fuel for Cl engines ammonia is a option for spark ignition (SI) engines [45]. The ignition process
of a Sl engine is initiated with a spark that ignites the fuel air mixture, most of the time this fuel is petrol
and these engines are commonly used in cars [46]

A higher power (MW) will naturally result in more NO, emissions and ammonia slip [47]. The mini-
mum hydrogen to ammonia energy ratio is higher at half engine load in comparison to a full engine load
in a four stroke spark ignition engine (11% versus 7 %) [48]. This does suggest that there is a relation
with the engine load and the minimum amount of hydrogen that is needed for a good combustion.
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2.3.3. Nitrogen oxides regulations

The International maritime organization (IMO) has set certain limits for NO,. emissions that marine diesel
engines that need to comply with in the North sea and the Baltic sea and these are shown in table 2.4
[49]. Since 2021, new build vessels that are longer than 24 meter, have an installed power higher than
130 kW and have a gross tonnage higher than 500 GT, have to comply with IMO tier Ill. A low speed
two stroke dual fuel marine engine that works on a diesel/ammonia mixture does meet the tier IMO I,
but not the tier Il limits for NO, emissions without aftertreatment systems [50].

Table 2.4: The maximum NO, emissions allowed for different engine speed according to IMO TIER III.

n = engine rated speed (rpm) | N <130 | 130 >n> 1999 | n> 2000
NO, emission limit (g/kWh) 3.4 0.9n(-0.2) 2.0

2.3.4. Selective catalytic reduction

Selective catalytic reduction (SCR) is an aftertreatment process where a catalyst is used to capture
NO, emissions. Traditionally, urea is used for NO, aftertreatment processes, however ammonia can
also serve as a catalytic agent [51]. Ammonia will then react with the NO, gasses and both of those
gasses will be converted to nitrogen and water as is shown in Equation 2.2 which is shown in Figure
2.1. Thus ammonia slip can be used as an reacting agent [47]. When there is not enough ammonia slip
to react with the NO, gasses then additional ammonia can be added. This addition of extra ammonia
does not impose a problem because there is already ammonia on board that is used as fuel. Thus an
SCR is can prevent ammonia slip and NO, emissions.

4NO + 4NH; + O, - 4 N, + 6H,0

2.2
6NO, + 8NH; - 7 N, + 12H,0 (2.2)

N Exhaust gas \\\; NO .
p P Nog_\\‘,\_ )

’ N X {=—NHg
NHy

This SCR process

requires ammaonia .
in order to work SCR

e — S

) H0 —= - YA

Figure 2.1: SCR process with ammonia as a reacting agent to capture the NO, emissions [51].

At low temperatures ammonium nitrate (NVH,NO3) can be formed in SCR catalysts that uses am-
monia as a reacting agent and the reaction is shown in Equation 2.3 [52].

2NH;3 + 2NO,(g) » NH4NO3(s) + N,(g) + H,O(g) (2.3)

This ammonia nitrate has an almost irreversible reaction at temperatures between 230 and 260
°Celsius into water and nitrous oxide as is shown in Equation 2.4 [53].

NH,NO; — N,O + 2H,0 (2.4)

At high temperatures the formation of nitrous oxide happens due to the oxidation of ammonia and
this total reaction is shown in Equation 2.5 [54].

2NH; + 2NO, - N, + 3H,0 + N,0 (2.5)
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2.4. Fuel cell technologies for ammonia
Some of the advantages of fuel cells over conventional internal combustion engines are [55]:

 Higher efficiency than an internal combustion engine.

* Only a few moving parts.

* (Almost) no emissions.

» Less noise and vibrations than an internal combustion engine.

A fuel cell consist of an anode where the fuel (ammonia, hydrogen) is fed to and a cathode where air
(oxygen) is fed to [56]. The hydrogen will be split into hydrogen protons and electrons, these positively
charged hydrogen protons will transfer to the cathode [56]. As a result electrons will also transfer to
the cathode by an external circuit and due to the flow of the electrons electricity will be generated [56].
This working principle of an SOFC-H is shown in Figure 2.2 that uses ammonia as fuel [57].

[

| -
NH, q =
NH; - 1/2N, +3/2H, |8 8 | 1/20,+2H* +2e” - H,0
H, - 2H* + 2e” £ it 3
0,, H,0

Unreacted NH;, N,, H,

Figure 2.2: A schematic overview of a SOFC-H with ammonia as fuel [57].

The most promising fuel cells for shipping are Akaline fuel cell, Proton exchange membrane fuel
cell and the solid oxide fuel cell [58]. A brief summary of the three fuel cells is shown in table 2.5, it
should be noted that these low and high properties are relative to fuel cells [58]. These fuel cells can be
classified into high temperature fuel cells and low temperature fuel cells where the AFC and PEMFC
are low temperature fuel cells and the SOFC is a high temperature fuel cell [59]. Furthermore, the
efficiency of a high temperature fuel cell is much higher than the efficiency of a low temperature fuel
cells due to the possibility of waste heat recovery for high temperature fuel cells [58]. The power of a
single fuel cell is not very high, therefore multiple fuel cells can be connected in arrays and this is called
a stack [59]. Disadvantages of the fuel cells are the current prices and the availability of technologies.

Table 2.5: Some properties of different promising fuel cells [58] [60].

Fuel cell | Fuel | Temperature [°C] | Peak efficiency | Cost | Transient load capabilities | Size
AFC H, 65 - 220 50-60 Low | Good Small
PEMFC | H, 50 - 200 50-60 Low | Good Small
SOFC NH; | 500 - 1000 60-85 High | bad Medium

2.4.1. Alkaline fuel cell (AFC)

The alkaline fuel cell is a low temperature fuel cell and can thus not be powered by ammonia, but it
should be powered by pure hydrogen [61]. Therefore the ammonia needs to be cracked in to hydrogen
first which is shown in Equation 2.6. The power density of the low temperature fuel cells can cause
difficulties [57].
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2.4.2. PEMFC

The standard proton exchange membrane fuel cell (PEMFC) has an operating temperature between
50 and 100 °Celsius and requires hydrogen as fuel [58]. High temperature PEMFC have an operating
temperature at 200 °Celsius and the is less sensitive to impurities in the fuel (hydrogen) [58]. Therefore,
the cracking of ammonia into hydrogen can be done with less accuracy. However, ammonia poisons
the fuel cell and this will reduces the performance of the PEMFC [62].

2.4.3. Solid oxide fuel cell (SOFC)

In contrast to the AFC and the normal PEMFC the solid oxide fuel cell (SOFC) can use different fuels
due to its high operating temperature and therefore ammonia can directly be used as fuel [63]. Due
to the high operating temperature (500-1000°C) of the SOFC the overall efficiency of the system can
be improved. The waste heat can be used to improve the system efficiency. However, the costs of the
SOFC are very high relative to the AFC and PEMFC. Moreover, an SOFC suffers from a much slower
start up time than a low temperature fuel cell with start up times of 2.5 hours for commercially available
SOFCs [64].

An advantage of the high operating temperature of a SOFC is that ammonia can be directly used
as fuel, because the ammonia will due to the higher temperature be cracked inside the fuel cell into
hydrogen that will be used for the electrochemical reaction [65]. If the temperature inside the SOFC is
higher than 590 °Celsius then there will be full conversion of ammonia into hydrogen and nitrogen [66].
Two commonly used SOFCs are the SOFC-H and the SOFC-O. The difference in these two fuel cells
is that for the SOFC-O works on a oxygen ion conducting electrolyte and that the SOFC-h works with a
hydrogen proton conducting electrolyte [57]. A result of this working principle is that the SOFC-H fuel
cell has the advantages that it will not produce any NO, emissions while a SOFC-O will produce NO,
emissions without the right catalyst. The SOFC-H has a higher power density than a SOFC-O [57]. In
2023 the Viking Lady which is an offshore supply vessel will be the first fully SOFC powered vessel on
ammonia with an SOFC of 2 MW [67]. Currently, an ammonia fed SOFC had an electrical efficiency
of 52 % [68]. Currently, the degradation of a SOFC is 1% to 1.5% for every 1000 hours, however for
2030 the targeted degradation is lower than 0.2% [69].

2.5. Ammonia cracker

Instead of directly bunkering hydrogen, ammonia can serve as a hydrogen carrier. Ammonia is more
easy to store than hydrogen due to the lower temperature required (-33°C versus -253 °C). When
ammonia is used as a hydrogen carrier, an ammonia cracker can split ammonia into hydrogen and
nitrogen as can be seen in Equation 2.6.

2NH; - 3H, + N, (2.6)

In order for ammonia to be suitable for low temperature fuel cell a 99.5 percent conversion ratio
needs to be achieved [70]. The cracking of ammonia is an endothermic process that requires high
temperatures in order to have a high conversion ratio into hydrogen as can be seen in table 2.6 [71].
Currently the Port of Rotterdam is performing a feasibility study for a large scale ammonia cracker that
could produce a million tonnes of hydrogen a year [72].

Table 2.6: The conversion ratios of ammonia for different temperatures according to the Gibbs equation [71].

Temperature °C 300 400 500 600 700
NH; conversion (%) | 95.70 | 99.10 | 99.70 | 99.90 | 99.95

2.6. Combination of fuel cell and engine

Figure 2.3 shows the Ammoniadrive concept, which is a combination between a SOFC and a ammo-
nia’/hydrogen ICE [73]. The SOFC will crack the ammonia into hydrogen. Then, part of this hydrogen
is used for the generation of electricity, while the remaining hydrogen is directed to the engine. The
engine is supplied with ammonia, oxygen and the remainder of hydrogen that flows out of the SOFC.
The idea is that the SOFC can supply the grid with constant energy and for the auxiliary systems and



10 2. Ammonia

the ICE can handle the transient loading. A version of this concept is also used in this research and is

explained in Section 4.6.
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Figure 2.3: The Ammoniadrive concept where an ICE and SOFC are integrated into one power plant [73].

2.7. Safety aspects of ammonia

Ammonia is a chemical substance that has safety concerns that need to be addressed in order to be
safely contained. Figure 2.7 shows the hazard rating of ammonia, this hazard rating is on a scale of 0 to
4. A score of zero means that there is no hazard and a score of 4 means that there is immediate danger
[74]. Ammonia is not flammable and will not auto ignite, it can however ignite under higher pressures
or if the temperature is 930 Kelvin. Furthermore, ammonia can be extinguished with conventional fire
fighting procedures due to the stable behavior of ammonia [75].

Table 2.7: the Hazard ratings of ammonia according to the National Fire Protection Association (NPFA) [76].

Hazard Value | Description

Health 3 Can cause serious or permanent injury
Flammability | 1 Does not auto ignite, must be preheated
Instability 0 Normally stable, does not react

2.7.1. Health risks

Ammonia can however pose a serious threat to the health of people when they are exposed to ammonia.
Exposure to ammonia means that it is inhaled, ingested or there is direct physical contact. Symptoms
of ammonia exposure include [77]:

+ Confusion
* Headache
» Skin burns
* Irritation of eyes, nose and throat

* Fever

Sore throat

Humans are able to smell ammonia in the air from 5 ppm however, for some people the concentration
of ammonia needs to be 53 ppm in order to smell it [78]. This is unfavorable because ammonia can
already cause irritation when exposed to concentrations below 53 ppm. Doses at which ammonia could
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be lethal are higher at around concentrations of 2500 to 4500 ppm when exposed for 30 minutes [79].
Exposure to lower concentrations than a fatal dose could still have long term impacts on the health
[80].

To minimize the health risks there are laws and guidelines that state the maximum amount of am-
monia that can be legally exposed to a human being. The national institute for occupational safety and
health (NIOSH) advises the OSHA what the legal limits of chemicals should be. The NIOSH advises a
maximum of 25 ppm ammonia averaged over 10 hours with a limit of 35 pm during a 15 minute time
period [81]. The OSHA however decides the legal limits and states a maximum of 50 ppm ammonia
averaged over 8 hours may be in the air [81]. In December 2022 a train that transported ammonia
derailed and ammonia leaked into the air and as a result 50 people suffered from symptoms of ammo-
nia poisoning [82]. Ammonia can thus either way be a real threat to the human health and therefore it
needs to be handled with caution.

2.7.2. Corrosion

Stress corrosion cracking (scc) can occur in carbon steels if when ammonia is blended with oxygen and
high stresses are present [83]. Therefore, it needs to be prevented that air is added to the ammonia.
There are both double and single wall tanks used for ammonia currently. Double walled tanks have
a safety advantage over a single walled tank when a crack develops [84]. The addition of water can
prevent stress corrosion cracking for certain substances [85].

2.7.3. Legislation

On a vessel there should not be any direct contact between ammonia and the crew. The ammonia will
be safely stored inside tanks, ammonia slip needs to be prevented to ensure a safe working environ-
ment. An ammonia leakage of 0.1 kg/s could inflict injury to people in a machine room of 180 cubic
meters [86]. However, during maintenance of an ammonia engine, manual inspection can be neces-
sary. This could impose a problem due to the ammonia fumes still present in the engine. Therefore,
engines and equipment need to be vented before it can be manually inspected. Nowadays there are
already some advisory regulations for using ammonia as a fuel on several aspect of vessel design for
example: material of tanks, distance of vents and distance between tanks and machine rooms [87]
[88].

2.7.4. Impact on sea life

When ammonia is diluted in water the pH value of the water will increase, causing an increase in
toxicity [89]. This is harmful for the environment because ammonia is toxic for most fish species and
the effect depends on the amount of ammonia that is leaked [90]. Hence, total loss of vessel that sails
on ammonia would be disastrous for the aquatic life. If the whole marine industry would use ammonia
as a fuel this could cause problems because in 2021 54 ships were lost [91]. Thus, when ships sink
that use ammonia as a fuel, the result would be a big disaster.

2.8. Conclusion

currently ammonia is mainly used as a fertilizer. The Haber-Bosch process is used to produce ammonia.
Ammonia can be produced carbon free, when it is produced with green electricity. However, currently
almost all ammonia is produced by fossil fuels. Due to the poor combustion characteristics of ammonia,
a promotor such as MGO or hydrogen is required to ignite the combustion. Additionally, ammonia can
directly be used as a fuel in a SOFC. When ammonia is first cracked into hydrogen and nitrogen it can
be used as a fuel for a low temperature fuel cell. The Ammoniadrive concept is a combination of a fuel
cell and a ICE. Ammonia that is used as fuel for an ICE, will emit N,0 emissions, which is a harm full
greenhouse gas. Ammonia is a toxic substance that is lethal at doses between 2500 and 4500 ppm.
A accident with an vessel that uses ammonia as a fuel, will results in a natural disaster.



Trailing suction hopper dredger

This chapter will introduce the Vox Amalia as a vessel. Then, the operational modes will be presented.
Thereafter, past dredging projects will be examined and the operational profile will be discussed.Finally,
the actual fuel consumption reported of the Vox Amalia will be compared with the theoretical fuel con-
sumption. This theoretical fuel consumption is based on the power demand signal data.

3.1. Dredging cycle of a trailing suction hopper dredger

A TSHD will have one or two arms depending on the configuration of the vessel. During dredging these
arms are lowered to the seabed and the dragheads that are connected to the arms will suck up the
material. Jets in the drag head will fluidize the sand and the teeth will cut in the seabed. The sucked
up materials will then be pumped to the hopper, where the materials will be stored. Subsequently,
the dredged material will be disposed at a chosen location which can be done in three different ways:
dumping, pumping and rainbowing. A TSHD will mostly be used for sand or silt soils [92].

The power generation and energy demand of a trailing suction hopper dredger (TSHD) is not con-
stant due to its operational cycle. Furthermore, the energy consumption during dredging is dependent
on the soil conditions, depth, weather and the amount of material in the hopper [93]. The soil conditions
are not 100 percent known and are not uniform and this results in a dynamic load during dredging as is
shown in Figure 3.1. The finer the soil materials the lower the dynamic loading is during dredging and
discharging [93]. During sailing the load on the engines is mainly dependant on the weather and the
payload. It is important to investigate the energy profile more in depth to get a better understanding of
the varying energy consumption. The typical operation of a trailing suction hopper dredger consist of
the following four activities:

+ Sailing with empty hopper
» Dredging
+ Sailing with loaded hopper

+ Disposing of the material

3.2. Drive systems for a trailing suction hopper dredger

A trailing suction hopper dredger has a main power drive to power the propulsion systems and the
pumps and a auxiliary power system to power the auxiliary systems such as hotel, jet pumps, light-
ing etc. From an investment perspective it is preferable to install multiple engines, however from a
maintenance perspective it is preferable to have one big engine, because idle engines wear out faster
[3].

For integrated drive systems the main engines will power both the ships propeller and power the
electric generators. These electric generators generate electricity that will power the pumps and other
auxiliary systems. Integrated drive systems need a load control, if during dredging the required power

12
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—— Total power

power [kW]

Time [seconds]

Figure 3.1: The of the Vox Amalia on 21 March 2020 during dredging.

is to high the rpm will drop. Overloading needs to be prevented and when the load is too high then
the trailing speed of the hopper will decrease to cope with the load. Therefore, when the total installed
power of a dredger is not high enough to cope with the high loading, the production of the hopper will
be reduced [3].

3.3. Energy storage systems

In order to cope with dynamic loading of a hopper dredger an energy storage system (EST) can be a
solution. Such solution can be used as an extra power source or temporary buffer to meet the required
power in certain situations. Furthermore, an EST can improve the overall system efficiency because,
an ICE is optimized for a certain load range and less efficient for low loads, where an EST system could
handle the load fluctuations and a the diesel engine can keep running at its optimum engine load [94].
There are fast and slow load leveling systems. A battery is a slow load leveling system and for a fast
load leveling system capacitors or flywheels can be used. For a cutter suction dredger these fast load
leveling systems can handle the dynamic loading [95].

3.3.1. Battery

Although ammonia is 10 times more energy dense than a lithium ion battery a battery can still be a
feasible solution [96]. A battery stores energy as chemical energy and can release its energy as elec-
trical energy [97]. Batteries have a much higher gravimetric energy density than electrolytic capacitors.
The power supply of batteries is however hundreds to thousands times smaller and therefore limited
in comparison with capacitors[98]. The lifetime of a battery is heavily dependant on the temperature
ranges that a battery is exposed to and the ideal operating temperatures are between 20 and 25 de-
grees Celsius [99]. Therefore, in order to preserve the lifetime of a battery the temperature has to be
monitored closely. Additionally, batteries have a c-rating that is a scale for how fast batteries can be
charged or discharged, a c-rating of 1 means that it takes an hour to charge or discharge a battery and
a c rating of 2 means that a battery can be charged or discharged 2 times in an hour [100]. Besides a
higher charging speeds does a higher c-rating also mean that there will be more stress on the battery
and this can reduce the lifetime of a battery [101]. The depth of discharge (DoD) of a battery, is the
percentage of the battery that is being used for discharging. The higher the DoD, the battery is exposed
to, the lower the lifetime of the battery will be [102].

The production of lithium batteries has an impact on the environment and the production of 1 Wh
of lithium battery storage capacity produces on average 110 grams of C0, equivalent [103]. Currently,
a 6.8 MWh battery system is installed on a fully electric vessel [104].
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3.3.2. Capacitor

As stated before, electrochemical capacitors have a lower energy density than batteries and the power
density is at most 20 Wh/kg [105]. In contrast to batteries, electrochemical capacitors have an excel-
lent cycle life, meaning that the capacitor can be loaded and unloaded often and very fast before the
capacity of the cell becomes lower than 80 percent [106][107]. Super capacitors are less dependant on
temperatures than batteries and will be operating stable in temperature ranges from -20 degrees to 40
degrees Celsius [108]. Some super capacitors can even operate at bigger temperature ranges [109].
Most commercially available supper capacitors are based on activated carbons [110]. The biggest
polluter when producing capacitors is activated carbons with a 62.78 kg of C0, for every kilogram of
activated carbon produced [111].

3.3.3. Flywheel

A flywheel can be used to store energy as kinetic energy where a wheel is rotating with a certain speed.
The energy stored in a flywheel is dependant on the mass and rotational speed of the wheel. Flywheels
are an existing technology and is used in the cutter suction dredger Spartacus [112].

3.4. Vox Amalia

The Vox Amalia is chosen as a reference for this research. One of the main reasons for this choice
is that the Vox Amalia was build recently (2018) and is in operation since 2020. Furthermore, the Vox
Amalia is capable to sail on the following fuels: HFO, MGO and biofuels. Some of the newest vessels
of Van Oord use LNG as a fuel and for this research a vessel that uses MGO and or HFO is preferred.

This vessel complies with IMO tier Ill, and there is no SCR installed. Furthermore, the Vox Amalia
equipped with two dragheads that can be lowered to the seabed. The Vox Amalia is able to use different
discharging methods including: discharging, dumping and rainbowing.

3.4.1. Installed power
The total installed diesel power during normal operations is 23 MW. With three main engines and a
auxilliary generator.



3.5. Transient profile

3.5. Transient profile

The dredging cycle is a dynamic process where the total engine power is fluctuating over time, so the
required engine power is not constant compared with container or bulk carriers. It shows that for the
1st and 99th percentiles, the highest fluctuations occur during the sailing empty operation. However,
for the other percentiles, the dredging and discharging operations show the highest power fluctuations

over time. A visualization of this cumulative distribution can be seen in Figure 3.2.

1 —— Sailing empty
Dredging

— = Sailing full

Discharging

Dumping
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Figure 3.2: The cumulative distribution of the power change for each operation during the coastline project

This delta power is calculated for every second during the projects. During these calculations the
with the last and first second from the previous and
next cycle. Therefore, two values in the analysed dataset should be excluded for each cycle. This is

first and last second of each cycle is the compared

an error of 0.4% and is thereforeeemed negligible.
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3.6. Transient load during dredging
To get a better understanding of the origins of the transient loading during dredging, the power signals
on the Vox Amalia are investigated. A single dredging operation from 21 March 2020 (during the
Kustlijnzorg project) is examined. The total power demand during this dredging operation is shown in
Figure 3.1. Itis evident that the power fluctuates heavily over time, with small changes occurring every
second. At approximately 1,200 seconds, there is a significant change in power demand. Furthermore,
between 2,000 and 2,500 seconds, there are also more substantial peaks in the total power demand.
The power demand of these three main engines is illustrated in Figure 3.3. Each of the signals
varies over time, as the lines are not constant. The power of the main engines ps and sb almost
completely overlap, while the power of the dredge engine remains more constant. The peaks at 1,200
and between 2,000 and 2,500 seconds from the total power demand in Figure 3.1 are smaller but also
visible for the power of the main engines on port side and starboard in Figure 3.3.
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Figure 3.4: The power demand of the three main engines and the auxiliary generator of the Vox Amalia during dredging on 21
March 2020.

The power of the main engine starboard and port side is divided into generator power and propulsion
power. The losses for the generator and the propulsion are approximately 95% and 98%, respectively,
in reality. However, for this investigation, these losses are neglected. Figure 3.5 visualizes the total
power for the propulsion and the total electrical power available on the boardnet. It is clear that there
is again a drop in power at 1,200 seconds. Furthermore, the same peaks in power between 2,000 and
2,500 seconds are present in Figure 3.5 as in the total power demand in Figure 3.1.

—— Total generator power
Total propulsion power

power [kW]
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Figure 3.5: The generator and propulsion power of the Vox Amalia during dredging on 21 March 2020.

The propulsion power is a function of vessel speed and drag force. Figure 3.6 shows that the vessel
speed varies between 0.5 and 4.0 m/s during dredging. Until 1,100 seconds, the vessel speed is fairly
constant. After 1,100 seconds, the vessel speed fluctuates. At 1,200 seconds, there is a sudden spike
in vessel speed followed by a sudden decrease in vessel speed.

The Vox Amalia experiences a drag force in the water due to the hull, suction tubes, and the drag-
head in the water. Additionally, there is a drag force between the draghead and the soil. This drag
force varies with the amount of contact with the soil and the soil properties. During dredging, the visor
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angle changes, and therefore the amount of soil cut by the teeth of the draghead. This amount of soil
cut by the teeth is among other things dependent on the failure mechanism of the soil.

Ship velocity [m/s]

Time [seconds]

Figure 3.6: The ship velocity of the Vox Amalia during dredging on 21 March 2020.

The power of the jet pumps of the Vox Amalia remains fairly constant during dredging. Figure 3.7
visualizes the power of the underwater dredge pump on the starboard side of the Vox Amalia. The Vox
Amalia is equipped with two underwater dredge pumps, one on the port side and one on the starboard
side. At 1,200 seconds, there is a sudden drop in power. After 2,000 seconds, the power of the dredge
pump fluctuates more than before.

The power of the dredge pump is a function of pressure and mass flow rate. This pressure is
influenced by factors such as mixture density, inlet speed, outlet speed, depth of the dredge pump, and
the vertical distance to the hopper and the ground [3].

power [kW]

T T T T ety

Time [seconds]

Figure 3.7: The power of the dredgepump on port side of the Vox Amalia during dredging on 21 March 2020
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Figure 3.8 visualizes the density in the dredging tube during dredging. This density fluctuates more
over time than the power of the underwater dredge pump. At 1,200 seconds, the density of the dredge
pump is almost the same as the density of water, indicating that there is (almost) no sand in the dredging
pipe. This explains the drop in underwater pump power at 1,200 seconds.

Mixture density [ton/m3]

Time [seconds]
Figure 3.8: The mixture density in the dredging tube on port side of the Vox Amalia on 21 March 2020

Most of the transient behaviors originate from the propulsion of a dredging vessel. The dynamic
propulsion power is the result of the change in friction that the draghead exhibits with the soil. Further-
more, the power of the dredge pumps is dependent on a lot of parameters. A change in mixture density
will result in a change of underwater pump power. Finally, all the small power fluctuations of the other
consumers on board will also have a small impact on the total transient power demand of a TSHD.

3.7. Production estimation

The loading process of a TSHD is not linear over time. The addition of extra weight due to equipment
will result in a lower hopper capacity due to weight limitations. This influence will be discussed in this
Section. The extra volume that is required due to the addition of extra weight of fuel is not taken in to
account in this research.

3.8. Hopper sedimentation

In reality, the loading rate of a hopper is not a constant over time. At the beginning, when filling a
hopper, all the material will settle in the hopper. After a certain point in time, the hopper will be filled
up to overflow position with a mixture of sand and water. Then, this mixture in the hopper will partially
flow overboard as long as more mixture is pumped into the hopper. This process is known as overflow.
During overflow, some of the particles in the mixture will settle in the hopper, while the remaining
(smaller) particles will flow overboard.

The settling velocity (ws) of a sand particle determines whether the particle will flow overboard or
settle in the hopper. This settling velocity represents the terminal velocity of the particle. If the settling
velocity of the particle is lower than the required settling velocity for it to settle in the hopper, then the
particle will flow overboard in the mixture [113]. Conversely, if settling velocity of the particle is higher
than the required settling velocity to settle in the hopper, then the particle will settle in the hopper. The
specific density of a mixture can be calculated using Formula 3.1 [113].

Ps — Pw

p=f (3.1)

Where
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A = Specific density (dimensionless)
ps = Density of mixture in kg/m3
ps = Density of water in kg/m3

The settling velocity of a single particle can be calculated with Formula 3.2 [114]. This formula holds
for all three regimes, laminar, transient and turbulent.

Agd?

* 7 v + /0750094

w (3.2)

Where:
w, = Settling velocity inm/s
g = Gravitational acceleration in m/s?
d = Particle diameter in m
v = Viscosity in kgm~1s~1
C, Dimensionless coefficient is equal to 18 for natural sands
C, Dimensionless coefficient is equal to 1 for natural sand

The concentration has an influence on the settling velocity, as it determines the number of particles
present in a certain volume. This relationship can be calculated using Formula 3.3 [113]. It is assumed
in this formula that all sand particles are of the same size. An increase in concentration will result in a
decrease in the settling velocity of the mixture.

ws =wo(1l—c)" (3.3)
Where:
* wg = Settling velocity of the mixture in m/s
* ¢ = Volume concentration (dimensionless)
* n = Richardson-Zaki exponent (dimensionless)
The volume concentration can be calculated with Equation 3.4
c=V;/Vn (3.4)
Where:
« V = Volume of solid in the mixture in m3
« V = Volume of the mixture in m3

This Richardson-Zaki exponent is dependant on the grain size of the particles and this varies from
2.4 for coarse materials up to 4.65 for fine materials [113]. This Richardson-Zaki exponent can be
calculated with formula 3.5 [113].

4.7 + 0.41Re37"

=—— 3.5
" 15 0.175Rel7S (3-5)
Where
* Re, = Particle Reynolds number (dimensionless)
Finally the particle Reynolds number can be calculated with Formula 3.6 [113].
d
Re, = 2% (3.6)

v
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3.8.1. Cycle time

During the 30 days of the Kustlijnzorg project, the Vox Amalia completed 200 dredging cycles, sailing
empty, dredging, sailing full, and discharging dredged material 200 times during the simulation. The
average hopper load for each cycle was 30,000 tonnes of material, with an average hopper density of
2.00 kg/m3. It should be noted that the maximum overflow hopper capacity is 20,000 m3. Considering
a sand density of 1.95 kg/m3, this results in a hopper load of 60,000 tons. Thus, during the Kustlijnzorg
project, the hopper was not loaded to its maximum capacity. This is because there were limitations on
the draft of the vessel for the Kustlijnzorg project. The draft of a vessel is related to its weight, and a fully
loaded hopper would result in a higher draft compared to a hopper loaded to fifty percent.

During the 30 days, the time spent on each operation is different. It
should be noted that during 13% of the time, it was unknown what the Vox Amalia was doing. It is
assumed that during each operation, the unknown time was relative to the time spent on the specific
operation. Thus, during each operation, 13% of the time was allocated to the unknown category. This
correction allows for the calculation of average cycle times for each operation.

Additionally, it is worth noting that the average rainbowing time is only 500 seconds, which is too
short to unload a whole hopper using the rainbowing method. This discrepancy arises because out
of the 200 cycles, the hopper was unloaded using rainbowing only fourteen times, while dumping was
used for the other 187 times. The actual rainbowing duration during the kustlijnzorg project for the Vox
Amalia was 6,000 seconds.

3.8.2. Weight influence

It is assumed that during the Kustlijnzorg project, all sand particles have the same grain size. Addi-
tionally, the influence of the volume concentration in the hopper is considered negligible for the settling
velocity. As a result, the filling and discharging of the hopper can be assumed to occur linearly over
time.

It takes 7,500 seconds to fill the hopper with 30,000 tons of material. This indicates a filling speed
of 5 ton/s per second. Furthermore, the total unloading time (rainbowing + dumping) is 2,000 seconds,
resulting in an average unloading speed of 20 ton/s. If the hopper has an available capacity of 20,000
tons, the loading time will be approximately 5,500 seconds, and the unloading time will be 991 seconds.
This will result in a cycle time of 17,000 seconds, allowing for 200 cycles within 30 days. Over the course
of thirty days, a weight increase of 30 % will reduce the amount of dredged material by approximately
14%. Figure 3.9 illustrates the cycle time for a hopper at the original load capacity of 30,000 tons and
the modified load capacity of 20,000 tons.

| — Hopper capacity of 25,835 ton
Hopper capacity of 20,000 ton /

Hopper load [ton]

Time [s]

Figure 3.9: The cycle time for a TSHD depending on the amount of dredged material.
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The extra weight that is taken into account during this research are:

» Average fuel weight

ICE weight

SOFC weight
+ Battery weight

The extra weight due to the tanks is not included in this research. For the fuel weight, the average fuel
weight over the 30 days is considered. In reality, at the beginning of the 30 days, the fuel weight is
higher than at the end, resulting in a lower trip capacity at the beginning of the period and a higher trip
capacity at the end of the month. However, this difference is not taken into account for this research.

Furthermore, the main engine weight of the Vox Amalia is 150 tons, and with a power output of
10,000 kW, this results in a specific engine weight of 15 kg/kW. It is assumed that the engines for all
configurations have the same specific weight. The specific weights of other technologies are shown in
Table 3.1.

Table 3.1: The assumed specific weight for the: ICE, SOFC and the batteries [115]-[117]

Equipment Weight

ICE 15 [kg/kW]
SOFC 48 [kg/kW]
Battery 0.4C | 6 [kg/kWh]
Battery 0.7C | 9 [kg/kWh]
Battery 2C 13 [kg/kWh]

3.9. Fuel Consumption

Specific fuel consumption (SFC) is the amount of fuel (grams) that is necessary to generate a certain
amount of energy with an engine (kWh). Mechanical efficiency, combustion efficiency, and relative
pump losses all contribute to changes in sfc at different engine loads. Table 3.2 shows SFC for all four
engines installed on the Vox Amalia. The Table includes data for eight different engine loads, ranging
from 1 % to 110 %. It should be noted that operating an engine at 110 % load can lead to overloading,
although it is accepted for certain duration’s. Missing data points are observed for three engines at 1
% and 10 % load, and for two engines at 85 % and 110 % load. Notably, at 1 % load, sfc is significantly
higher compared to other engine loads, which is logical, because an ICE is not designed to operate at
1% load.

Table 3.2: Specific fuel consumption with MGO according to the engine test bench tests for all 4 engines on the Vox Amalia.

Engine load (%) 1 10 | 25 | 50 | 75 | 85 | 100 | 110

SFC main engine PS [% gr/kWh] - - 112 | 100 | 100 | 96 | 100 | 104

SFC main engine SB [% gr/kWh] - - 112 | 100 | 100 | 96 | 100 | 104

SFC dredge engine [% gr/kWh] 733 | 145 | 123 | 101 | 99 | 95 | 100 | 103
SFC auxiliary generator [% gr/kWh] - - 118 | 100 | 97 - | 100 -

In this section the fuel consumption is estimated from week 50 in 2022 till week 22 in 2023. During
these weeks the Vox Amalia is dredging on the Fehmarnbelt project and not the Kustlijnzorg project.
The main reason to use another project for the fuel consumption is that during the Kustlijnzorg both
HFO and MGO is used. While during the Fehmarnbelt project only MGO is used. Only the total fuel
consumption of each fuel at the end of the week is noted and therefore it is more difficult to estimate
the fuel consumption when multiple fuels are used.
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3.9.1. Fuel Estimation

At the end of every week, the fuel consumption of the Vox Amalia is recorded and stored into a database.
This database included the amount of fuel consumed, determined by the crew per week and as well
as the type of fuel used. By utilizing the SFC data, it is possible to make an accurate estimation of the
fuel consumption of the Vox Amalia. To achieve this, the SFC data needs to be extrapolated to cover
and in between all eight engine loads that are shown in Table 3.2. The missing data in Table 3.2 was
extrapolated using the closest available engine load data. The results of this extrapolation process are
presented in Table 3.3. With the extrapolation of the SFC values, a more accurate estimation of the
fuel consumption of the Vox Amalia can be achieved.

Table 3.3: Specific fuel consumption with MGO extrapolated according to the engine manual for all 4 engines on the Vox Amalia.

Engine load [%] 1 10 25 | 50 | 75 | 85| 100 | 110

SFC main engine PS [% gr/kWh] | 507 | 277.3 | 112 | 100 | 100 | 96 | 100 | 104
SFC main engine SB [% gr/kWh] 507 | 277.3 | 112 | 100 | 100 | 96 | 100 | 104
SFC dredge engine [% gr/kWh] 733 | 145 [ 123 | 101 | 99 | 95 | 100 | 103
SFC auxiliary generator [% gr/kWh] | 730 | 144 | 118 | 100 | 97 | 93 | 100 | 103

First an linear interpolation between the SFC for the main engine PS data points from Table 3.3
was done and is shown in Figure 3.10. Combustion of fuel is not a linear process, mainly due to the
combustion efficiency and to a minor extent the other efficiency variations over engine load. Therefore,
linear interpolation is not a good fit.

Specific fuel consumption MGO [gr/kWh]

Engine load [%]

Figure 3.10: SFC data points main engine PS of the Vox Amalia interpolated linearly.

Figure 3.11 illustrates a second-order interpolation using the SFC data points for the main engine
PS obtained from Table 3.2. This interpolation method does not provide a accurate estimation for this
data set. Notably, at the minimum of the curve, the interpolated values are significantly lower than the
original data points by a factor of more than two. Furthermore, the maximum sfc value at an engine
load of 1 % is underestimated. Therefore, this second-order interpolation curve fails provide a fitin the
line with the data points.

To achieve a more accurate interpolation between the datapoints, the piecewise cubic hermite in-
terpolating polynomial (pchip) is used. The pchip method ensures that the curve passes through all
data points. Figure 3.12 displays the pchip interpolated curve obtained using the pchip interpolation
method. This method is suitable for accurately estimating the sfc values at various engine loads.

A total of 25 weeks, spanning from week 50 in 2022 to week 22 in 2023, were investigated to
estimate weekly the fuel consumption of the Vox Amalia. The fuel consumption for each week was
estimated using the sfc curves, and the results are presented in Figure 3.13. It is clear that the fuel
consumption estimates exhibit both underestimations and overestimation’s when compared to the ac-
tual data.
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Figure 3.11: SFC data points main engine PS of the Vox Amalia interpolated with a second order.

Specific fuel consumption MGO [gr/kWh]

Engine load [%]

Figure 3.12: SFC data points main engine PS of the Vox Amalia interpolated with a piecewise cubic hermite interpolating poly-
nomial.

To gain further insight in the variations between estimated fuel consumption and recorded fuel con-
sumption by the crew, the average engine load for each week was investigated. It became clear that
during the period from week 2023-8 till 2023-11, the Vox Amalia remained idle in the harbor. During
this research only the weeks where the Vox Amalia was dredging were considered for this research.
After filtering out those four weeks, a total of 21 weeks in operation remained. This means that the
actual data is 5% higher than the estimation. It is therefore evident that there is a discrepancy between
the estimated fuel consumption and the actual fuel consumption and this will be further explained in
Section 3.9.2.

3.9.2. Fuel actual errors

In the analysis of the fuel consumption for the Vox Amalia, it is important that the potential errors are
investigated. It is important to note that the fuel consumption on the Vox Amalia is measured with an
automated tank sounding system. At the end of every week the fuel consumption will be automatically
registered with flow sensors. The flow of fuel in and out of the engine is measured. On weekly basis
on, manual sounding is done on all vessels to check what is in the bunkers compared to any available
measurement system. Either based on automatic tank sounding or based on flow sensors. For this
research it is assumed that the fuel consumption is manually measured with manual sounding. There
are both errors on the actual data and on the estimation of the fuel consumption. The following errors
can occur with the actual data:

» Time interval error
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Figure 3.13: The fuel consumption estimated with SFC and compared with the actual fuel consumption of the Vox Amalia.

» Manual sounding error

Table 3.4: Actual fuel consumption with errors Vox Amalia.

Week 2022-50 | 2022-51 | 2022-52 | 2023-1 | 2023-2 | 2023-3
ACT. Data Fuel consumption MGO [%] 100 100 100 100 100 100
ACT 1.1 Time interval error lower [%)] 94 94 94 94 94 94
ACT 1.2 Time interval error higher [%] 112 112 112 112 112 112
ACT 2.1 Manual sounding error lower [%] 96 96 96 96 96 96
ACT 2.2 Manual sounding error lower [%] 104 104 104 104 104 104

The first source of error in the actual fuel consumption is the time interval error. The data for fuel
consumption is recorded at the end of each week, but in reality the timing of these recording can vary.
Itis reasonable to assume that the maximum delay in recording the data is 5 hours or that the data may
be recorded up to 5 hours earlier than the supposed time. This introduces a potential deviation in the
total time considered for fuel consumption over a week. Instead of the standard 168 hours in a week,
the total time may range from 158 to 178 hours. This results in a maximum difference of 6% in total time
for fuel consumption. The upper and lower bounds of the resulting fuel consumption, considering this
time interval error, are presented in Table 3.4. Itis important to note that in the subsequent analysis, the
data is grouped into a consecutive 21-week period, which helps reduce the impact of this time interval
error. Over a span of 21 weeks, where a total of 3528 hours are considered, a difference of 10 hours
corresponds to a negligible 0 % deviation.

The second source of error is related to the manual sounding process. Measuring the amount of
MGO in each tank is done using a sounding tape, which lowered into the tank to determine the fuel level.
This measurement is corrected for any trim or is tried to measure at almost even keel during transit.
The crew experiences challenges in reading the sounding tape as result of the transparency of MGO.
According to the Vox Amalia crew, the measurement error can be typically in the order of centimeters.
Assuming a measurement error of 1 cm in each tank, the cumulative error in fuel measurement amounts
to 4 m® of MGO, based on the dimensions of the tanks. Additionally, a reasonable measurement error
of 5 centimeters can result in a total error of 20 cubic meters of MGO.
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3.9.3. Fuel estimation errors
On the estimation side the following three errors are investigated and shown in Table 3.5:

* ISO 3046 tolerance
* NaN data error
* Lower fuel quality

The first error relates to the tolerance specified in ISO 3046, which allows for a 5% deviation in
engine efficiency from the stated efficiency in product guises [118]. Considering this tolerance, the
estimated fuel consumption could be up to 5% higher each week. However, this tolerance alone does
not explain the variations in underestimation and overestimation observed across different weeks. It
could, however, explain the overall 5% deviation observed over the 21-week period, as discussed in
Section 3.9.1.

The second error on the estimation side is that there is NaN data present. NaN data indicates
unknown values and require interpolation. Interpolation is done between the last known data point
and the first subsequent known data point. Thus, everything in between is not known. If the slope
of the total power (the power off all 4 engines added together) remains constant for 60 seconds, it is
determined that interpolation occurred, indicating unknown data. Approximately 17 hours of unknown
data were identified during the 21 weeks. This is means that less than 0.1 % of the data was unknown.
This difference in NaN data is multiplied with the original SFC consumption and shown in Table 3.5.

The final error investigated concerns the difference in fuel quality during operation compared to the
fuel quality used during engine testing. The sfc curves are valid for MGO having an energy content of
42.7 MJ/kg. However, lab test during the 21-week period indicated that the lowest measured energy
content was 1% lower. The lower fuel quality used during operation results in higher fuel consumption,
as more fuel is required to generate the same amount of energy. This difference in fuel quality amounts
to 1%, leading to a 1% increase in fuel consumption compared to the estimated values.

Table 3.5: Estimated fuel consumption with error Vox Amalia

Week 2022-50 | 2022-51 | 2022-52 | 2023-1 | 2023-2 | 2023-3
EST. SFC consumption MGO [%] 100 100 100 100 100 100
EST. 1 1ISO 3046 positive 5 percent tolerance [%] 105 105 105 105 105 105
EST 2.1 NaN data lower [%] 100 100 100 100 100 100
EST 2.2 NaN data higher [%] 100 100 100 100 100 100
EST 3. Lower fuel quality [%] 101 101 101 101 101 101

3.10. Conclusion

The Vox Amalia is equipped with four engines that provide power the power, with the highest power
demand occurring during dredging and discharging operations. The kustlijnzorg project had the highest
average and maximum power demand with respect to the other projects. The transient loading during
dredging is mainly due to the change in propulsion power. This propulsion is dependant on the friction
force of the draghead with the soil. Additionally, a sudden change in mixture density in the dredge tube,
can also lead to a sudden transient load.

During the kustlijnzorg project, the Vox Amalia was not loaded to its maximum capacity. The settling
of sand in a hopper is not a linear process in reality. However, for the purpose of this research, this
process is assumed to be linear. With this assumption, the new cycle time can be calculated, and the
resulting increase or decrease in dredged material per week can be determined. A weight increase of
about 30 % will result in a 14% decrease in dredged material over thirty days. The weight of equipment
is dependent on the amount of installed power, use of SOFC, and the type of battery used.

To estimate fuel consumption, the specific fuel consumption at different engine loads is used with
pchip interpolation. The difference between the estimated and actual fuel consumption is primarily
influenced by two factors. First, the time interval error introduces discrepancies in the fuel consumption
data. The second factor contributing to the difference in fuel consumption is the 5% deviation observed
over the 21-week period, which can be attributed to the 5% tolerance specified by ISO 3046.



Configurations

This chapter shows five different new configurations, covering aspects such as layout, drive train effi-
ciencies, power train efficiency, power generation efficiencies and other necessary assumption for the
simulation. The configuration discussed in this chapter are:

» Conventional

* 1 MGO ICE including battery

» 2 DF MGO/ammonia ICE

+ 3 DF MGO/ammonia ICE including battery
* 4 Ammonia SOFC including battery

* 5 Ammoniadrive including battery

4.1. Conventional

As mentioned in Section 3.4, the Vox Amalia was initially designed for HFO and MGO operation. How-
ever, itis currently operating with MGO as fuel. The layout diagram includes the tank, engine, and grid,
which represent the main components.

ICE/genset:
MGO Tank MGO

hJ

Grid

Figure 4.1: The conventional configuration on MGO excluding a battery.

As mentioned in Section 2.3.3, a vessel currently has to comply with the IMO tier Il regulations. For
this research the time frame was set at 2030 and therefore the MGO conventional configuration should
also include a SCR.

4.2. 1 MGO ICE + battery

The first new configuration, as depicted in Figure 4.2, is an MGO ICE/genset in combination with a
battery. A SCR is also included in this configuration to comply with IMO tier Ill. In this setup, the
battery is charged during periods when the generated energy exceeds the energy demand of the grid.
The battery is discharged during power shortages on the grid. The goal of integrating a ICE/genset
with a battery is to enable the engine to operate at its optimal efficiency, while the battery can handle
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variation in power demand. Operating the engine at its peak efficiency point could result in a reduced
fuel consumption and emissions. The optimal engine load, as indicated in Table 3.3, is set at 85% for
all configurations that are equipped with batteries.

ICE/genset:
MGQ Tank MGO

h J

N
Battery Grid

Figure 4.2: The configuration where a MGO genset is used in combination with a battery.

The discharge and charge power output of a battery is determined by its C-rate. The C-rate indicates
the number of times a battery can be fully discharged or charged within an hour. A C-rate of 1 means
that a battery can be fully charged or discharged once within an hour. Also, a C-rate of 2 means that a
battery can be charged or discharged 2 times within an hour. It is worth noting that some batteries have
a higher C-rate for short duration’s (e.g. less than 30 minutes). However, for this research a continuous
C-rate is used. The following C-ratings are used for this research:

- 04
+ 0.7
. 2

These specific C-ratings are chosen, because there are marine batteries available with these specific
C-ratings.

Not all energy that flows to the battery will be stored. The charge efficiency reflects the ratio of
the amount of energy that flows into the battery and the amount of energy that will be stored in the
battery. While the discharge efficiency indicates the ratio between the energy flowing out of the battery
and the usable energy. These efficiencies vary on C-rate. For a lithium-ion battery with a C-rate of 2
the charge and discharge efficiency are around 97 percent, and batteries with a lower C-rate will have
higher efficiencies [119]. In this research, a charge and discharge efficiency of 97% is assumed for all
configurations with batteries. Furthermore, is the depth of discharge set at 0.5 To mitigate stress on
the lifetime of the batteries.

4.3. 2 dual-fuel ammonia MGO ICE

The second configuration is a duel fuel ICE/genset with ammonia and MGO and can be seen in Figure
4.3. As mentioned in Section 2.3.3 a dual-fuel diesel/ammonia engine does not meet the IMO tier I
regulations and therefore for this configuration a SCR is included.

 —
MGO Tank
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Figure 4.3: The configuration where a dual-fuel Ammonia/MGO genset is used without a battery.

The ideal operating point of an dual-fuel ammonia/diesel engine is at an energy ratio of about 40-
60% as is mentioned in Section 2.3. Due to the poor combustibility of ammonia, MGO needs to be
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present at low engine loads. Therefore, it is chosen that the amount of MGO in the engine is constant
and ammonia will be used at engine loads above 40 percent. Figure 4.4 visualises the energy ratio
between ammonia and MGO.
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Figure 4.4: The energy ratio for the dual-fuel Ammonia/MGO genset.

Currently, there are no commercially available of the shelf dual-fuel ammonia/MGO engines. This
limits the availability of data for reconstructing their SFC curves. However, it is assumed that the SFC
curve of a dual-fuel ammonia/MGO engine will follow a similar trend to that of a conventional combustion
engine. MGO engines have been studied and optimized for a long time already, while ammonia diesel
dual-fuel engines are a relatively new technology and have not yet been fully optimized. The dual-
fuel ammonia/MGO engine in this research is assumed to be 5% less efficient than a MGO engine.
Therefore a correction factor of 0.95 will be applied on the original efficiency of the SFC to account for
the performance difference.

— MGO
—— Ammonia

Specific fuel consumption [g/kWh]
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Figure 4.5: The specific fuel consumption for a dual-fuel MGO/ammonia engine.

Figure 4.5 visualizes the specific fuel consumption in g/lkWh. The change in power is defined as
dP/dt [kW/s]. MCR/s is the maximum change in engine load per second [%] an engine can handle in
a safe manner. It is expressed as an percentage of the total engine capacity. For a dual-fuel LNG
engine, the maximum change in engine load varies depending on the current engine load. For engine
loads up to 75%, the maximum change in engine load per second is approximately 4% for a LNG/MGO
dual-fuel engine [120]. As, the engine load further increases, then the maximum change of engine
loads per second decreases to around 1.5%. Considering the higher flammability of LNG compared
to ammonia, it is expected that an ammonia-based engine would have a maximum change of engine
load. Therefore, the maximum change of engine load for an ammonia engine is assumed to be 2% per
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second. Consequently, if the load change exceeds 2% within a second, MGO will be used as the fuel
to handle the transient load. The dP/dt is then to high to use ammonia as a fuel. For an engine with a
installed power of 20,000 kW, a maximum change in engine loaf 2% per second results in a maximum
dP/dt of 400 kW/s.

4.4. 3 Dual-fuel ammonia MGO ICE + battery

Figure 4.6 visualizes the dual-fuel ammonia MGO configuration including a battery. This configuration
is similar to the configuration in Section 4.3, but with the addition of a battery for load levelling. There-
fore, the same assumptions as in Section 4.3 regarding the engine efficiency and MCR/s apply to this
configuration as well.

Ty
MGO Tank
.~V
¥
Ty e
. ICE/genset DF:
Ammonia Tank Ammonia MGO
.~V .~V
¥
Ty P
Battery Grid

YN 00 S

Figure 4.6: The configuration where a dual-fuel Ammonia/MGO genset is used with a battery.

4.5. 4 Ammonia SOFC + battery

The ammonia SOFC including battery configuration depicted in Figure 4.7. The SOFC in this con-
figuration will operate at a constant load due to its inability to handle transient loads effectively. The
maximum change in power this configuration is thus set at 0 kW/s (dP/dt = 0 kW/s). Therefore, a battery
is required to cope with the transient loading. When the battery is fully charged and an energy surplus
occurs, then the excess energy will be destroyed.

The loading point for the SOFC stack is set at 80% load. In this setup, the SOFC efficiency is set at
52% for electricity generation, which was mentioned in Section 2.4.3. Currently, the system degradation
for a SOFC stack is 1% as was mentioned in Section 2.4.3. However, it is expected that by 2030 the
system degradation is reduced. Therefore, the system degradation for the SOFC is set at 0.5% for
every 1000 hours of operation. This means that approximately every 7 years the SOFC system has to
be replaced by a new system considering a stack load of 80% and 38 operational weeks a year.
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Figure 4.7: The configuration where a SOFC powered with ammonia is used with a battery.

h 4

4.6. 5 Ammoniadrive + battery

Figure 4.8 visualizes the configuration with a dual-fuel ammonia hydrogen engine in combination with
a battery and a SOFC. The solid oxide fuel cell (SOFC) will convert ammonia into hydrogen. Then, a



4.6. 5 Ammoniadrive + battery 31

part of this hydrogen will be used for the generation of energy, while the remaining hydrogen is directed
to an intermediate hydrogen storage and thereafter supplied to the engine. The assumptions regarding
the SOFC efficiency and degradation are the same as those mentioned in Section 4.6.

Furthermore, the conversion efficiency of ammonia into hydrogen is assumed to be 97%. This
means that 97 percent of the ammonia is converted into hydrogen, while 3% of the ammonia remains
unconverted. According to Equation 2.6 2 molecules of ammonia are required to create 3 molecules
of hydrogen. The molar weight of hydrogen is approximately 1 gram/mol and the molar weight of
ammonia is approximately 17 gram/mol. This means that with a conversion efficiency of 97%, 11.6
gram of ammonia is required to produce 1 gram of hydrogen. To determine, the required power of the
cracker, the ammonia rate is multiplied with the lower heating value of ammonia. A ammonia rate of
11.6 gram per second, results in a SOFC power of 216 kW. This SOFC is also operating at a 80% load
to extend the lifetime. Therefore, a SOFC of 270 kW is required to generate 1 gram of hydrogen every
second.

Additionally, a small hydrogen tank is included in the configuration to store the hydrogen. The flow
of hydrogen into the ICE is dependent on the engine load, while flow of hydrogen out of the SOFC
remains constant. Therefore, the presence of hydrogen storage is necessary to ensure that enough
hydrogen flow is possible into the engine and prevent to prevent excessive hydrogen cracking.

This configuration, which involves a dual-fuel ammonia/hydrogen engine, cannot be implemented
without the presence of a battery. This is due to the maximum change in engine load of this setup. The
same maximum change of engine load of 2% as in Section 4.3 is assumed for an ammonia hydrogen
engine. However, in this configuration there is no MGO available to handle the transient loads. There-
fore, transient loads higher than 2% must be managed by a battery. Thus when the installed power
of the ICE is 20,000 kW, the maximum dP/dt that the ICE can handle is 400 kW/s. The engine load
for this configuration is kept at a minimum of 85% due to the high dP/dt present when the engine load
drops low. If this was not done, the simulation would be stopped every time the engine load lowered
and needed to increase significantly.
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Figure 4.8: The configuration where a dual-fuel Ammonia/hydrogen genset is used in combination with an SOFC that is powered
on ammonia and a battery.

The minimum amount of hydrogen that is necessary to keep an engine running is 7% at mid-load
and 11% at full engine load as is mentioned in Section 2.3. Thus, this means then that at half engine
load 89 percent of the energy is generated from ammonia, while at full engine load 93 % of the energy is
generated from ammonia. These values are linearly extrapolated from 0 till 110 %. Figure 4.9 visualizes
the energy ratio between ammonia and hydrogen.

Furthermore, a dual-fuel ammonia hydrogen engine has a lower technology readiness level com-
pared to an ammonia/MGO dual-fuel engine discussed in Section 4.3. Therefore, the efficiency of
the engine ammonia hydrogen engine is expected to be lower. To account for this lower assumed
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Figure 4.9: The energy ratio for the dual-fuel Ammonia/hydrogen genset.

efficiency, a correction factor of 0.9 is applied to the SFC. The resulting specific fuel consumption is
visualized in figure 4.10. This curve is used to calculate the fuel consumption for this configuration.
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Figure 4.10: The specific fuel consumption for a dual-fuel hydrogen/ammonia engine expressed in g/kWh.
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4.7. Conclusion

In this chapter, the SFC for each configuration has been determined. Additionally, assumptions re-
garding the engines, SOFC and batteries have been outlined in this section. Batteries are necessary
when the transient load capabilities of the engine are low and there is no MGO available.To provide a
concise overview, Table 4.1 provides a summary of the various configurations discussed.

Table 4.1

Configuration Power Battery Fuel TRL

Conventional ICE No MGO 9

1 MGO ICE including battery ICE Yes MGO 9

2 DF ammonia MGO ICE ICE No MGO, Ammonia | 5

3 DF ammonia MGO ICE including battery ICE Yes MGO, Ammonia | 5

4 Ammoniadrive including battery ICE, SOFC | Yes Ammonia 2

5 Ammonia SOFC SOFC Yes Ammonia 7




Modelling approach

This chapter will explain the modelling approach. The input an the output of the simulation is explained
and the available parameters that can be changed are discussed. The fuel consumption is estimated
with one engine instead of four engines. Finally, the simulation strategy is explained.

5.1. Input: Power demand

The goal of this of modelling is to verify that the configurations have sufficient power and energy on
board to support dredging operations under a high varying load for a duration of 30 days. In Sec-
tion 3.4.2, the power demand of all the previous dredging projects for the Vox Amalia was examined.
Among them, the Kustlijnzorg project exhibited the highest average and peak power. Consequently,
the simulation will adopt the power demand from this project as a reference. If the configurations can
handle the power demand of the kustlijnzorg project, it is assumed that the power demand of other
projects can be handled as well.

The power demand profile starts on the 21st of March 2020 and runs till the 20th of April 2020. These
specific dates were chosen because of data quality having minimal NaN data. A similar methodology
as described in Section 3.9.2 is used to determine the amount of NaN data during these 30 days. This
method resulted in approximately two hours of unknown data. Figure 5.1 illustrates the total engine
power demand of the Vox Amalia on 21 March 2020.

—— Total power

power [kW]

Time [seconds]

Figure 5.1: The power demand of the Vox Amalia during the Kustlijnzorg project on 21 March 2020.
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5.2. Input: Configuration with setup

The following input parameters can be modified for each applicable simulation:
* Installed power ICE
* Installed power SOFC
+ Battery capacity
» C-rating battery
» Hydrogen rate out of SOFC
» Hydrogen storage tank size

Each configuration is equipped with a specific amount of installed power, it is assumed that these
can be adjusted in increments of 1,000 kW. Both the ICE and SOFC installed powers can be modified
insteps of 1,000 kW. Furthermore, for configuration 4 (Ammoniadrive including battery), the hydrogen
rate that flows out of the SOFC can be chosen with steps of 1 gram per second. The hydrogen tank
capacity is assumed to have a minimum of 10 kg storage capacity. As for energy storage, the battery
capacity can be adjusted in steps of 1,000 kWh. Table 5.1 lists three different battery options, each
with varying capacities. It is assumed that these batteries are fully charged at the beginning of each
simulation. Furthermore, the assumed lifetime of the battery are 50,000 cycles at a dept of discharge
of 50% [117]. During this research all the battery use a 50% depth of discharge.

Table 5.1: The c-ratings for charging and discharging and the weight for the available batteries for different configurations [115]—
[117].

Battery C-rating charging | C-rating discharging | Weight [kg/kWh]
Corvus Dolphin 0.4 0.5 6
Corvus Whale 0.7 0.7 9
Echandia Energy 2 2 13

5.3. Power management strategy

Figure 5.2 shows the flow chart of the modelling approach. On one hand, it incorporates the power
demand as an input, and on the other hand, it integrates the configuration setup discussed in Section
5.1 and Chapter 4. The simulation itself is implemented in Python.

At each time step, which is set to one second, the simulation verifies whether the configuration with
the specified setup has sufficient installed power to meet the power demand at that specific moment.
If the installed power falls short, the simulation checks if there is enough energy stored in the battery. If
the battery has not enough energy stored or its maximum power output is too low, then the configuration
does not meet the requirements. Therefore, the simulation will stop then. When there is charged battery
capacity available and the power output of the battery is high enough, then the battery will discharge
energy to meet the required energy demand.

The power output of the engine and SOFC is then high enough to cope with the power demand at
that step in time. The engine load of the ICE will then be determined, the power plant load for a SOFC
is constant. Then, the the engine load at that moment in time will be compared to the engine load in
the previous second. If this delta engine load is larger than maximum engien load per second (The
maximum change of engine load per second of each configuration are given in Chapter 4) than the
installed power plant of the configuration can cope with, then the simulation will stop. For a installed
power of 20,000 kW, a maximum change of engine load per second of 2% means a dP/dt of 400 kW/s.
However, when the delta engine load is within the bounds of the dp/dt, then the configuration can
cope with the transient load at that moment in time. The output of the simulation will then be the fuel
consumption in MGO and or Ammonia for this particular step in time.

On the other hand, if there is enough power installed for the given moment in time. Then, the simu-
lation checks if there is empty battery capacity available, to store the surplus of energy. However, if the
battery is already fully charged, the power plant load will be reduced. For Configuration 4 (Ammoni-
adrive including battery) and 5 (ammonia SOFC including battery), it is not possible to lower the power
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Figure 5.2: An overview of the modelling approach to verify if there is enough installed power and capacity.

output due to their low ability to cope with transient load [dP/dt]. Therefore, the surplus of energy has
to be wasted. Then, the same steps are followed in the case when a battery was discharged. Then,
the power output is determined and then the engine load at that moment in time is determined. Then,
again it is checked if the configuration can handle the transient load [dP/dt] in that moment in time and
then the fuel consumption is calculated in MGO and ammonia for this particular step in time.

If the simulation stops before every second in the 30 days of the power input were completed. Then
the configuration with the setup parameters was insufficient. The input parameters of the configuration
have to be changed to make the configuration sufficient. The changing of these input parameters was
done manually. When the simulation has run for every second in the 30 days, then the fuel consumption
of each section will be summed to a total fuel consumption for the 30 days.

5.4. Output: fuel consumption

After the simulation has run for every during the 30 days of power output, then the total fuel consumption
can be determined. In Chapter 4 it will be discussed that the fuel consumption varies across setups,
depending on the fuel type, and the type of ICE and or use of SOFC.

As mentioned in Section 3.4.1, the Vox Amalia is equipped three main engines and an auxiliary
generator. These four engines provide the vessel with power during normal operation. Each engine
has a specific fuel consumption curve providing the amount of fuel required for a certain engine power
output. Itis assumed that the power is equally distributed over the engines. Therefore, for this research,
all configurations including the conventional configuration, are assumed to have a single big engine,



5.5. Simulation strategy 37

instead of multiple smaller ones. It is assumed that the three main engines and the auxiliary generator
are always online, and the load is equally distributed. For the simulation the four engines are considered
as one large engine with the same SFC curve.The engine load is then determined by dividing the total
power by the installed capacity.

When assuming there is one big engine, the engine will operate continuously without being turned
of. However, when multiple engines are utilized, it is possible to deactivate an additional engine in
certain cases. Moreover, it should be noted that the engines’ optimal efficiency point is at 85% load.
However, when simulating with a single large engine, the engine load will often fall below 85%, resulting
in non-optimal operating conditions.

For the determination of the fuel consumption, it is necessary to transition from four SFC curves to
one SFC curve, as only one engine is considered. For the SFC, a combination between the SFC data
points for the main engines and the SFC data points for the dredge generator engine is taken. The
known data points The known data points from the SFC of the main engines are taken (25% to 110%)
and the SFC values for the 1% and 10% engine loads of the dredge generator engine from Table 3.2.
The resulting SFC for each engine load is presented in Table 5.2. Similar to Section 3.9.1, the pchip
interpolation method is applied to create a smooth curve by interpolating between the engine loads.

Table 5.2: The specific fuel consumption values at different engine loads for the MGO engine.

Engine load [%] 1 10 | 26 | 50 | 75 | 85 | 100 | 110
SFC MGO engine [% gr/kWh] | 739 | 146 | 112 | 100 | 100 | 96 | 100 | 104

To validate the combined SFC curve for the single MGO engine, the same 21-week period discussed
in Section 3.9.1 is used. This 21 week period is used, because only one type of fuel was used during
this period and during the Kustlijnzorg both HFO and MGO were used. There is a a difference of 1% by
the estimated consumption and the actual consumption. By dividing the combined SFC curve, the fuel
consumption with a single engine can be estimated for the 21-week period with an accuracy of less than
one percent. The newly created SFC curve is depicted in Figure 5.3. This SFC curve serves as the
basis for estimating the fuel consumption of each configuration, except for Configuration 5: Ammonia
SOFC including battery. For configuration the fuel cell load is constant.

Specific fuel consumption MGO g/kWh

Engine load (%)

Figure 5.3: The specific fuel consumption for the conventional configuration where all engine are assumed as one big engine.

5.5. Simulation strategy

All the simulations can be found in Appendix 5. For every configuration the setup will be changed with
regards to the installed power, and the battery properties, with the exception of the conventional and
configuration 2. These configurations are set by the original specifications of the Vox Amalia. Further-
more, if a setup is sufficient for configuration 1, then it is also sufficient for configuration 3. If a simulation
was insufficient, then the installed power or battery capacity would be increased. Furthermore, if a sim-
ulation was sufficient, then the installed power or the battery capacity would be decreased. This was
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done to find the optimum. The installed engine power was set to a minimum of 70% of the original
installed capacity. Furthermore, was the power split between the ICE and SOFC limited to 1:4 or 4:1.

5.6. Conclusion

In this chapter, the selection of the specific 30 day period during the Kustlijnzorg project is explained.
These days were chosen due to the presence of a low amount of NaN data and a high power demand,
making them suitable for this research. If a simulation is meets the required power demand, then the
output of the simulation is the fuel consumption over the thirty days. This fuel consumption is estimated
with one total engine load and thus one SFC curve. The accuracy of this curve has been validated over
a span of 21 weeks.



Cost calculations

This chapter will explain the cost that are involved in operation a TSHD. The following seven cost
components will be clarified:

» Depreciation and Interest (CAPEX)
» Maintenance and Repair (OPEX)

* Wear and tear (OPEX)

* Fuel (OPEX)

* Lubricant (OPEX)

» Carbon (OPEX)

» Crew (OPEX)

The Depreciation and interest and the Maintenance and repair cost are both based on the value of a
TSHD and therefore the value of a THSD needs to be determined first.

6.1. Value estimation of a (new) trailing suction hopper dredger

The costs for depreciation, interest, maintenance, and repair are determined based on the value of a
vessel using the CIRIA method [121]. This method calculates the replacement cost of a vessel and
is applicable to conventional self-propelled trailing suction hopper dredgers [121]. The formula for
calculating the base value, as given in Equation 6.1

V=fW,P.]eS) (6.1)
Where:
V = Value of the vessel in euros
W = Lightweight of the vessel in ton
P, = Power of the dredgepumps during suction in kW
J: = Power of the jetpumps during suction in kW
S = Free sailing power in kW

Additionally, CIRIA published in 2023 a factor of 1.32 to compensate for the inflation from 2010 to
2022 [122]. This index accounts for the inflation of the value of a TSHD and is based on the Eurostat
indices for engines, steel structures, and pumps [122].

Recent developments to make a vessel more sustainable are not included in Formula 6.1 to calcu-
late the value. However, there are certain sustainability factors that can adjust the vessel’s value. A
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vessel that has an LNG dual-fuel drive train configuration has a 10% increased value, and furthermore,
if an aftertreatment system for NO, (SCR) or a diesel particulate filter (DPF) is installed, the value is
increased by 2 or 3 percent, respectively [122]. The sustainability factors are reviewed annually and
updated or expanded based on recent developments.

The cost of equipment for an LNG-powered vessel can be estimated. From the values in Table 6.1,
it is evident that the equipment cost for an LNG-powered vessel is 3.5 times higher than for an MGO-
powered vessel. A 350 % increase in equipment cost would then result in a 10% increase in the value
of the vessel, considering the CIRIA sustainability factors. Using this ratio between an LNG vessel and
an MGO vessel, it is possible to estimate the value for the Vox Amalia across all configurations covered
in Chapter 4.

Table 6.1: Equipment cost for LNG and MGO powered vessels [9].

Type | Engine [€/kW] | Tank and add-ons [€/kW]
MGO | 356 0
LNG | 713 534

6.1.1. Depreciation and interest

A vessel has a specific lifetime during which it can be utilized, and as a result, the costs associated with
the vessel must be allocated over its service life. This allocation is known as depreciation and interest.
The service life, also referred to as the lifetime of the vessel, is the duration in years that the vessel
can be economically and technically viable. The depreciation and interest expenses are expressed as
a percentage of the current vessel’s value. When a configuration needs to replace the SOFC within
the 25 years of lifetime. Then, the total SOFC costs that are required for the 25 years are added to the
current value of the vessel, before the depreciation and interest can be calculated.

6.1.2. Maintenance and repair
Maintenance and repair (M&R) activities encompass preventive maintenance, daily maintenance, and
major maintenance. These costs are expressed as a percentage of the value of the vessel.

6.2. Wear and tear cost

The parts on a hopper dredger that are most sensitive to wear are: the draghead, suction pipes,
dredgepumps and the hopper [123]. The extent of wear and tear is influenced by the soil conditions in
which the dredger operates. The cost of wear and tear is dependent on the volume of dredged material.

Fourteen times the the Vox Amalia unloaded by rainbowing and the other 186 cycles the vessel
unloaded by dumping. This means that eight percent of the time the Vox Amalia unloaded by dumping.
The weekly wear and tear cost can be calculated by multiplying the the production for each cycle times
the type of unloading mode.

6.3. Fuel cost

The weekly fuel cost is determined by multiplying the amount of fuel that is burned in a week by the
fuel price. The output of the simulation was the amount of fuel burned in 30 days. To convert 30 days
to a week, a factor of 0.23 needs to be multiplied by the fuel output over thirty days. The fuel price is
set in euros per ton, and recent fuel prices are shown in Table 7.4 and are discussed in Section 7.1.2.
The weekly fuel costs are different for each configuration and setup due to the differences in fuel type
and fuel consumption.

6.4. Lubricant cost

Lubricant costs can be estimated as between 8 to 10 % of the total fuel costs [123], [124]. However,
it should be noted that newer vessels require less lubricants, and this percentage is based on conven-
tional fuel prices [123]. The amount of lubricant required is related to the total installed power. The
bigger the engine, the more heat is generated and the more lubricant is required. Therefore, the lubri-
cant costs of each configuration are linearly related to the lubricant cost of the MGO base case. Which
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are assumed at 8 % of the weekly fuel cost. Additionally, the lubricant cost for the SOFC is assumed
to be zero.

6.5. Carbon cost

A carbon tax means that there is a fee for every tonne of carbon that is emitted. The European Union
will gradually introduce a carbon tax for the maritime industry in 2024 when 40 percent of the carbon
emissions and in 2026 a 100 percent of the carbon emissions will be taxed [125]. The emissions that
will be taxed are: Carbon dioxide, methane and nitrous oxide. This European carbon tax only applies
to vessels which are sailing between port in the European Union and this carbon tax applies for 50
percent to vessels which will only depart or arrive from a port inside the European Union. In 2022 the
mean price per tonne of carbon was approximately 82 euro in the European Unions [126].

The carbon dioxide emissions are calculated by multiplying the amount of fuel burned by an emission
factor. These emission factors are shown in Table 2.2. However, it should be noted that these emission
factors are for an ICE. If ammonia is used in a SOFC, WTT carbon dioxide emissions are assumed
to be zero. With the weekly fuel consumption, the weekly C0,., emissions can be calculated. The
weekly carbon cost is calculated by multiplying the carbon price by the weekly C0O,., emissions. The
set carbon price is the average carbon price from 2030 to 2055, which is the assumed lifetime of the
vessel for this research.

6.6. Crew cost

There are both expat and non-European crew members onboard the Vox Amalia. The vessel has a
crew capacity of 50 people, but typically there are 20 expat crew members and 20 non-European crew
members onboard. The day rate for the crew and food rate can be found in Table 6.2. Based on these
rates, the total weekly crew cost amounts to 364,000 euros.

Table 6.2: The day rates for the crew and food

Rate type [€/day]
Expat day rate 1,000
Non European day rate 200
Food day rate 50

6.7. Insurance

The insurance cost for a vessel can vary depending on factors such as the material and the number
of claims made by the company. For normal dredging operations, the annual insurance cost for a
vessel typically ranges from 1 to 2.5 percent of the capital value of the dredger [127][123]. The specific
deductibles and terms of conditions of the insurance can vary among companies and also impact the
insurance price [123]. For this research, the yearly insurance cost is assumed to be 1 percent of the
current value of the TSHD. To calculate the weekly cost, the yearly insurance cost is divided by the
number of dredged weeks in a year (38 weeks).

6.8. Cost of dredged material

Finally, by summing all the weekly costs, the total weekly cost is known. The Vox Amalia dredged a
total of 1,500 Megatons of material, with an average density of 2.00 kg/m?3. By dividing the total weekly
cost by the total amount of dredged material in a week, the cost of dredged material can be calculated.

6.9. Conclusion

The value of a vessel can be calculated using the CIRIA method. For each configuration, the new value
can be calculated with the help of the sustainability factor for an LNG-powered vessel. Additionally, the
costs are dependent on the value of the vessel, amount of dredged material, fuel consumption, carbon
tax, crew and insurance. With all the weekly costs and the known production of the vessel, it is possible
to calculate the cost of dredged material.



Results

In this chapter, the results are discussed in terms of price and emissions. Additionally, the following
three different scenarios are considered:

+ Scenario 1, Only the TTW CO0,,, emissions are taxed
+ Scenario 2, the WTW C0,,., emissions are taxed and grey ammonia is used

+ Scenario 3, The WTW C0,,., emissions are taxed and green ammonia is used

7.1. Price assumptions

This section explains which assumptions are made for the costs of: equipment, fuel and carbon tax. The
costs that are discussed during this section are the business-as-usual cost. The prices of equipment
were given in us dollars per kW, this is converted to euro/kW, with the exchange rate of 0.89 €/$ from
17 July 2023.

7.1.1. Price of equipment

The prices for the engines and SOFC are shown in Table 7.1. The price for the dual-fuel ammo-
nia/hydrogen engine was not given, but this price is assumed to be the same for an ammonia/MGO
dual-fuel engine. The price of a SOFC is based on the price of a hydrogen fuel cell. For both fuel cells,
hydrogen is required to generate electricity, and therefore, this assumption can be made.

Table 7.1: The price for engines for the different configurations [9].

ICE Cost [€/kW]
MGO 356

DF MGO NH3 | 713

DF NH3 H2 713

SOFC NH3 1,336

Table 7.2 shows the cost for the tank and add-on. These costs include the extra cost for tank systems
and add-ons such as a diesel particle filter. The cost of a SCR is not included into these add-on costs,
but it is factored into the sustainability factor as explained in Section 6.1. Furthermore, the tank and
add-on costs for the dual-fuel ammonia/hydrogen setup were not provided. For the ammonia/hydrogen
configuration, there is no MGO present, and mainly ammonia is stored and a very small fraction of
hydrogen stored. Therefore, the price of the dual-fuel ammonia/hydrogen tank and add-on cost was
assumed to be 300 $/kw higher than for the ammonia/MGO tank add-on cost. The tank and add-on
cost for an ammonia SOFC are also not given, there is no hydrogen present, and therefore the costs
are assumed to be 200 $/kw higher than for the ammonia/MGO tank add-on cost.

The cost for the battery is shown in Table 7.3. During this research, three different batteries with
three different C-ratings are used. However, for all these batteries, the same price is used. In reality,

42



7.1. Price assumptions 43

Table 7.2: The price for tank and add-on cost for the different configurations[9].

Tank and add-on | Cost [€/kW]
MGO 0

DF MGO NH3 535

DF NH3 H2 802

SOFC NH3 713

the higher the C-rating, the higher the price of the battery. During this research, for every configura-
tion with a certain installed power, optimization was done to minimize the battery capacity. Once the
minimal capacity is determined, optimization is carried out to find the lowest C-rating possible. There-
fore, without incorporating different prices for the batteries with a different C-rating, the battery with the
lowest C-rating possible was chosen as the preferred option to keep the analysis consistent.

Table 7.3: The cost for a marine battery [128].

Energy storage cost | [€/kWh]
Battery 445

7.1.2. Price of fuel

The fuel prices are based on the latest available bunker prices. On 18 July 2023 the average MGO
price from the 20 biggest ports in the world was 789 €/ton [129]. Furthermore, in may 2023 the average
ammonia price according to the S&P global commodity insights was 356 €/ton [130]. Finally, the price of
green ammonia was assumed at 1197 €/ton, Lindstad et al, discussed a high and a low price for green
ammonia, which is dependant on the price of electricity [9]. For this research the average between the
high and the low price of green ammonia was used.

Table 7.4: Latest fuel prices according to bunker rapports [9], [129], [130].

Fuel type Cost [€/ton]
MGO 769
Ammonia (grey) 356
Ammonia (green) 1,197

7.1.3. Carbon cost

In 2022 the average price of carbon was approximately 82 €/ton. This will likely rise in the future and
therefore, a carbon price of 100 €/ton is assumed as is shown in table 7.5. Every ton of C0O,., that is
emitted is 100% taxed with the carbon price.

Table 7.5: The assumed carbon tax for the business-as-usual scenario.

Carbon cost | [€/ton C0y.4]
Carbon tax 100
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7.2. Final setup of each configuration

A brief summary of each cheapest configuration according to the business-as-usual prices is presented
in Table 7.6. For all configurations except for configuration 5 (Ammoniadrive + battery), the same setup
is the cheapest in all three scenarios. The total costs of these setups are discussed in Section 7.4

The power for the ICE and SOFC is rounded to 1,000 kW, due to the step size of a 1,000 kW that was
chosen during the simulations. For the conventional configuration and for configuration 2 (DF MGO
NH3), the power is 100%, which is the currently total installed power of the Vox Amalia. The installed
cracker power is not rounded, because the cracker power is calculated based on the hydrogen rate
exiting the SOFC, as is mentioned in Section 4.6.

Furthermore, the battery for configuration 4 (SOFC NH3 + battery) and 5 (Ammoniadrive + battery)
is 2 to 7 times larger than for configuration 1 (MGO + battery) and 3 (DF MGO NH3 + battery). A reason
for the large battery, for configuration 4 (SOFC NH3 + battery) and 5 (Ammoniadrive + battery), is that
a SOFC and a dual-fuel NH3/H2 ICE is (almost) unable to handle transient and the stack load is kept
constant. Unlike the other configuration, where the engine load can be lowered. Therefore excess of
energy that cannot be stored, because the battery is full, needs to be wasted or destroyed. Therefore
in order to minimize the amount of fuel that needs to be destroyed, a large battery is required.

System efficiency is the total amount energy present in the fuel that was used divided by the total
amount of energy required during the 30 days of the simulation. The total power demand during the
30 days simulation was 29.1 TJ. Due to the addition of a battery, the engine for configuration 1 (MGO
inc battery) and 3 (DF MGO NH3 + battery), operates at a more efficient engine load and therefore
the fuel consumption is lower. This results in a higher system efficiency. Furthermore, the system
efficiency of configuration 4 (SOFC NH3 + battery) is 4%, higher than the conventional configuration.
However, a SOFC operates at a more than 10% higher efficiency than a MGO engine, so a higher
system efficiency was expected for the configuration operating a SOFC instead of a MGO engine.
Configuration 4 (SOFC NH3 + battery) has to waste energy, due to the inability of the SOFC to lower its
power output. Therefore, difference of the system efficiencies for configuration 1 (MGO + battery) and 4
(SOFC NH3 + battery) is closer than the difference in power train efficiency between the configuration.
The energy destroyed is the amount of energy that could not be used as the SOFC or ICE output could
not be lowered, when the power demand was lower than the power output. Only for configuration 4
(SOFC NH3 + battery) and 5, energy is destroyed.

Table 7.6: The summary of the cheapest setup for each configuration and normalized for every column.

Configuration [-] ICE [%] | SOFC [%] | Cracker [%] | Battery [%] | System efficiency [%] | Energy destroyed [TJ]
Conventional 100 0 0 0 92 0
1 MGO + battery 73 0 0 23 93 0
2 DF MGO NH3 100 0 0 0 85 0
3 DF MGO NH3 + battery 82 0 0 13 91 0
4 SOFC NH3 + battery 0 100 0 100 100 74
5 Ammoniadrive + battery 47 31 100 48 85 100

A brief summary of the cheapest setup for configuration 5 (Ammoniadrive + battery) for all three
scenarios is shown in table 7.7. For scenario 1, an approximately twice as large ICE is installed than
for scenario 2 and 3. The main reason is that for scenario 1, ammonia is only taxed with the TTW €0,
emissions and grey (cheaper than green) ammonia is used. Therefore, an ICE is feasible although the
lower efficiency, because the SOFC have to be replaced and are more expensive.

Table 7.7: The summary of the cheapest setup for configuration 5 for each scenario and normalized for every column.

Configuration [-] Scenario | ICE [%] | SOFC [%] | Cracker [%] | Battery [%] | system efficiency [%] | Difference dredged material [%]
5 Ammoniadrive + battery 1 47 31 100 48 85 -3
5 Ammoniadrive + battery 2 22 69 40 60 91 -3
5 Ammoniadrive + battery 3 17 75 33 62 91 -3

The setup of each configuration results in a different total weight of the vessel and this is summarized
in Table 7.8. An increase in weight results in a decrease of dredged material as is discussed in Section
3.8.2. The weight of the ICE, SOFC, cracker, battery and fuel is take into account to determine the
difference in dredged material. The higher the installed power or battery power, the higher the weight
for these components is. More tons of fuel is necessary for the configurations that use ammonia as
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a fuel, because the lower heating value of ammonia is lower than that of MGO (18.6 vs 42.7 MJ/kg).
Furthermore, configuration 4 (SOFC NH3 + battery) and 5 (Ammoniadrive + battery) are the heaviest
and these configurations dredge 3% less material than the conventional configuration.

Table 7.8: The weight of the fuel and equipment of each configuration and normalized for every column.

Configuration [-] ICE [%] | SOFC [%] | Cracker [%] | Battery [%] | MGO [%] | Ammonia [%] | Delta dredged material [%)]
Conventional 100 0 0 0 100 0 -
1 MGO + battery 74 0 0 35 96 0 0
2 DF MGO NH3 100 0 0 0 80 25 -1
3 DF MGO NH3 + battery 82 0 0 14 69 28 -1
4 SOFC NH3 + battery 0 100 0 100 0 85 -3
5 Ammoniadrive + battery 48 31 100 49 0 100 -3

The batteries for configuration 4 (SOFC NH3 + battery) encountered the most cycles. Every the
battery was loaded and unloaded 92 times. This means that over the lifetime of the vessel (25 years),
the battery go through approximately 20,000 cycles. This is lower than the 50,000 cycles that were
mention in Section 5.1. Therefore, the batteries do not have to be replaced during the lifetime of the
vessel.

7.3. Carbon dioxide equivalent emissions for each configuration

Table 7.9 provides a summary of the C0,., emissions for each configuration (cheapest setup param-
eters) and for all three scenarios. In scenarios 1 and 3, configurations that solely utilize ammonia as
a fuel have the lowest C0,,., emissions. Configuration 2 and 3 also have lower CO|,., emissions than
the configurations on MGO in scenario 1 and 3. Configuration 4 (SOFC NH3 + battery) even achieves
carbon neutrality in scenarios 1 and 3. In scenario 2, when grey ammonia is used instead of green am-
monia, configuration 2 (MGO inc battery) becomes the most environmentally friendly option in terms of
C0,.4 emissions, due to the high C0,., emissions of grey ammonia.

Table 7.9: The dredged material expressed in carbon dioxide equivalent.

Configuration Scenario 1 [% C0,,.,/m3] | Scenario 2 [% C0,,,/m3] | Scenario 3 [% C0,,,/M3]
Conventional 100 100 100

1 MGO + battery 96 95 95

2 DF MGO NH3 84 119 83

3 DF MGO NH3 + battery 73 111 71

4 NH3 SOFC + battery 0 124 0

5 Ammoniadrive + battery 6 137 2

7.4. Weekly costs

Table 7.10 summarizes the weekly costs for each component in each configuration for scenario 1. For
the conventional configuration and configuration 1 (MGO inc battery) the D+l and the M&R are the
lowest. This is due to the lower equipment cost for MGO engines than for equipment with ammonia.
Additionally, the D+l for configuration 4 and 5 is more than 50% higher than the other configurations,
due to the high replacement cost of the SOFC.

Furthermore, the fuel cost for MGO are only slightly cheaper than for configurations on ammonia.
The price per ton of ammonia is approximately 2 times lower than the price of a ton MGO. However,
when the same efficiencies are considered, a ton of MGO generates more than 2 times the amount
of energy, that 1 ton of ammonia can generate. The carbon cost are the highest for the conventional
configuration, because this configurations uses the most amount of MGO and MGO has higher TTW
CO04¢q emissions than ammonia.

Additionally, configuration 1 (MGO inc battery), burns less MGO than the conventional configuration
and therefore less C0,., emissions are produced and this results in a lower carbon cost. The same
applies for configuration 2 (DF MGO NH3) and 3 (DF MGO NH3 + battery) where less MGO is used
for configuration 3 (DF MGO NH3 + battery). This means that the addition of a battery results in a
lower fuel consumption and carbon output. Configuration 4 (SOFC NH3 + battery) has no carbon cost
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due to the absence of WTT C0, emissions for a SOFC that is powered by ammonia. For configuration
5 (Ammoniadrive + battery) only a small amount of C0,,, is emitted by the ICE that results in a low
carbon cost.

The crew cost are equal for each configuration, because the same crew is assumed for each con-
figuration.

The cost for insurance are dependant on the vessel of the value as mentioned in Section 6.7.
The higher the value of the vessel is, the higher the insurance cost are. Therefore, the conventional
configuration has the lowest carbon cost and configuration 5 has the highest insurance cost. The wear
and tear cost are dependent on the amount of dredged material and configuration 4 and 5 dredge less
material in a week than the other configuration.

When all of these 8 weekly costs are summed up, the weekly cost are calculated. The configuration
with the lowest weekly cost is configuration 1, followed by, conventional, 3, 2, 5 and finally 4.

Table 7.10: The weekly costs for each configuration in scenario 1, where grey ammonia is used and only the TTW emissions
are taxed and normalized in every column.

Configuration [-] D+1[%] | M&R[%] | Fuel[%] | Carbon[%] | Lubricant[%] | Insurance[%] | Crew[%] | W&T[%] | Total[%]
Conventional 100 148 100 100 100 100 100 100 100
1 MGO + battery 101 101 96 96 75 100 100 100 99
2 DF MGO NH3 110 108 110 82 100 108 100 100 105
3 DF MGO NH3 + battery 108 107 102 87 81 108 100 100 100
4 SOFC NH3 + battery 179 116 99 71 0 119 100 96 113
5 Ammoniadrive + battery 150 113 116 6 44 116 100 96 109

For scenario 2, grey ammonia is used and the WTW emissions are taxed. Therefore, in scenario 2,
only the carbon and thus the total cost changes with regards to scenario 1. The WTW C0,., emissions
for MGO are 1.69 times higher than for grey ammonia. However, in order to generate the same amount
of energy with an ICE, 2.30 times more ammonia has to be burned. Therefore, when the engines have
the same efficiency, 1.36 more CO2 equivalent emissions are emitted in the WTW cycle when using
grey ammonia instead of MGO. Therefore, the carbon cost for scenario 2 for configurations that use
ammonia as a fuel are higher than for configurations that only use MGO. The result is that configuration
4 and 5 have the highest weekly cost for scenario 2. The weekly cost for each configuration for scenario
2 are summarized in table 7.11.

Table 7.11: The weekly costs for each configuration in scenario 2, where grey ammonia is used and WTW emissions are taxed
and normalized in every column.

Configuration [-] D+1[%] | M&R[%] | Fuel[%] | Carbon[%] | Lubricant[%] | Insurance[%] | Crew[%] | W&T[%] | Total[%]
Conventional 100 100 100 100 100 100 100 100 100
1 MGO + battery 101 101 97 96 75 100 100 100 99
2 DF MGO NH3 110 108 110 118 100 108 100 50 101
3 DF MGO NH3 + battery 108 107 102 110 81 108 100 50 105
4 SOFC NH3 + battery 179 116 99 120 0 119 96 48 127
5 Ammoniadrive + battery 164 114 107 132 19 116 96 48 126

For the last scenario (3), green ammonia is used and the WTW CO0,., emissions are taxed. Only
the fuel cost and the carbon cost will change in comparison with scenario 1. The carbon cost for
green ammonia are the same as for scenario 1, due to the absence of WTT C0,,, emissions for green
ammonia. Due to the high cost for green ammonia, all configurations that use green ammonia, become
much more expensive than configurations that use MGO as a fuel. The price of green ammonia is
approximately 3.4 times higher than the price for grey ammonia as was mentioned in Section 7.1.2.
This results in an 3.4 times increase of fuel price for configuration 4 and 5. Furthermore, the fuel price
increases 1.6 and 1.8 times for configuration 2 and 3 respectively.

7.5. Cost of dredged material

Table 7.13 presents the cost of dredged material (€/m3), for each configuration. The cost of dredged
materials is the total weekly cost divided by the total dredged material in a week. Across all three
scenarios it is not economically feasible to use ammonia as a fuel for a TSHD. However, for scenario
1, configuration 3 is only 2 cents/m3 more expensive than sailing on MGO. For scenario 2 and 3 the
cost for sailing on ammonia become increasingly higher due to the high WTW C0,,, emissions for grey
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Table 7.12: The weekly costs for each configuration in scenario 3, where green ammonia is used and only the WTW emissions

are taxed.

Configuration [-] D+1[%] | M&R[%] | Fuel[%] | Carbon[%] | Lubricant[%] | Insurance[%] | Crew[%] | W&T[%] | Total[%]

Conventional 100 100 100 100 100 100 88 100 1089

1 MGO + battery 101 101 97 96 75 100 88 100 101

2 DF MGO NH3 110 108 180 82 100 108 88 100 124

3 DF MGO NH3 + battery 108 107 179 71 81 108 88 100 122

4 SOFC NH3 + battery 179 116 331 0 0 119 88 96 174

5 Ammoniadrive + battery 163 114 364 3 25 116 88 96 176

ammonia and the high cost of green ammonia. When comparing the cost per dredged material instead
of the weekly cost, it becomes clear that configuration 4 and 5 are even more expensive, due to its

lower production.

Table 7.13: The cost of dredged material for each configuration.

Configuration [-] sc1 [% €/m3] | sc2 [% €/m3] | sc3 [% €/m3]
Conventional 100 100 100
1 MGO + battery 98 98 92
2 DF MGO NH3 106 110 124
3 DF MGO NH3 + battery 101 105 120
4 NH3 SOFC + battery 112 126 173
5 Ammoniadrive + battery 110 126 173
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7.6. Sensitivity analysis

The total cost of dredged material is a function of different parameters. The price assumption from
Section 7.1 will be used, but only one parameter will change every time. In this section the following
five parameters will be investigated:

« Carbon tax

« Ammonia cost

MGO cost
SOFC cost
SOFC degradation

The prices of fuel is uncertain and can rapidly change in the future. Furthermore, the price of carbon
can also change, when the climate targets are accelerated. Additionally, the price of new technology
often becomes lower as the technology develops and also lifetime of the technology can improve. It is
expected that these parameters will have a significant influence on the cost of dredged material.

7.6.1. Carbon tax

Figure 7.1 illustrates the costs of dredged material for each configuration for scenario 1 across a range
of carbon taxes. Notably, a carbon tax leads to higher costs per unit of dredged material for all config-
urations except configuration 5 and configuration 4 for a lesser extent for scenario 1. For scenario 1
the carbon price has to double

Conventional

1 MGO + battery

2 DF MGO NH3

3 DF MGO NH3 + battery
4 NH3 SOFC + battery

5 Ammoniadrive + battery

Cost of dredged material [€/m3]

Carbon cost [€/ton]

Figure 7.1: The cost of dredged material for different carbon tax for every configuration for and for scenario 1.

For scenario 2, configurations on MGO have a lower price per dredged material than the other
configurations regardless of the carbon cost, as is illustrated in Figure 7.2. From Table 2.2, it is evident
that the WTW emissions per ton of grey ammonia are approximately sixty percent lower compared to
a ton of MGO. However, ammonia has a 2.30 times lower, lower heating value. Therefore, to generate
the same amount of energy as one ton of MGO can produce, 2.30 times more tons of ammonia need to
be used. Consequently, the WTW C0,,, emissions for grey ammonia will always be higher than those
for MGO.

The figure for scenario 3 can be found in Appendix B.1.1. For scenario 3 the carbon price has to
increase with 600% for ammonia to become economically feasible. Currently it is unclear if in the future
the carbon tax will apply to WTW or TTW emissions [131].
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—— Conventional

1 MGO + battery
—— 2 DF MGO NH3
—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

Carbon cost [€/ton]

Figure 7.2: The cost of dredged material for different carbon tax for every configuration for and for scenario 2.

7.6.2. MGO cost

The cost of fuel can vary significantly over time, particularly during periods of war or geopolitical insta-
bility. Therefore, the future cost for MGO is uncertain. To explore the impact of varying MGO costs on
the cost of dredged material, Figure 7.3 illustrates the relationship for scenario 1. It is important to note
that the cost of MGO will only affect the prices of configurations that utilize MGO as a fuel. Therefore,
the cost of dredged material for configuration 4 and 5 is constant for a varying cost of MGO. The price
of MGO has to increase with 50%, 100, 300% for the respective scenarios for ammonia to become
economically feasible.

The Figures for scenario 2 and 3 can be found in Appendix B.1.2. On 17 June 2022 the average
MGO price was 1257 €/ton, and therefore it is not unlikely that the price of MGO can rise again in the
future [129]. A

—— Conventional

1 MGO + battery
—— 2 DF MGO NH3
—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

MGO cost [€/ton]

Figure 7.3: The cost of dredged material for different MGO cost for every configuration for scenario 1.
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7.6.3. Ammonia cost

Currently, ammonia is not produced in large scale meant for fuel supply. The current ammonia produc-
tion is used for chemical use or fertilizer production. Therefore, the cost of ammonia can heavily vary in
the future. The price for grey and green ammonia is different. The cost of ammonia directly influences
the cost of dredged material for the configurations that use ammonia as a fuel as can be seen in Figure
7.4. The price of ammonia has to decrease by 50%, 100%, 75% for the respective scenarios for the
configurations on ammonia to become the best option in terms of cost. The figures for scenario 2 and
3 can be found in the Appendix B.1.3

Conventional

1 MGO + battery

2 DF MGO NH3

3 DF MGO NH3 + battery
4 NH3 SOFC + battery

5 Ammoniadrive + battery

Cost of dredged material [€/m3]

=

Ammonia (grey) cost [€/ton]

Figure 7.4: The cost of dredged material for different ammonia (grey) cost for every configuration for scenario 1.

The price of grey ammonia is strongly related to the price of natural gas and the natural gas price
was in 2022 triple the price of the current gas price. This means that the price of grey ammonia could
decrease in the future, however it is certain that the price of ammonia will increase if the gas prices
rise again. An grey ammonia price of 0 €/ton is unrealistic. In order for the green ammonia price to
decrease, the supply for green ammonia has to be increased. The supply of green ammonia will only
be increased if the demand for green ammonia increases.
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7.6.4. SOFC cost

The price of SOFC that uses ammonia is not certain, because it has a low technology readiness level.
The cost of this equipment can still change as the technology develops. Figure 7.5 illustrates that the
price of an SOFC only affects the configurations equipped with an SOFC. For scenario 1 the SOFC
cost have to decrease by 75% for ammonia to become an economically feasible option. Regardless of
the price of the SOFC, for scenario 2 & 3 MGO is always the cheaper option.

Conventional

1 MGO + battery

2 DF MGO NH3

3 DF MGO NH3 + battery
4 NH3 SOFC + battery

5 Ammoniadrive + battery

Cost of dredged material [€/m3]

SOFC cost [€/kW]
Figure 7.5: The cost of dredged material for different SOFC cost for every configuration for scenario 1.

In the future the manufacturing cost for an SOFC system can be as low as 166 €/kW if 50,000
systems are produced annually [132]. To reach a lower price, the production of SOFC systems needs
to be drastically increased.
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7.6.5. SOFC degradation

Currently, with the business-as-usual parameters, the SOFC has a degradation of 0.5% for every 1000
hours of operation. This means that in the 25 year lifetime of the vessel, the SOFC has the be replaced
3 times. In Figure 7.6 it is shown that at when the degradation of a SOFC is lower or equal to 0.1%,
configuration 4 is the cheapest option for scenario 1. When the SOFC degradation is 0.1% per 1000
hours, then no replacement is necessary in the 25 year lifespan of the vessel. The figure for scenario

—— Conventional

1 MGO + battery
—— 2 DF MGO NH3
—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

SOFC degradaction [%/1000 hours]

Figure 7.6: The cost of dredged material for different SOFC degradation for every configuration for scenario 1.

3 is shown in Appendix B.1.5.

—— Conventional

1 MGO + battery
—— 2 DF MGO NH3
—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

SOFC degradaction [%/1000 hours]

Figure 7.7: The cost of dredged material for different SOFC degradation for every configuration for scenario 2.

Currently the SOFC degradation is 1%, every 1000 hours and the target for the future is 0.2% for
every 1000 hours.

7.7. Conclusion

First of all , ammonia can definitely decarbonize a TSHD. As for every configuration that uses green
ammonia as a fuel the WTW C0,., emissions are reduced. Furthermore, for the configurations that
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are using a SOFC, the WTW C0,., emissions are zero or near zero.

Currently, with the business-as-usual parameters it is not economically feasible to use ammonia as
a fuel for a trailing suction hopper dredger across all three scenarios. The price of drive train systems
and green ammonia is still to expensive. However, the future prices of fuel, carbon, and SOFC and it
degradation are not 100% certain and likely to vary significantly.

Thus, ammonia can be an economically viable option to decarbonize a TSHD when the price of
ammonia (Scenario: 50%, 100%, 75%) and SOFC (Scenario: 75%, -, -) decreases, or the price of
MGO (Scenario: 50%, 100%, 300%) and carbon (Scenario: 100%, -, 600%) increases for all scenarios
respectively



Discussion

This research shows that it can be economically feasible to decarbonize a TSHD with an installed power
of 23 MW, By using ammonia if and only if the carbon or MGO price rises or the ammonia or SOFC
price decreases. A TSHD configuration was deemed economically feasible if it was cheaper to use
ammonia than a configuration using MGO. It was clear that grey ammonia, due to its high WTT C0,,,
emissions could hardly decarbonize a TSHD because its higher WTW C0,., emissions than MGO,
when assuming equal power train efficiencies.

During a previous study of Valeria-Medina et all concluded that an ultra-large container vessel that
would use an ammonia engine with an integrated cracker would cost (CAPEX and OPEX over lifetime)
almost twice as much over the total lifetime of the vessel [84]. However, this study did not include a
carbon tax in the total lifetime cost of the vessel. In that study, the carbon tax was not included in the
total lifetime cost of a vessel. Green ammonia was assumed as fuel, and therefore the C0,,q WTW
emissions were assumed low. If the carbon tax was included in the total cost over the lifetime, then the
cost difference between a vessel on conventional fuels and an ammonia vessel would be lower.

Another study of Wu et all found that an ammonia SOFC has a comparable cost to an HFO ICE
over the lifespan of a container ship [133]. A container vessel has a more constant operational profile,
and transient loads are less present than on a TSHD. A container vessel will be sailing for a long time,
while a TSHD will only sail for a couple of hours and then switch to another operational mode, such as
dredging. Due to the constant sailing operation of a container vessel, a configuration with a SOFC is
more attractive for a container vessel than for a TSHD, because less energy has to be wasted during
longer operational modes. Therefore, it is reasonable to conclude that for a TSHD with the business-
as-usual parameters, an ammonia SOFC is more expensive than an MGO configuration.

Additionally, a study of Cornelius investigated the cost of an SOFC-powered TSHD and concluded
that an SOFC with ammonia can reduce carbon emissions [134]. This is in line with my research, where
a SOFC fueled with green ammonia was assumed to have no WTW carbon emissions.

During this research, approximately 200 simulations have been conducted. To more accurately
determine the lowest price for each configuration, a wider range of setups should be simulated. Also,
the step size for the installed power was set at 1,000 kW, for time constraint reasons. For each output
of fuel consumption, for every simulation that passed all the tests, the costs were calculated. A better
optimized result can be achieved when the simulation optimizes to the lowest cost per dredged material
[€/m3] directly.

Furthermore, a more sophisticated power management strategy can be applied to the setups, al-
lowing engines to be shut off or turned on as required. This can reduce the amount of wasted energy in
setups where an SOFC or ammonia/hydrogen ICE is present. Currently, the Ammoniadrive + battery
and the ammonia SOFC + battery configuration waste a significant amount of energy. By implement-
ing a more sophisticated power management strategy, these two configurations will be more energy
efficient over the 30 days. Therefore, these configurations will become economically more attractive.

During this research, only the power supply was changed, and the power demand was kept un-
changed as measured for the TSHD in operation over a 30 day period. The high transient loads in the
power demand (which were incorporated in the model, the model stopped if the transient load was to
high) posed issues for the configurations that use ammonia. If the transient loads can be reduced, it
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would be beneficial for an ICE and a SOFC running on ammonia. For a configuration consisting of a
SOFC, with the absence of transient loads, the battery capacity and/or the C-rating of the battery can
be reduced. Furthermore, a dual-fuel ammonia/hydrogen ICE could also be possible without a battery
then.

Additionally, the used transient load capabilities (the chosen maximum change of engine load per
second which result in a maximum dP/dt) have a direct influence on ICE or SOFC load and thus the
fuel consumption during the simulation of the configurations. All configurations except configuration 4
and 5 were assumed to have a unlimited transient load behaviour.

For configuration 4 (Ammonia SOFC + battery) the transient load capabilities were assumed at to
completely absent. The SOFC had a constant power output over time, meaning the load would not
increase or decrease. The result is that energy is destroyed, when the battery is full and the power
demand is lower than the power output. This will results in a higher fuel consumption than. A system
with SOFC stacks that can be turned on or off could be a solution.

For configuration 5 (Ammoniadrive + battery) the transient load capabilities for the ICE were set ata
maximum change of engine load per second of 2%. Meaning that the ICE could increase its engine load
with 2% each second. Also, the minimum engine load for configuration 5 was set at the optimum (85%
of the installed ICE capacity) engine load. Meaning that the engine load for this configuration could
not go below the optimum engine load. The reason for this choice is that if the engine load would be
decreased to a low power output when the power demand was low, due to the low maximum transient
load capabilities, the engine output could not have increased fast enough to cope with the high power
demand. Due to this choice in the simulation, this configuration will waste/destroy energy, when the
battery is full and the power output is higher than the power demand. Therefore, the full consumption
is higher than preferred in this configuration.

The fuel consumption for all configurations is based on the fuel consumption of the Vox Amalia
during operation. When estimating the fuel consumption, the trend of the fuel consumption could be
accurately estimated (after using a correction factor) within 0% difference. However, for individual
weeks the fuel consumption is not accurately estimated. For the simulation the fuel consumption was
estimated for only 30 days (more than 4 weeks). However, the total costs (and thus cost of fuel) is
extrapolated to a 25 year lifetime. The fuel consumption will be different for different projects in reality,
due the different power demand. The kustlijnzorg project was a project with a very high power demand.
Thus in the 25 year lifespan of the vessel, the Vox Amalia will also dredge on projects with a lower power
demand. Therefore fuel consumption on other projects will be lower than is estimated in this simulation.
Furthermore, the fuel is estimated with one engine instead of the three main engines and a correction
factor is used to still get an accurate fuel estimation.

The fuel consumption of a dual-fuel ammonia/MGO engine and a dual-fuel ammonia/hydrogen en-
gine was estimated with a correction factor. This factor was based on the TRL and the poor combustion
characteristics of ammonia.

Furthermore, the extra weight due to the different tanks is not taken into account. An ammonia tanks
needs to be pressurized to 8 bar, while an MGO can be stored at ambient conditions. Therefore, an
ammonia tank is more heavy than a MGO tank. This would further increase the weight of configurations
that use ammonia and this is not incorporated in this research. Additionally, the physical implementation
of the SOFC, engines, ammonia and storage is not taken into account. As mentioned ammonia will
be stored pressurized, and therefore a cylindrical tank will be used. Thus, ammonia tanks cannot be
placed where the MGO tanks are located now.

It was assumed that the battery of the TSHD was full at the start of the 30 day simulation. The
costs for a full battery were not incorporated. The cost for a charging the battery once would result in a
weekly cost, that is less than 0.2% of the total weekly costs. Therefore, these cost could be neglected
for the cost calculations. Additionally, it is assumed that the battery is charged with green electricity in
the port. Therefore, the emissions that are emitted for charging the battery at the port are assumed to
be zero.

Also, the loading process of a hopper is assumed to be constant over time, which is not the case in
reality. Therefore, the influence of a lower hopper capacity on the production capacity could be more
accurately estimated in the future. Moreover, the additional safety measures required for handling
ammonia are not included.

This work has given high level insight into different power train configurations based on ammonia
as a marine fuel. A model was used for simulations with assumptions for the transient load and fuel
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consumption as a output. The aspects discussed above should be taken into account in future work
to get more in-depth insight into which configuration is applicable for powering a future-proof TSHD.
It is expected that the configurations on ammonia become economically more attractive from a more
in-depth analysis for the transient loads and a power management system. When the practical side of
the ammonia configuration (safety and storage) is investigated more in depth, issues of the physical
implication may arise.



Conclusion

The research objective was to determine if it is economically viable to use ammonia as a fuel to decar-
bonize a trailing suction hopper dredger (TSHD). This question is answered with the following findings;

Ammonia has the advantage over other alternative fuels, there is already an industry in the produc-
tion of ammonia. However, the production for both grey and green ammonia is currently not on a scale
that is ready to support the maritime industry. Furthermore, the price of technology is 50% cheaper for
ammonia in comparison with hydrogen, and ammonia can be carbon-free when produced green and
used in combination with a fuel cell.

Ammonia can both be used as fuel in an internal combustion engine (ICE) and a fuel cell. Ammonia
has poor combustion properties, and therefore, a promoter such as hydrogen or MGO is required to
promote combustion. Moreover, the transient load capability of ammonia in combination with an ICE is
low, and a solid oxide fuel cell (SOFC) has almost no transient load capabilities. The set transient load
capability for ammonia in an ICE is 600 kW/s with an installed power of 30,000 kW.

The cycle of a TSHD consists of sailing empty, dredging, sailing full, and discharging. In each of
these operations, different consumers are used. During dredging and discharging, the power demand
is the highest due to the use of both the propellers, dredge pumps, and jet pumps.

The transient loads during dredging are mainly due to the change in propulsion power during dredg-
ing. This propulsion power is a function of drag force and vessel speed. During dredging the vessel
speed changes significantly. furthermore, is the friction force of the draghead dependant on the soil
characteristics and the failure mechanism of the soil. A sudden change in mixture density can result in
a sudden change in power demand.

Due to the high transient load experienced during dredging, the power supply needs to be able to
handle these transient loads. In that way the transient loads can be handled by a battery. Additionally,
the transient loads can be handled with MGO. Furthermore, the ammonia drive concept is an integration
between an ICE, SOFC, and a battery. While the SOFC on ammonia is unable to handle transient loads,
the ICE with ammonia has an maximum change of engine load per second of 2%, and a battery can
handle the transient depending on the C-rating.

A model was created to determine the minimal installed power and battery capacity. This model also
checked if the configuration could handle the dP/dt. During this research, the following three scenarios
have been investigated:

+ Scenario 1, Only the TTW C0,,, emissions are taxed
* Scenario 2, the WTW C0,,., emissions are taxed and grey ammonia is used

+ Scenario 3, The WTW C0,., emissions are taxed and green ammonia is used

Currently, with the business-as-usual parameters, it is not economically viable to use ammonia as
a fuel because it is cheaper to use MGO in combination with a battery for all three scenarios. It is
clear that ammonia can decarbonize a TSHD for scenarios 1 and 3. Furthermore, for scenario 2, grey
ammonia cannot decarbonize a TSHD by definition.
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A sensitivity analysis has been done on fuel costs, carbon taxes, the component price of the SOFC,
and the degradation of the SOFC.

First of all, if the carbon tax doubles (€200/ton), then ammonia is an economically feasible option
for scenario 1. For scenario 2, ammonia is not a feasible option, regardless of the price of carbon. For
scenario 3, the carbon tax has to be €700/kW, which seems unlikely in the near future.

If the current MGO price (€769/ton) increases by 50%, 100%, and 300% for scenarios 1, 2, and 3,
then ammonia is an economically feasible fuel for a TSHD. An increase of 50% is certainly possible in
the near future.

The price of grey ammonia needs to halve to €200/ton to make it the best option in terms of cost
for scenario 1. For scenario 2, when grey ammonia is provided at no cost, then sailing on ammo-
nia becomes cheaper. When the price of green ammonia also drops to €300/ton, then ammonia is
economically feasible to use as a fuel.

When the cost of an SOFC system decreases by 4 times with respect to the current price (€1336/kW),
then ammonia becomes an economically feasible option. For scenarios 2 and 3, even when the SOFC
system is supplied for free, configurations using ammonia are the more expensive option.

If the SOFC does not need replacement in the 25-year lifetime of a TSHD, then ammonia is an
economically feasible option for scenario 1. However, for scenarios 2 and 3, regardless of the SOFC
degradation, configurations on MGO are a better option in terms of cost than configurations that use
ammonia as a fuel.

Thus, ammonia can be an economically viable option to decarbonize a TSHD when the price of
ammonia (Scenario: 50%, 100%, 75%) and SOFC (Scenario: 75%, -, -) decreases, or the price of
MGO (Scenario: 50%, 100%, 300%) and carbon (Scenario: 100%, -, 600%) increases for all scenarios
respectively. Currently, the production of commercially available drivetrain configurations on ammo-
nia is not available. Improvements in transient load capabilities and efficiency of ammonia drivetrain
systems can reduce fuel consumption and improve the economic feasibility of certain configurations.
Furthermore, green ammonia production needs to be developed and increased before it can be globally
used as a maritime fuel.

9.1. Recommendations

In the future all configurations could be better optimized. For example, during the simulations, the
installed power and battery capacity was adjusted with increments of 1,000 kW. If this step size is
changed to 100 kW. Then, each configuration would be more optimized for the power demand. Ad-
ditionally, the simulation itself could simulate to the lowest cost per dredged material directly with a
precision of 1 kW instead of the steps of 1,000 kW. The result would be a lower total cost for each
configuration.

Also, a more detailed power management strategy can be developed in future research. A power
management system were engines are turned on and off are an interesting addition. When the power
demand is lower, then less engines could possibly be used. The influence of a changing stack load
should also be investigated in the future. During this research the stack load was kept constant at 80%.

The simulation for the fuel consumption can be done for multiple projects in the future. For this
research only the project with the highest power demand was chosen. A high power demand results in
a high fuel consumption. During the 25 year lifespan of the Vox Amalia, the Vox Amalia will dredge on
different projects where each a project has a different power demand and thus a different weekly fuel
consumption. When a variety of projects is used for the fuel consumption, the fuel consumption will be
more accurate for the lifespan of a vessel.

The loading process of a hopper dredger could be investigated in more detail in future research.
During this research the loading process of a hopper was assumed to be linear over time. However,
in reality at the start of the dredging process, the production is the highest and when the hopper is
almost full, the production is the lowest. If this effect is incorporated, a more accurate estimation for
the weekly dredge production can then be made when the weight of the vessel changes due to the
addition of extra fuel or batteries.

The weight of the ammonia tanks is not incorporated in the weight calculations. If this additional
weight would be incorporated, then the total weight of a vessel would change. This would then result
in a different weekly dredge production. However, this difference is expected to be small.

The volumetric constraints are not taken into account during this research. The available space on a
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TSHD and the space required for the new equipment (SOFC, battery and fuel) should be investigated.
It is possible that there is not enough space on board and that the hopper or the range of the vessel
need to be decreased in order for a configuration to be physically feasible.

Finally, the power demand can be investigated more in-depth in the future. Opportunities to reduce
the transient loads during dredging or discharging should be investigated. If these transient load can
be reduced, then configurations on ammonia can become economically more attractive.
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Appendix B

B.1. Results
B.1.1. Carbon tax

—— Conventional

1 MGO + battery
—— 2 DF MGO NH3
—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

Carbon cost [€/ton]

Figure B.1: The cost of dredged material for different carbon tax for every configuration for scenario 3.
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B.1. Results

B.1.2. MGO cost

—— Conventional

—— 1 MGO + battery

—— 2 DF MGO NH3

—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

MGO cost [€/ton]

Figure B.2: The cost of dredged material for different MGO cost for every configuration for scenario 2.

—— Conventional

—— 1 MGO + battery

—— 2 DF MGO NH3

—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

MGO cost [€/ton]

Figure B.3: The cost of dredged material for different MGO cost for every configuration for scenario 3.
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B.1.3. Ammonia cost

—— Conventional

—— 1 MGO + battery

—— 2 DF MGO NH3

—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery

5 Ammoniadrive + battery

Cost of dredged material [€/m3]

Ammonia (grey) cost [€/ton]

Figure B.4: The cost of dredged material for different ammonia (grey) cost for every configuration for scenario 2.

—— Conventional

—— 1 MGO + battery

—— 2 DF MGO NH3

—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery

5 Ammoniadrive + battery

Cost of dredged material [€/m3]

Ammonia (green) cost [€/ton]

Figure B.5: The cost of dredged material for different ammonia (green) cost for every configuration for scenario 3.
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B.1.4. SOFC cost

—— Conventional

—— 1 MGO + battery

—— 2 DF MGO NH3

—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

SOFC cost [€/kW]

Figure B.6: The cost of dredged material for different SOFC cost for every configuration for scenario 2.

—— Conventional

—— 1 MGO + battery

—— 2 DF MGO NH3

—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

SOFC cost [€/kW]

Figure B.7: The cost of dredged material for different SOFC cost for every configuration for scenario 3.
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B.1.5. SOFC degradation

—— Conventional

—— 1 MGO + battery

—— 2 DF MGO NH3

—— 3 DF MGO NH3 + battery
—— 4 NH3 SOFC + battery
—— 5 Ammoniadrive + battery

Cost of dredged material [€/m3]

SOFC degradaction [%/1000 hours]

Figure B.8: The cost of dredged material for different SOFC degradation for every configuration for scenario 3.
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Python code

C.1. simulation
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