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Abstract

The yachting industry is committed to contribute its part to reduce environmentally harmful greenhouse
gas emissions. This rapid shift in the industry is induced by regulations, but also by the pursuit of social
acceptance of the industry. However, combining sustainability with pure luxury turns out to be challenging.
An all-electric yacht has been deemed feasible but too limited in operation, however, the increased use of
emerging battery technologies in a yacht is an opportunity. The solution proposed in this study is the plug-
in hybrid electric concept. This propulsion system, compared to a conventional diesel-electric propulsion
system, uses an enlarged battery system capable of being plugged into the local power grid in parallel with
generators that are decreased in size. The intrinsic philosophy of the concept is that the batteries can be
recharged via shore power in marinas, providing a more sustainable source of energy. In this study, three
different yacht sizes are investigated, each with three different all-electric autonomy versions.

Two analyses are performed to gain insight into the feasibility of the concept. A statistical operational voyage
data analysis is performed to obtain a design speed and all-electric autonomy for the concept. The statistics
indicated that the concept only had to be designed for a single design speed, based on a Froude to waterline
length relation. The all-electric autonomy for the concept needs to be designed to be in the range of 2 to
3% of the full range capability to have a significant impact. In addition, a questionnaire was sent to marinas
worldwide to obtain the actual shore power values available. By subtracting the hotel load from these avail-
able shore power values, the available charging powers are obtained. Since shore power varies in different
regions of the world and hotel loads vary by yacht size, there is a wide variation in expected feasibility.

Regression analyses are performed to obtain the different design parameters for the equipment of this con-
cept. Therefore, datasets of lithium-ion batteries and high-speed diesel generator sets are examined. Addi-
tionally, design parameters of the concept specific required auxiliary equipment are determined.

In the design phase, the total available compensation weight is first determined. Therefore, three methods of
weight compensation are introduced based on decreasing the size of the generators, optimising tank usage,
and adding displacement. This results in a maximum weight that can be added by the concept that fits within
the margins of the early stage design. Of this added weight, the three different all-electric autonomy versions
of the concept all take up a different share (0.0%/2.5%/5.0%). The generators are scaled to a single required
design cruise speed, which is derived from the statistical analysis. Using the regression design parameters,
parametric designs are created in accordance with the set weight limit per version. Design characteristics
such as mass, volume, installed generator power, installed battery capacity, and resulting autonomy are de-
termined. The resulting autonomies all fit the design range of the statistical analysis.

The generated effects of these concept versions are determined via a comparison with a diesel-electric bench-
mark on four aspects: Design, Sustainability, Comfort and Operation. The impact on design is examined by
determining the additional weight and volume absorbed. It is found that the impact falls within early stage
design margins due to the reduced size of the generators and is therefore minimised. To determine the im-
pact on sustainability, a life cycle analysis is performed. This is an important decision factor in considering
this concept. Although the results are highly dependent on the input values determined, the maximum the-
oretical impacts are significant. Another important decision factor is the impact on comfort. Since comfort
largely overlaps with pure luxury and an owner often does not want to compromise on luxury, it is desired that
the concept only causes for comfort benefits. The performed qualitative analysis showed that this is the case
when considering noise and vibration, exhaust signature, and operational freedom. Finally, the impact on the
operation itself. It is expected that a customer would not want to compromise on operational capability, so
this impact should be minimised. Although the power output of the generators is reduced, the impact is small
but not zero. This is because the concept uses the power characteristics of the installed battery modules.

In order to test the actual operational capability, a test cruise is carried out along the French and Italian coasts.
This visualises the battery’s state of charge during operation. It was shown that the concept can already
be implemented in small yachts and in the future also in medium-sized yachts. Large yachts are excluded
because their estimated charging times in the different shore power scenarios are too long.
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Introduction

In a world where harmful emissions are being reduced in every possible way, even a ship’s power plant is
subject to innovation. Electrification in all transport industries has its impact on the engine room of a yacht.
Diesel-electric propulsion is becoming the standard in yacht propulsion and marks a shift towards a more
sustainable industry. It represents a departure from the established mechanical propulsion systems that run
on fossil fuels, while maintaining comfort levels. This study proposes a new propulsion concept for the yacht-
ing industry and aims to provide a proof of concept. The new concept extends the electrification while con-
sidering the impact on design, sustainability, comfort and operation.

This rapid shift in the maritime industry is induced by regulations from the International Maritime Organ-
isation (IMO) with its vision to phase out greenhouse gas (GHG) emissions as soon as possible, forcing the
industry to reduce its fossil fuel consumption and develop alternative propulsion systems. The IMO based its
urgency on the conclusions of the third GHG study conducted in 2014 [51], with an update in the fourth GHG
study conducted in 2020 [12]. This found that the shipping industry as a whole emits an average of 1036 mil-
lion tonnes CO, — eq ! per year. With the global anthropogenic emissions averaging at 36745 million tonnes,
the maritime industry is thus responsible for 2.8% of the global GHG emissions.

To ensure that the maritime industry is consistent with the Paris Agreement temperature targets set by the
United Nations [55], regulations are being strengthened towards a 50% reduction in GHG emissions by 2050
compared to 2008 levels. Ultimately, IMO wants the industry to fully decarbonize by the end of this cen-
tury. With this goal in mind, the IMO has set three different levels of ambition that will lead to regulation
of emissions in the design phase of a ship, but also in its operation [32]. An example of this is the sulphur
cap that came into force in 2020, which reduces GHG emissions from shipping by using much lighter distil-
lates. The author of DNV-GL created a model projecting the effects of full decarbonization for the industry
and concluded that to completely phase out these GHG emissions, fossil fuel use must be cut out completely
[8]. This confronts the maritime industry with the exploration of alternative propulsion systems and power
plant options, accompanied by a switch to alternative energy sources. In particular, the increasing supply of
renewable energy to the power grid creates the potential for renewable energy stored in on-board batteries to
become a key technology [26].

Accounting for 0.01% of the total global emissions (4.9% of maritime emissions), the yachting industry has
an obligation to do its part [51]. Reducing their share while meeting the high demands of their customers is
an ambitious challenge. Customers’ demands are usually not limited to the desire to reduce harmful emis-
sions, but also consist of an increase in comfort or the desire to install the latest technology. Legislation and
customer demands play an important role, but are accompanied by public opinion, which can be decisive.
As Feadship’s head of design, Ronno Schouten, explained, "Yachts will not be socially accepted in the future if
they do not become more sustainable." Therefore, in parallel with the maritime industry as a whole, battery
technology is being considered as a solution for a yacht’s power plant, due to its silent and local zero-emission
characteristic supported by rapid development and extended implementation in other industries.

1 Carbon dioxide (CO2), methane (C Hy) and nitrous oxide (N, O) are the three main GHGs. Their combined contribution is presented in
a single value based on Global Warming Potential (GWP): CO2-equivalent (CO2 — eq).



4 1. Introduction

The leading industry in powertrain electrification is the automotive industry, as the electric vehicle (EV) mar-
ket is steadily growing and taking an ever-increasing market share from conventional vehicles. All major
automakers, led by Tesla, have at least one all-electric model in their lineup. Consultancy firms such as, but
not limited to, Deloitte [62] and Bloomberg [38], predict that the share of all new EVs sold will increase to 10%
by 2025, with a possible expansion to 25% in the following five years. This ongoing development in various
industries is improving battery technology and increasing its energy density in terms of both weight and vol-
ume. This plays into the hands of the maritime (i.e. yachting) industry, where energy demand is high but
available space and weight are limited.

Electric propulsion in the maritime industry has been around since the early 1900s. Over the centuries it
has been widely used on various types of ships, mainly naval vessels and passenger ships, as explained by
Moreno Saiz and Pigazo Lépez [40]. The option of going fully electric on a superyacht is deemed feasible by
Akershoek. However, he concluded that an all-electric yacht will have some limitations compared to a regular
superyacht. It is in fact limited in customer specifications in terms of range, speed, and charging time, mainly
caused by a poor charging infrastructure [3].

An intermediate option that has the potential to disregard these limitations, yet still increase sustainability
and comfort, is a plug-in hybrid electric superyacht. It is a concept designed to increase a superyacht’s shore
bound electrical energy demand by displacing part of the distance in complete silence using shore power
stored in the batteries. In this way, fossil fuel consumption and corresponding local emissions will decrease,
contributing to a more sustainable industry, while maintaining (or increasing) performance and comfort.
This concept leverages current developments in the battery and renewable energy industries and has also
been proven in the automotive industry [38, 62]. However, it has not yet been implemented at this scale in
the maritime industry.

De Voogt Naval Architects (DVNA), a subsidiary of Feadship, is a naval architect company active in the supery-
acht market that wants to make its portfolio more sustainable by expanding it with a plug-in hybrid concept.
They have already conducted a preliminary study on the feasibility of a 45m plug-in hybrid superyacht. Yet
little is known about the characteristics and implications of such a concept applied in a superyacht. There-
fore, they concluded that an in-depth scientific study is needed to determine the characteristics and impact
of the new concept and take the next step to make the industry more sustainable.

1.1. The plug-in hybrid electric concept

The propulsion system proposed in this study is a new electric concept with a plug-in hybrid power supply.
It complements all the advantages that a diesel-electric configuration offers when used in a yacht. The ad-
vantages are that noise and vibration levels can be more easily controlled by locating the generators freely in
the vessel and mounting them resilient. The elimination of some of the mechanical components results in
lower maintenance requirements, thus reducing operating costs. Power transmission via the ship’s on-board
electrical system provides design freedom in the type of propulsor. Options can broadly include an azimuth
or podded propulsor, which eliminates the need for a rudder and has less appendage drag [5, 18]. The disad-
vantage, however, is that the DE concept comes with higher investment costs and transmission losses. These
transmission losses can be as high as 5 to 10%, which can be compensated for by reducing the resistance of
the appendages, although this results in a net decrease in efficiency if the design is poor [1]. This concept
is favourable when a large non-propulsive electrical load is expected. In a yacht, such large hotel loads are
present. The number of generators running can be controlled to operate near peak efficiency at all loads,
especially increasing efficiency at lower loads [18, 21]. For more information on this, the reader is referred to
the study by Nessink [41].

The studied concept is not yet widely used in the maritime industry, therefore technical information on this
concept is lacking. The automotive industry has a comparable technology that is widely used in their plug-
in Hybrid Electric Vehicle (PHEV). Therefore, a comparison is made with the automotive industry to obtain
relevant information as the working principle of the concept is similar in both industries. A plug-in hybrid
electric power plant is considered in the automotive industry as an upgrade of the hybrid electric power plant
with increased energy storage capacity, capable of plugging into the local power grid [4, 52]. The concept used
in the yachting industry would follow a similar philosophy to that of the automotive industry.

Suppes et al. [52] explains that the plug-in hybrid power plant originated as a transition technology for hy-
drogen cars towards a hydrogen refuelling infrastructure, but soon found its application in conventional
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petroleum-powered vehicles. As an upgrade of the hybrid car, this plug-in electric concept has an increased
energy storage capacity that enables it to displace part of the fossil fuel distance using only battery power -
more than the hybrid concept [63, 65]. The term known in the automotive industry for the displaced distance
at a given speed using only stored electrical energy is the All-Electric Range (AER), or the related All-Electric
Time (AET). Both are referred to as concept autonomy. This characteristic differs per type, model, and brand
and is an important design feature for PHEVs or EVs [4, 46, 58]. This characteristic is therefore also used in
the design of a plug-in yacht.

The studied concept has a hybrid electrical power supply. This means that multiple energy sources provide
electrical energy in parallel to the on-board power system, either via generators, fuel cells, and/or energy
storage systems (ESS) such as batteries [18]. In this study, generators in combination with batteries as ESS are
considered. A simplified one-line diagram of the considered concept configuration is shown in Figure 1.1.
The size of the generator can potentially be reduced while still meeting the power requirements. The ability
to charge the batteries via the local power grid reduces fuel consumption and therefore local emissions. It
should be noted that this does not per se reduce global environmental impacts, as the electricity generated
may or may not be generated via renewable sources. Only if this is the case can it be concluded that the
concept is more sustainable and/or future ready[57].

Plug-in hybrid electric concept

{ N\ N N\
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Figure 1.1: A simplified one-line diagram of the plug-in hybrid electric concept proposed configuration.

In the automotive industry, the PHEV has several operating modes installed. The two main modes are the
charge-depleting (CD) and the charge-sustaining (CS) modes. The first mode is the all-electric mode, where
the battery is used to power the motors and little to no fuel is used. When the battery is depleted, operation
continues in CS mode. In this mode, the PHEV is operated like a hybrid, with the generators providing power
and keeping the battery level as low as possible [46, 63]. More complex modes, whose implementation in a
yacht can be studied, are not considered in this study, but can be very interesting. An example is a mode in
which the generators operate to charge the batteries and simultaneously drive the propulsor. This leads to an
increased amount of time a yacht can operate in CD mode. This does not lead to a reduction in emissions,
but can be used because of regulatory requirements in sailing areas or due to guest requests. For example, if
the batteries are depleted and a specific emission control area is to be visited, then a fully charged battery is
of great importance. Sailing in a battery charging mode immediately prior to entry can ensure this.

1.2. Potential of the plug-in

Powertrain electrification is a hot topic in the yachting industry as well as in the maritime industry as a whole.
In parallel, onshore power generation is becoming increasingly renewable. The combination of the two is the
potential that arises for the plug-in concept. It combines both trends by increasing a superyacht’s onshore
power demand, storing the energy and using it for silent propulsion. As aresult, it can replace part of the fossil
fuel distance by using only battery power. The corresponding local emissions will decrease, contributing to
a more sustainable industry. Note the difference with the principle of "cold ironing", which is known in the
maritime industry for the principle of increasing shore-bound electricity demand to replace ships’ auxiliary
engines when they are in port. This principle is limited only to the use of shore power while in port and not
using it for propulsion, whereas sailing on shore power is exactly what the plug-in yacht concept is all about.

The concept has been implemented before in the yachting industry, albeit in much smaller yachts. Compa-
nies such as Greenline Yachts [19] and Silent Yachts [50] have developed their hybrid electric yachts, which



6 1. Introduction

are up to 80ft long. Both use solar panels and a range extender - a smaller generator - to provide the energy
needed for the desired range before recharging. The energy collected from the sun is temporarily stored in
lithium-ion batteries. The closest the superyacht industry has come to implementing the plug-in concept in
superyachts is with the installed hybrid electric propulsion system on MY Savannah.

1.3. Problem statement

The combination of stringent emission regulations and luxury is challenging, although by displacing part of
the distance on shore power stored in batteries, GHG emissions are expected to decrease, while subsequently
maintaining or increasing the comfort and performance level of a yacht. Especially when considering the
expected future renewable developments of the onshore power grid. The concept is a proven technology in
the automotive industry, where the energy demand is significantly lower than in the maritime industry, but
little is known about its application in the maritime industry, especially for yachts.

Yachts have a very different operating profile compared to the international merchant fleet, as yachts are
typically anchored in a bay, berthed in a marina for extended periods of time, or sailing short distances at
low speed. These modes of operation require less energy than sailing cruise modes, plus the longer periods
in port have potential. This creates an opportunity for the plug-in concept by powering these (expected)
low energy demands via batteries that are charged while berthed in a marina. However, such a concept will
only be installed in a yacht if the owner and designer know in advance what impact it will have on design,
comfort, and operation. This provides the basis for this research. Accordingly, the problem statement can be
summarised in the following main research question:

What is the impact of a plug-in hybrid electric concept on the design and operation of a
superyacht, supported by the added value for the owner?

The goal of this study is to provide a proof of concept and describe its effects. This way, designers can ade-
quately inform clients of the pros and cons of this concept when discussing the multiple propulsion system
options. Therefore, this research is limited to exploring different versions of the concept and determine the
extent of their effects, rather than optimising a single one. A proof of concept is provided when a version
of the concept results in a yearly positive effect on sustainability of 10%, while sustaining or increasing her
yearly comfort levels and maintaining operational performance levels. This goal is obtained with the use of
expert opinion at DVNA.

1.4. Research questions

In order to systematically accomplish this goal, the main research question in this thesis is supported by five
sub-questions. These sub-questions are related to the energy demand, storage, and supply of the concept,
subsequently resulting in a parametric design and impacts. These questions are answered first before attend-
ing the main research question and objective.

. What is the expected operational usage of a plug-in hybrid electric superyacht?

. What are the basic design parameters of required equipment on the market?

1
2
3. What is the available current and future shore power infrastructure?
4. What are the resulting parametric designs of the concept?

5

. What are the characteristic effects of the concept on design, sustainability, comfort, and operation?

1.5. Document structure
To answer the five questions, this study distinguishes four different phases:

Partl  Introduction & Concept Exploration
Partll  Technical Analysis

PartIIl Concept Design

PartIV  Effects & Debrief
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In the first phase, the problem and concept were introduced in the introduction, then their drivers and en-
ablers are explored in Chapter 2. These will be used to determine the design approach for the remainder of
this study. This method is explained in Chapter 3.

In the second phase, several technical analyses are performed to determine the input values and design con-
straints for the design process. First, in Chapter 4, the design benchmark is established with several Feadship
yachts and a diesel-electric configuration. Next, in Chapter 5, a statistical analysis of operational voyage data
is performed to determine the design speed and range of the concept. To conclude this phase, in Chapter 6,
data from a shore power survey is analysed to determine the actual shore power available in marinas.

In the third phase, the determined input values and design constraints are used. The design methodology is
first discussed in Chapter 7, then the parametric concept designs are created and presented in Chapter 8.

In the fourth phase, the resulting concept designs are used in combination with the established benchmark
to determine the potential impacts in Chapter 9. The four studied impacts are design, sustainability, comfort,
and operation. In Chapter 10 a test itinerary is sailed to check the operational performance of the concept
versions. These findings and impacts are then used in Chapter 11 to provide an answer to the research ques-
tion and whether the research objective has been achieved. Chapter 12 discusses the simplifications and
research uncertainties, along with recommendations for further research.






Concept Exploration

During the concept exploration, the drivers & enablers of the concept are explored. The drivers for DVNA
to study this concept are firstly the environmental regulations and secondly the induced modern trends in
the industry. Both are discussed in the first two sections of this chapter. Since the enablers of the concept
are based on the expected increasing sustainability and usage, preliminary studies on both subjects are con-
ducted in the succeeding two sections.

2.1. Environmental regulations

A key driver for this concept is adherence to existing and future environmental regulations. These provide an
important framework for evaluating the plug-in hybrid electric concept as an alternative marine propulsion
system. The International Maritime Organisation (IMO) is the international regulatory body for the ship-
ping industry, established by the United Nations (UN), and responsible for the environmental performance
of international shipping. At the end of the last century, it adopted several amendments to the International
Convention for the Prevention of Pollution from Ships (MARPOL) (1973). These amendments focus on the
MARPOL Annex VI Prevention of Air Pollution from Ships (1997), which limits emissions of greenhouse gases,
NO, and SOy. Over the years, environmental problems became more urgent, leading to the Paris Agreement
goals of the United Nations [55]. As a result, Marine Environment Protection Committee (MEPC) Session
72 (2018) set an initial strategy with the urgent goal of phasing out GHG emissions as soon as possible this
century, leading to further amendments added to the MARPOL Treaty [32]. This includes further implemen-
tation of the Energy Efficiency Design Index (EEDI) for new ships; a reduction in CO; emissions towards 70%
by 2050 compared to 2008 levels, with a reduction of 40% in 2030 as an interim target; GHG emissions to peak
as soon as possible, followed by a reduction of 50% from 2008 levels by 2050 [32]. These targets have been
set to initiate active research and development in alternative fuels and power plants, as it is expected that the
agreed targets cannot be met with the use of fossil fuels. In this way, the industry is forced to innovate and
thus this new concept is being considered.

The strategy is supported by regulations that yachts are required to comply with, however most yachts already
comply or fall below the thresholds for compliance. There is only one that may limit the cruising experience
of guests: the restriction in sailing areas by (future) Emission Control Areas (ECAs), shown in Figure 2.1. These
ECAs are enforced in Particularly Sensitive Sea Areas (PSSAs) defined by the IMO. ECAs are areas where re-
strictions on local NO, and SO, emissions are tightened towards Tier IIT and 0.1% to achieve consecutive
NOy, SO, and PM emission reductions. Because yachts comply with sulphur ECAs due to their low sulphur
fuels, the figure does not distinguish between sulphur ECAs and nitrogen ECAs. As shown, there are currently
several areas: The North American Area (since 2012) and the North European Area (since 2021). The North
American area includes the Pacific and Atlantic coasts, as well as Caribbean Sea and the coasts of Hawaii.
The Northern European area includes the Baltic Sea and North Sea [29-31]. All are typical cruising areas for
yachts. Figure 2.1 also shows that possible future ECAs are located in areas where yachts are present, e.g. the
Mediterranean Sea. One area not mentioned in this legislation is the Arctic, where HFO use has been banned
since 2021 and more are expected [49].
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M e

\ POSSIBLE
FUTURE ECA

Figure 2.1: Global ECAs as introduced in MARPOL annex VI.

Almost all yachts built by Feadship sail in European waters at least once a year, so they must comply with EU
regulations. These are in line with the standards set by the IMO, but allow for local and/or national regula-
tions. One example is Norway. Their government has enacted stricter local emissions regulations to protect
UNESCO-protected fjords from local greenhouse gas emissions. By 2026 at the latest, all vessels visiting the
Geiranger and Neroy fjords on Norway’s west coast must be emission-free. The regulations also ban the use
of scrubbers [9]. Another example, but outside the EU, is the Galapagos Archipelago. This is a PSSA where
national legislation is adopted to control the harmful emissions from the yachting industry by issuing permits
[64]. It is expected that these areas with stricter national regulations will not be the last. Mainly because na-
tions want to protect their pristine nature and IMO regulation takes a long time before it is actually adopted.
Governments can then take the initiative and regulate themselves.

2.2. Modern trends in yachting

The other important driver for this concept is the social acceptance of the yachting industry. All stakeholders
are influenced by these societal views and associated actions, creating modern trends in the industry. These
trends in the industry are important to make a disruptive change, such as the new plug-in hybrid concept,
successful. Therefore, the trends per stakeholder in the yachting industry will be analysed.

To start with DVNA and Feadship as stakeholders. Throughout the industry, designers and builders feel com-
mitted to the climate crisis and therefore financially support NGOs [39]. Examples include the Blue Ma-
rine Foundation, Safety4Seas, or the philanthropic Water Revolution Foundation (WRF) founded in 2019 by
leaders of the yachting industry. All are non-profit organisations with the goal of neutralising the yachting
industry’s environmental footprint and preserving the world’s precious oceans through collaboration and in-
novation. In addition to supporting and establishing these organisations, superyacht design and engineering
firms are steering their new clients in the sustainable direction by designing technically feasible sustainable
concept superyachts. Feadship designers have created designs such as Aeon (2009), the first concept with an
eco-friendly attitude by running fuel cells on synthetic diesel [13], the groundbreaking Breathe (2010), which
reduced her fuel consumption by up to 40

This trend can be observed among superyacht builders, but not only there. In the ever-changing luxury land-
scape, owners’ desires are also trending towards sustainability, as the founder and creative director of Winch
Design, Andrew Winch, explains, "Today’s superyacht owners are younger and more in tune with the cli-
mate crisis around us, and therefore either request or are open to, innovative, sustainable yacht design" [37].
This trend is indicated by the first hybrid-electric Motor Yacht (MY) with an installed MWh battery capacity,
launched by Feadship in 2015: MY Savannah (image 2.3a) - based on the aforementioned innovative sustain-
able concept yacht Breathe. Her pioneering design is aimed at fuel savings of up to 30%, resulting in a signif-
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(a) Concept Breathe, 2010 [14]. (b) Concept Escape, 2020 [17].

Figure 2.2: Climate-conscious concept yachts, developed by Feadship.

icant reduction in GHG emissions [15]. Newer Feadships with a sustainable philosophy are MY Najiba, with
her lightweight aluminium hull and small engines, or MY Lonian (image 2.3b), which is a smart hybrid with a
Direct Current (DC) grid and has optimised battery capacity. Nowadays, a (more or less defined) sustainable
approach to design is required by most owners. The extent to which sustainability is actually implemented
in the design is, as the senior specialist at De Voogt Naval Architects, Bram Jongepier, explains, "a question of

the priority that owners give to sustainability over pure luxury.".!

(a) MY Savannah, 2015 [15]. (b) MY Lonian, 2018 [16].

Figure 2.3: Delivered climate-conscious yachts, designed and built by Feadship

It is not only the yachts that are becoming more sustainable. The marinas as their facilitators are also becom-
ing more climate-conscious, or at least a trend can be observed. Innovations such as the Seabin, which acts as
a floating trash can that skims the surface of the water by pumping water into it, are becoming more prevalent
in the industry [54]. In addition, the EU Parliament advocates for regulating access to ports for the most pol-
luting ships via port state control and is promoting the use of clean on-shore power supply. This is supported
by the national power grid increasing its power capacity and becoming increasingly renewable by improving
renewable energy production [26]. This has an indirect impact on the sustainability of the recharge, as some
marinas currently supply energy via diesel generators ashore to meet high energy demands.

2.3. Sustainability of the recharge

An enabler for this concept is the increasing sustainability of the national power grid, increasing the sustain-
ability of charging in a marina. When a vessel’s plug is plugged into the shore power pedestal, it is often au-
tomatically assumed that this is the most sustainable way to generate power. No internal combustion engine
is started to meet the energy demand, subsequently there is no air or noise pollution, and therefore it must
be sustainable, is a common thought. However, the fact that there are no local emissions does not inherently
mean that it is more sustainable and/or that there are no harmful greenhouse gas emissions at all. In con-
trast, Kumar et al. [35] concluded that sometimes connecting to the local power grid is actually more harmful
to the environment than running the on-board generators. This conclusion varies by country, as emissions

LConversation with E. Reynolds via email, on 9/12/2020
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per kilowatt-hour of electricity generated onshore generally depend on the mix of renewable energy sources
supplying the national electricity grid [25].

The International Energy Agency (IEA) [26] is a major data analyst of global energy production and corre-
sponding emissions. Based on their data, they have created a base case expectation for the future develop-
ment of electricity generation, which is visualised in Figure 2.4. It shows an increase in installed renewable
electricity capacity, with the installed capacity of renewable wind and solar surpassing that of coal in 2024.
These are expectations in terms of global installed capacity, but similar trends are also expected at a national
level [26]. This means that in the future, onshore electrical energy will become increasingly renewable and
therefore the connection to the onshore pedestal will become increasingly more sustainable. However, it is
important to note that these conclusions are based on general national policies and not on policies in local
coastal areas or specific to marinas. Precise information on these areas is design case specific.

The voltage and frequency of the connection varies in different marinas around the world. This problem is
solved with a shore power transformer installed on board, which adjusts the frequency and voltage to the
required level on board. Ultimately, the charging power is determined by the amperage of the connection.
This information is also marina-specific and must be determined.
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Figure 2.4: Future developments of the total installed electricity grid power capacity by fuel and technology in the period up to 2025 [26].

2.4. Fit for purpose

The introduction suggests that the operational behaviour of superyachts fits the low energy requirements of
the concept. The studies of Van Loon and Van Zon [56], Nijhoff [43] and Akershoek [3] are used to confirm
this suggestion, albeit in two different ways. Van Loon and Van Zon and Akershoek obtained this information
by statistically analysing historical AIS data (Automatic Identification System) of 35 Feadships. The study
by Nijhoff [43] is based on a predefined operational profile - an itinerary that is copied from a yacht with a
similar expected operation or one that is chosen arbitrarily. The usage is defined using examples from leading
superyacht charter companies, taking into account the philosophy of his study. All three studies are reviewed
with a focus on geographic and operational usage.

2.4.1. Geographical usage

Superyachts have the advantage of being able to cross seas and oceans, so they move around the globe
throughout the year. Their location mostly depends on the seasons, but also on the wishes of the guests.
Yachts tend to visit similar locations in Europe and North America, so there are several distinct geographi-
cal areas where yachts reside. These are visualised in Figure 2.5. Akershoek [3] distinguishes three different
types of generic geographical profiles where yachts reside throughout the year. These areas can already be
identified by the dark green colour in Figure2.5 of Van Loon and Van Zon, but are now assigned to a specific
operating profile type and subdivided.
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1. Type A - Around Europe, but 90% of the time in the North Mediterranean Sea.

2. Type B - Chasing the sun, while relocating between the North Mediterranean Sea and the North Amer-
ican East Coast.

3. Type C - Around the globe, with no specific residing area.
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Figure 2.5: Generic geographical profile of superyachts throughout the year. The green areas highlight the areas were yachts tend to
reside throughout the year. The dark green areas are the more popular areas, as the Mediterranean and the Caribbean. The typical
routes across the ocean are shown with dotted lines. [56]

2.4.2. Operational usage

In order for the concept to meet the required ranges and speeds, insight into operational use is required.
This is often based on the expected operational profile, which is mandatory estimated information usually
instructed by the owner of the yacht. However, the operational usage is quite different from that of a regular
vessel. Where the merchant shipping fleet is obliged to stay in port for as short a time as possible and spend as
much time in transit as possible, the yachting fleet is characterised by the opposite. The majority of the time
the guests are not on board, in-between stays the crew maintain the yacht and sails the ship to the planned
destination. Once there, guests have their desired length of stay while they enjoy water sports, relax on board,
and rarely being in transit. They are often berthed in the marina of a city where the elite enjoy their jet-set
lifestyle, or anchored in a picturesque bay near a quaint town.

» Akershoek [3] conducted a statistical analysis of the AIS dataset to determine the lengths and speeds
of trips between these destinations. The study made no difference in the type of operating profile in
terms of trip distances between marinas. The results shown in Figure 2.6 confirm the suggestion that
superyachts sail most of the time shorter distances, although he points out that trips of up to 5nm are
neglected in his analysis. These account for 12.3% of the total number of trips. In addition, he showed
conclusions regarding the average annual sailing distance per operational profile type given in Table
2.1. As expected, these show that the average yearly sailed distance increases with the global spread of
residing areas.

Table 2.1: Generic data on the operational profile [3].

Type Residing area Yearly average sailing distance Yearly average sailing speed
[nm] (kts]

A Around Europe 7.000 10-14

B Mediterranean & Caribbean 10.000 12-14

C Around the globe 11.500 12-16
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Figure 2.6: Distance travelled between marinas [3].

Speed [kts]

The study by Van Loon and Van Zon [56] used the AIS dataset to gain insight into the most often sailed
speeds of a yacht. Their first conclusion is that about 90% of the time a yacht is at anchor or moored, it
therefore spends only 10% of the time sailing. This highlights the contradictory use of superyachts com-
pared to the merchant fleet. For the remaining 10%, a generic absolute speed distribution is defined,
from which Akershoek [3] has made an operational profile-specific distribution. These characteristic
speed profiles are included in Appendix A. The data showed a wide operating range, with a high peak
at cruising speeds, mostly between 12 and 14 knots. In addition, little time is spent sailing at maximum
speeds, and lower speeds are used moderately. Furthermore, Van Loon and Van Zon concluded on
the operational profile-type specific yearly average sailing speeds, which are shown in Table 2.1. The
increase in the average may be an effect of the more global residence of that operational profile-type,
resulting in trips of greater distances sailed at cruising speeds having a larger share of the distribu-
tion. This would confirm the suggestion that yachts sail shorter distances at speeds lower than cruising
speed when based in the Mediterranean or Caribbean. However, this conclusion does not take into
account the increase in cruising speeds with increasing yacht length. A study focused on the waterline
length-dependent cruising speeds of yachts is performed by Water Revolution Foundation [61]. A neg-
ative linear relationship with the dimensionless Froude number (2.1) is proposed, see Figure 2.7. This
is then scaled to the actual cruise speed using the definition of William Froude (2.2).

Fn=0.3385—-0.0011 Ly, 2.1)

Veruise = Fn-\/ & Luwi (2.2)

Cruising speed based on waterline length

15 0.40

13 - 035

Fn [-]

Transit speed [kts]
= Froude number [-]

30 40 50 60 70 80 90 100 110 120
Length waterline [m]

Figure 2.7: The suggested transit speed of a yacht based on length by Water Revolution Foundation [61].

In an in-house study, De Voogt Naval Architects [7] examined the behaviour of superyachts using AIS data. It
linked the average speed of a particular voyage to the corresponding distance sailed, which was plotted on a

single

speed-distance diagram. The result was a minor correlation between the two parameters, indicating a

fit for purpose of the proposed concept. However, there are doubts about the validity of the data itself, as the
data appear to be linearized between several time stamps.
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2.5. Batteries as ESS

The proposed concept uses batteries as ESS, to store shore power. The battery most commonly used by
Feadship today is the lithium-ion battery (LIB). This type is also the technology of choice in the automotive
industry. Therefore, this section focuses on the characteristics of this type of battery and the regulations
regarding its implementation in yachts.

2.5.1. Characteristics

Lithium-ion battery cells are generally considered the most promising battery cell because the main metal,
lithium, is widely available, non-toxic, very light, and electropositive [66]. This high electrochemical potential
leads to high energy storage potential. This characteristic varies from type to type, as the composition of each
type greatly affects the balance between capacity and power. Zubi et al. [66] compared several types of LIBs.
Their results are shown in Figure 2.8. They conclude that NCA and NMC battery cells are the most promising.
The difference in rated power leads to a different application in the automotive industry. Both are used in
EVs, but only the NMC in PHEVs.

Lco LMO
Affordability Affordability
Energy Maturity Energy Maturity
Power Materials Powe Materials
Safety Durability Safef Durability
Performance Performance
LFP NCA
Affordability Affordability
Energy Maturity Energ; Maturity
Powe Materials Power Materials
Safef Durability Safety Durability
performance Performance
NMC
Affordability
Energy Maturity
Powe Materials

Safety Durability

Performance

Figure 2.8: A comparison by Zubi et al. [66] of characteristics between commercial LIBs.

The rated power defines the ability of a battery to charge and discharge, limited by the amount of current it
can safely deliver. The safety limit is the internal impedance, or resistance, of the battery. In order to charge a
battery quickly, a high power rating is required. The rate at which the battery can change from fully charged to
fully discharged is the C-rate. Similar to the energy storage potential of LIBs, the power rating is LIB specific.
The capacity of a battery is commonly rated at 1C. This means that a fully charged battery rated at 1 Ak should
provide 1A for 1 hour. If the C-rate of a similarly rated battery drops to 0.5C, it can deliver 0.5A for 2 hours, or
vice versa.

2.5.2. Battery modules

Battery cells alone are too small to meet the energy or power requirements of a ship, so a fixed number of cells
(several hundred) are bundled together to form a module. This module consists of a frame that also protects
the cells from external shocks, heat, or vibration. Several of these modules are then bundled together to
form a battery pack or rack. This rack contains various control and protection systems, such as a Battery
Management System (BMS), cooling system and ventilation system.

The battery modules are controlled by a battery management system (BMS). This system monitors various
battery characteristics to ensure safe and optimal use. The monitored characteristics are: Current (I), Voltage
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(U), State-of-Charge (SoC), State-of-Health (SoH), and Temperatures (7). When a failure occurs, e.g. thermal
runaway of a cell with off-gas emission, the safety systems are activated by the BMS. The SoC is limited by
the battery’s charging window - the minimum and maximum SoC of the battery. This is referred to as the
Depth-of-Discharge (DoD). Overcharging a Li-ion battery reduces the SoH.

To achieve the best SoH and ensure safety, the temperature of the batteries must remain within the limits
defined by the manufacturer. There are two ways to cool the battery packs: Forced air cooling and liquid
cooling. The type is often specified by the manufacturer, as both have different characteristics. Generally,
liquid cooling is more compact, but not always suitable, yet ventilation is already required because of existing
off-gasses. Often the regular ventilation system installed on board is sufficient.

2.5.3. Regulation

The new concept must comply with the current safety standards of the classification societies. These have
issued strict regulations to mitigate the hazards and safety concerns of battery systems. The two considered
classification societies are Lloyd’s Register (LR) and, in the yachting industry, the widely accepted Yacht Code
of the Red Ensign Group (REG).

The most recent codes of the REG are Part A? and Part B® of the Large Yacht Code (LY3). Annex 5 considers
the application of batteries and is applicable to both codes [48]. LR is the classification society most com-
monly used by Feadship, so it is considered in this study. In Part 1, Chapter 2, Section 3.6 of the SSC Code of
LR the yachts have the denomination Special Service Craft (SSC) Yachts. Therefore, they are classified in the
"Rules and Regulation for the Classification of Special Service Craft’[36]. Recently, a new regulation regarding
Hybrid/Hybrid+ vessels has been adopted and added to this code as part 23. At 23.12.2 it states that the elec-
trical energy storage system for hybrid electric power systems must comply with Part 16, Chapter 2, Section
12 ’Batteries’ of the code.

These regulations set design requirements and set the equipment necessary to cool the batteries, ventilate
the rooms, and extinguish any fires. Ventilation of battery rooms is required for two reasons: cooling of the
rooms and venting off-gas out of the rooms. If the installed ventilation fails and a fire occurs, the BMS will
activate the fire fighting system. Both societies state that the system must be a permanently installed system
that can be controlled from a safe position, which is often the deckhouse. They also state that the batteries
may not be placed forward of the bulkhead and that new battery modules must be tested first.

2 Applicable to yachts with a capacity of up to 12 passengers and over 24 metres in length.
3 Applicable to yachts with a capacity of over 12 passengers and of any length.



Design Approach

The concept exploration in the previous chapter provided information on the expected feasibility and fit for
purpose of the concept in the industry, but only limited design criteria or parameters were provided. These
emerge out of a design philosophy of the concept, combined with available technical market solutions.

3.1. Design philosophy

Behind every newly developed concept is a design philosophy that guides the designer in the right direction
for the decisions at hand. This train of thought is consistently followed through in all concept versions. The
end result is a concept design that meets the needs. It is already explained that not a single, but multiple
versions are designed whose impacts are studied. This is to help designers best inform their clients when
considering multiple propulsion options. During this process, you do not want to make rigorous design ad-
justments to implement a particular option. This results in the following design philosophy of the concept:

To sail part of the fossil fuel distance, using shore power stored in batteries, while minimising the impact on
yacht design and corresponding characteristics.

The benchmark propulsion system used to determine the resulting impacts is a diesel-electric configuration.

3.1.1. Design drivers

In order to minimise the impact on the design, it is necessary to know the key drivers that influence the design
of the yacht and that are specific to this concept. These are called design drivers and have been identified
from a comparison with the automotive industry. They are all related to energy and are grouped in the design
driver triangle as shown in Figure 3.1.

The sides of this triangle show the concept properties that have the greatest influence on the two design
drivers touched. Charge availability and performance are both constraints within the design, as the designer
cannot influence the shore power infrastructure. Consequently, concept autonomy is the only property that
can be influenced by the yacht designer. It is expected that the energy demand of a yacht will not change sig-
nificantly when this concept is implemented, therefore the energy storage is the design driver of the concept.

Demand

Autonomy Charge availability

Storage Supply

Charge performance

Figure 3.1: The design driver triangle.
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3.1.2. Design scope

The on-board energy storage is defined by the installed battery size. Considering the lower energy density of
batteries, compared to fossil fuels, additional weight is expected. To meet the design philosophy of minimis-
ing the impact on the design, this weight must be compensated. The following three methods are considered:

* Decrease the size of the installed generators.
¢ Optimise tank usage to operational conditions.
¢ Increase the displacement with a maximum of 5%.

This 5% is considered as a standard design margin by DVNA in the early design stages. What size these gen-
erators are reduced to needs to be studied. The same applies to the effect of optimising tank usage. These
subjects will be addressed and determined later in this report.

3.2. Concept versions

In Section 1.3, it is explained that this study aims to provide a proof of concept rather than optimizing a
single version. Furthermore, this is a new concept in the yachting industry, so the focus cannot be on a single
version. Therefore, multiple versions of the concept are proposed in this section, along with their rationale
and a method for testing their effectiveness.

In section 3.1.1, it is stated that the autonomy of the concept is the only property that can be influenced by
the designer. Since the owner is the main actor in this study and can only decide what the electric range of his
yacht should be, the considered varying parameter is the all-electric range (AER). To what extent the ranges
vary will be determined after a usage analysis. The following concept versions are proposed:

e Short AER
* Mid AER
* Long AER

These differences in range lead to differences in the effectiveness of the concept, since the design philosophy
is to sail part of the fossil fuel distance on shore power. As this range decreases, so does the effectiveness. To
measure the effectiveness of a plug-in hybrid electric concept, one must know the proportion of the distance
sailed using battery power only relative to the total distance sailed. In the automotive industry, this ratio is
referred to as "Utility Factor" (UF). There are several variants of the UE The most commonly considered UF
for assessing general behaviour is the fleet UE as shown in Equation (3.1) [46, 63].

Y. dcp

Fleet UF =
Z dtoml

(3.1

This equation determines the UF using the cumulative electrical distance divided by the cumulative total
displaced distance. Therefore, a large behavioural data set of the entire fleet is required. If the concept has a
UF of 1, then all annually sailed distances are powered by battery power. If the concept has a UF of (almost) 0,
the distance travelled on battery power is negligible and no benefit is derived from the installed configuration.
The UF depends mainly on the installed battery capacity, although many other operational aspects have an
influence. Examples of these aspects are the operating profile and the availability of charging.

3.3. Design method

In this section, a design approach is proposed that systematically determines input parameters, creates de-
signs, and checks the resulting impacts to provide an answer to the main research question. This design
method is divided into three different consecutive phases of the process:

1. Input phase
2. Design phase
3. Impact phase

The steps are discussed separately and are visualised in Figure 3.2.
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Figure 3.2: A flowchart of the proposed design approach.

3.3.1. Determine input

In the input phase, the three design drivers explained in Section 3.1 are elaborated on - Energy demand, stor-
age, and supply. The resulting design constraints are used in the design phase of the concept. Furthermore,
a benchmark is set via several benchmark yachts. Design parameters of these yachts are used in the design
phase.

Energy demand The yacht behaviour discussed in Chapter 2 gives a first insight into the operational be-
haviour of superyachts. An operational analysis provides information on how long a yacht sails and at what
speeds. This information is needed to determine the power and energy requirements of the concept. The
review showed validated data for medium to long distance trips, but no such conclusion could be drawn for
short distance trips. The available AIS data analysis was invalid for trips up to < 5nm. These accounted for
12.3% of the total trips. This partition did not have a significant influence on the created designs of the re-
viewed studies, as these studies did not deviate for short-distance trips within the profile, i.e., the step size
was 50nm in range. However, this may have an impact on the design of the currently studied concept. There-
fore, knowledge of this short-trip operational behaviour needs to be improved in two steps: by refining the
AIS analysis and then by improving the operational analysis. These topics are addressed in Chapter 5.

1. Improve AIS analysis
DVNA has a large AIS dataset at its disposal, concerning all Feadships. The preceding studies performed
by Feadship on behaviour of superyachts are based on this dataset. The problem is that the data is lin-
earised between sampling timestamps. This leads to unrealistic linear behaviour for short trips, while
the effect of this linearisation becomes less significant for longer trips. Therefore, the results are as-
sumed to be valid for longer trips. The short trip linearisation will be solved together with employees of
DVNA by re-evaluating the data.

2. Improve operational analysis
This improved AIS analysis is then used to improve the operational analysis of the defined yacht pro-
files. These profiles only provide information on the full range capabilities, while the studied concept
splits the operational profile into an all-electric and a diesel-electric part. It is expected that statistics
on operational usage will provide the necessary insights for the design. Therefore, operational usage
statistics are added to the currently available operational analyses, using the improved AIS data anal-
ysis. It is chosen to focus on a single operational profile type, Type B, as the largest proportion of the
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Feadship fleet operates according to this profile.! The statistical approach will consist of three different
analyses: the combined trip scatter analysis, the trip distance analysis, and the trip speed analysis.

¢ The trip scatter shows each sailed trip as a data point in a range-speed diagram. This scatter
is used to assess a possible correlation between the sailed distance and the sailed speeds. This
scatter must be constructed with use of the refined AIS-data analysis.

» The trip distance analysis is used to create the trip distance distribution, hence visualising what
share of the total sailed trips consists of what distance. The enclosed area of this histogram is the
total distance sailed. This trip distribution is used as a yearly average. The expected shape, based
on the current available data, is shown as the orange curve in Figure 3.3. This is used to provide a
first indication of an effective AER for the different versions of the concept. The effect of the AER
for trips longer than the designed AER is still present. This effect is measured with in Section 3.2
determined UF and plotted as the green curve. The area enclosed by this curve describes the total
distance sailed fully electric.

Trip distribution (%)

AER Trip distance (nm)

Figure 3.3: An example of the trip distribution.

* The trip speed analysis is used to create the trip speed distribution, hence visualising what share
of sailed trips is sailed on what speeds. This is used to indicate at what speed the AER should be
determined, resulting in an energy demand of that AER.

The current available data suggest that the majority of the shorter trips are sailed at lower speeds, while
the longer trips are sailed at higher transit speeds. This combined with a third power relation between
speed and effective power, a significant higher energy demand for longer trip distances is expected.
This emphasises the underlying focus for this concept is on shorter distance trips. A visualisation is
provided in Figure 3.4.

Pp=c-v3 (3.2)

Energy demand (kWh)

Trip distance (nm)

Figure 3.4: An example of the energy demand over the trip distance.

Energy storage Design parameters regarding the battery systems of the concept are required, before being
able to create a design. These are obtained by performing a market analysis of the currently available batter-
ies. From this, the battery best suited for the intended application is selected. Such battery systems require
auxiliary systems, and are therefore are also considered. These topics are addressed in Appendix C.

1 This is decided after consulting Bram Jongepier, Senior Specialist at DVNA, for an expert opinion
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Energysupply Chapter 2 states that the power grid, and therefore shore power, will be increasingly powered
by more renewable energy sources in the coming years. This will make the use of shore power to power a
yacht an increasingly more sustainable source of energy. However, the extent to which this characteristic
can flourish within the concept will be determined by the shore power supply available at marinas. This
performance determines the time required to fully recharge the batteries. However, there is simply no general
information available. It is therefore studied in Chapter 6.

Since the information is sector specific, a questionnaire is conducted among marinas worldwide to estimate
this value. The questionnaire is conducted in collaboration with Water Revolution Foundation (WRF), as
DVNA has a good relationship with them and WRF has valuable connections in the global marina industry.
The questionnaire focuses on the following three topics:

1. Locate the marina within the geographical usage of a superyacht.
2. Determine the performance of the available shore power.
3. Identify their point of view on making the marina sector more sustainable.

Chapter 2 also notes that the geographical usage of superyachts is not fixed to a single location. While Type A
is mainly found in the Mediterranean, Type B is also found in the Caribbean and along the US East Coast, and
Type C is found worldwide. As mentioned earlier, this study focuses on Type B, therefore this questionnaire
is also aimed at marinas in these areas. For comparison purposes, the available shore power from marinas in
the other areas is also studied.

Benchmark yachts Benchmark yachts are selected for two reasons: to have a benchmark and to obtain
design parameters. This will ultimately make it possible to check whether a version of the concept has the
desired effect compared to the benchmark, and also to determine the amount of compensation weight that
results from reducing the size of the generators. The selected yachts are presented in Chapter 4, together with
their design characteristics and the rationale for the selection.

A division in yacht sizes must be made based on the linear relationship between waterline length and dimen-
sionless cruising speed established in Chapter 2. It is concluded that as the size of a yacht increases, there is
an increase in cruising speeds among the yachts in the fleet. This increase in cruising speeds leads to a higher
required generator power, hence size. Added to this is the suggestion that the percentage of weight absorbed
by the propulsion system relative to displacement is not linearly related to the size of the yacht. This so-called
weight-share is expected to be higher for smaller yachts than for larger yachts, see Figure 3.5. Therefore, the
potential reduction in generator size has a greater effect on smaller yachts than on larger yachts. This is taken
into account by considering the following three length categories:

* Small sized yacht
¢ Medium sized yacht
» Large sized yacht

In line with these relations, it is expected that this decrease in generator size may outweigh the effects of the
added weight of the batteries. This results in the hypothesis that the concept can best be applied in smaller
sized vessels. This is therefore taken into consideration by implementing the defined three AER-versions
(Section 3.2) into the three different sizes of yachts. This results in nine designs in total, summarised in Table
3.1. The general yacht size of these categories is determined by counselling experts at DVNA. They concluded
that nowadays their small sized yachts have a length smaller than 50, medium sized yachts are between
50m and 80m, and large sized yachts are longer than 80m. A reference yacht that is suitable for this study is a
Feadship with a length that fits the length of the category and deemed to be representative by an expert.

Table 3.1: All concept versions of which the effects are to be studied.

AER version
Short Mid Long
Small vl-S  v2-§  v3-§S
Medium | v4-M v5-M  v6-M
Large v7-L  v8-L  v9-L

Yacht size
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Weight-share

Length waterline

Figure 3.5: Expected correlation between yacht size and weight-share

3.3.2. Create designs

In the next phase, the obtained design parameters of the equipment and the insights in yacht usage are used
to scale and create a parametric design of the concept versions of Table 3.1. The design method used is
discussed in Chapter 7, then the actual parametric designs are created in Chapter 8. These are created in
accordance with the design philosophy of Section 3.1 and are additionally bound by the following criteria:

¢ The yacht must be able to sail her transit speed using solely the generators. This sets a lower boundary

condition (BC) for the generator size.

» The yacht must be able to sail at her top speed for a significant period of time. Exactly how long that

is is to be determined from the operational profile. This results in a threshold value for the size of the
battery and generator combined, as shown in Figure 3.6.

Maximum speed

Generator power [kW]

Minimum speed

Battery capacity [kWh]

Figure 3.6: The sizing possibilities of the generator and battery module for the plug-in concept.

With these criteria set, the design is created in the following five steps:

1.

The total available compensation weight is determined for each benchmark yacht. This consists of
decreasing generator size, increasing displacement, and optimising tank usage.

The added power due to increasing draught is determined. This effect of the speed-power curve is

determined with use of the admiralty coefficient method.

The total power demand is determined. Therefore, the hotel load and propulsive power demand are

required. The hotel power is derived from the benchmark yachts. The propulsion power requirement

is obtained from the operational data analysis, where a design speed is determined.

The generators are scaled to the required powers. This scaling results in a partition of the total available

compensation weight being used.

The remaining available compensation weight is filled with batteries and accompanying auxiliary equip-
ment. The total installed battery capacity results in a specific all-electric autonomy per concept version

and corresponding impact. The AER is sailed at a speed determined in the operational analysis.

3.3.3. Check impacts
The impact of the different designs conclude on the main research question of this study, and are discussed
in Chapter 9. This is accomplished by determining four different impacts, discussed separately below:

1.

Impact on design

First, the impact on design is determined by calculating the relative weight and volume share of the
concept with respect to respectively displacement and gross tonnage.

Impact on sustainability

The impact on sustainability is determined via a life cycle assessment (LCA). In this model, the life-
cycle CO»-eq emissions of an energy source are divided into two main phases: well-to-tank (WTT) and
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tank-to-wake (TTW). The two phases combined evaluate the total well-to-wake (WTW) emissions. A
LCA is performed for both energy sources - shore power stored in batteries and MGO. The ratio between
both emissions is defined by the UE as it describes the ratio between the distance sailed fully electric
and the total sailed distance. The considered aspects are the production of MGO, electricity, and also
that of batteries, plus the combustion of MGO.

3. Impact on comfort
It is difficult to quantify the exact impact on comfort characteristics such as smell, noise, and vibrations.
These are therefore evaluated in a qualitative manner, accompanied with an expert opinion of a design
employee within Feadship.

4. Impact on operation
At last, the impact on the operation of the vessel is determined. It shows what the new concept is ca-
pable of in operational terms by indicating in the trip-scatter which trips can be sailed fully electrically,
which on the generators and which on the combined hybrid mode. This automatically indicates the
trips that the concept is not able to make.

3.3.4. Test itinerary

To determine the extent to which the different versions use their installed batteries and the extent to which
they are affected by available shore power, a test cruise is sailed in Chapter 10. During this cruise, the power
and energy demand in different operating modes will be determined. It is expected that these requirements
will differ significantly depending on the size of the yacht. The resulting energy demands are subsequently
powered by different shore power performances throughout different shore power scenarios. The effect of
this on the utilisation of the different versions of the batteries is monitored. From this, conclusions can be
drawn about the feasibility of the different versions.
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Design Benchmark

A benchmark yacht is needed in this study for several reasons: to have design parameters available; to deter-
mine the available compensating weight; and to determine the impact on design and operation. Information
on these yachts, their characteristics, and the rationale for selection is provided in Sections 4.1 and 4.3. The
diesel-electric benchmark configuration is discussed in Section 4.2.
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Figure 4.1: The design process flowchart, with the input part highlighted.

4.1. Yachts

A benchmark yacht sets the standard situation in which the concept is applied and from which the resulting
effects are determined. In this study, three different yachts are considered - one for each of the three length
categories. Which yachts these are and the rationale on which the choice is based is as follows:

e Yacht-S - <50m L,
This yacht is considered because it is a current design number at DVNA with a waterline length of 45m,
thus fitting into the small length category. No specific propulsion system has yet been designed for
this design number. Several options are being considered for this, of which the plug-in hybrid electric
concept is one option being considered.

27



28 4. Design Benchmark

¢ Yacht-M - 50 -80m L,;
This yacht is considered because it is regarded as an average Feadship in terms of size and design.
Therefore, she is more often considered in studies of DVNA. In addition, she falls into the category of
medium sized yachts with a waterline length of about 75m. She is a relatively new yacht equipped with
a diesel-direct configuration.

e Yacht-L-=80m L,
This yacht is being considered because she is often used as a benchmark yacht in studies of DVNA. She
has a waterline length of approximately 100 and thus fits into the large length category. This yacht is
also a relatively new Feadship equipped with a large diesel-electric configuration.

4.2. Diesel-electric Configuration

The benchmark configuration is a diesel-electric configuration with generators in line with associated auxil-
iary equipment and electric motors. The auxiliary equipment considered is a switchboard and a frequency
converter. A configuration with a reduction gearbox in front of the propeller exists but is not common and is
therefore not considered. Figure 4.2 shows the defined benchmark propulsion system with the correspond-
ing individual efficiencies of the components. The installed converter behind the generator is a full-wave
rectifier. For simplicity, a constant efficiency over the entire operating envelope of the generator set and the
electric motor is assumed, as well as for the remainder of the equipment. The number of components in-
stalled is also neglected as the efficiency remains the same - e.g. two generators of 1000ekW each or a single
generator of 2000ekW produce the same electrical brake power. The configuration is powered by Marine
Gas Oil (MGO), also known as Distillate Marine grade A (DMA) - a marine distillate that contains no trace of
residual fuel and is therefore low in sulphur.

Diesel-electric concept
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Figure 4.2: A one-line diagram of the considered benchmark diesel-electric configuration with corresponding efficiencies.

4.3. Design characteristics

The design benchmark is set by the design characteristics of these considered yachts. The design character-
istics considered are waterline length (L,,[), gross tonnage (GT), displacement (A), cruising speed (V;;yise),
maximum speed (V;,4x), associated speed-power curves (vg — Ps) and hotel power (Pjze;). These design
characteristics of the benchmark yachts are shown in Table 4.1. The speed-power curve of Yacht-S shown in
Figure 4.3 is an estimate calculated by naval architect experts from DVNA. The speed-power curves of Yacht-
M and Yacht-L shown in Figure 4.4 and 4.5 consist of actual measured shaft powers during sea-trials. The
hotel power is the rated constant required hotel load in the Mediterranean. This area was chosen because
previous studies concluded that it is home to most of the Feadship fleet at least ones a year.

Table 4.1: The considered design characteristics of the benchmark yachts.

Name Length Volume Displacement Speeds Hotel power
Ly 14 A Ucruise Umax Photel
(m] [GT] [t] [kts] (kts] [kw]
Yacht-S 45.0 500 361.8 10.0 17.0 65.0
Yacht-M 75.0 1600 1318 12.0 18.5 180

Yacht-L 100 4800 3390 14.0 18.5 400
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Figure 4.3: The estimated speed-power curve of Yacht-S.
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Figure 4.4: The measured speed-power curve of Yacht-M during sea-trails.
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Figure 4.5: The measured speed-power curve of Yacht-L during sea-trails.







Operational Voyage Data Analysis

The currently available operational analyses lack information about short trip behaviour, and the AIS data is
linearised between timestamps, as described in Chapter 3. This chapter proposes a solution to these chal-
lenges. Feadship has generic AIS -data at its disposal. Since the proposed new concept does not depend on
operational type (A/B/C), the generic AIS data is sufficient. The operational analysis is performed with the
aim of obtaining statistical insights on the required endurance and performance of the new concept.

5.1. Improve AIS analysis

In order to provide a solution to the problem uncovered in the AIS data, the root cause must first be deter-
mined. The available AIS dataset of Feadship is shown in the scatter plot of Figure 5.1. After careful review of
the AIS data in collaboration with Feadship staff, the root cause of the linear behaviour was found. It shows
this linear behaviour due to the sampling frequency of the data.

4096

1024

g

Trip distance [nm]
2

0 5 10 15 2 25 0
Average frip speed [kts]

Figure 5.1: The trip scatter of the AIS-data with an hourly sample-period.
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Feadship has developed a AIS data analysis algorithm to determine the trips sailed from an AIS dataset. This
algorithm uses the timestamp in combination with the associated speed to determine if the trip has ended.
If the speed at a given timestamp is less than 2.5kts, the algorithm defines the trip as completed. Since the
timestamp only occurs with a certain sampling period in between due to the sampling frequency, the trip
only ends at a timestamp with 7n- times the sampling period in between.

In the original case, this algorithm is applied to a large AIS dataset with a low sampling frequency. In this case,
the sample period between timestamps is a single hour, so a trip can only have a duration of -1 hours. The
characteristics of this dataset are shown in Table 5.1. These trips are plotted in the trip scatter shown in Figure
5.1. In this figure, the trip distance is plotted versus the average trip speed of a single completed trip. Note
the logarithmic scale on the y-axis. Additional information is plotted on both axes in the form of a histogram
trend line of the data plotted on each axis.

The data points in the trip scatter plot have a relation to the duration of a single trip, as shown in Equation
(5.1). The parallel lines shown in Figure 5.1 resemble this relation with the sampling period.

Sailed distance

Trip duration = (5.1)

v Average trip speed

The proposed solution is to use a dataset with a high sampling frequency. The obtained dataset is a two-week
recording of the Feadship fleet with a sampling period of 3 minutes. After processing this dataset using the
processing algorithm, this resulted in the characteristics as shown in Table 5.1 and the trip scatter shown in
Figure 5.2. The general behaviour is quite similar to that of the scatter plotted earlier. However, the lower part
of the figure shows that yachts also sail short trips at varying speeds and not only at lower speeds. This shows
that the higher frequency dataset resolves the linearisation of the results. This dataset is considered too small
to lead to relevant conclusions, nevertheless it seems to validate the trends from the larger dataset. To enlarge
the usability of this dataset for future research and be able to draw potentially relevant conclusions, Feadship
is expanding its fleet with yachts that have high frequency AIS sampling equipment installed on board.

4096

1024

(nm]
N
(=]

Trip distance

0 5 10 15 2 25 0
Average frip speed [kts]

Figure 5.2: The trip scatter of the AIS-data with a three minute sample-period.

For this study, it was decided to merge both the low sample frequency data and the high sample frequency
data. This would reflect the usage of a yacht as best as possible with the available data at hand. The resulting
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data characteristics are shown in Table 5.1, and are equal to almost 22 years of recorded data. In which 50
unique yachts sail a distance of slightly more than 105 times around the globe. The resulting trip scatter is
shown in Figure 5.3. When in the remainder of this study is referred to AIS-data or dataset, this combined
dataset is meant.
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Figure 5.3: The trip scatter o both AIS-datasets combined.

Table 5.1: Characteristics of the different AIS-datasets.

Characteristic Low frequency High frequency Combined
Number of uniquely observed yacht 50 17 50
Number of recorded trips 10990 102 11092
Total uptime [hours] 190308 1085 191393
Total sailed distance [nm] 2267732 12349 2280081

5.2. Improve operational analysis

To improve the AIS analysis, additional statistics are generated. Therefore, the histograms plotted on each
axis of Figure 5.3 are first reviewed separately, after which conclusions regarding the trip scatter are drawn.
On the x-axis of the trip scatter, a histogram of average trip speed is plotted, and on the y-axis of the trip
scatter, a histogram of the trip distance is plotted on a logarithmic scale.

5.2.1. Design speed

The speed histogram isolated from the top of Figure 5.3 is shown in Figure 5.4. This figure provides infor-
mation about what average speeds are most often sailed, and thus what average trip speeds the new concept
will most likely sail. This provides information on whether the operational profile of a yacht matches the
operational capabilities of the concept, or whether the concept needs to be designed to sail in such a way
that it is capable of sailing at these speeds. The influenced design parameter of the yacht is the required in-
stalled power, due to the relation between the speeds sailed and the required installed power of the concept.
Since lower speed cruises have lower power requirements than higher speed cruises, this factor is the main
design driver for the concept’s power requirements. In addition, the design speed concluded on is used as the
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constant speed in the determination of the AER per concept version.

The figure shows that the most often sailed average trip speed is almost equal to the mean average trip speed.
The mode (or modal value) is 10.5k¢s, while the mean is 9.7k¢s. This indicates that it is sufficient to design
for a single operating speed. This is lower than the mean design cruise speed of the fleet, which is 12.0kzs.
This discrepancy is caused by the fact that it is not a measurement of the most frequently sailed speed during
a trip, but only an average speed during the trip. The lower speeds sailed when entering or leaving a marina
cause a reduction in that figure, and since the more frequently sailed trips have a shorter distance, this has a
significant impact. Looking at the most frequently sailed speeds during a trip, taken from an internal study
by DVNA (see Figure 5.5), a peak is seen at an average cruising speed of 12.0kts. This is the actual speed at
which will be operated on most frequently. Therefore, the design speed of the concept is focused to be the
design cruising speed of the yacht.
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Figure 5.4: The histogram of the average trip speeds.
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Figure 5.5: The histogram of the most frequently sailed speeds.

In Section 2.4, the Water Revolution Foundation showed that the speed profile of a yacht depends on the
length of the waterline. They showed a negative correlation between waterline length and Froude number,
implying that longer yachts generally sail at higher cruising speeds than shorter yachts. This correlation is
verified by dividing the dataset into the three defined length categories. Table 5.2 shows the number of yachts
present in a specific length category.

Using the waterline lengths of the benchmark yachts in the categories, the length-specific Froude number is
determined. The speed profiles of the length categories are visualised in Figure 5.6. The length categories
clearly show the shift towards higher average trip speeds as the waterline length increases, confirming the
findings of the Water Revolution Foundation. This is accounted for by using the waterline length-dependent
cruising speed to determine the design speed of a concept version, as this represents the actual cruising speed
sailed by that yacht. These speeds are given in the last column of Table 5.2.
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Table 5.2: The number of yacht present in a specific length category and waterline length-dependent cruising speed.

Length category Number of yachts Length dependent cruising speed

Up to 50m 16 13.9
50m to 80m 25 13.5
80m and up 9 11.8
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Figure 5.6: The histogram of the average trip speed, including categories.

5.2.2. Design range

The trip distance histogram isolated from the right-hand side of Figure 5.3 is shown in Figure 5.7. This pro-
vides information on what distances are sailed most often, and thus about which distances the new concept
will most likely sail. This information affects the all-electric endurance required, and thus the total electrical
energy demand, of the new concept. It must be noted that the data is plotted on a logarithmic base 2 scale.

Within the AIS data used, no distinction is made as to whether the trips are port to port, anchorage to anchor-
age, port to anchorage, or vice versa. These are all defined as trips within this study as it was out of scope to
improve Feadship’s AIS-data analysis algorithm.

The data shows that the most frequently sailed trip distance is 23.8nm, but since the figure is right skewed
on a logarithmic basis, the mean is 205.6nm. This is a large discrepancy between the two values, suggesting
that there is no single specific electrical design distance for the concept. As a result, the AER is variable in the
design phase. The majority of the trips range between approximately 25nm to 200nm, so it is expected that
the AER should fit within that range to have a significant impact.
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Figure 5.7: The histogram of the sailed trip distance.

To what extent a specific AER can have a theoretical maximum impact on the full range capabilities and to
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what extent this increases over the course of the total sailed distance is determined with use of a cumulative
density function (CDF) of the data. Since the principle of the concept is to sail part of the total distance on
shore power, a possible theoretical maximum effect can be indicated on part of the full range. This CDF of
the obtained dataset is shown in Figure 5.8.
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Figure 5.8: The cumulative density function of the sailed trip distance.

The two lines in the CDE a blue line and an orange line, represent the data. These lines represent the share
of the total number of trips and the share of the total distance sailed, respectively. This gives an indication of
the impact of a particular AER. Since the mode of the trip distance is 23.8nm, a steep incline in occurrence is
observed for shorter distances. However, the sum of these many short-distance trips represents only a small
fraction of the total distance travelled, so that the distance curve has a rather low slope. On the contrary, only
a small number of long-distance trips have a large contribution to the distance share. A slight increase in the
occurrence share at longer distances therefore leads to a steep incline of the distance curve.

In the figure, two areas are coloured, a green area and a grey area. These areas represent which part of the trips
is sailed with guests on board, and which part is sailed with only crew on board. Using an expert opinion!,
it is estimated that the maximum distance sailed with guests on board is approximately 150nm. It must
be noted that in the available dataset, no info on guest or crew-only is available. The value used here is
therefore a rough estimate, but based on a maximum guest trip duration of approximately 8 hours at high
speeds (= 18kts). This duration is based on the trip duration histogram shown in Figure 5.9. Again, this is a
right-skewed figure with a mean of 17.3 hours and a mode of 3.0 hours. A middle value is arbitrarily chosen

that corresponds to a sailing time between breakfast and dinner.
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Figure 5.9: The histogram of the trip duration.

1 This is decided after consultation with Bram Jongepier, Senior Specialist at DVNA, for an expert opinion
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5.2.3. Trip scatter

The trip scatter shows that the majority of the shorter trips are sailed at lower speeds than the mode of 10.5k¢s.
When the trip distance increases, the average trip speed increases to a value closer to that mode. The long
distance trips without guests on board (= 150nm) have their speeds focused around the average design cruis-
ing speed of 12.0kts. This would indicate that the trips with guests on board are most often sailed at lower
speeds than cruising speeds.

A correlation between trip distance and trip speed would confirm this suggestion, and indicate the feasibility
of the concept, or to what extent the concept should be able to operate. An exponential regression analysis
of the data is performed with Equation 5.2 to prove a possible correlation. The trip scatter with a suggested
correlation is shown in Figure 5.10.

d=exp(a-vs+Db) (5.2)
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Figure 5.10: The trip scatter with a exponential regression analysis.

The characteristic behaviour of yachts has a mild correlation between both trip distance and speed, yet
deemed too mild. This is because different operational aspects present in different zones of the trip scat-
ter are not taken into account within this regression.

¢ A suggested maximum cruise duration in the top left zone.
* An suggested influence of guest presence in the middle trip distance zone.
¢ A fuel capacity limit in the top right zone.

It makes no sense to sail such great distances as a Mediterranean crossing at the average speed at which
one normally has dinner cruises along the coast. This would take up an unnecessary amount of time, so
there are no trips in that zone. The dispersion of trip speeds in the middle trip distance zone can possibly be
attributed to the presence of guests on board. These could require fast transit between destinations, or rather
a moderate trip along the coastline. The combination of both would explain the dispersion. The focus of
long-distance trips (= 1000n2m) at about 12 to 15 knots is due to limited fuel capacity on board, resulting in a
maximum stored energy. Due to the third power relationship between power and speed (see equation (3.2)),
the energy requirement is much higher at higher speeds. As a consequence, sailing over longer distances at
these higher speeds is not possible because too little energy is stored on board.






Shore Power Availability

Part of the design philosophy of the concept under study is to sail part of the distance on shore power stored
on board. Therefore, insight into the shore power connections available worldwide is needed. To gain this
insight, a survey among marinas located around the world is conducted. The questionnaire itself and the
results are attached in AppendixD. The resulting average shore powers are analysed in this chapter to deter-
mine an average charge power per residing yacht area and per yacht size category. In addition, the difference
between shore power and charging power is addressed. The required charging time is then used to evaluate
the feasible battery capacities under three different charging infrastructure scenarios.

6.1. Charge power
The determined shore power averages (Pgp,0re) indicate the current average power of the connection in their
specific area. These are summarised in Table 6.1. These are used to determine the average maximum amount
of energy that a shore connection can deliver to a yacht (Egj,re) in a given period of time - this is called the
shore power capacity. Equation (6.1) shows that this capacity is entirely dependent on the total time a yacht
is berthed in a marina ().

Esnore = Pshore* tp (6.1)

The amount of available shore power capacity over time spent in a marina is shown in Figure 6.1. The survey
found that yachts spend on average between twelve hours and two days in a marina. Therefore, these two
time periods are used as benchmark parameters and shown in the figure. This figure shows a variation in
shore power capacity across all areas, but particularly an unsatisfactory shore power supply in the Caribbean.

Table 6.1: The current average available shore powers in different regions.

Area Adriatic Sea Caribbean Sea Mediterranean Sea Other areas
(kW] (kw] [kw] (kW]
Shore power 494 109 594 541

This shore power capacity does not directly indicate the amount of energy available to charge the battery. In
fact, part of the available shore power is used for the hotel operation of the yacht (Py4s;). The hotel power
values of the benchmark yachts in Chapter 4 are used. The hotel power is subtracted from the available shore
power to obtain the available charging power (P¢pqrge), see Equation 6.3.

Pcharge = Psnore = Photel (6.2)
Echarge = Pcharge Iy (6.3)

The hotel power demand varies for different yachts, but in general it can be stated that a larger yacht with
more GT has a larger hotel power requirement than a smaller yacht. More specifically, this leads to small
yachts having a larger charging capacity available than larger yachts. The result is that, in addition to regional
differences, the available charging capacity also varies within the specified length categories. The resulting
average available charging power for the benchmark yachts across regions is shown in Table 6.2.
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Table 6.2: The average available charge powers across the different regions and yacht sizes.

Yacht Adriatic Sea Caribbean Sea Mediterranean Sea Other areas

(kW] (kW] (kW] (kW]
Yacht-S 429 44 529 476
Yacht-M 314 -71 414 361
Yacht-L 94 -291 194 141

These charging powers clearly indicate that a smaller yacht can charge significantly more than a larger yacht,
resulting in shorter charging times. A negative charge power indicates that, on average, a yacht will not be
able to make a connection that meets its power requirements, and thus will never be able to charge its battery.

As mentioned earlier, the power supply in the Caribbean is very poor, so none of the vessels are able to make a
connection or charge their batteries sufficiently. In addition, Yacht-L has limited charging power available in
all regions due to its high hotel power requirement. Yacht-M is able to charge in the remaining three regions,
albeit at a slightly lower power than Yacht-S. This yacht has the highest available charging power in the three
remaining regions, as predicted.

Itis possible to draw conclusions from these trends, but the absolute numbers should be treated with caution.
In Appendix D, it is shown that the deviation per region of available shore power is very large. The Mediter-
ranean Area has a standard deviation of up to 91%! This must be taken into account when considering the
presented figures.

6.2. Shore power scenarios

The low average available charging power might indicate that the plug-in hybrid concept is not feasible for
some yachts in some regions. However, the large variations across all regions suggest that these numbers
should not be relied upon completely. In addition, the available charging power is also highly dependent
on the marinas visited. Therefore, three shore power infrastructure scenarios that a yacht might encounter
during a cruise are considered. These scenarios consider a current, future and desired infrastructure.

1. In the first scenario, the current average shore power availability is considered as the available power.

2. In the second scenario, the expectation that the infrastructure will improve in the future is considered.
According to the results of the questionnaire, the expectation is that the available shore power will
increase with half of the current available power.

3. In the third scenario, a desired situation is considered where the infrastructure improves in the future
and the yacht visits marinas with a more efficient shore power connection more frequently. This results
in an available shore power supply that is approximately twice that of the current infrastructure. Other
areas are slightly lower due to the uncertainty of globally spread marinas.

The resulting available shore powers among the yachts for the different scenarios are shown in Table 6.3.
These arbitrarily chosen values per scenario are based on the expectations resulting from the survey results.
Table 6.4 shows the resulting charging powers of the different yachts.

These scenarios show that the feasibility of the envisioned concept increases significantly with the increase
of available shore power. This effect is present for all yacht sizes and in all areas except the Caribbean. In
addition, Yacht-L is expected to require significantly larger batteries. Therefore, even the charging capacity
in the Mediterranean is expected to be insufficient. A market movement towards building many plug-in
concepts will improve the supply of shore power and further increase the feasibility of the concept.

Table 6.3: The available shore powers across the different regions for the different scenarios.

Scenario AdriaticSea Caribbean Sea MediterraneanSea Other areas

[kw] (kW] (kw] (kW]
Current 494 109 594 541
Future 750 150 850 625

Desired 950 225 1250 750
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Table 6.4: The available charge powers of the different scenarios in the different regions and yacht sizes.

Yacht Scenario AdriaticSea Caribbean Sea MediterraneanSea Other areas

(kW] (kW] (kW] (kW]

Yacht-S Current 163 -15 255 169
Future 429 44 529 476

Desired 885 160 1185 685

Yacht-M  Current 314 -71 414 361
Future 570 -30 670 445

Desired 770 45 1070 570

Yacht-L Current 94 -291 194 141
Future 350 -250 450 225

Desired 550 -175 850 350
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Figure 6.1: The averaged current available shore power capacity.
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Figure 6.2: The expected future available shore power capacity.
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Figure 6.3: The desired available shore power capacity.
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Data Driven Design

This chapter explains the steps that are applied to design the different concept versions. The design decisions
made are based on the results of the operational data analysis. The design philosophy is to minimise the im-
pact on the current design. Therefore, three methods to compensate for the added weight are explained in
Section 7.3. The impact of the additional displacement weight on the design characteristics and the cor-
responding required adjustment of the speed-power curves is explained in Section 7.4. The scaling of the
required equipment of the configuration is explained in Section 7.5. This includes how the auxiliary equip-
ment is scaled to achieve the required powers. Section 7.6 explains how this available compensation weight
is used to determine the all-electric range (AER), but first the design scope is defined in Section 7.1 and the
design process is explained in Section 7.2. The actual parametric concept designs are created in Chapter 8.
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Figure 7.1: The design process flowchart, with the design part highlighted.
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7.1. Design scope

Defining the scope of design is essential. This focuses the design of the envisaged concept on a workable
number of options, rather than an infinite number of options. This section looks at the results of the technical
analysis to define the scope of the concept design.

* The concept design is limited to the configurations presented in the introduction. The configuration
with corresponding efficiencies is shown in Figure 7.2. The design freedom is limited to altering the size
of the required components. It is known that for certain components a different type can be chosen,
which then influences the composition of the components, for example a permanent magnet electric
motor eliminating the inverter. In this way, the concept could be optimised, but as mentioned in the
introduction, this research is limited to explore different options, instead of optimising a single version.
Furthermore, similar to the benchmark configuration of Section 4.2, the number of specific installed
components is neglected. Only the design parameters of the specific machinery as a whole are taken
into account.

Compared to the presented benchmark in Figure 4.2, the machinery that is added are the battery
and the accompanying converter (coloured green). The generator, accompanying converter and the
switchboard (coloured yellow) are the components that are to be re-scaled. The proposed configuration
is an intermediate version that is expected to score well on performance, controllability, and thus safety.
The presented efficiencies are averaged constants and deemed market representative.

¢ The design speed is set to be the waterline length-dependent cruising speed defined in Chapter 2. This
is in line with the conclusions of Section 5.2.1. As a result, the installed generators do not need to have
more power than required at cruising speeds.

¢ The addition in displacement of the yacht is the design variable. This results in more weight being avail-
able for batteries, yielding a differing autonomy per concept version. This is in line with the conclusions
of Section 5.2.2.
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Figure 7.2: A one-line diagram of the considered concept configuration.
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Figure 7.3: A one-line diagram of the benchmark configuration.
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7.2. Design process

The autonomy is the crucial parameter in the design of the new concept. It is therefore of great importance
to determine this in a systematic way. The process is shown in Figure 7.4. This full electrical range depends
mainly on the amount of on-board stored energy, hence depends on the available weight, so first the max-
imum capacity that can possibly be placed on-board is determined. First, the total available compensation
weight is determined. This results in an increased displacement for specific concept versions, therefore the
speed-power curves have to be adjusted. With the total available weight and adjusted speed-power curves
known, the equipment of the concept can be scaled and implemented into the vessel. This results in an
available weight for the battery, from which the autonomy can be determined.
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Figure 7.4: A process diagram of the required steps to determine the autonomy.

7.3. Available compensation weight

The weight available for compensation is an important feature that mostly determines the viability of the
plug-in hybrid concept. The more weight available for compensation, the more batteries can be placed on
board, thus more installed capacity resulting in an increased AER. This section describes the three methods
that result in the total amount of available weight for compensation: decreasing the generators; optimising
tank usage; increasing displacement.

1. The principle of the first method is to decrease the generators to the minimum power required. The
DE-configuration presented in Figure 4.2 is used as a base case, in which the generators are scaled to
the required power. This scaling is done later on in the design. This results in the configuration being
completely removed in this step. It must be noted that only the components of the DE-configuration
that are being re-scaled during the design of the new concept are removed. The resulting available
weight is determined in the following steps:

(a) Checkif the original installed configuration is a DE or a DD-configuration.

e Ifitis a DE-configuration, then proceed to the next step.

e If it is a DD-configuration, then the configuration is converted to a DE-configuration. This
is accomplished by deleting the installed steering equipment plus propeller, and replacing it
with thruster propulsion modules of the required power plus the required electrical auxiliary
equipment. This includes the frequency converters and the switchboards.

(b) The installed engines, gearboxes, generators, auxiliary generators/ESS and enclosed mechanical
fluids are removed out of the yacht. This results in a yacht with a DE-configuration, yet only with
a generator set missing.

(c) The generator sets are later scaled to the required powers, resulting in a new weight and volume
of the generator set.

2. An additional way to save weight, specific to yachts, is to optimise tank usage according to the opera-
tional usage. Currently, yachts have their fuel tanks filled as much as possible, thereby having the full
range at their disposal at all times. This range is often between 4000 to 5000 nautical miles. After re-
viewing the trip distance diagrams in Chapter 5, it is concluded that this is most often not necessary
to meet the required range of the sailed trips. This is especially not necessary for trips with guests on
board, as these have an estimated range of = 150nm. Therefore, it has been determined that during a
guest stay a tank fill rate of 75% is sufficient to satisfy all trips except the Atlantic Ocean crossing. On
the contrary, when yachts cross that Atlantic Ocean, the full range and thus a tank fill rate of 100% is re-
quired. However, during such crossing there are no guests and only a few crew members on board. The
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crew present is only the crew required for that crossing. With less people on board, a smaller amount
of fresh water is required on-board. The required quantity during a crossing is estimated at 30% of the
total fresh water tank capacity. Additional tanks that are able to save weight during a crossing are the
pool and the helicopter fuel tanks. During a crossing, these tanks are considered empty. An empty he-
licopter fuel tank can be an operational problem, as this cannot be discharged easily. Nevertheless, it
will be considered, as it can be taken into account in operational planning.

It must be noted that this method of saving weight by optimising tank usage results in significantly
stringent operating conditions, as the intact/damage stability is most likely to change significantly. The
compensation weight available is the weight of the operating condition with the smallest difference
between the original state and the two discussed states. The original state is the state with all discussed
tanks 100% filled.

Table 7.1: The tank fill rate under different operating conditions.

Tank Installed capacity Used capacity
Gueststay Crossing
Fuel oil 100% 70% 100%
Fresh water 100% 100% 30%
Pools 100% 100% 0%
Heli fuel 100% 100% 0%

3. The third method is to increase the displacement of the vessel, defined as weight-share addition (W S;44;ti0n)-
The designer is allowed to increase the draught of the yacht by adding a maximum of 5% on top of her
displacement. This minimises the impact on the design. Furthermore, 5% is considered by DVNA as a
standard marge during early stage design stages and therefore implemented with little effort. This is set
as a maximum design condition. The minimum design condition used is the available compensation
weight mentioned earlier. This is the amount of weight that can be freely added (0.0% weight-share ad-
dition). Both minimum and maximum design conditions define the short and long AER version of the
concept, as more available weight for the batteries results in a greater autonomy. The middle version is
defined as the average of both weight additions, i.e. 2.5%.

Table 7.2: The weight-share addition per AER version.

AER version Weight-share addition

Short 0.0%
Mid 2.5%
Long 5.0%

The combined available weight of the tank fill rate (m,4,ks), decrease generator size (Mgenerator), and weight-
share increase of displacement (A), is the total weight available for compensation of the added weight of the
battery and generators of the proposed new concept.

Mapail = WSaddition * A+ Mianks + Mgenerator (7.1)

7.4. Adjustment speed-power curves

Figure 7.1 shows that feedback on design characteristics is provided and used in the design process. The
design characteristic considered is the impact on the speed-power curve of the vessel when it is weighted
with the battery. The admiralty coefficient method is used to determine the adjusted speed-power curve.
One can also use a power and energy prediction method specifically for early stage design to predict the
required power and energy demands. Such a method specific to energy prediction of yachts in early-stage
design is presented in the study of Odendaal [44]. However, due to the large number of input values for such
methods, the much more simplified admiralty coefficient method is preferred in this study.

The admiralty coefficient method is used in the preliminary design stages to estimate the required power for
different sailing speeds. The method calculates the admiralty coefficient (C4) according to Equation (7.3),
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with use of displacement (A), ship speed (vs), and shaft power (Pg). This coefficient has similar values for
vessels similar in type, displacement, power, and speed. Because the concept is tested for actual designed
yachts, the actual original displacement (A;) and speed-power curves are known (Ps,). Accordingly, their
corresponding admiralty coefficient can be calculated. After the yacht is weighted with the battery and the
displacement is adjusted (A»), this figure is then used in Equation (7.4) to determine the adjusted required
shaft powers (Ps,). This results in a modified speed-power curve, specific to a yacht and AER-version.

Ay =1+ WSgadition) - M1 (7.2)
A2/3. )3
Cyp=—1+—2 (7.3)
Py,
A2/3. )3
Py, =—=2—°% 7.4
2 CA ( )

This information is used as feedback to the power determination blocks, as it influences the propulsive power
at cruise and maximum speeds. This subsequently has an influence on the required size of the generators and
auxiliary equipment.

7.5. Equipment scaling

The configurations consist primarily of a battery as ESS and a generator set, but auxiliary equipment must
also be considered. This equipment, such as cooling, scales with the installed battery capacity, while gener-
ators, switchboards, and converters scale with the required power. Section 7.1 discusses that the generators
must be of such power that they can deliver exactly the required power at the cruising speed of the specific
concept version. This includes propulsion and hotel power.

The generators are scaled with use of the adjusted speed power curves and according to the power densities as
determined in Appendix B. This yields a new weight and volume of the generator set. A converter is required
to convert the generated electrical current into the required DC voltage for which the installed switchboard
is designed. The switchboard is designed to withstand the maximum amount of electric power indicated by
the load balance, thus the combined maximum propulsive plus hotel power. In addition to the switchboard
present in an DE-configuration, a component is required to control the battery. Only this part of this switch-
board is scaled. Additional service spaces must be taken into account, as the equipment must be able to be
maintained and/or operated by the crew.

The battery is scaled according to the energy densities and packing factors, as determined in Appendix C. This
packing factor includes the cooling equipment, which is installed capacity dependent, and the additional
service spaces of the battery. According to the manufacturer, no additional ventilation is required.

This results in added weight and absorbed volume by the equipment of the configuration, combined with the
total installed energy storage capacity of the battery (Ep ().

Mpatt = Mayail — Mequip (7.5)
Epart = Mpatt* Pbate (7.6)

7.6. Autonomy determination

This installed energy storage capacity is used to power the yacht during a trip. The exact autonomy of the
concept is entirely dependent on the actual operational usage of the yacht. To take this into account, the
following three conditions are set at which the AER is determined:

1. The trip is sailed in sea trial state.
2. The trip is sailed at a constant cruising speed.
3. The trip is sailed in constant Mediterranean weather conditions.

The first condition yields that the speed-power curves of sea trials are valid. The supplied curves state the
shaft power (P;) over ship speed relation (vs). This is transformed to a required electrical energy demand (F)
after the energy source, i.e., either the generator set or the battery. The efficiencies shown in Figure 7.2 are
used for this calculation, resulting in an electrical-mechanical efficiency (ngy) of 93.6%. By not including
the difference in electric-mechanical efficiency over the course of varying powers, a simplification has been



50 7. Data Driven Design

implemented in this calculation. The gearbox efficiency is absent, because it is an electrical configuration
and there is no need to install a gearbox.

NEM =M fc Nswbd " Nfi*MNem (7.7)
. P,

Eprop = (78)
NEM

The second condition leads to a constant required propulsive power during a trip and thus to a constant
required electrical energy consumption of the motor. It is decided to use the waterline length-cruising speed
approximation of the WRF described in Chapter 2, after reviewing the data discussed in Chapter 5.

n=0.3385—-0.0011-L,,;
Veruise = Fn+ /& Lwi

The third condition causes an assumed constant required hotel power during a trip, hence a constant re-
quired electric energy consumption for hotel loads. HVAC loads take up almost half of the hotel load, the
remainder hotel loads are also assumed constant. As the weather conditions differ around the globe, a single
area is chosen to have stable conditions. The Mediterranean Sea is again chosen as the considered area, as
this is where yachts reside the most and the best shore powers are available. Hotel power demand is trans-
formed into a required electrical energy demand with the use of the electrical-electrical efficiency (ngg). The
efficiencies shown in Figure 7.2 are used for this calculation, resulting in an electrical-electrical efficiency of
96.5%.

NEE =T fc Nswbd N fi (7.9)
. P
Enorer = =2 (7.10)
NEE

The total electrical energy consumption during a trip is the summation of both propulsion and hotel values.

Ps 4 Protel
NEM NEE (7.11)
= Eprop + Epotel

With the maximum installed electrical capacity on-board determined in Equation (7.6), the time for which the
configuration is able to power the yacht fully electrical can be calculated. This is autonomy is split into two
all-electric times (AETS): the AEThore; and AET¢ryise- The AE Thorer is the time the batteries can power the
hotel operation of a yacht when anchored. The AET,, ;. is the time the batteries can power the hotel plus
the propulsive operation of a yacht during a cruise at the design cruise speed. Subsequently, this AET, ;s
is used in combination with the defined design cruising speed to determine the all-electric range (AER).

E
AEThpre1 = 2201 (7.12)

hotel

E
AETcryise = batt

(7.13)
tot

AER = v¢ryise AETcruise (7.14)



Parametric concept design

In this chapter, the method explained in Chapter 7 is used to generate the parametric concept designs. The
compensation weight is determined in Section 8.1, then the speed-power curves are adjusted in Section 8.2
to scale the equipment in Section 8.3. The resulting autonomy per version is presented in Section 8.4.

In total, nine parametric conceptual designs are created and examined in this study. Among these nine de-
signs, a subdivision was made into autonomy and yacht waterline length, see Table 8.1. There are three
different autonomy versions of the concept depending on the weight-share addition for each length category
of yachts. This is shown in the last column. The designs of the concept versions are a parametric design,
indicating the size and volume of the equipment according to their autonomy.

Table 8.1: The nine different to be designed concept versions.

Concept version Size category (L,,;) Autonomy version Weight-share addition

v1-S Up to 50m Short 0.0%
v2-S Up to 50m Mid 2.5%
v3-S Up to 50m Long 5.0%
v4-M 50-80m Short 0.0%
v5-M 50-80m Mid 2.5%
v6-M 50-80m Long 5.0%
v7-L 80m and above Short 0.0%
v8-L 80m and above Mid 2.5%
v9-L 80m and above Long 5.0%

8.1. Available compensation weight

As a start, the available compensation weight by decreasing the generators is calculated. This is different per
yacht and size category, therefore the benchmark yachts are considered in order to obtain actual values. First,
it is checked if all the benchmark yachts have a DE-configuration installed. This is not the case. Yacht-M has
a DD-configuration installed. This is taken into account by removing a total 31.5¢ for steering equipment and
propeller. It is replaced with a 4000kW thruster, weighing around 42.4¢ including the additional equipment.
The determination of the available compensation weight by decreasing the generators is provided in Table
8.2. Note that the new generators and auxiliary equipment are yet to be scaled.

As second, the available compensation weight by optimising tank usage according to the aforementioned
method is determined. MGO is used as fuel 0il (0.000860¢/¢r) and kerosene as helicopter fuel (0.000804¢/1¢r)
[59]. The different weights of the tanks in different operating conditions are shown in Table 8.3-8.5. Yacht-
S has the smallest difference between installed and crossing capacity, yielding a 5.9¢ available weight for
compensation. Yacht-M has the smallest difference between installed and guest capacity, yielding a 28.4¢
available weight for compensation. Yacht-L has the smallest difference between installed and crossing stay
capacity, yielding a 89.8¢ available weight for compensation.

51
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Table 8.2: The available compensation weight by decreasing generators.

Component Yacht-S Yacht-M Yacht-L
[t] (t] [t]
ME 9.7 21.5 72.5
Auxiliary generator/ESS 5.6 11.6 14.4
Gearbox 0.0 5.8 21.3
DD-DE compensation 0.0 -10.9 0.0
Total 15.3 28.0 108.2

Table 8.3: The available compensation weight by optimising tank usage for Yacht-S.

Tank Tank capacity Filling
Installed Gueststay Crossing
[t] [t] [t]
Fuel oil (MGO) 26.0 19.5 26.0
Fresh water 4.9 4.9 1.5
Heli fuel (Kerosine) 0.0 0.0 0.0
Pool 2.5 2.5 0.0
Total 33.3 26.9 27.4

Table 8.4: The available compensation weight by optimising tank usage for Yacht-M.

Tank Tank capacity Filling
Installed Gueststay Crossing
[t] [t] [t]
Fuel oil (MGO) 113.5 85.1 113.5
Fresh water 33.2 33.2 10.0
Heli fuel (Kerosene) 0.0 0.0 0.0
Pool 20.8 20.8 0.0
Total 167.5 139.1 123.5

Table 8.5: The available compensation weight by optimising tank usage for Yacht-L.

Tank Tank capacity Filling
Installed Guest stay Crossing
[t] (t] [t]
Fuel oil (MGO) 360.3 270.2 360.3
Fresh water 97.1 97.1 29.1
Heli fuel (Kerosene) 8.6 8.6 0.0
Pool 13.2 13.2 0.0
Total 479.2 389.1 389.4

Before the equipment is scaled, the third method to add weight on board is applied - The increase of dis-
placement according to the weight-share addition of the versions as stated in Table 8.1. This increase in
displacement is bound by the 5% design limitation. The sum of the three methods results in the total avail-
able weight for compensation. These weights differ significantly per version of the concept, as shown in Table

8.6.
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Table 8.6: The total available weight for compensation.

Compensation

. Yacht-S Yacht-M Yacht-L
weight

0.0% 25% 5.0% 00% 25% 50% 00% 25% 5.0%

[t] (t] [t] [t] [t] [t] [t] [t] [t]
Decreasing generators 15.3 153 153 28.0 28.0 28.0 108.2 108.2 108.2
Optimising tank usage 5.9 5.9 5.9 284 284 284 89.8 89.8 89.8
Weight-share addition 0.0 9.0 18.1 0.0 33.0 659 0.0 84.8 169.5
Total 21.2 30.2 393 564 89.4 122.3 198.0 2828 367.5

8.2. Adjustment speed-power curves

The weight-share addition per version causes for a difference in propulsive power required per version. To
determine this increase in power, the admiralty coefficient method is applied, as explained in Section 7.4.
The increase in weight-share is the only added weight with respect to the sea trial displacement of the yacht.
Therefore, the new displacement of the concept version can be determined directly, hence the adjusted
speed-power curve. These adjusted curves are depicted in Appendix E.

In order to scale the generators to the required power, the cruising speed is first determined. As mentioned
earlier, this speed is determined according to the length-speed relation of Equation 2.1 resolved by theWater
Revolution Foundation. Using the corresponding adjusted speed-power curve, this yields the required shaft
powers, as shown in Table 8.7.

Table 8.7: The estimated cruising speeds of the different sized yachts, resulting in the required shaft powers.

Conc.ep ! Length Speed Power
version

Ly Fy Ucruise Umax  Pscruise  Psmax

[m] [-] [m/s] [|kts] [kts] (kW] (kW]
vl-S 45 0.29 6.07 11.8 17.0 313.8 1759
v2-S 45 0.29 6.07 11.8 17.0 319.0 1789
v3-S 45 0.29 6.07 11.8 17.0 324.2 1818
v4-M 75 0.26 6.94 13.5 18,5 1209 3294
v5-M 75 0.26 6.94 13.5 185 1229 3349
v6-M 75 0.26 6.94 13.5 185 1249 3403
v7-L 100 0.23 7.16 13.9 185 2562 6582
v8-L 100 0.23 7.16 139 185 2605 6691
v9-L 100 0.23 7.16 139 185 2647 6799

8.3. Equipment scaling

This available weight is the design freedom of the concept version. The battery, generators, and auxiliary
equipment are scaled to take up all this weight. This is done by first scaling the generators and auxiliary
equipment per version to the required size and then scaling the battery to the remaining weight. Using the
feedback from the previous section, the propulsion power at cruising speed for scaling the generators is de-
termined, as shown in Table 8.8. The auxiliary equipment must be able to cope with the required maximum
power. Therefore, the shaft powers at maximum speed are also determined. In addition to the loads asso-
ciated with propulsion operations, the loads associated with hotel operations increase the total power. The
hotel loads are yacht size specific. They are listed together with the totals in the last columns of Table 8.8.
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Table 8.8: The resulting required shaft powers, related hotel loads and summed total loads at the energy sources (E).

Con(Eept Shaft power Hotel power Total power
version

Ps,cruise Ps,mux Photel Pt,cruise Pt,max

(kW] (kW] (kW] (kW] (kW]

v1l-S 313.8 1759 65.0 402.5 1946
v2-S 319.0 1789 65.0 408.0 1977
v3-S 324.2 1818 65.0 413.5 2008
v4-M 1209 3294 180 1478 3704
v5-M 1229 3349 180 1499 3763
v6-M 1249 3403 180 1520 3820
v7-L 2562 6582 400 3151 7443
v8-L 2605 6691 400 3196 7560
v9-L 2647 6799 400 3241 7676

With the required powers known, the generator sets and corresponding auxiliary equipment can be scaled.
Their design parameters are determined in Appendix B, and are the following: The gravimetric power den-
sity of the generator sets (0g gens) is 106ekW /¢ and has a determined density (pgens) of 0.67 t/m3. The cor-
responding weight (0g qux) and volume (pv,qux) of the power dependent auxiliary equipment and service
spaces are taken into account with the determined values of 0.00171¢/ekW and 0.00565m>/ekW .

Ptat,cr uise

Mgens = ——— 8.1)
Pg.gens
m
Vgens = —— 8.2)
Pgens
Maux = Prot,max - Pg,aux (8.3)
Vaux = Ptot,max * PV,aux (8.4)

The remainder of the available weight is available for the battery and associated cooling equipment. This
therefore indicates the installed capacity per concept version. These design parameters are determined in
Appendix C, and take the depth-of-discharge (DoD) of 75% and an end-of-life (EoL) of 90% of the battery
into account. As a result, the energy densities shown are the usable energies of the battery. The resulting
parameters are the following: The gravimetric energy density of the battery (og parr) is 124kWh/t, with a
volumetric energy density (0v pas;) of 183kW h/m3. The corresponding weight and volume of the auxiliary
equipment of the battery and service spaces are taken into account by dividing both densities of the battery
with the corresponding dimensionless packing factors (PF) - 1.004 for weight and 1.203 for volume. This
packing factor takes the service spaces and cooling equipment for the batteries into account.

Mpatt = Mavail — Mgens — Mgens,aux (8.5)
Pg,batt
Epatt = Mpare - (8.6)
a a PE,,
Ep
Vbarr = o 8.7
PV,batt
PFy

Combining these densities with the previously determined values for available compensation weight and
required power yields the mass and volume sizes of the various concept versions shown in Table 8.9. The
battery capacity shown is the total usable capacity of the installed battery. This takes into account the DoD
of 75% and an EOL of 90% of the battery. These parameters have been incorporated into the energy density
of the battery. Therefore, the actual installed battery capacity of the concept versions are higher by a factor of
1.48.
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Table 8.9: The mass and volume parameters of the designed concept versions, and corresponding installed battery capacity.

Conc.ept M.ass Generators Aw.ﬂllary Battery Configuration
version available equipment
Mass Mass Volume Mass Volume Mass Volume Capacity Mass Volume
[tl [t] [m°] [t] [m°] [t] [m®] [kWh] [t [m°]
v1-S 21.2 3.80 5.67 3.33 11.0 14.0 11.4 1736 21.2 28.1
v2-S 30.3 3.85 5.75 3.38 11.2 23.0 18.6 2836 30.3 35.5
v3-S 39.3 3.90 5.82 3.43 11.3 32.0 259 3937 39.3 43.0
v4-M 56.4 13.9 20.8 6.33 20.9 36.1 29.2 4446 56.4 70.9
v5-M 89.3 14.1 21.1 6.43 21.3 68.8 55.6 8467 89.3 98.0
v6-M 122 14.3 21.4 6.53 21.6 101 82.0 12487 122 125
v7-L 198 29.7 44.4 12.7 42.1 156 126 19151 198 212
v8-L 283 30.2 45.0 12.9 42.7 240 194 29510 283 282
v9-L 368 30.6 45.6 13.1 43.4 324 262 39870 368 351

8.4. Autonomy determination

Dividing the installed usable capacity of the battery with the energy consumption during a trip according
to the defined conditions, results in the AET. This defines the time the yacht is able to sail all-electric, thus
without switching on her generators to power the yacht. Multiplying this AET by the cruising speed at which
the trip is sailed, results in the AER the concept is able to sail. These characteristics are summarised in Table
8.10.

The results show that the AET'sy,,.; are all of a very significant length. They are longer than a complete day,
and even increase up to more than four days in the largest concept version. During this time, the generator
sets do not have to be started.

Furthermore, all concept versions are able to sail multiple hours powered by batteries. These AETS¢yise are
all longer than the mode of the trip duration, 3.0 hours, presented in Figure 5.9. They range from several
hours, to an estimated complete cruising day of more than 8 hours, when battery capacity increases through-
out the concept versions.

Additionally, the results show that the concept with the largest range is able to sail a trip from Antibes to
Livorno fully electric, or the concept version with the smallest range from Nice to Saint-Tropez. These full
electric trips range from 40nm to 171 nm among the concept version. This fits within the defined trip distance
range between the mode and the mean, 25nm to 200nm, as presented in Figure 5.7.

Table 8.10: A summary of the design characteristics of the concept versions.

Con(iept Configuration Powers Capacity All-electric
version Battery
Mass Volume Cruise Maximum Installed Usable AEThpe; AETcruise AER
[t] (m?] (kW] (kW] [(kWh] [(kWh] [hrs] [hrs] [nm]
v1-S 21.2 28.1 402.5 1946 2571 1736 26.7 4.3 50.9
v2-S 30.3 35.5 408.0 1977 4202 2836 43.6 7.0 82.0
v3-S 39.3 43.0 413.5 2008 5833 3937 60.6 9.5 112
v4-M 56.4 70.9 1478 3704 6587 4446 24.7 3.0 40.6
v5-M 89.3 98.0 1499 3763 12543 8467 47.0 5.6 76.3
v6-M 122 125 1520 3820 18500 12487 69.4 8.2 111
v7-L 198 212 3151 7443 28372 19151 47.9 6.1 84.5
v8-L 283 282 3196 7560 43719 29510 73.8 9.2 128

v9-L 368 351 3241 7676 59067 39870 99.7 12 171
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Potential Impacts

The effectiveness of the different concept versions designed in Chapter 8 is measured using the fleet utili-
sation factor (UF). The UF method is explained in Section 9.2. This UF is used as a basis in Section 9.3 to
9.5 to determine whether the defined impact objectives of this study in terms of sustainability, comfort, and
operations are achieved, but first the impact on yacht design is determined in Section 9.1.
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Figure 9.1: The design process flowchart, with the impact part highlighted.

9.1. Impact on design

Equipment of an electric configuration can be freely placed within a yacht, as the power transmission is elec-
trical rather than mechanical. Therefore, added batteries and auxiliary equipment can be freely placed. The
main consequence is the additional displacement and absorbed space on board. The effect of the additional
displacement is already adjusted for in Section 8.2, but the effect on the general arrangement is unknown.

* The contribution of the configuration to the mass of the ship is called the weight-share (WS). The
impact on design is quantified by determining the additional mass of the concept compared to the
displacement. The additional mass was bound by design criteria and used as a scaling parameter of
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the concept, therefore the influence of the mass on the design of the versions is directly known.

m
WS = —onf ©.1)
A
Meonf,added
WSadded = —wana ‘ (9.2)

* The volume absorbed by the configuration of the ship’s volume is called the volume-share (VS). The
effect on the design is quantified by determining the additional volume absorbed by the configuration
compared to the volume of the yacht. However, two challenges arise: The volume of the yacht is pre-
sented in Gross Tonnage and the original volume of the benchmark configuration is unknown. This
makes it impossible to determine the additional absorbed volume.

V.
vs= 9.3)
Vyacht
Vconf,added
VSaddea = V— (9.4)
yacht

The first challenge is resolved by converting the yacht’s gross tonnage to cubic meters, using the rela-
tionship defined in Regulation 3 of Annex 1 of The International Convention on Tonnage Measurement
of Ships [27]. The inverse of this relation can only be calculated approximately, since the logarithm is
present in the denominator when the equation is inverted. Therefore, the relation is plotted and the
cubic meter volumes of the yachts are approximated, see Figure 9.2. The figure shows the three bench-
mark yachts considered.

GT=K-V (9.6)
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Figure 9.2: The gross tonnage relation according to Regulation 3 of Annex 1 of The International Convention on Tonnage Measurement
of Ships [27].

The second challenge is solved by careful consideration of the concept-specific equipment shown in
Figure 7.2. The battery, the associated inverter, and the switchboard equipment specific to controlling
the batteries are added to the configuration. This results in only the generator being rescaled when
converting from the benchmark DE configuration to the new concept under study. The volume of the
new configuration is already determined, so the original size of the generator set must be subtracted
from it to determine the added volume.

Vconf,added = Vconf - Vgens,original 9.7
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To determine the original size, the previously determined regression parameters are used in combina-
tion with the originally installed generator power. This provides an indication of the volume of gen-
erator sets originally installed. The determined values can be found in Table 9.1. This is then used to
determine the additional absorbed volume of the plug-in concept.

Pinstalled
Mgens,original = — (9.8)
Pg,gens
m iginal
gens,origina
Veensoriginal = ————————— (9.9)
Pgens

Table 9.1: The estimated original generator set size specific to the three benchmark yachts.

Yacht  Original installed power Estimated original generator set size

[kWe] (m?3)
Yacht-S 2250 31.7
Yacht-M 4500 63.4
Yacht-L 10500 148

The resulting impact on the design of a yacht is shown in Table 9.2. The results show that the added weight-
share is small and within the specified design limits, but the absolute numbers increase significantly as the
yachts become larger. The difference between the total weight-share and added weight-share ranges from
4.3% to 5.9% for the benchmark yachts, resulting in total weight-shares of up to 11%. Yachts-S and Yacht-
L have similar trends in total weight-share, while Yacht-M has a lower share. It is expected that this can be
attributed to the fact that Yacht-M was not originally installed with a DE propulsion system. Therefore, similar
shares can be expected if a medium size yacht is originally equipped with a DE propulsion system.

The effect of reducing the size of the generator sets is clearly visible. For the smallest concept variant, there is
even a small unused volume, although this is probably not reflected in the design. Furthermore, the volume-
share on top of the concept’s additional volume decreases across the three different benchmark yachts. This
ranges from 1.7% (1.5% + 0.2%) for Yacht-S, to 1.1% (1.2% — 0.1%) for Yacht-M, and to 0.9% (1.3% — 0.4%) for
Yacht-L. This can be attributed to the effect explained in the last paragraph of Section3.3.1, where it is stated
that the propulsion system occupies a larger volume fraction in smaller yachts. Therefore, reducing the size
of the generators leads to a more pronounced effect.

The resulting additional volumes do not clearly visualise how this affects the actual space available on a yacht.
By using an average ceiling height of a yacht of 2.1m an indication can be given. Only the largest concept
versions of the benchmark yachts are considered, i.e. concept versions 3, 6, and 9. Concept version 3 takes
up an additional 11.3m3. This is an area of about 5m?, which is roughly equivalent to a small on-board storage
room or a single guest day head. For the medium and large yachts, this area increases significantly to 30m?
and 100m? respectively. For Yacht-M, this is equivalent to the on-board spa or a single guest bathroom. For
Yacht-L, this corresponds to the on-board cinema, a complete guest cabin including bathroom, or a large
portion of the tender storage area. These larger areas can of course also be made up of several smaller rooms.
Avisualisation of concept version 6 can be found in Figure 9.3. Only the concept specific equipment is shown.

9.2. Utilisation Factor

To measure the impact of a concept version with a specific AER, the fleet Utilisation Factor (UF) is used, as
explained in Section 3.2. The UF of the fleet is defined as the ratio between the cumulative distance sailed in
the charge depletion mode (CD-mode), and the summed total distance sailed. In this study, the UF averaged
over the fleet is used as an indication of the actual resulting UF of a single concept version.

_ Xdcp
Z dtotal

To obtain the required values, the AIS dataset from chapter 5 is again used. The individual trip distances
are split into a fossil fuel and an electric distance. It is assumed that each recorded trip had the possibility
to be started with a fully charged battery. This indicates that every trip starts and ends in a marina with a

UF (9.10)
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Figure 9.3: Concept version 6 implemented in the corresponding benchmark Yacht-M.

shore power infrastructure that meets the required levels. Thus, there is an assumption in this calculation
that results in the calculated UF being only the theoretical maximum possible UE

This electric range is the minimum of either the AER or the trip distance. The remainder is defined as the
fossil fuel distance. All individual all-electric distances are summed to obtain the total electric distance. This
is divided by the sum of the total sailed distance to obtain the UF of the concept version.

dcp = min(AER,dyip) (9.11)

The UF is 1.0 up to the AER, from which point it decreases to a final total value equal to the resulting impact
on total sailed nautical miles. This impact is defined as the theoretical maximum feasible fraction of the total
distance that can be sailed all-electric. It takes into account the electric fraction of the trips sailed over a
distance greater than the AER, i.e. the cumulative effect of sailing, say, 50nm fully electric on a 100nm trip.
The effect over the entire trip distance spectrum is calculated by multiplying the UF with the fraction of the
total distance sailed. This fraction is the distance line in the CDF diagram.

Impactgistance = UF - CDFgjstance (9.12)

This principle is best explained by an example. Recall Figure 5.8, where both the occurrence and the distance
lines are shown in a CDF diagram. For this example, a configuration with an AER of exactly 150nm - the
maximum estimated guest trip - is installed. See Figure 9.4 for the progression of the resulting impacts. The
impact on the number of all-electric trips is determined up to the last point where the UF is 1.0, equal to an

Table 9.2: The impact of the concept versions on yacht design.

Concept version Weight-share Volume-share

Added Total Added Total

W % W % m* (% (P (%]
v1-S 0.00 0.0 21.2 59 -360 -0.2 28.1 1.5
v2-S 9.04 25 30.2 84 3.80 0.2 355 19
v3-S 181 5.0 393 11 11.3 06 43.0 2.2
v4-M 0.00 0.0 564 43 7.50 0.1 709 1.2
v5-M 33.0 25 894 68 346 06 98.0 1.7
v6-M 65.9 5.0 122 9.3 61.6 1.1 125 2.2
v7-L 0.00 0.0 198 5.8 64.0 0.4 212 1.3
v8-L 84.8 25 283 8.3 134 0.8 282 1.7

v9-L 170 5.0 368 11 203 1.2 351 21
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impact of almost 75%. Up to this point, all trips are fully electric. Since each trip is started with a fully charged
battery, trips with a distance greater than the AER are also partially all-electric. This results in any trip greater
than AER having a continuous effect on the all-electric nautical miles. Therefore, the utility of the concept
decreases slightly after this point. This is indicated by the decreasing UE This cumulative effect adds up to
more than 35% in this example - the maximum theoretically possible share.

The progression of both impact values over an increasing AER to the estimated maximum distance sailed
with guests is shown in Figure 9.5. These show a maximum achievable value for guest trips corresponding to
the impact values of the example above.

CDF graph example
with an AER of 150nm at cruising speeds
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— UF
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Figure 9.4: An example CDF diagram showing the impact on number of trips sailed and total sailed distance for an AER of exactly 150nm.
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Figure 9.5: The effect of an AER in relation to the general operation of a yacht with guests on board.

All designs of the concept versions have their design-specific AER, i.e. different associated CDF diagrams. All
these version-specific CDF diagrams are shown in Appendix E. They show that the impact of an AER on the
total sailed electrical distance is significant for trips larger than the AER for all versions. These version-specific
impacts are shown in Table 9.3.

These considerable impacts on usage are achieved with sailing only a small fraction of the full range capability
on battery power. On average, the full range of superyachts is about 5000 nautical miles, so these effects are
achieved at only about 2% to 3% of this full range. This highly underlines the potential of whatever hybrid
concept in the yachting industry. This also confirms the expectation that sailing only a portion of the total
range on battery power can result in a large effect.

Furthermore, within occurrence impact, a distinction is made between overall and guest usage. This distinc-
tion is made because guests are not on board for all trips. In Section 5.2.2, it was estimated that the maximum
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guest trip has a range of approximately 150nm. Although no data on guest presence is available, this is con-
sidered a good estimate. Trips up to this range account for nearly 75% of the trips. The fact that this represents
only three quarters of the total number of trips suggests that guests are experiencing a higher proportion of
trips sailed purely on electric power.

Table 9.3: The utilisation impact on overall usage, plus the impact on occurrence-share limited to guest usage.

Conc'ept All-electric Impact overall Impact guest
version usage usage
Time Range Occurrence Distance  Occurrence
(hrs]  [nm] (%] (%] [%]
v1-S 4.3 50.9 48.5 18.7 65.5
v2-S 7.0 82.0 59.9 25.5 80.8
v3-S 9.5 112 68.0 30.8 91.8
v4-M 3.0 40.6 41.8 15.9 56.4
v5-M 5.6 76.3 58.4 244 78.8
v6-M 8.2 111 67.7 30.6 91.4
v7-L 6.1 84.5 60.6 26.0 81.7
v8-L 9.2 128 70.8 33.2 95.5
v9-L 12 171 76.2 38.6 103

9.3. Impact on sustainability

The objective of this study is to increase the annual sustainability level of a yacht by 10% compared to the
benchmark, measured in global warming potential (GWP). A life cycle assessment (LCA) is performed to
determine the difference in emissions between the plug-in hybrid electric concept and the diesel-electric
benchmark concept. To determine the difference in emissions, only the difference between the two configu-
rations needs to be examined.

¢ The additional emissions from the production of the batteries. These are determined via a cradle-to-
gate (CTG) analysis - GWP up to the gate of the factory. This is made up of the mining emissions from
the materials used plus the emissions from the electricity used in production. The effect of recycling
the batteries or giving them a second life are also important factors to consider.

¢ The operational emissions saved by partially shifting from MGO to the electricity grid as an energy
source. This is associated with an expected reduced GWP of the electricity grid compared to the com-
bustion of MGO. These emissions are determined via a well-to-wake (WTW) analysis - GWP up to the
wake of the vessel. This is composed of extraction, production, refinery, and transport emissions up
to the on-board tank in the well-to-tank (WTT) phase and combustion emissions within the ship from
the tank to the wake in the tank-to-wake (TTW) phase. The difference in emissions due to downsizing
of the generators is neglected.

The sustainability impact is quantified by determining the number of cycles required to offset the battery’s
production emissions, referred to as the number of compensation cycles. The result is completely dependent
on the input parameters determined, therefore the results may vary significantly when different parameters
are chosen. Due to the increasing development of batteries and the increasing renewable power grid, it is
expected that all related parameters will change in the near future.

. Battery production GWP
Compensation cycles = - - (9.13)
MGO GWP — Electric grid GWP
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9.3.1. Cradle-to-Gate analysis

Since the environmental impact of lithium-ion battery production has sparked debates in society, awareness
has increased worldwide and numerous studies have been conducted on the subject. In this study, four
studies on battery production emissions using the cradle-to-gate principle are examined.

1. The most comprehensive study conducted is that of Peters et al. [45], which reviewed 79 LCA studies, of
which 24 used the GWP. Almost all based their results on an EU or US energy mix. They concluded that
the average total GWP of manufacturing a battery is 110 kg CO,-eq/kWh. However, this is an average
across all battery types, so a subdivision was made. Section 2.5 shows that the NCA and NMC structures
have the highest potential for use in the studied concept. The reviewed study concludes that these have
a production GWP of 116 kg CO,-eq/kWh and 160 kg CO,-eq/kWh respectively.

2. Ellingsen et al. [10] conducted a LCA study on lithium-ion battery vehicle packs and compared their
results with six other studies. They concluded that lithium-ion batteries, when manufactured in large
production quantities, have a GWP of 172 kg CO,-eq/kWh, which is within the range of 53 to 338 kg
CO;-eq/kWh of the previous six studies they examined.

3. The third study examined is that of Kim et al. [33]. They examined the impact of the production of the
lithium-ion battery of the Ford Focus BEV and came up with a GWP of 140 kg CO,-eq/kWh.

4. Thelaststudy examined is a briefing by Hall [20] for The International Council on Clean Transportation,
reviewing eleven studies. They state that the GWP ranges from 56 to 494 kg CO,-eq/kWh, but consider
the value of 175 kg CO,-eq/kWh to be representative.

Averaging these numbers and combining the NCA and NMC values from the first study yields an average
production GWP for lithium-ion batteries of 152.6 kg CO,-eq/kWh. This figure is a general average that can
only be used for an initial estimate of the environmental impact.

One method to get actual GWP values from the manufacturer is to obtain the Environmental Product Dec-
laration (EPD) of their specific battery. Manufacturers such as Volkswagen, Polestar, and Tesla have these
available for the batteries used in their products [47, 53, 60]. Unfortunately, this information regarding the
considered battery in this concept is not obtained in this study.

The impact of production can be reduced by recycling the used batteries or giving them a second life in
another industry, such as an application to increase grid stability. This leads to an increase in the emission
reduction potential during the installation on a yacht for only part of its life. These two options are proposed
in the study of Hall [20] and discussed below.

¢ A second life application aims to average out the significant GHG emissions of manufacturing over a
longer period of time and distribute the GWP of manufacturing across the many users it has. Neubauer
et al. [42] and Kumar et al. [35] predict that an application as a grid peak shaver is feasible and will lead
to a GHG emission reduction for society. Since this is a relatively new research topic, specific reduction
quantities are not yet available, so they are not provided in this estimate.

¢ Recycling of batteries is a common practise, including lithium-ion batteries. The reuse of scarce mate-
rials ensures that the growing market for lithium-ion batteries retains sufficient resources for key com-
ponents, but also shows a lower environmental impact due to the elimination of mining emissions.
However, Chen et al. [6], Huang et al. [23] and Harper et al. [22] explain that there are different recycling
techniques available for each battery type, all with different characteristics, efficiencies and resulting
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Figure 9.6: An example of the LCA model. The division in the different phases and corresponding emission activities are visualised.[24]
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GWP. Currently, none of the available battery recycling technologies are ideal, and challenges still need
to be overcome. These can be overcome if an industry standard battery type is chosen so that recycling
technologies can specialise in that specific type. However, all battery compositions have different prop-
erties that may be important for specific applications. Therefore, a selection between battery types is
not expected in the near future. Initial estimates suggest that the potential is significant, but again, no
concrete figures are yet available and are therefore not provided in this study.

Thus, only a general indicative estimate of the production GWP of a lithium-ion battery with a value of 152.6
kg CO,-eq/kWh is available for the present study. However, considering the potential for reuse and recycling
and the increasingly renewable production of lithium-ion batteries, this figure is definitely something that
should be reconsidered in future studies. Estimated future emission levels from battery production are not
studied, as ships built with the plug-in concept in the near future (< 5 years) will most likely continue to sail
with these batteries in the future (= 15 years).

9.3.2. Well-to-Wake analysis

The well-to-wake (WTW) analysis is performed for the two energy sources, MGO and electricity, and consists
of two parts: a well-to-tank (WTT) part and a tank-to-wake (TTW) part. This split is made since both energy
sources have a different production, plus their efficiencies within the configuration are different.

e The GWP of the WTT phase is determined using previously conducted scientific studies.
¢ The GWP of the TTW phase is determined using the results of the WTT phase in combination with the
efficiencies within the concept configuration.

Figure 9.7 shows the two energy sources used in the plug-in concept, fossil fuels and shore power, being MGO
and the power grid respectively. Both the WIT and TTW phases of these two energy sources are different.
While MGO is produced remotely and needs to be transported in large quantities to the refuelling site, elec-
tricity is often also generated but without transport emissions. Within the concept configuration, the energies
encounter different efficiencies, resulting in different local emissions.

The difference in efficiency within the concept is shown in Figure 9.7, where Q ¢ is the heat input of the fossil
fuel and Esp is the electrical energy input of the shore power. Therefore, emissions can only be compared
when there is an equal amount of energy available at the same point in the system. The point under consid-
eration is referred to as point 2 in the figure. At this point, all efficiencies within the system are encountered,
except that of the propeller. The propeller efficiencies differ significantly depending on hull and propeller de-
sign, neither of which are considered in this study, so the propeller efficiencies are not included. This analysis
can therefore also be referred to as a well-to-propeller (WTP) analysis.

Plug-in hybrid electric concept 2
{ N\
Fossil fuels ) Ps
3|  Generator set p===| Converter === f===| Inverter p===| Electric motor
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Switchboard
Newba = 0.995
Shore power owbd
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Figure 9.7: Point 2 denoted in the configuration of the plug-in concept.

Fossil fuels The fossil fuel most commonly used in the yachting industry is MGO. The GWP of MGO is
defined by the total GHG emissions generated during production and transport in the WIT phase, combined
with the GHG emissions generated during combustion of MGO in the TTP phase.

The GWP of MGO in the WTT phase is examined in the study by Verbeek et al. [59]. They concluded that the
WTT GHG emissions of MGO are 12.7g CO»-eq/M]J. This corresponds to 0.046 kg CO»-eq/kWh, or combined
with its characteristic LHV of 42.7 MJ/kg, this corresponds to 0.54 kg CO»-eq/kg MGO [34].
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The GWP of MGO in the TTP phase is calculated with use of the configuration efficiency, the LHV, and the
non-dimensional conversion factor (CF) between fuel consumption and CO; emissions based on carbon
content. The CF is defined to be 3.206 kg-CO,/kg-MGO in a study of IMO [28]. This is not determined in
CO;-eq but only in CO,, however, this simplification is deemed viable.

3.6
CF-LHV _ 3.206- 55

GWPMGO TTP = =
Nag-Nem  0.385-0.985-0.995-0.985-0.97

=0.800 kg-CO,/kWh at point 2

This adds up to a total GWP at point 2 when sailing in diesel-electric mode of 0.846 kg CO,-eq/kWh.

Shore power The intrinsic philosophy of the studied concept is to reduce the GWP by sailing in all-electric
mode with zero emissions from battery power. Since batteries do not produce greenhouse gas emissions
when in operation, this philosophy is correct on a very local level. However, the generation of grid electricity
has associated environmental impacts, resulting in an environmental impact at a regional level. This is the
GWP of shore power in the WTT phase.

The information from Chapter 6 is used to determine the areas where yachts are most likely to use shore
power, and then to determine the regional/national GWP of the grid. The resulting residing areas are those
adjacent to the Mediterranean Sea, hence the GWP of the European power grid is used. The European Envi-
ronment Agency [11] estimated that the current GHG emission intensity of electricity generation in Europe is
0.255 kg CO,-eq/kWh, decreasing to an estimated average of 0.086 kg CO»-eq/kWh in 2030.

This indicative value would allow Europe to meet its emissions reduction targets and is therefore a realistic
estimate. However, these figures currently include countries with higher carbon intensity than countries
adjacent to the Mediterranean Sea, e.g. Poland, which generates most of its electricity from carbon-intensive
lignite. A more realistic figure is obtained by averaging the GWP of the electricity grid of neighboring countries
only - Spain: 210; France: 56; Italy: 233 g CO,-eq/kWh - resulting in a GWP 0f 0.167 kg CO»-eq/kWh [11]. This
figure is significantly lower than the European average, again illustrating the dependence of the results on the
available input data.

The TTP phase is considered by looking again at Figure 9.7. It shows that it encounters different efficiencies
before it is usable energy at point 2. The GWP of 0.167 kg CO,-eq/kWh is therefore divided by the associated
efficiencies to obtain the total WTP GWB , resulting in 0.181 kg CO,-eq/kWh at point 2 now. In the future, the
grid GWP is expected to decrease to 0.094 kg CO»-eq/kWh.

0.167
Current shore power WIP GWP = =0.181 kg CO2-eq/kWh
0.98-0.985-0.995-0.985-0.97
0.086
Future shore power WTP GWP = =0.094 kg CO,-eq/kWh

0.98-0.985-0.995-0.985-0.97

9.3.3. Life cycle assessment

The values determined above are summarised in Table 9.4 and used to perform the LCA. After being used
in a yacht, batteries can meet their expected lifetime through second-life application, so this assessment is
applied over the lifetime of the battery rather than the lifetime of a yacht. In addition, the expected life of a
yacht - approximately = 30 years - does not need to be considered in this way.

Table 9.4: The different sources of emissions and corresponding emission densities involved in the LCA.

Source Emissions
Now Future
kg CO2-eq/kWh kg CO,-eq/kWh
Battery production CTG 152.6 -
MGO WTP 0.846 -
Shore power WTP 0.181 0.094

The number of compensation cycles determined by Equation 9.13 is the break-even number of charge cycles
after which the reduction in operating emissions has compensated for the battery production emissions. As
mentioned earlier, this equation is entirely dependent on the correctness of the input data, nevertheless an
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initial estimate is still made using the values found. Since the input values are all quantified per kWh, the
break-even point is independent of battery size.

152.6
Current compensation cycles = —————— =230 charge cycles
0.846-0.181
. 152.6
Future compensation cycles = —————— =203 charge cycles
0.846 —-0.094

The manufacturer of the batteries used in this study specified a lifetime of 4000 cycles. If it is assumed that
the battery will meet this specified life by given a second life in another industry, then this number of charge
cycles can be converted into a lifetime share.

) e . 230
Current compensation lifetime share = 2000 100% = 5.7%

s e 203
Future compensation lifetime share = 2000 100% =5.1%

A rough indicative estimate of the maximum annual number of charge cycles for a yacht is made using
Equation (9.14). Concept version 6, Yacht-M and operational type B, is considered in this calculation.
The formula determines the characteristic annual electric nautical miles sailed and divides it by the
electric nautical miles per charge cycle. Subsequently, the minimum compensation period can be cal-
culated by dividing the required compensation cycles by this maximum number of annual charging

cycles.
. 10000-0.306
Maximum yearly charge cycles = 0 - 27.6 Cycles per year (9.14)
. . 230
Current compensation duration = ﬁ = 8.5 Years (9.15)
. . 203
Future compensation duration = 76 =7.5 Years (9.16)

These compensation durations are a bare minimum. Therefore, it is expected that the required battery
life will significantly exceed = 10 years. This indicates that the batteries will be on board a yacht for only
a portion of their service life. Consequently, only part of the production emissions can be attributed to
the application in a yacht.

When assumed that the specified lifetime is being met, this compensation can be spread over the life of the
battery. This ensures that the same share can be used to indicate what share of a charge cycle (instead of
life-time) is used to compensate for its production. In addition, this directly indicates what share of a charge
cycle the battery is saving emissions - i.e. a battery is currently compensating for its production for 5.7%
of a charge-cycle, but 94.3% of a charge-cycle it is saving emissions. In the future, this share is expected to
increase to 94.9%.

This emission reduction share of a charge cycle is combined with the theoretical maximum electrical distance
share of the different concept versions. These are determined in Section 9.2. This results in an indicative value
for the possible impact on sustainability per concept version. These potential impacts are shown in Table 9.5.

Environmental impact = Impactg;s;ance - Emission reduction share 9.17)

These values can be achieved if and only if each trip is started with a fully charged battery and the emission
parameters correspond to the determined indicative values. These impacts are all significantly higher than
the set goal of 10%, although determined with severe boundary conditions.

Besides these two constraints, the impact on the sustainability of a yacht may also change when future al-
ternative energy sources are taken into account with a lower characteristic GWP. This does not lower the
environmental impact with use of the intrinsic philosophy of the concept, but lowers the overall emissions of
the yacht due to sailing on more sustainable fuels in non-electric modes.
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Table 9.5: The impact on sustainability of the different concept version.

Concept Production Emissions saved Break-even Emission Environmental
version  emissions per cycle cycles saving share impact
Now Future Now Future Now Future Now  Future
[t] [t] [t] [cycles] [cycles]  [%] [%] [%] [%]
v1-S 265 1.15 1.30 230 203 94.3 94.9 17.6 17.7
v2-S 433 1.89 2.13 230 203 94.3 94.9 24.0 24.2
v3-S 601 2.62 2.96 230 203 94.3 94.9 29.0 29.2
v4-M 678 2.96 3.34 230 203 94.3 94.9 15.0 15.1
v5-M 1292 5.63 6.36 230 203 94.3 94.9 23.0 23.1
v6-M 1905 8.30 9.39 230 203 94.3 94.9 28.8 29.0
v7-L 2922 12.7 14.4 230 203 94.3 94.9 24.5 24.7
v8-L 4503 19.6 22.2 230 203 94.3 94.9 31.3 31.6
v9-L 6084 26.5 30.0 230 203 94.3 94.9 36.4 36.6

9.4. Impact on comfort

A second objective of this study is to sustain or increase the comfort level of a yacht. This symbolises - be-
sides the improved sustainability - the important added value for the owner to consider this concept for his
yacht. In Section 2.2 of the concept exploration, it is explained that for the designer it is always a question
of the priority that owners give to sustainability over pure luxury. In this section, pure luxury is equated with
comfort. Then, when the previously set goal of this study is met, the question of priority disappears and the
chance of a possible implementation of the plug-in concept increases significantly.

This concept differs from the diesel-electric benchmark concept only in all-electric operation, so the impact
on comfort lies in the difference between the two modes. Comfort aspects such as noise and vibration of
installed machinery, smell and image of exhaust fumes, and freedom of operation in ECAs (emission control
areas) are considered. An impact on these aspects occurs for the duration of the autonomy, i.e. the AET and
AER, and is present respectively during anchoring and sailing, or a combination of both. This occurs when
only part of the battery is depleted while at anchor or sailing.

While it is difficult to quantify this impact, some figures are known. While anchored, there is no need for
propulsive power, so the AET is the dominant autonomy characteristic. During sailing, the AER is the domi-
nant one. The split in the duration of the two modes is given in Section 2.4 of the concept exploration. There
it is stated that yachts are moored or anchored in a bay for 90% of the time. For the remaining only 10% of the
time, the yachts are sailing. In Section 9.2, it is stated that during the number of sailings, the time that guests
are on board ranges from 60% to 100% for the concept versions. Thus, a noticeable effect in all-electric mode
can have a large influence on the yachting experience of on-board guests.

The three different aspects of comfort, where a difference is to be expected, are discussed separately below.

¢ The first aspect discussed is the effect on the noise and vibration of the installed machinery experi-
enced. The main contributors to this signature on a yacht are considered the HVAC system and the
installed propulsion machinery, but hull pressure noise is also present at lower sound frequencies. In
order to determine the exact impact of the switch from diesel-electric to all-electric operation, all as-
pects involved and the corresponding sound paths should be considered. This proved not to be achiev-
able within the given time frame and is recommended as a follow-up study. However, it is still expected
that guests will perceive a difference in this signature between the two modes of operation, therefore a
qualitative approach is taken.

Since the generator sets and associated auxiliary machinery on yachts are elastically mounted, their
structure-borne sound vibrations are already very low. Their airborne vibrations, or noise, are min-
imised by covering the engine room walls with insulating materials. Thus, both sources contribute
only slightly to the overall sound signature of a diesel-electric yacht, but neither measure can cancel
out all noise and vibration from the installed machinery. This results in a potentially noticeable effect.
However, S. Matla! expects the impact of all-electric sailing compared to diesel-electric sailing to be out
of the range of measurement, so there are no numbers to support these expectations. He also expects

1 An expert at Van Cappellen Consultancy, a company specialising in noise and vibration control for luxury yachts and commercial vessels
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the HVAC noise to be dominant during normal operation, with only a minimal noticeable impact in the
room directly above the engine room. This noticeable impact increases when the engines are not run-
ning according to the normal/trial conditions. All this does not mean that the effect will not be noticed
by the guests on board, only that it will be a small effect.

¢ A more obvious effect is the smell and image of exhaust fumes. Currently, yachts burn fossil fuels
to power their diesel generators, emitting polluting gasses and black soot from their exhaust outlets.
While sailing, the exhaust outlets just below the waterline are used. As a result, guests hardly notice
the exhaust fumes because the yacht has already sailed some distance when they become noticeable.
However, when the yacht is at anchor, the exhaust outlets in the mast are used, resulting in a visual of
the exhaust fumes above the yacht and possible small amounts of black soot deposits on the canopy. In
all-electric mode, the generators are turned off and the yacht runs on batteries, resulting in no exhaust
fumes. Whether it is for the duration of the AER when sailing or the AET when anchored, these signa-
tures disappear for a maximum duration of the version-specific autonomy. After that, the generators
start, causing the signatures to reappear.

¢ The last aspect discussed is that of the freedom of operation of a yacht. Section 2.1 explains that the
maritime industry is currently subjected to increasingly stringent emission regulations that exclude
polluting vessels from certain ECAs. This section also explains that the yachting industry is mainly
affected by national regulations, as yachts often fall below the threshold of international regulations.
However, these national regulations include the exclusion of polluting vessels in World Heritage Sites
and Nature Reserves, the very areas where a yacht would want to stay or tour. When sailing in all-
electric mode, this concept has no local emissions and is therefore allowed to sail in these areas. The
length it is allowed to reside or tour in these areas is limited to the concept-specific autonomy. It is
expected that the number of these areas will increase in the future, which will increase the benefit of
this concept by itself.

From this qualitative analysis, it can be concluded that the comfort levels increase only slightly, but are cer-
tainly sustained. Although this conclusion naturally depends entirely on the aspects considered, the most
important ones have been mentioned in this section. The objective set for this study has therefore been
achieved.

9.5. Impact on operation

The third and final objective of this study is to maintain the operational performance of a diesel-electric yacht
for the plug-in concept. In the design process of the concept, the size of the installed generator sets is reduced
to a required size to power only cruising speeds. Therefore, an inherent impact on operational capability is
expected. To partially compensate for this effect, the available power of the installed battery modules is used.
However, the battery modules are limited in power output and have low energy storage capacity. The limited
available power affects the speed window that a yacht can sail in all-electric mode. In order to maintain the
same speed window in the plug-in concept, the available power of the different operating modes is studied.
The limited stored electrical energy affects the endurance of the concept at different speeds and modes of
operation. This is visualised in an operating profile envelope, which is therefore determined.

9.5.1. Operating modes
The benchmark configuration powers the entire speed window in Diesel-Electric (DE) mode. In the design
process, the generator sets are decreased in size so that they are only able to power the cruising speeds.

Ppg = Pgens = Pcruise (9.18)

The studied concept is able to power the yacht using battery power only. However, a battery module is limited
in its power output due to its characteristic C-rate. Section 2.5 explains that this is a dimensionless power
factor. Multiplying this characteristic by the installed battery capacity results in the available power in All-
Electric (AE) mode.

PAg = Ppatr = Eparr Crate (9.19)

This limit on available battery power limits the all-electric speeds of the yacht. However, when the batteries
are combined with the (smaller) generator sets in Hybrid (H) mode, the two available power sources are
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combined in a higher total available power. This results in a wider speed range the yacht is able to sail.

Py = Ppars + Pgens (9.20)

9.5.2. Operating envelope

The impact on operational capability can be visualised in a possible operational profile envelope depicted in
the trip scatter of the available dataset. This shows the distance the yacht can sail over the speed spectrum.
This is calculated using Equation (9.21). To determine this envelope per concept version, the maximum op-
erating time within its speed spectrum is calculated as a function of the available energy and power. A dis-
tinction is made between the all-electric, diesel-electric and hybrid modes of operation mentioned above.

d=vs-t
(9.21)

t

:US-E
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Figure 9.8: The configuration of the concept and the efficiencies of its corresponding components, with point 3 denoted.

First, the total energy capacity stored on board is determined, which is in MGO or in battery modules. The
MGO energy capacity (Epgo) per yacht is determined using the tank volume (V;4,1), fuel density (paco) and
lower heating value (LHVy;0) of MGO. The density and lower heating value are 0.86kg/L and 42.7M]/kg,
respectively [59]. The installed energy capacity of the battery (E,,;;) depends on the concept version.

Emcos = Viank - Pmco - LHVMGO *Nag (9.22)
Epatts = Epart (9.23)

Similar to the method discussed in chapter 7, the sum of the two energies stored on board is not equal to the
total usable energy for the two consumers - i.e. hotel and propulsion power. In Figure 9.8 it is shown that
both energies encounter different efficiencies, hence point 3 is chosen as the point of comparison. See sec-
tion 7.6 for the resulting efficiencies - electrical-mechanical efficiency (ngys) is 93.6% and electrical-electrical
efficiency (ngg) is 96.5%. The battery efficiency shown is the efficiency when charging with shore power, due
to heat dissipation. This is not applicable in this calculation as it is defined that the battery is fully charged at
the start of the trip. The resulting available energies are shown in Table 9.6.

The second thing to be determined is the consumers of this energy. These are the constant hotel power
(Photer) and the required propulsion power (Pp;op). The adjusted speed-power curves per concept version
are used to determine this power. Recall that the supplied curves indicate shaft power (Ps), so the electrical-
mechanical losses up to point 3 must be included in this calculation.

P
Pprop,3 =9 (9.24)
NEM
P
Phorets = —2L 9.25)
NEE
Ptot,3 = Pprop,B + Photel,S (9.26)

Table 9.6: The available energies of both energy sources at point 3.

Concept Tank  Energy available
version volume (point 3)

MGO  Battery

(m®]  [MWh] [MWh]

v1-S 30.2 120.2 1.7
v2-S 30.2 120.2 2.8
v3-S 30.2 120.2 3.9
v4-M 132 525.8 4.4
v5-M 132 525.8 8.4
v6-M 132 525.8 12.4
v7-L 419 1669 18.9
v8-L 419 1669 29.2

v9-L 419 1669 39.6
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Third, the maximum operating time of the different modes is calculated. Similarly Similar to the powers, the
names of the different operating modes denote the energy sources. This ensures that different amounts of
energy are available for the different operating modes. Combined with the power requirements of the same
mode, this results in different maximum operating durations for the different modes.

tp = Chattd 9.27)
Ptot,3

tpp = LMGO3 9.28)
Ptot,S

ey = Epare3 + EMGo3 9.29)
Ptot,B

At last, multiply this duration by the yacht specific speed window according to Equation (9.21). This gives
the maximum distance the concept can sail in a specific mode. To give an indication of the impact on the
operational profile, the benchmark configuration is also calculated. All resulting operation envelopes are
shown in Appendix E.

These figures show that a significant portion of the original operating profile can be sailed with the new con-
figuration. Only trips sailed at high speed over a long distance are excluded in this concept. It is questionable
to what extent the guest experience is affected by this exclusion, but no data on actual guest trips is known
to confirm this. The figures continue to show that the range constantly increases per concept version, even
though the power demand is also increasing due to the increased draught. Ultimately, the range in all-electric
mode, as designed, is substantial. Only in concept version 1 does a power limit of the batteries occur, see Fig-
ure 9.9. As the installed battery capacities increase, this limit disappears.

Impact on operational profile of Yacht-S with a WS of 0.0%
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Figure 9.9: The impact on the operational profile of concept version 1, Yacht-S with a weight-share addition of 0.0%.
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Test itinerary

In order to gain more insight into the actual utilisation of the various installed battery capacities in combina-
tion with the available shore power, a test route was sailed. Detailed usage statistics did not reveal a specific
itinerary, so a proposed usage scenario needs to be developed based on the predicted usage of the concept.
As the plug-in hybrid electric concept is new and involves increased use of charging infrastructure, previous
superyacht usage data is used only as a guide.

Most cruises are 7-14 days in duration, with the vast majority occurring during the long and warm summer
months. During these months, most yachts are located in the Mediterranean Sea. During this time, dawn
in the Mediterranean rises around 6:00am and sets around 9:00pm. This results in long days (= 15hrs) being
available for sailing and other activities. These activities may consist of swimming and use of on-board toys,
a sunset dinner, and/or sightseeing in a nearby town or scenic spot. In addition, the ultra-rich have their own
hotspots in this area where they can meet up with their peers.

Based on these usage characteristics, this itinerary is sailed in the Mediterranean Sea, along the French and
Italian coasts. It has a guest duration of one week, after which the captain sails to his main port in one day.
The cities and anchorages visited are: Monaco, Calvi, Malfacu Bay, Saint-Florent, Bastia, Porto Santo Stefano,
Capri and Naples. The intended use is implemented in the itinerary shown in Figure 10.1. Possible restrictions
on access to ports during the itinerary are not considered. A brief description of the test itinerary is defined
in Table 10.1, a detailed version is provided in the appendix, TableE1.

Monaco

Calvi

Malfacu bay
Saint-florent

Bastia

Porto Santo Stefano
Capri

. Napels

1.

2.
3.
4.
5.
6.
7.
8

=Y

Figure 10.1: A visualisation of the test itinerary along the France and Italian coast.
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Table 10.1: A brief description of the test cruise in the Mediterranean.

Day  Departure Destination Charge | Day Departure Destination Charge
1 Monaco Calvi Yes 5 Bastia Porto Santo Stefano Yes
Calvi Malfacu Bay No 6 Porto Santo Stefano Capri Yes
. . Capri Yes
3 Malfacu Bay  Saint-Florent Yes 7 Capri (via Napels) (No)
. . . Monaco Yes
4 Saint-Florent Bastia Yes 8 Capri (via Napels) (No)

In the operating modes run on during this test cruise, a distinction is made between cruise, transit, anchorage,
or berthed in port. The difference between anchorage and port is the charge availability. The difference
between the other two modes is the time of day and the speed sailed - cruise is sailed at all speeds during the
day and transit is sailed at lower (quieter) speeds at night. Sometimes a captain will leave the marina early
in transit mode in order to arrive at the destination port on time. The speeds during these trips are mostly
dependent on the arrival time and are shown in the operating profile in Figure 10.2.

Operational profile of test itinerary in the Mediteranean Sea
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Figure 10.2: The operational profile of the test itinerary.

This test cruise is sailed with all three yachts. In this chapter, only the results of Yacht-M are shown, as the
shore power scenarios have a significant impact; however, all results are given in Appendix F. The previously
determined operating profile is used to determine the energy consumption over the course of the trip in com-
bination with the adjusted speed-power curve. For simplicity, only the speed-power curve of the version with
a 2.5% WS-addition was used. Due to the rather small difference (< 1.65%) in power required at maximum
speed between this version and the 0.0% and 5.0% versions, this is considered valid. Combining the operating
profile with the corresponding power curve results in the power demands shown in Figure 10.3. The resulting
energy consumption of the yacht during the cruise is shown in Figure 10.4.

Power demand during test itinerary for Yacht-M
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Figure 10.3: The power demand of Yacht-M over the course of the test itinerary.
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Energy usage during test itinerary for Yacht-M
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Figure 10.4: The energy consumption of Yacht-M over the course of the test itinerary.

During this itinerary, the yacht visits several marinas where the concept can recharge, as shown in Table 10.1.
Thorough research on available shore power at these exact locations did not yield the desired results, so the
calculated area average available shore power of Chapter 6 is used. Note that within this figure there may be a
large discrepancy between the value used and the actual value. Within this test route, the same three different
scenarios are reviewed: current available infrastructure, predicted future available infrastructure, and desired
future available infrastructure. This results in the following available shore powers:

¢ The current infrastructure has an average available shore power of 594kW.

¢ The current infrastructure is expected to increase to an average available shore power connection of
850k W in the future.

e There are marinas present that have a much more powerful shore power connection available. If
the owner visits these marinas more frequently and the average available shore power connection in-
creases, a desired future shore power connection of 1250k W is estimated to be available.

Section 2.5 explains that the State-of-Charge (SoC) expresses the ratio of the remaining available energy ca-
pacity of the battery. This SoC is directly related to the energy consumption during the test route or, if moored
in a marina, directly related to the available shore power. Within the above mentioned three available shore
power scenarios, the SoC of the installed batteries behaves differently. For example, a shore power connec-
tion of 1250k W will charge much faster than the connection of 594kW in the same time period. However, as
explained in Chapter 6, the hotel power has to be taken into account first, resulting in a lower available charg-
ing power. The resulting SoC diagrams in the different scenarios for Yacht-M during the cruise are shown in
Figures10.5 to 10.7. The moment the battery is depleted (SoC is 0.00%), the generators are needed to power
the yacht. When the battery is fully charged (SoC is 100%), shore power is used only to power the hotel loads.

The first figure shows that the battery capacities are hardly fully utilised, resulting in the generators being
needed to power the yacht multiple times. The time in port for the two larger batteries (WS 2.5% & 5.0%) is
too small to charge them significantly, which is due to the rather poor availability of shore power.

The remaining two scenarios show a more convincing utilisation of the installed batteries for this yacht. They
show that increasing the available shore power results in faster charge cycles, allowing batteries with a larger
capacity to become fully charged. In addition, the effect of a smaller battery size is more visible - i.e. the
smallest battery (WS 0.0%) is quickly depleted, but also quickly recharged when in port. This results in the
generators being switched on more frequently and for longer periods of time to provide power to the yacht
than the larger batteries. Designers are therefore able to implement this concept in future designs of medium
sized vessels.

The figures in Appendix F show the negative effect of implementing the concept in a large yacht. They show
that the charging times of these much larger batteries are unacceptably long, as less charging power is avail-
able due to the larger hotel power demand. Accordingly, it is expected that this concept is unlikely to be
implemented in large yachts.

In contrast, the concept versions of the small yacht have rather short charging times, which currently already
fit into a regular port stay. These concept versions are capable of providing battery power to the yacht for a
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significant period of time and range. Therefore, a designer can already design a small superyacht installed
with this concept that uses its batteries for a significant portion of its annual operating profile.

Finally, it should be noted that these results show the high dependence of the concept on the available shore
power supply and the actual use of the yacht. If a guest does not want to enter a marina, does not visit marinas
with sufficient shore power supply, or visits a marina for too short a time, the battery utilisation drops.

Battery SoC per WS version of Yacht-M with current charging infrastructure
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Figure 10.5: The State-of-Charge of the installed battery per concept version of Yacht-M during the test cruise in the current shore power
scenario (594kW).

Battery SoC per WS version of Yacht-M with future charging infrastructure

o8

02

0o

2025-08-21 2025-08-22 2025-08-23 2025-08-24 2025-08-25 2025-08-26 2025-08-27 2025-08-28 2025-08-29 2025-08-30
Date

Figure 10.6: The State-of-Charge of the installed battery per concept version of Yacht-M during the test cruise in the future shore power
scenario (850kW).

Battery SoC per WS version of Yacht-M with desired charging infrastructure

10 | — Ws00%
—— WS 25%
— WS50%
08
= 06
s
X,
2
w 04
02
00
2025-08-21 20250822  202508-23  202508-24  2025-08-25  2025-08-26  2025-08-27  2025-08-28  2025-08-20  2025-08-30

Date

Figure 10.7: The State-of-Charge of the installed battery per concept version of Yacht-M during the test cruise in the desired shore power
scenario (1250kW).
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Conclusion

The introduction addressed why Feadship is interested in the plug-in concept, accompanied by the main re-
search question and sub-questions. The objective of this research was to provide a proof of concept of a plug-
in hybrid electric superyacht, based on three predefined goals. These goals were to increase sustainability by
10%, sustain or increase comfort levels, maintain operational capability. In this report, nine different para-
metric concept designs are presented in this report. The design philosophy for these concept versions is to
sail part of the fossil fuel distance on shore power, while simultaneously minimising the impact on yacht de-
sign. This way, Feadship could expand its propulsion system portfolio with a more sustainable concept that
is feasible in the near-future, and which is interesting for the client. An answer to the main research question
is provided by discussing the answers to the sub-research questions. Based on this, the final conclusion on
the research objective is drawn.

11.1. Conclusion on research questions
The five sub-research questions are discussed separately.

What is the expected operational usage of a plug-in hybrid electric superyacht?

To obtain insight into the expected operational usage of the concept, a statistical analysis was performed
based on operational voyage data of the Feadship fleet. It is promising that a scatter of the data shows that
trips of a smaller distance are mostly sailed on lower speeds and longer distance trips on higher cruising
speeds. Guest presence results in a large speed variance at medium trip distances. Although different opera-
tional aspects are not taken into account, this mild correlation still underlines the opportunity of this concept
to sail those shorter distances with a lower energy demand on shore power.

Statistics are used to obtain design values for the concept. It resulted in a single design speed that is equal
to the cruising speeds of a yacht. A Froude number versus waterline length relation yields the exact cruising
speeds for the three different sized benchmark yachts. Statistics furthermore showed that the concept should
not be designed for a single all-electric autonomy, but a range between 25nm and 200nm. These results were
used to determine the required battery capacity of the concept versions.

What are the basic design parameters of required equipment on the market?

Batteries are characterised by their low specific gravimetric energy density. The allowable additional weight
due to batteries is limited within the concept versions. Therefore, an analysis of the available market solutions
was performed to obtain the battery parameters of the type with the best gravimetric energy density. The
result was the liquid cooled Akasol 9AKM 150 CYC. Due to the liquid cooling, a heat exchanger and additional
piping are required as auxiliary equipment, as well as a service space for maintenance.

In order to minimise the impact on design, the installed generators are decreased in size. Therefore, a regres-
sion analysis was performed that resulted in power dependent design parameters. The additional required
auxiliary equipment was a DC-DC converter, a DC switchboard part to control the battery modules, and ser-
vice spaces for maintenance.
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What is the available current and future shore power infrastructure?

The available shore power is determined by a questionnaire that was distributed worldwide. The survey
linked the marina location to the current shore power available. This information was finally used to give
an indication of the shore power available in typical superyacht areas. The data itself showed a large varia-
tion between obtained values and may therefore only be used as an indication. The resulting indications are
presented in Table 6.1 and shows that the Mediterranean has the best available shore power supply.

This shore power is not directly available as charging power for the batteries. For this, the required hotel
power of a yacht has to be subtracted from the shore power. This depends on the size of the yacht (GT),
therefore the available charging power varies considerably between the different concept designs, resulting
in only a small charging power remaining for the large yacht. In the Mediterranean, this currently results in an
average charging power of slightly less than 200kW for a large yacht. Table 6.2 shows the available charging
powers in the different regions for all three yacht sizes, showing good and moderate charging powers for
respectively the small and medium sized yachts.

The survey results give an indication of the shore power available in the future. The marinas expect an in-
crease in demand of shore power for yachts and therefore also expect an increase in supply. To take this into
account, three different scenarios are considered: current; future; desired. The resulting charging powers are
shown in Table 6.4. In all scenarios, the shore power supply approximately doubles. These scenarios show
that the available charging powers, i.e. the feasibility of the envisioned concept, increases significantly over
time as the available shore power supply increases. However, the Caribbean is excluded for this concept as
the available charging power is too low.

What are the resulting parametric designs of the concept?
The resulting parametric designs and characteristics of the concept versions are shown in Table 8.10.
What are the characteristic effects of the concept on design, sustainability, comfort, and operation?

The impact on yacht design is minimised in the design process by compensating the added weight of the
configuration and compensating the absorbed volume by decreasing the size of the generators. The resulting
impacts are shown in Table 9.2. The added weight-shares range from 0.0% and 5.0%. The approximation
of the additional absorbed volume-shares ranges from —0.2% to 1.2%. This is within the early stage design
margins of a yacht and therefore is the objective of minimising impact on yacht design achieved.

A life-cycle assessment is performed to quantify the impact on sustainability. The impact on sustainability
is shown in Table 9.5. It shows that currently the impact ranges between 15.0% and a maximum theoretical
value of 36.4% among the concept versions. In the future, this increases to 15.1% and a maximum theoretical
value of 36.6% among the concept versions. These seriously high emission savings can only be achieved
if and only if each trip is started with a fully charged battery and the emission parameters correspond to
the determined indicative values. The resulting impacts are all higher than the set goal of 10%, although
determined with the severe constraint that the shore power infrastructure must be sufficient.

The added value for the owner mostly comprises of the extra comfort he can experience when sailing all-
electric. The all-electric autonomy the owner will experience ranges from 65% to all of the trips. Three aspects
are considered during these trips: Noise & vibration; Smell & image exhaust gasses; Freedom of operation.
The effect on noise and vibration of the installed machinery is expected to be non-measurable but noticeable
when on board. During all-electric operations, exhaust gasses are absent, resulting in no foul odour of burn-
ing fuels and no visual out of the exhaust outlets. Furthermore, during the operations powered by batteries,
yachts are allowed in more areas. Especially in the very areas where a yacht resides: World Heritage Sights and
Nature Reserves. These additional allowed areas are expected to increase in the coming years. The objective
is therefore achieved, since it can be concluded that the comfort levels increase only slightly, but are certainly
sustained.

By using battery power to compensate for the decrease in installed generator power, the impact on operation
is minimised but not zero. Only trips sailed at high speed over a long distance are excluded in this concept. It
is questionable to what extent the guest experience is affected by this exclusion, but no data on actual guest
trips is known.
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11.2. Conclusion on research objective
The objective of this research was:

Provide a proof of concept of the plug-in hybrid electric superyacht and describe its effects.

Based on the designs produced, the test cruise sailed, and the answers to the research questions, it can be
concluded that a proof of concept is provided for a small and medium sized yacht. For large yachts, this
concept is not expected to be implemented due to the unacceptably long charging times. For almost all de-
signs, the design and operational impacts are minimised, while the sustainability and comfort impacts meet
or exceed the set targets. The major constraint for this concept is the available shore power infrastructure.
Although, as the superyacht market shifts towards the operation of many plug-in hybrid superyachts, the
available shore power supply at marinas is expected to increase at the same time.

The concept can already be implemented in a small yacht operating in the Mediterranean or Adriatic. The
impact on yacht design of the concept version with the largest battery module installed is limited to a maxi-
mum value of 0.6% of additional absorbed volume and 5.0% of additional weight. This includes the smaller
generators, the battery modules, and the auxiliary equipment. This concept version can power the hotel op-
erations for about 6047, cruise 9.5hr in battery mode or sail 112nm at cruise speed. Annually, this results in a
theoretical maximum environmental impact of 29.0%, which may increase to as much as 29.2% in the future
when sustainability of the power grid increases.

The concept can be implemented in a mid-sized yacht operating in the Mediterranean or Adriatic Sea if shore
power infrastructure has improved in the future. The impact on yacht design of the concept version with
the largest battery module installed is limited to a maximum value of 1.1% of additional absorbed volume
and 5.0% of additional weight. This includes the smaller generators, the battery modules, and the auxiliary
equipment. This concept version can power the hotel operations for about 70hr, cruise for 8.2hr on batteries
or sail for 111nm at cruising speed. Annually, this results in a theoretical maximum environmental impact of
28.8%, which may increase to 29.0% in the future when sustainability of the power grid increases.

These figures are ambitious and are considered indicative values only. They are entirely dependent on input
values and set conditions. For example, it is highly unlikely that the yacht will be able to fully charge its
batteries before each trip. Accordingly, the stated emission reduction values will be lower.

Nevertheless, the potential that a hybrid propulsion system has is serious! Analysis of operational voyage data
has shown that the characteristic operational profile of a yacht consists predominantly of short-distance trips
at low to medium speeds. With only 2% to 3% of the full range capability, = 70% of the trips can be sailed. The
continuous effect on nautical miles sailed results in an impact on the annual distance sailed of = 30%. This
highlights the opportunity for the yachting industry to explore any sustainable hybrid solution in the future.
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Discussion & Recommendations

When research is carried out, assumptions and simplifications on various topics are inevitable. To what ex-
tend these cause for errors or influence the final result is discussed in Section 12.1. The recommendations for
further research are discussed in Section 12.2.

12.1. Discussion

Discussing all assumptions and simplifications would result in an overkill. Therefore, only the most impor-
tant topics are discussed.

The voyage data analysis carried out, used AIS data where no distinction was made in type of arrival or
departure location. Therefore, it was assumed that every trip is a port-to-port trip. It follows that the
concept would be able to start each trip with a fully charged battery. This may lead to an optimistic es-
timate of nautical miles sailed purely on electricity, however the use of a superyacht is entirely subject
to the wishes of the guests. They determine the actual usage and port calls of the yacht. If guests con-
stantly want to visit marinas with good shore power supply, then this assumption is a reality. Therefore,
this assumption is valid.

In addition to the above, the wide variation in shore power availability results in a possibility of over-
or underestimating the actual shore power available. But again, this is entirely dependent on the ac-
tual usage and port calls of the yacht. This report shows the potential of the concept with estimated
averages. If the actual figures are lower or higher, this is reflected in the calculated potential.

The regression analyses performed are used to provide a rough indication of the size and weight of the
equipment needed. The dataset used for both energy and power auxiliary equipment is limited in size.
Therefore, although the contribution of auxiliary equipment to the total is not large, more data could
improve the result. The validity of a linear regression for specific equipment can be questioned. Further
use of the resulting regression parameters assumes that the space can be completely filled. In reality,
this is always likely to be less. This therefore means that the values shown are only indicative and the
final values will always be design-specific.

The theoretical maximum values of the impact on sustainability that have been determined seem opti-
mistic, and they are. They can only be achieved if the battery reaches its expected lifetime, the concept
reaches its theoretical maximum impact on nautical miles sailed per year, and the determined emis-
sion values are similar to the actual values. In particular, a large discrepancy between the determined
and the actual values is to be expected for the emission values. This is mainly due to the large number
of aspects that have to be taken into account.

All calculations assume that the machinery has constant efficiencies during all operating conditions. In
reality, this is not the case. Batteries have constant efficiencies throughout operation, but in contrast,
generator sets achieve their efficiencies only at a nominal rating. This leads to a discrepancy between
actual and real values at part load conditions. However, the core of this study focuses on battery usage
and associated impacts, calculated at cruising speed. Therefore, the effect is expected to be minimal.
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12. Discussion & Recommendations

12.2. Recommendations
Based on the discussion, several recommendations for future studies are presented. Besides refining of some
parameter estimations, it is advised to study the extent of some impacts more in-depth.

The impact on design is based on the results of regression analyses. Therefore, the search for theo-
retical correlations rather than empirical correlations, if any available, should lead to improved design
parameters. These improved design parameters will lead to improved estimates and a better informed
designer of the concept.

The impact on comfort is determined by a qualitative analysis of comfort levels. In addition, an ex-
pert is asked about his expectations. Combining these, one arrives at uncertain expectations, while
these estimates are an important decision factor for the client. Therefore, quantifying these estimates
would greatly improve the basis of this new concept. The impact on noise and vibration levels can be
quantified by examining all sound paths emanating from the engine room within the yacht.

The impact on sustainability is entirely dependent on the input values of the calculation. Since this
impact is an important decision factor for considering this concept, a more detailed and accurate LCA
for batteries used in yachts would lead to a more solid justification. Within this assessment, a more
accurate impact of battery production location should be included, combined with an accurate impact
of second life and recycling emissions.

Not all advantages of the plug-in hybrid electric concept are studied in this research. Especially, the
effect of different operating modes is not studied. For example, the effect of simultaneously charging
the batteries and powering the yacht on emissions and operational capability is not studied. While this
could significantly increase the cruising experience of on board guests.

At last, this study has proven the potential of any sustainable hybrid propulsion system. Therefore, it
is strongly advised to examine other sustainable hybrid concepts that have a durability of only a small
part of the full range capability.
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Characteristic Speed Profiles

Van Loon and Van Zon [56] created a generic speed profile for yachts considering three speed regions - ma-
noeuvring speeds, cruise speeds, and maximum speeds. It shows a high peak at cruising speeds and a very
low use of maximum speeds. The manoeuvring to cruise speeds show a moderate sailing time share.
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Figure A.1: Generic (absolute) speed profile. No axis are depicted to visualise a general speed.

Later on, Akershoek [3] made a deviation in operational profile-type. This resulted in a generic distribution
being divided into a distribution for each of the three operational profiles. A similar distribution is observed.
What is noticeable is that when the yacht changes from type A to C, the peak in the distribution shifts to
higher speeds. This can be an effect of the more globally residence of that operational profile-type, resulting
in trips of greater distances sailed at cruising speeds having a larger share in the distribution. This would
underline the fact that yachts sail shorter distances at lower speeds than cruising speeds, when residing in
the Mediterranean or Caribbean.
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Figure A.2: Characteristic speed profile of type A.
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Figure A.3: Characteristic speed profile of type B.
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Figure A.4: Characteristic speed profile of type C.
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Regression power equipment

In this appendix, the design parameters for a generator set and its associated power-dependent auxiliary
equipment are determined. This is done respectively Sections B.1 and B.2. For this purpose, a dedicated data
set has been created, which is presented in Section B.3.

B.1. Generator set

All diesel generators sets differ in size, volume, and power output among many other characteristics. Nev-
ertheless, a single design parameter is needed to scale the generators in the design process. To obtain this
value, a regression analysis is performed on the current market solutions. Accordingly, five renowned brands
have been analysed, all of which supply diesel generator sets for the maritime industry. A diesel generator
set consists of a high speed diesel diesel engine in line with a generator, as these are commonly used on a su-
peryacht. The considered brands are Caterpillar, Cummins, MAN, MaK, and MTU. A review of the catalogues
yielded a dataset of 73 high-speed diesel generators, which are listed in Table B.2 at the end of this chapter.

The required parameter is the power density of these generator sets, gravimetric or volumetric. Since avail-
able weight is the important design parameter in this study, the gravimetric power density (pg,gens) in kilo-
watts per metric ton is chosen. In order to scale the volume of the generator set, the standard density (0gens)
is determined in metric tons per cubic meter. Simply averaging this data will not provide a correct value as a
result. Therefore, the data are examined in two plots: one for power density versus power, and one for density
versus power density. These are shown in Figure B.1 and B.3.

The figures show that the MaK generator sets have a significantly lower gravimetric power density than the
other brands. Also, the Cummins generator sets have a significantly lower density, indicating a higher ab-
sorbed volume per ton than the other brands. Therefore, both brands are neglected in the further regression.
A mathematical regression analysis to determine both design parameters proved to be impossible. The pro-
posed solution is to place squares around the resulting data set and determine a constant mean of the design
parameters. This procedure is illustrated in Figure B.2 and B.4.

This results in a gravimetric power density of 106kWe/ t, and a uniform density of 0.67¢/ m?>.

The product of the generated current and system voltage is the apparent power, measured in VA (or kVA).
The relation between apparent power and real power is the power factor (p f = cos¢). A non-optimised
connection of the generator sets to the on-board electric grid causes a phase shift between the electrical
sine waves of the two systems. This power factor indicates the utilisation of the electrical power gener-
ated - a power factor of 1 indicates no phase shift between the two and thus optimal utilisation, while
a low power factor indicates a large phase shift and correspondingly poor utilisation. The power factor
is generally assumed by the classification societies to be 0.8, but in a well-designed electrical system this
value can increase to values = 0.9. In this study, the power factor of the classification societies is used.

P=U-I-cos¢p=U-1-0.8 (B.1)
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Figure B.4: The gravimetric power density of a generator set.

B.2. Auxiliary equipment

The design parameters for power dependent auxiliaries are composed of the mass and volume of the convert-
ers and the switchboard. A converter is required to convert the electrical power generated into the required
DC voltage for which the installed switchboard is designed.

The switchboard is rated for the maximum electrical power resulting from the load balance, which is the com-
bined maximum propulsive plus hotel power. Therefore, the power dependent auxiliary equipment scales
with the maximum power in the system. In addition to the switchboard, which is already present in a diesel-
electric configuration, an additional component is required to control the battery modules. Only this part of
the switchboard is scaled. Additional service space must be considered as the equipment must be able to be
maintained and/or operated by the crew.

To get representative values for the actual installed equipment, P. van der Veer! is asked what equipment is
regularly installed on superyachts. He suggested ABB ’s converters and switchboards as a high-end market
solution. A review of their catalogs revealed the system parameters as shown in Table B.1. Both of ABB ’s
electrical devices are liquid cooled. This is similar to the battery considered in this study, making additional
ventilation systems obsolete in this design. The service spaces are calculated with a path of 80cm between
two opposing components.

Summing the different components for both densities gives a gravimetric power density (0g,aux) 0f 0.00171
t/kWe and a volumetric density (pv, 4,,) of 0.00565 m3/kWe.

Table B.1: The power densities of the power-dependent auxiliary equipment.

Equipment Power Mass Volume Power density
H w D Net Gravimetric Volumetric
[kW] kgl [ml [ml [ml [m] [kg/kW] (m3/ kW]
Converter 790 244 1.89 0.45 094 0.80 0.31 0.00101
Service space 1580 0.00 1.89 0.80 0.45 0.68 0.00 0.00043
Switchboard 500 700 2.00 1.00 0.65 1.30 1.40 0.00260
Service space 1000  0.00 2.00 0.80 1.00 1.60 0.00 0.00160

1 An electrical specialist at Royal van Lent Shipyards, Feadship Group.
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B.3. Data generator sets

Table B.2: The created dataset of high-speed diesel generator sets.

Electric Gravimetric

Brand Type Volume Mass Density power density
(m?] (6] [t/m®]  [kWel [kWe/ 1]
MTU 8V 2000 M52B 6.1 3.6 0.59 365 101.4
MTU 8V 2000 M41B 6.1 3.6 0.59 430 119.4
MTU 12V 2000 M 51B 7.9 5.1 0.65 560 109.8
MTU 12V 2000 M41B 7.9 5.1 0.65 650 127.5
MTU 16V 2000 M51B 10.7 6.4 0.59 750 118.1
MTU 16V 2000M41B 10.7 6.4 0.59 875 137.8
MTU 8V 4000 M23F 15.8 9.0 0.57 720 80.0
MTU 8V 4000 M33F 16.2 9.5 0.58 830 87.4
MTU 12V 4000 M23F 18.3 12.0 0.65 1080 90.0
MTU 12V 4000 M33F 18.8 12.5 0.67 1260 100.8
MTU 16V 4000 M23F 225 14.5 0.64 1460 100.7
MTU 16V 4000 M33F 22.9 15.5 0.68 1680 108.4
MTU 8V 4000 M23S 15.8 9.0 0.57 870 96.7
MTU 8V 4000 M33S 16.2 9.5 0.58 990 104.2
MTU 12V 4000 M23S 18.3 12.0 0.65 1320 110.0
MTU 12V 4000 M33S 18.8 12.5 0.67 1480 118.4
MTU 16V 4000 M23S 225 14.5 0.64 1760 121.4
MTU 16V 4000 M33S 22.9 16.0 0.70 2000 125.0
MTU 16V 4000 M43S 23.4 16.5 0.71 2140 129.7
MTU MGO08V4000M24S 15.7 11.0 0.70 850 77.3
MTU MGO08V4000M23S 15.7 11.0 0.70 870 79.1
MTU MGO08V4000M33S 15.7 11.0 0.70 990 90.0
MTU MG12V4000M24S 23.3 15.5 0.66 1140 73.5
MTU MG12V4000M23S 23.3 15.5 0.66 1310 84.5
MTU MG12V4000M34S 23.3 15.5 0.66 1340 86.5
MTU MG12V4000M33S 23.3 15.5 0.66 1480 95.5
MTU MG16V4000M24S 26.0 19.5 0.75 1620 83.1
MTU MG16V4000M23S 26.0 19.5 0.75 1750 89.7
MTU MG16V4000M34S 26.0 19.5 0.75 1920 98.5
MTU MG16V4000M33S 26.0 19.5 0.75 1990 102.1
MTU MG16V4000M43S 26.0 19.5 0.75 2150 110.3
CAT C18 ACERT 7.1 4.2 0.60 565 133.9
CAT C32 ACERTIMO I 12.9 7.1 0.55 940 131.8
CAT C32 ACERT IMO III 11.3 7.1 0.63 940 131.8
CAT 3512B 21.2 15.0 0.70 1360 90.8
CAT 3512C 23.0 15.0 0.65 1360 90.8
CAT 3516B 29.0 18.8 0.65 1825 97.1
CAT 3516C 20.5 18.8 0.92 1843 98.0
CAT C175-16 41.8 24.3 0.58 2660 109.4
MaK M20C 28.9 18.8 0.65 979 52.1
MaK M20C 26.0 30.0 1.15 1726 57.5
MaK M25C 78.2 43.0 0.55 1669 38.8
MakK M25C 95.6 56.0 0.59 2877 51.4
MakK M25E 70.3 43.0 0.61 2016 46.9
MakK M25E 83.5 56.0 0.67 3024 54.0
MaK M32C 116.1 73.0 0.63 2762 37.8
MaK M32C 146.7 98.0 0.67 4316 44.0
MakK VM 32C 175.1 120.0 0.69 5754 48.0
MakK VM 32C 198.7 140.0 0.70 7672 54.8

MaK M32E 113.5 73.0 0.64 3165 43.4
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Table B.2 continued from the previous page

Brand

MaK
MaK
MakK
MakK
MaK
MaK
MaK
Cummins
Cummins
Cummins
Cummins
Cummins
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN
MAN

Type

M32E
VM 32 E
VM 32 E
M 34 DF
M 34 DF
M43C
M43C
K19-CP
K19-CP
K19-CP
K38-CP
K38-CP
12V175D-MEM
12V175D-MEL
12V175D-MEV
12V175D-MEV
16V175D-MEM
16V175D-MEL
16V175D-MEV
16V175D-MEV
20V175D-MEM
20V175D-MEL
20V175D-MEV

Volume

138.4
175.1
198.7
113.6
138.4
260.5
326.9
11.3
11.3
11.3
18.0
18.0
254
25.4
254
254
30.8
30.8
30.8
30.8
33.9
33.9
33.9

Mass

98.0
120.0
140.0

73.0

98.0
178.0
240.0

4.1
4.1
4.1
8.2
8.2

15.8

15.8

15.8

15.8

23.0

23.0

23.0

23.0

27.0

27.0

27.0

Density

0.71
0.69
0.70
0.64
0.71
0.68
0.73
0.36
0.36
0.36
0.46
0.46
0.62
0.62
0.62
0.62
0.75
0.75
0.75
0.75
0.80
0.80
0.80

Electric
power
5747
6099
8593
2934
4574
5754
9063
400
450
460
888
920
1728
1843
1786
1958
2304
2458
2381
2611
2880
3072
2976

Gravimetric
density
58.6
50.8
61.4
40.2
46.7
32.3
37.8
97.6
109.8
112.2
108.3
112.2
109.4
116.6
113.0
123.9
100.2
106.9
103.5
113.5
106.7
113.8
110.2







Regression energy equipment

C.1. Battery

All Lithium-ion batteries differ in size, volume, and storage capacity among many other characteristics. Yet,
design parameters are required to scale the batteries in the design process. The largest discrepancy among
Lithium-ion batteries is expected in a volumetric sense. Therefore, the volumetric energy density and the
normal density are studied in this appendix.

An internal dataset of DVNA consisting of 73 different batteries is used for this purpose. A division is made
between ready for use and remaining market reference products. The ready for use products are maritime
certified products, which can be purchased and installed directly. An additional split is made between mar-
itime modules and racks.

The ready for use batteries are shown in Table C.3 and are sorted by their volumetric energy density. In the
density are the depth-of-discharge (DoD) and end-of-life (EoL) marge taken into account. P. van der Veer!
explained that the values of 75% and 90% are regularly used for battery modules installed on superyachts.
The DoD corresponds to a minimum controlled state-of-charge (SoC) of the batteries 0f 20%, and a maximum
SoC of 95%. The EoL marge takes the ageing, and therefore the reduction in usable capacity, of batteries into
account. As a result, the battery will not immediately have a lower capacity than it was designed for when the
first degradation occurs.

The results show that modules have a significantly higher density than racks. Therefore, it is chosen to only
consider the maritime modules in this study. An exponential regression analysis was performed in Figure C.1
to determine any correlation between both energy density and density. This found relation is shown in the
figure, however, this relation is only valid for single modules. In the studied concept, numerous modules are
potentially installed. It is therefore chosen to consider only a single module type: the Akasol 9AKM 150 CYC
[2]. The Akasol battery is chosen as it is a more renowned brand than E3, it is liquid cooled, and more design
parameters were available. The design parameters are shown in Table C.1. It shows a gravimetric energy
density (0g pars) 0f 183kW h/t and a volumetric energy density (0v,pa¢s) Of 124kW him3.

Table C.1: Battery characteristics of the Akasol 9AKM 150 CYC.

Capacity Volume mass Energy density C-rate Lifetime
Net H W D Net Net  Gravimetric Volumetric Continuous End

(kW h] ml  [ml [ml [m% kgl [(kWht] (kW h/m?®) (-] [Cycles]
98.0 1.7 0.7 03 036 535 183 124 1.00 4000

1 An electrical specialist at Royal van Lent shipyards, Feadship group.
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Figure C.1: The gravimetric energy density of a maritime Battery as ESS, compared to the density itself.

C.2. Auxiliary equipment

The auxiliary equipment of the considered battery, which is energy capacity-dependent, is the cooling instal-
lation. This cooling equipment is the heat exchanger and the accompanying required piping. This equipment
ensures that the battery module maintains within its operating temperature window. The required design pa-
rameters of this component are therefore the energy dependent mass and volume. Additional service spaces
must be taken into account, as the equipment must be able to be maintained and/or operated by the crew.

The dimensions for a single heat exchanger are estimated by P. van der Veer, see Table C.2. A single heat
exchanger of this size is able to cool ten Akasol units. Therefore, the estimated dimension are divided by the
energy capacity of ten units to obtain the design parameters. The piping is taken into account by adding an
extra 10cm in front of the Akasol units, with the height and width equal to the battery itself. The service spaces
are the remaining auxiliary equipment. A favourable characteristic of the considered battery is that service
spaces are only required at the front of the battery. These areas are therefore taken into account by stacking
three modules on top of each other and adding a path of 80cm between two opposing stacks of three.

Itis an advantage that the energy capacity per module is known in advance. This makes it possible to calculate
a dimensionless packing factor instead of a density. The resulting packing factors for mass (P F;;) and volume
(PFy) are respectively 1.004 and 1.203.

Table C.2: The energy densities of the energy-dependent auxiliary equipment.

Equipment Capacity Mass Volume Energy density
H w D Net Gravimetric Volumetric
(kW h] kgl [ml [ml [ml [m® [kg/kWhl  [m3/kWh]
Heat exchanger 980 10 0.60 0.30 0.20 0.04 0.010 0.00004
Piping 98 2 0.70 0.30 0.10 0.02 0.020 0.00021
Service space 588 0 2.10 0.80 0.30 0.00 0.000 0.00086

C.3. Data battery modules
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Shore Power Questionnaire

Based on the gap in literature and the sector specific nature of the information, it is chosen to conduct a ques-
tionnaire among marinas globally to determine these topics. The questionnaire is conducted in cooperation
with Water Revolution Foundation (WRF), as DVNA has a good relation with them and WRF has valuable
connections in the world wide marina industry. Due to competition clauses, DVNA or Feadship are not men-
tioned. WRF wanted to obtain a lot much more insight into this industry via the questionnaire, for the sake
of completeness, the entire questionnaire is attached.

D.1. Marina questionnaire

This questionnaire has been created by The Water Revolution Foundation. The information from this ques-
tionnaire will help to assess the current and future environmental impacts of both the yachts of interest as
well as marinas.

For the open short and long-form answers please answer to the best of your ability, but if required, put un-
known/unsure. Some questions overlap (for example, 2 questions are the exact same but with different units)
so you do not need to fill out every question in these cases. Educated guesses are also fine. Please get in
contact if you have any queries.

All answers you can give us are greatly appreciated and will help with our research.
The Water Revolution Foundation will report its results from this on our website.
Email: megan@waterrevolutionfoundation.org
* Obligatory

1. Where is the marina located? * City or region plus country is preferred.

Capacity of the Marina
This section is to collect information on the profile of usage of the marina of different size yachts with their
varying power demands, and what exactly this power consumption tends to be.

2. How many unique yachts (LOA > 30m) can the marina accommodate in a typical year? *

3. What is the typical duration of a stay in your marina? * Please answer in days.

4. What share of these yachts are in the following length categories? Please add all shares that apply and
educated guesses also suffice.
30-39m / 40-49m / 50-69m / 70-109m / 110m and over

5. What share of these yachts are in the following Gross Tonnage categories? Please add all shares that
apply and educated guesses also suffice. If you do not have this information, please leave it empty. If
the previous question is already answered, you may leave this unanswered.
up to 299GT / 300-399GT / 400-499GT / 500-999GT / 2000-2999GT / 3000GT and over

6. What is the marina’s maximum size yacht it can accommodate, in length and/or GT? Please add the
unit in your answer.

101
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7. How many maximum size, as stated in the previous question, slips/berths does the marina have?
What is the percentage occupancy of this maximum size in a typical year?
9. How many instances in a typical year do yachts have to anchor outside the marina as they are too large

to have a berth?

10. During the time a yacht is accommodated in your marina, what share of that time is it connected to
shore power? Please add all shares that apply and educated guesses also suffice.
30-39m / 40-49m / 50-69m / 70-109m / 110m and over

11. Is there any possible explanation in why a specific size yacht is connected to the shore power for a
longer/shorter period of time? Please include the size range and unit in your answer.Are you looking to
encourage an increase in the time a yacht is connected to shore power? Please include in your answer
what means you look to achieve this if so.

12. How in your experience do yachts choose to use shore power or not, when accommodated at a marina?
What are you looking to do to increase the time yachts are connected to shore power.

13. What is the average weekly consumption of all the accommodated yachts combined? * Please answer
in kWh per week, or state units.

14. What is the maximum weekly consumption of all the accommodated yachts combined in peak season?
* Please answer in kWh per week, or state units.

™

Details of the Available Berths/Slips
This section is to understand the power availability specific to the different berths available within the marina.

15. Do the berths/slips in the marina have a set power availability depending on the size of the berth/slip?
(@) Yes - alarge sized yacht has a different shore power connection than a small sized yacht
(b) No - alarge sized yacht has a similar shore power connection as a small sized yacht
16. If so, what are the power availabilities per berth size that the marina offers?
Please provide the power availability for all length ranges as in previous questions to the best of your
capability. Educated guesses also suffice. Answer by using only one of the following ranges 30-39m,
40-49m, 50-69m, 70-109m, 110m+ or 0-299GT, 300-399GT, 400-499GT, 500-999GT, 999-1999GT, 2000-
2999GT, 3000GT+.
17. If not, what are the power options supplied at the marina?
18. Does the marina offer quick charging points specifically for electric/hybrid vessels such as electric ten-
ders? *
(@) Yes - Installed charging points
i. How many quick charging points are there in the marina? *
ii. What power can a single charging point supply? * Please answer in kW.
(b) No - Not looking to install
i. Why are you not looking to install quick charging? *
(c) No - Looking to install in the future
i. Why are you looking to install quick charging? *
ii. How many quick charging points are you looking to install? *
iii. What is the preferred power supply by a single quick charging point? * Please answer in kW.

Marina Power Supply Section
In this section, please provide information on the power supply to the marina that is subsequently used to
supply shore power to yachts.

19. What share of the following sources is the marina connected to for its shore power? * Please add all
shares that apply and educated guesses also suffice.
Unknown supply (e.g: local power grid) / Generated onsite (e.g: fuel generators) / Renewable generated
onsite (e.g: solar panels) / Specific supply (e.g: nuclear power plant) / Specific renewable supply (e.g:
wind farm)
20. What is the power supply received by the marina? * Please answer in kW.
21. Is that power supply sufficient to comply with demand? Or is it a cause for instability? *
(a) Yes - It suffices
(b) No - Itis a cause for instability
22. Is that power supply likely to change in the future? *
(a) Yes - Itis expected to change
(b) No - It is not expected to change
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23. Why is the power supply likely to change / not change in the future?
24. What is the price per unit of supplied power? Please add the currency and unit of charge. e.g. €0.25 per
kWh.

25. What is the price for a litre of diesel at the marina? Please add the currency of charge. e.g. €1 per litre.

Sustainability of the Marina
Please provide in the following section details on the sustainability measures the marina is currently taking
or looking to take, including the amount of renewable energy used by the marina.

26. What kind of measures has the marina taken to reduce its environmental impact? * Select all that apply
or use "other" to explain existing marina programmes.
¢ Creating and applying a more sustainable business policy
¢ Used more sustainable technology, e.g. more efficient machinery
* Used more sustainable resources, e.g. sustainable sourced water supply, or biodegradable clean-
ing supplies
* Used more sustainable processes within the marina, e.g. improved waste management
* None of the above
e Other: ...

27. Is the marina expected to increase the share of the supplied energy to a more renewable energy share? *
e.g. The marina now uses a share of 30% sustainable and 70% general. This increases to 60% sustainable
and 40% general.

(@) Yes - Our energy is becoming more renewable
(b) No - Our energy is maintains the same source
(c) n/a

28. Please specify the desired distribution. e.g. A 4 is 40% renewable and 60% general.

29. Why are you looking to change this? Select all that apply

¢ To improve the social image of the company
* To reduce the marina’s environmental impact
* Because of business benefits

¢ Forced by regulations

¢ Because of client demands

¢ Government incentive

* None of the above

e Other: ...

Future section
This section assesses the likely trends that marinas will see in the future related to their power supply and
demand and the reasons for these.

26. Is the marina’s available shore power for yachts expected to increase? *
(@) Yes - Itis expected to increase
(b) No - It is expected not to increase
(c) Unsure
27. Is this likely to occur before or after demand has increased? *
(a) Before
(b) After
(c) n/a
28. Is this likely to occur upon own initiative or by pressure from the local government/community?
(a) Upon own initiative
(b) By pressure from the local government
(c) By pressure from the local community
(d) Other: ...
29. What trend does the marina expect to happen regarding the shore power? * Please select all that apply
¢ Areduction in available shore power demand
¢ Anincrease in available shore power demand
* No change in available shore power demand
¢ Areduction in amount of power for the size of vessel consumed
* Anincrease in amount of power for the size of vessel consumed
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* No change in amount of power for the size of vessel consumed
¢ A change to a more renewable source of power

¢ A change to a more general source of power

¢ No change in the source of power

e Other: ...

Thank you for your participation. Your answers are saved. The Water Revolution Foundation greatly appreci-
ates your input on the road to a more sustainable yachting industry.

D.2. Results

The results of the questionnaire for marinas are discussed qualitatively per section, except for the available
shore power. This is discussed quantitatively, as these numbers determine the available shore power connec-
tion. The qualitatively discussed results are the results of the "Sustainability of the Marina" and the "Future
section".

The survey showed that all marinas expect an increase in shore power demand, therefore they want to ex-
pand their shore power infrastructure. This is mostly on their own initiative - or induced by market demand
- and rarely due to community or government pressure. The marinas themselves expect that this trend is
industry-wide. In addition, marinas intend to make their own power supply more sustainable, either by gen-
erating sustainable electricity on site or by purchasing more sustainable electricity. This change is induced
by government incentives and regulations, or to reduce their environmental impact and improve their corre-
sponding social image. As a result, available shore power for superyachts will increase while becoming more
sustainable.

The available shore powers resulting from the marina questionnaire are shown in Table D.1. This dataset was
deemed too small, therefore an online research into the available shore power was conducted. This increased
the available data from 13 to 36 marinas around the globe. These were subdivided into the areas where yachts
reside: Mediterranean Sea, Adriatic Sea, Caribbean Sea, and remaining areas. This resulted in the power per
area shown in Tables D.2 to D.5.

Multiplying the specified current and voltage of a L1
single-phase direct current (DC) circuit directly gives
the electrical power. However, this is not the power 1
of a three-phase alternating current (AC) circuit. This

circuit consists of three phases, all of which have the @ L
same line power as the single-phase DC circuit. But, 1 p

these three powers may not be summed to get the total < 1 L2
power. A correction must be made because the phase L3

angles between the three different phases differ by 120
degrees, so that the three phases contribute only a fac-
tor /3 to the total power. This principle is illustrated
in Figure D.1, where U, W, V are the lines, line (L) to
zero (N) are the line powers, and line to line are the P=U-I-V3 (D.1)
phase powers.

Figure D.1: The principle of a three-phase AC circuit.
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Table D.1: The resulting shore powers out of the marina shore power questionnaire.

Place Country Current Voltage Frequency Power
(A] V] (Hz] (kW]
Barcelona Spain 380 50 1633
Tivat Montenegro 1000 380 50 658
La Spezia Italy 700 380 50 461
Sibenik Croatia 600 380 50 395
Genova Italy 600 380 50 395
N/A N/A 600 380 60 395
Monaco Monaco 400 380 50 263
Monaco Monaco 400 380 50 263
Simpson Bay  Saint Maarten 200 480 60 166
Pesaro Italy 250 380 50 165
Salerno Italy 250 380 50 165
Rodney bay Saint lucia 200 220 60 76
Saint Thomas  Virgin Islands 50 480 60 33
Average 390

Table D.2: The resulting shore powers in the Adriatic Sea.

Place Country Current Voltage Frequency Power
(Al (V] [Hz] (kW]
Bodrum Turkey 1400 380 50 921
Tivat Montenegro 1000 380 50 658
Portonovi Montegro 630 380 50 415
Sibenik Croatia 600 380 50 395
Dubrovnik Croatia 125 380 50 82
Average 494

Table D.3: The resulting shore powers in the Caribbean Sea.

Place Country Current Voltage Frequency Power
(Al (V] [Hz] (kW]
Caroline bay Bahamas 200 480 60 166
Bocas Del toro Panama 200 480 60 166
Christophe Harbou Saint Kitts 200 480 60 166
Rodney bay Saint lucia 200 480 60 166
Simpson Bay Saint Maarten 200 480 60 166
Santa Marta Columbia 100 480 60 83
Blue haven Providenciales 100 480 60 83
Rodney bay Saint Lucia 100 480 60 83
Simpson bay Saint Maartin 100 480 60 83
Simpson bay Saint Maartin 100 480 60 83
Charlotte Amalie Saint Thomas 100 480 60 83
Red Hook Virgin Islands 50 480 60 42
Saint Thomas Virgin Islands 50 480 60 33

Average 109
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D. Shore Power Questionnaire

Table D.4: The resulting shore powers in the Mediterranean Sea.

Place Country Current Voltage Frequency Power
(A] [V] [Hz] (kW]
Barcelona Spain 380 50 1633
Sete france 2000 380 50 1316
Malaga Spain 2000 380 50 1316
Barcelona Spain 1250 380 50 823
La Spezia Italy 700 380 50 461
Genova Italy 600 380 50 395
Monaco Monaco 400 380 50 263
Monaco Monaco 400 380 50 263
Saint Tropez  France 250 380 50 165
Pesaro Italy 250 380 50 165
Salerno Italy 250 380 50 165
Porto cervo Sardinia 250 380 50 165
Average 594
Table D.5: The resulting shore powers in remaining areas.
Place Country Current Voltage Frequency Power
[A] V] (Hz] (kW]
Dubai UAE 1600 400 50 1109
Miami USA 800 480 60 665
Fort lauderdale USA 1000 480 60 658
N/A N/A 600 380 60 395
Fort lauderdale USA 200 480 60 132
London England 125 380 50 82
Average 541




In this appendix, the different resulting design figures are shown
concept version, the following figures are presented:

¢ The speed-power curve
¢ The resulting CDF with potential impacts
¢ The Impact on operational profile

The first figures are shown on the next page.
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Design Figures

. The figures are grouped per yacht. Per
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E.1. Yacht-S
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Figure E.1: The adjusted speed power curve for Yacht-S with a weight-share addition of 0.0%.
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Figure E.2: The adjusted speed power curve for Yacht-S with a weight-share addition of 2.5%.
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Figure E.3: The adjusted speed power curve for Yacht-S with a weight-share addition of 5.0%.
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CDF-diagram of Yacht-S
with an AER of 50.9nm at 11.8kts
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Figure E.4: The CDF of Yacht-S version 1.
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Figure E.5: The CDF of Yacht-S version 2.
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Figure E.6: The CDF of Yacht-S version 3.
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Figure E.7: The impact on the operational profile of Yacht-S with a weight-share addition of 0.0%.
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Figure E.8: The impact on the operational profile of Yacht-S with a weight-share addition of 2.5%.
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Figure E.9: The impact on the operational profile of Yacht-S with a weight-share addition of 5.0%.
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E.2. Yacht-M
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Figure E.10: The adjusted speed power curve for Yacht-M with a weight-share addition of 0.0%.
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Figure E.11: The adjusted speed power curve for Yacht-M with a weight-share addition of 2.5%.
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Figure E.12: The adjusted speed power curve for Yacht-M with a weight-share addition of 5.0%.
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CDF-diagram of Yacht-M
with an AER of 40.6nm at 13.5kts
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Figure E.13: The CDF of Yacht-M version 1.
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Figure E.14: The CDF of Yacht-M version 2.
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Figure E.15: The CDF of Yacht-M version 3.
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Figure E.16: The impact on the operational profile of Yacht-M with a weight-share addition of 0.0%.
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Figure E.17: The impact on the operational profile of Yacht-M with a weight-share addition of 2.5%.
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Figure E.18: The impact on the operational profile of Yacht-M with a weight-share addition of 5.0%.
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E.3. Yacht-L
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Figure E.19: The adjusted speed power curve for Yacht-L with a weight-share addition of 0.0%.
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Figure E.20: The adjusted speed power curve for Yacht-L with a weight-share addition of 2.5%.
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Figure E.21: The adjusted speed power curve for Yacht-L with a weight-share addition of 5.0%.
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CDF-diagram of Yacht-L
with an AER of 84.5nm at 13.9kts

10 | === AER:84.5nm
— UF

= Occurrence
—— Distance
08 | — impactAER

CDF: 60.6%

06 [

Density
Guest trips

04

02

0o
1 4 16 64 256 1024 4096

Trip distance [nm]

Figure E.22: The CDF of Yacht-L version 1.

CDF-diagram of Yacht-L
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Figure E.23: The CDF of Yacht-L version 2.

CDF-diagram of Yacht-L
with an AER of 171.0nm at 13.9kts
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Figure E.24: The CDF of Yacht-L version 3.
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Figure E.25: The impact on the operational profile of Yacht-L with a weight-share addition of 0.0%.
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Figure E.26: The impact on the operational profile of Yacht-L with a weight-share addition of 2.5%.
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Figure E.27: The impact on the operational profile of Yacht-L with a weight-share addition of 5.0%.



Test Itinerary

In this appendix, the different resulting figures of the test itinerary are shown. The figures are grouped per
yacht. At the end of this appendix, the elaborate description of the test itinerary is presented.

E1l. Yacht-S
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Figure E1: The power demand of Yacht-S over the course of the test itinerary.
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Figure FE2: The energy consumption of Yacht-S over the course of the test itinerary.
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Battery SoC per WS version of Yacht-S with current charging infrastructure

10 | — Ws0.0%
—— WS 25%
— WS50%
08
§ 06
=,
2
@ 04
02
00

2025-08-21 2025-08-22 2025-08-23 2025-08-24 2025-08-25 2025-08-26 2025-08-27 2025-08-28 2025-08-29 2025-08-30
Date

Figure E3: The State-of-Charge of the installed battery per concept version of Yacht-S with the current available shore power connection
of 320kW over the course of the test itinerary.
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Figure E4: The State-of-Charge of the installed battery per concept version of Yacht-S with the expected future available shore power
connection of 600kW over the course of the test itinerary.
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Figure E5: The State-of-Charge of the installed battery per concept version of Yacht-S with the desired future available shore power
connection of 1000kW over the course of the test itinerary.
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Figure E6: The power demand of Yacht-L over the course of the test itinerary.
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Figure E7: The energy consumption of Yacht-L over the course of the test itinerary.
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Figure E8: The State-of-Charge of the installed battery per concept version of Yacht-L with the current available shore power connection
of 320kW over the course of the test itinerary.



120 E Test Itinerary

Battery SoC per WS version of Yacht-L with future charging infrastructure
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Figure E9: The State-of-Charge of the installed battery per concept version of Yacht-L with the expected future available shore power
connection of 600kW over the course of the test itinerary.
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Figure E10: The State-of-Charge of the installed battery per concept version of Yacht-L with the desired future available shore power
connection of 1000kW over the course of the test itinerary.
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Table E1: An elaborate description of the test cruise in the Mediterranean.

Date Duration Speed Distance Operation Location
[hrs] [knots] [nm]

21/08/25 8:45 0.0 0 In harbour - Guests arrive Monaco
21/08/25 9:59 1.3 0.0
21/08/2510:00 13.0 92 Cruising Monaco
21/08/2517:02 7.1 13.0 Calvi (Corsica)
21/08/2517:03 0.0 0 In harbour Calvi (Corsica)
22/08/259:29 16.5 0.0
22/08/259:30 5.3 22 Cruising Calvi (Corsica)
22/08/2513:34 4.1 5.3 Malfacu bay
22/08/2513:35 0.0 0 At anchor Malfacu bay
23/08/2510:00 204 0.0
23/08/2510:01 4.2 10 Cruising Malfacu bay
23/08/2512:28 2.5 4.2 Saint-Florent
23/08/2512:29 0.0 0 In harbour Saint-Florent
24/08/25 9:58 21.5 0.0
24/08/25 9:59 9.0 45 Cruising Saint-Florent
24/08/2515:01 5.0 9.0 Bastia
24/08/2515:02 0.0 0 In harbour Bastia
25/08/25 4:01 13.0 0.0
25/08/25 4:02 7.7 34 Early departure for transit Bastia
25/08/25 8:26 4.4 7.7 Porto Santo Stefano
25/08/25 8:27 12.0 43 Remaining part cruise Bastia
25/08/2511:59 3.6 12.0 Porto Santo Stefano
25/08/2512:00 0.0 0 In harbour Porto Santo Stefano
25/08/25 23:59 12.0 0.0
26/08/25 0:00 7.7 66 Early departure for transit Porto Santo Stefano
26/08/25 8:33 8.6 7.7 Capri
26/08/25 8:34 14.7 123 Remaining part cruise Porto Santo Stefano
26/08/25 16:55 8.4 14.7 Capri
26/08/25 16:56 0.0 0 In harbour Capri
27/08/25 9:55 17.0 0.0
27/08/25 9:56 16.0 16 Cruising Capri
27/08/2510:56 1.0 16.0 Napoli
27/08/2510:57 0.0 0 At anchor Napoli
27/08/2517:26 6.5 0.0
27/08/2517:27 6.5 16 Cruising Napoli
27/08/2519:56 2.5 6.5 Capri
27/08/2519:57 0.0 0 In harbour Capri
28/08/25 9:56 14.0 0.0
28/08/25 9:57 16.0 16 Cruising Capri
28/08/25 10:56 1.0 16.0 Napoli
28/08/25 10:57 0.0 0 In harbour - Guests departure Napoli
28/08/2512:56 2.0 0.0
28/08/2512:57 12.0 374 Crew only transit Napoli
29/08/25 20:05 31.1 12.0 Monaco
29/08/25 20:06 0.0 0 Arrived in main marina Monaco

29/08/25 21:06 1.0 0.0




system of any kind has in yachting is serious!

An emission-free performance of only 2 to 3% of
the full range capability already has a substanha/
impact due to the characteristic operating]
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