Development of an electric
day boat concept

A product development project to explore the potential
of electric day boats

Master’s thesis in Product Development

Jesper Ronnebrand

Department of Industrial and Materials Science

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2022
www.chalmers.se


www.chalmers.se




MASTER’S THESIS 2022

Development of an electric
day boat concept

A product development project to explore the potential of
electric day boats

Jesper Ronnebrand

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Industrial and Materials Science
Division of Product Development
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2022



Development of an electric day boat concept
A product development project to explore the potential of electric day boats
Jesper Ronnebrand

© Jesper Ronnebrand, 2022.

Supervisor and Examiner: Lars Almefelt, Department of Industrial and Materials Science

Master’s Thesis 2022

Department of Industrial and Materials Science
Division of Product development

Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Cover: Render of the concept design.
Typeset in ISIEX

Printed by Chalmers Reproservice
Gothenburg, Sweden 2022

v



Abstract

As aresult from the increasing popularity of electric cars together with the need of work-
ing for a sustainable marine leisure industry, electric boats has gained a foothold in the
world of boating. Nimbus Group being a leading boat manufacturer in northern Europe
and working for sustainable boating has developed some electric boats and are continuing
exploring the potential of electric boats. That is were this development project began with
the purpose to create a concept for day boat use. The main objectives was to create a
boat with functional design, decent performance and environmental benefits compared to
equal combustion driven boats.

An extensive study was conducted prior of developing concepts. It involved a research of
competitors on the electric boat market and propulsion systems. To identify the market
segments and customer needs a study was conducted through interviews and a survey tar-
geted at Nimbus Groups main markets. The study served as a guidance of were to head
with the concept development.

Concepts were developed in a systematic process combining different components into
concepts. The concepts were then screened out in different phases based on requirements
and customer need criterions. After one concept had been decided for further develop-
ment it was taken into a detailed design process resulting in a 3D model and renderings.

The concept was then evaluated environmentally and economically against an equal com-
bustion driven boat and other electric boats. The results showed that electrical boats does
pay off environmentally during its lifetime even at average day boating use. It also shows
that from an economical perspective and average day boat usage it is not beneficial to buy
an electric boat, however it is beneficial if usage is increased.

Keywords: Electric, Boat, Nimbus, Concept, Design, Sustainable
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1

Introduction

In this chapter the project will be introduced,starting with a background of Nimbus Group
and history of electric boats. Then the purpose and objectives will be stated followed by
the key activities that will take place. Delimitations and problem definition will be pre-
sented and finally the actors and stakeholders and the expected outcome will be presented.

1.1 Background

1.1.1 Company description

Nimbus Group was founded in Gothenburg 1968. Already from the start it was a success
when the first boat Nimbus 26 was introduced and one year later received a prize for best
boat of the year. During the years Nimbus has collaborated with renowned designers and
celebrities like Bjorn Borg, establishing itself as a premium boat brand with high qual-
ity(Nimbus Group, 2022a).

During recent years Nimbus Group has been in a growth phase and through acquisition
of other boat brands in the Nordics, the company is now established as a leading boat
manufacturer in Europe. Today Nimbus Group consists of the brands Alukin, Aquador,
Bella, Falcon, Flipper, Nimbus and Paragon. The common features that can be found in
all Nimbus Groups brands are quality, comfort, environmental focus, safety thinking and
Scandinavian design (Nimbus Group, 2022a).

Being one of Europe’s largest boat manufacturers Nimbus Group feels a responsibility
towards providing leisure boats with a focus on sustainability and environment. Through
the years Nimbus Group has proven their work towards sustainability by for example
launching the E-power concept already in 2009 and the all electric Nimbus 305 back
in 2016. The target for the E-power concept was to improve the relation between boat,
human and environment. When Nimbus Group develops a boat the environment is taken
into account in every step, from creating an efficient hull reducing the fuel consumption
to choosing materials having less impact on the environment (Nimbus Group, 2022c).

1.1.2 Electric boats, then and now

Electric boats first appeared during the late 1830s, however these boats had very limited
performance and it took decades until electric boats had something of a golden age from
the 1880s until 1920s. When the combustion engines were introduced during the 1920s
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it quickly took over as the main propulsion solution for motor powered boats. Only a
few electric boat models were launched for a long period during the 20th century (Todays
Engineer, 2013).

Following the success of electrification of cars in the latest decade combined with the
increased focus on environment and sustainability, new electric boat manufacturers have
started to pop up with the goal to make the same change to the marine industry as the one
that has been going on in the recent years in the automotive industry (Marshall, 2021).

The main disadvantages of existing electric boats is that the range is limited due to the
low energy density of batteries compared to diesel or gas. Due to the low energy density
of batteries it is difficult to achieve the demands on performance in terms of range and
speed that many boaters desire (Tveitdal, 2018).

1.1.3 Nimbus Group developed electric boat

Bella Zero 6.3 is an electric day boat developed by Nimbus Group under the brand Bella
and released in the beginning of 2021. The purpose of the boat is to offer an electric day
boat to an affordable price. The boat is designed with a semi displacement hull equipped
with an 33 kW engine and a 25.9 kWh lithium-ion battery, allowing it to cruise in 5 knots
at a distance of 30 nautical miles. The top speed is 14 knots but at that speed the battery
only lasts for 35 minutes (Morin, 2021).

Figure 1.1: Picture of Bella Zero 6.3



1. Introduction

1.2 Purpose

The purpose of this project is to develop a concept for an electric boat focused on day use,
based on the experiences from Nimbus Groups previous electric boat projects.

The study will focus on creating a concept that is a competitive option to boats with com-
bustion engines, where performance in terms of range and speed should meet user needs
while at the same time being a viable option economically. Another focus will be to com-
pare the environmental impact from the electric boat concept to a similar fossil fuel driven
boat.

Focus will also be on manufacturability, where the concept should be designed in a way
to keep assembly and manufacturing time down, and where the concept should fit into
Nimbus Groups current production.

The final design of the boat should meet Nimbus Group’s values of quality, comfort, safety
and Scandinavian design, while being sustainable and creating better experiences for the
users.

1.3 Objectives

The objective of the project is to generate a concept that have:
* Functional design
* Decent performance
* Economical benefits
* Environmental and sustainable benefits
* Manufacturing and assembly suited to Nimbus production lines

1.4 Problem definition

The problems that are forming the basis for the project can be divided into market and
environmental issues.

Market

The market for day boats is today dominated by fast planing boats with large engines,
often over motorized since most of the users rarely drive their boat in more than the eco-
nomic cruising speeds of planning boats, often between 20-25 knots. When it comes to
electric boats the development of batteries has not yet reached a potential where it can
compete with fossil fuel in the ability to deliver the energy required both for maintaining
a high speed combined with long range. This is the main doubt boat users have when
questioning electric boats. Other doubts are the lack of charging infrastructure as well as
the initial price is high compared to an equal boat with a combustion engine.



1. Introduction

Environmental

The main incentive for boat users to buy an electric boat is to protect the environment.
However it is important to remember that environmental friendly in use does not neces-
sarily equals environmental friendly throughout the whole process. An electric boat has a
battery with several minerals that has to be mined and the electricity has to be generated
either as green energy or with fossil fuels like coal which is common around the world.
Boats also include materials that have a negative impact on the environment through ex-
traction and processing, such as fiberglass, aluminum, steel and wood among others.

Hypothesis:

Designing a boat with a hull that is efficient at all speeds without a distinct planing thresh-
old will ensure that the boat can cruise efficiently at long range at low and intermediate
speeds and maintain a decent range at maximum speed.

A layout that invites to social and comfortable staying are likely to facilitate slower speeds
an more time spent on water.

Questions:

The research question are based on the problem definition and covers some of the ques-
tions that might arise when trying to solve the problems. The questions will be used to
analyse and validate the outcome of the project.

Is there an interest among boat users to compromise on speed to increase range and spend
more time on the boat?

Will the reduced running costs result in economical benefits over the electric boats life-
time?

How will an electric boat impact the environment throughout its lifetime compared to an
equal combustion engine boat?

1.5 Delimitations
The following lists describe what delimitations that have been set for the project.

Design

* There will be no hydrodynamic calculations made at the concept stage to evaluate
hull types or design the hull. Selection and design of hull type will be based on
characteristics of the different types and available data.

* The type of boat should be used mainly for day time activities.

* The concept should be designed to fit into Nimbus Groups manufacturing and as-
sembly process.

* Driveline and other systems will be selected and fitted into the boat but there will
be no technical construction made. The approach is rather to design the concept so
there is enough space for technical installation.
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Analysis

* There will be no structural calculations made, however the design of the concept
should be realistic in terms of strength and mechanical properties.

* The environmental analysis is focused on green house gas emissions related to
propulsion. The calculations is not taking the emissions from manufacturing of
the boat and driveline components into account.

Economical

» The approximated price of the final concept should fit into Nimbus Groups current
price range.

» There is no specific budget limit to the project, however a budget has been created
where a potential cost might reach a maximum of 30 000 sek.

Outcome

* The final concept will not be ready for production, however considerations will
be taken to ensure that the concept will have a smooth transition from concept to
production ready boat.

1.6 Thesis Outline

Following the introduction the thesis begin with a chapter of theory to give the reader
some knowledge about boats and propulsion of boats. The manufacturing process of
boats and how to design for manufacturing are also described. Lastly the in-going data
used for environmental calculations are presented.

The theory chapter is followed by the methodology describing the whole process used
in the project and the different methods being used.

Then the results are presented including the market study, concept generation and screen-
ing phase and lastly a presentation of the final concept design and evaluations both eco-
nomically and environmentally.

The discussion chapter reflects on the methods use and the outcome of the project. Lastly
a chapter of conclusion summarize the key findings of the thesis and suggest recommen-
dations for future work.
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Theory of boat design and
manufacturing

The theory chapter describes different hull types, boat types and propulsion. It also de-
scribes the manufacturing process of boats and how boats should be designed for manu-
facturing. Lastly it includes some in-data of environmental calculations of green house
gases.

2.1 Boat terminology

Here some frequently used terms related to boats are explained. In figure 2.1 some of the
main terms is explained visually.

Pulpit

Port side

Starboard side
Hull

Figure 2.1: Picture explaining some boat terminology visually

Following is a list with all terminology presented in the report that needs explanation.
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Bow Forward part of a boat.

Cleat A fixture to attach mooring lines to.

Cockpit A space on deck that is often in form of a open well, from were the boat
is controlled.

Deck Sits on top of hull, a platform which you walk on.

Foredeck Deck at the forward part of the boat.

Gunwale The upper edge of a hull.

Handrail Rails placed around the boat to provide support.

Helm Position from which boat is operated.

Hull Main body off a boat.

Port side Left side of a boat.

Pulpit The railing at the bow of a boat.

Starboard side Right side of a boat.

Stern The back of a boat.

2.2 Hull types

This section describes some common hull types that exists. Apart from the hull types
mentioned below there are variations of these where all of the following hull types can be
either a monohull or a multihull. Monohull is a boat with a single hull, a multihull has
two or more hulls combined.

2.2.1 Displacement hull

The displacement hull is displacing water as it moves, meaning that the hull lies in the
water and slices through it instead of running on top of the water. It is characterized by
slow speed since the speed is limited to the “hull speed” which has a relation to the water
length, a longer displacement hull can travel at greater speeds. The displacement hull is
often very efficient which makes it a popular choice for many electric boats where the
speed is not a focus (Rudow, 2021).

2.2.2 Planing hull

The planing hull seen in figure 2.2 is a hull that is supported by a vertical pressure force
that lifts the hull at high speeds (Larsson et al., 2022). The hull is considered to be plan-
ing if its is mainly supported by the hydrodynamic pressure. Planing hulls are commonly
V-shaped to enhance seakeeping qualities, the V-shape is also refereed to as a deadrise.
Greater deadrise angles reduces the lift, to maintain the lift, spray rails can be added along
the hull. The spray rails force the water flowing sidewards down to generate lift, as seen
in figure 2.3. Another way to improve the performance of a planing hull is to add steps
at the bottom of the hull which generate more lift due to a small length to beam ratio for
each step (Larsson et al., 2022), the steps can be seen in figure 2.2.
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Figure 2.2: Picture showing the planing hull for Nimbus T11

Figure 2.3: Picture showing hull spray rails

2.2.3 Semi displacement hull

The semi displacement hull combines the characteristics of the planing hull and the dis-
placement hull, with a v shaped bow that gradually softens towards the stern. The bow will
efficiently cut the waves and the stern will generate lift. The result is a greater speed than
for a displacement hull and better efficiency than a planing hull at intermediate speeds.
The drawbacks with the semi displacement hull is that it is weight sensitive, and not as
efficient as the planing hull in high speed (Torterat, 2017).
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2.2.4 Crossover planing hull

A special hull was designed by Heyman Yachts to take powerboat hull designs further.
The hull is designed for Nautus 7-50 and seen in figure 2.4. The idea was to create a hull
that is efficient in slow displacement speeds, semi planing speeds and planing speeds. The
hull is a planing hull but with a sharper bow to reduce slamming, the efficiency of the hull
allows for a low fuel consummation of between 0,4 - 0,45 liter diesel per NM in most
speeds (Heyman, 2022).

Figure 2.4: Picture showing the hull of Nautus 7-50

2.2.5 Foiling hull

A foiling boat has submerged hydrofoils that generates lift so that the hull of the boat
fly above the water, this reduces the hydrodynamic hull resistance to zero (Larsson et
al., 2022). There are different variations of foil concepts and foils can either be fully
submerged as T-foil or surface piercing as V-foil both seen in figure 2.5. The surface
piercing V-foils has the advantage of height adjustment automatically since the submerged
part of the foil generates just the required lift to carry the weight of the boat, as the speed
increases less of the foil are submerged. The submerged T-foil requires an active control
system since the lifting surface of the foil are the same for all ride heights. When reaching
high speeds the submerged T-foil can pierce the surface which results in loss in lift of the
foil and might lead to the boat crashing to the surface. This can be avoided with the active
control system maintaining the correct ride height (Larsson et al., 2022).

Figure 2.5: Picture showing V- and T-foil

10
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2.3 Common day boat types

In this section some common boat types for day boating are described. Note that all day
boat types existing are not included, only the ones which are common and fits into Nimbus
Groups profile.

2.3.1 Centre console and Walk around

Centre console and walk around boats have a centered console were the helm of the boat
is located. There are possibilities to pass between bow and stern on each side of the boat.
This is a benefit especially when docking the boat and access to both sides are required to
attach fenders and mooring lines. Centre console boats are usually open as seen in figure
2.6, and larger boats might offer a toilet compartment under the console. The difference
between a centre console boat and a walk around boat are that the walk around layout
offers a cabin with sleeping possibilities while the centre console are open at the bow.

T
T [T

Figure 2.6: Picture showing centre console boat

The centre console boat seen in figure 2.6 1s well suited for day trips because it has large
and practical spaces for bringing items and it offers excellent ability to move around on the
boat (Nordkapp boats, 2020b). Centre console boats are great for fishing or as a transport
boat to summer houses located on islands. The drawback with centre console boats is
that passengers sitting in the aft couch are more exposed to weather and wind since the

11
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windscreen often only gives protection for the people sitting right behind the console.
The walk around boat seen in figure 2.7 has similar benefits with the addition that you
can sleep aboard. However a drawback is that the foredeck is raised and the sidewalks
often is a bit narrower compared to the centre console (National Marine Manufacturers
Association, 2022).

Figure 2.7: Picture showing walk around boat

2.3.2 Side walk

A sidewalk boat has an asymmetric layout with a wide side deck on one side to provide
generous space for moving between bow and stern, as seen in figure 2.8. At the same
time it gives more volume to the cockpit or interior space (Nimbus Group, 2022b). The
drawback for the sidewalk layout is that one side becomes narrow and some time access
to both side are required when docking in certain harbours, someone might have to move
around the narrow side to attach fenders and mooring lines.

12
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Figure 2.8: Picture showing Nimbus W9 sidewalk

2.3.3 Bowrider

The bowrider as seen in figure 2.9 has a full width windscreen with a door to pass between
bow and stern (Nordkapp boats, 2020a). It provides shelter from the wind when sitting in
the cockpit, and there is often possibility to sit at the bow. Bowriders are often described
as ideal family day boats since it provides plenty of seating for friends and family. It
offers plenty of storage space and is usually great for water sports (Glastron, 2021).

13
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Figure 2.9: Picture showing a bowrider

2.3.4 Daycruiser

A daycruiser which can be seen in figure 2.10 has a large cockpit behind a full width wind-
screen and a cabin in the bow section. It provides good shelter from wind and weather
(Flipper Marine, 2022). Common for modern daycruisers is to have a windscreen with a
door in the center to access the foredeck or cockpit, some day cruiser models have narrow
gunwales on each side to pass from the foredeck to the cockpit. Daycruisers are popular
since they provide plenty of shelter and many like to have the possibility to spend a few
nights in the small cabin (Nordkapp boats, 2020c). The drawbacks with the daycruiser
is the limited ability to move around at the foredeck which often lack proper grab rails
which make it a balance hazard.

14
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- m—

Figure 2.10: Picture showing Flipper 640 daycruiser

2.3.5 Sloop

A sloop is a boat type with a displacement hull for slow cruising (Atlantica, 2016) as
seen in figure 2.11. Often it has an open layout but can also have a cabin to allow for
overnight stays. The benefit of the sloop is the peace it offers in slow cruising and social
environment were you spend time on the water with family and friends. The drawback is
that it is limited to the hull speed since it is a displacement boat (Atlantica, 2016). It is a
common boat type at the inland waterways around Holland but can also be seen frequently
along the Swedish coast.

Figure 2.11: Picture showing a traditional sloop
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2.3.6 Pilothouse and Cabin boats

Pilothouse boats, also referred to as cabin boats depending on region, have an enclosed
pilothouse that can be completely sealed of from the elements as seen in figure 2.12. This
makes a pilothouse great for all year use since it can be used in a wide variety of weathers.
A pilothouse can be fitted to all of the above mentioned layout types. The drawbacks with
a pilothouse is that it limits the outdoor space of the boat which is sometimes desired in
warm summer days (Discover Boating, 2022).

Figure 2.12: Picture showing a boat with pilothouse

2.4 Propulsion types for boats

There are different variations for delivering propulsion to a boat. In this section some
common variants are described. Other variants exists but are not mentioned here since
they are not a part of the results.

2.4.1 Inboard with shaft drive

Inboard engines with shaft drive are mounted inside an engine room often located at the
midsection of the hull. The drive shaft extends out from the engine and runs through the
bottom of the hull. At the end of the shaft the propeller delivers the propulsion and a ruder
is located behind the propeller for steering the boat (Maritimo, 2020).

2.4.2 Inboard with sterndrive

Inboard engines with a stern drive are located at the stern with a drive unit attached to the
transom. The drive unit provides steering since it can be rotated to generate thrust in the
direction you want to go. It can also be tilted up and down to change the trim angle of
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the hull for more efficient cruising. The tilting function also allows for entering shallow
waters, however it is limited and can never be fully tilted out of the water which is the case
for an outboard. The drawbacks with the sterndrive compared to a shaft boat is that there
are more moving components and more exposed components which can lead to damage
and corrosion (Tom George Yacht Group, 2019).

2.4.3 Outboard

Outboard engines are mounted to the transom located at the stern of the vessel. The
outboard is a self-contained unit including the engine, gearbox and propeller (Tom George
Yacht Group, 2019). The boat is steered by rotating the engine to push the boat in the
direction you want to go. Similar to the sterndrive the outboard can be tilted to find
the most efficient trim angle for efficient cruising. It can be tilted completely out of the
water which is a benefit when entering shallow bays or for preventing growth of marine
organisms on the submerged parts when standing still for long periods, which can have a
large impact on the performance of the boat (Andreae, 2014). It is also easy to maintain
or change since access are unlimited because it is mounted on the outside.

2.4.4 Steerable pod drives

Steerable pod drives are mounted at the bottom of the hull usually with forward facing
propellers. The steerable pod drives generates excellent manoeuvrability together with
other benefits such as increased fuel economy, performance and more usable space on-
board. When comparing Volvo Pentas IPS system using steerable forward facing pods
it is seen that it has a 30% reduction in fuel consummation and 20% higher top speed
compared to a shaft driven boat (Volvo Penta, 2022). Driving a boat with steerable pods
using a joystick enables precise and controlled harbour manoeuvres. The drawbacks with
pod drives is the maintenance and price (Fortey, 2021).

2.4.5 Thruster bow and stern

A bow or stern thruster is a device to enable sideways movement or rotating a boat to
increase the maneuverability in a harbour. The bow thruster is often located in a tunnel at
the bow and the stern thruster is usually located at the stern transom (Lanier, 2014).

2.5 Electric propulsion

2.5.1 Electric engine

The electric marine engines available to the market are of both AC (alternating current)
and DC (direct current) types (DiQuinzio, 2015). The benefits with the DC motors is that
they offer a high torque capability in relation to the weight and size and can be controlled
electronically. Downsides with the DC motor is that it has brushes that from time to time
has to be replaced. The AC motor has no brushes but it requires sophisticated controllers
to invert DC into AC (DiQuinzio, 2015).
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2.5.2 Battery

Lithium-ion batteries are the main battery technology used for powering electric boats
right now. Compared to other battery technologies such as lead-acid the lithium-ion bat-
teries have higher energy density than any other battery technology today while being
almost 20% more efficient (Dragonfly Energy, 2021). The disadvantages with the lithium-
ion batteries is that they have a tendency to overheat, can loose capacity due to ageing and
are costly. Compared to gasoline the lithium-ion batteries are hundred time less energy
dense (Clean Energy Institute, 2020).

Battery capacity is limited by the depth of discharge (DOD) which refers to the amount
of capacity that has been drained. If draining a battery of 80% of its capacity the DOD is
80% and 20% of the battery capacity remains. If batteries have less than 20% of the ca-
pacity remaining it might run out of electricity, therefore 80% DOD is seen as a maximum
(Crown Battery, 2018).

2.6 Materials used in Nimbus boats

Fibre-reinforced plastic (FRP) is a common material for building boat hulls and decks and
is used for Nimbus boats. One advantage of FRP is the possibility to tailor the strength
properties which lead to light and strong structures (Larsson et al., 2022). The main
parameters that decides the strength are what type of reinforcement that are being used
and the fibre content. The glass reinforcement that is most common to use is a chopped
strand mat, consisting of short fibres that are between 4 to 5 cm long which are distributed
evenly and held together by a binder (Larsson et al., 2022).

Wood veneer is a material that uses a thin layer of natural hardwood that is bonded with a
core material. This results in less exotic wood such as teak or mahogany being used. The
core material depends on the indented application of the wood veneer but usually it is of
plywood (CHI, 2022).

Teak is a wood material commonly used for decks on boats. Since natural teak decks
contributes to the deforestation of rainforest it is not good from an sustainable perspective.
Alternatives of teak decking exists that simulated natural teak and most common is the
synthetic teak PVC decks. The PVC decks have a textured surface to simulate the grains
of wood (Holmes, 2020).

2.7 DFMA

Design for Manufacturing and Assembly (DFMA) is a methodology within engineer-
ing that focus on creating products that are efficient to produce which lead to a reduced
time-to-market and at the same time lowered production costs. The best stage to ensure
low manufacturing and assembly costs are at the design stage, which makes it important
to consult with experts within manufacturing throughout the design process (Siemens,
2022).
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2.7.1 Nimbus boats manufacturing process

Following paragraphs describes the manufacturing process for Nimbus boats and infor-
mation is gathered through an interview with M. Jacobsson (personal communication, 22
Mars 2022)

When a new boat model is being prepared for manufacturing the first step is to send
the 3D-files generated in CAD (Computer Aided Design) to a CNC milling machine to
create a mold plug. A base for the plug is created in plywood and then a coat of foam is
applied to the plywood base. The foam is then milled to the desired shape. Next step is
to add a paste of polyurethane or epoxy, were the epoxy paste is considered to generate a
better finish but requires more from the occupational health and safety. To create a smooth
product the plug are then ground manually using a long-board or sanded by hand and then
a surface layer of topcoat are applied to generate a glossy surface. Then the plug are used
to create the mold which are laminated in vinyl ester. Frames are integrated to the mold
for handling. When the boat are being produced in the molds the mold first have to be
waxed. This is done to reduce the grip to enable the product to be removed from the mold.

There are two main techniques that are used when laminating boats, hand lay-up and
vacuum infused lay-up. Hand lay-up is done by placing pieces of glass fibre in the mold
that later is saturated with either epoxy resin, polyester or vinyl ester. Nimbus group
mainly use vacuum infusion in its production but some parts are made with hand lay-up.
The process of vacuum infusion at Nimbus begins with adding a layer of gelcoat followed
by a layer of vinyl ester based barrier coat in the mold. Then the glass fibre peaces are
pre-cut and placed dry in a specific lay-up to achieve both strength and good surface fin-
ish which can be seen in figure 2.13. If a sandwich structure is used for the part being
made the core material of divinycell is placed between the layers of glass fibre. Sandwich
structure are mainly used in parts which require strength such as a hull or a deck as seen
in figure 2.14. Divinycell is a light weight PVC foam core material that enable building
boats strong while keeping weight down (Diab Group, 2022).
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Figure 2.13: Picture showing how glass fibers are laid up by hand

Figure 2.14: Picture showing the sandwich construction with divinycell

When the lay up of glass fibre and core material are completed everything are covered in
a bag which are put to vacuum, as seen in figure 2.15. The bag is connected with tubes
to allow polyester to enter. It takes around one hour to fill a hull with polyester and after
another 40 minutes it starts to harden. After the polyester has hardened for 3 hours the
bag is removed and the hull structure is completed.
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Figure 2.15: Picture showing hull covered in bag

Next step is to add the reinforcing beams to the hull as seen in figure 2.16 which are done
within 4 hours of the completion of the hull in order for the laminate to be chemically
active to get chemical bonding between the hull laminate and beams. Then the hull is left
in the mold over the night and the day after it is removed from the mold. The process is
similar when creating other vacuum infused parts.
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Figure 2.16: Picture showing hull beams laying inside the hull

It is made sure that all cutting and drilling in the laminate are done prior to moving into
the mounting phase. There are three mounting stations for each production line, one for
the hull, one for the deck, and one for putting the deck and hull together. It is made sure
to mount as much as possible before the deck is put on the hull as seen in figure 2.17. It
allows for easier mounting of parts since space inside the boat get more cramped when
the deck is added. Much of the furniture are also mounted as ready modules. For example
the toilet comes as a complete module which can be seen in figure 2.18 that just have to
be connected with piping and such.
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Figure 2.17: Picture showing assembly of systems before decking

Figure 2.18: Picture showing toilet module
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When the boat is ready to be decked the deck is lifted and hull is placed underneath. A
deck that is almost ready for being lifted and placed on a hull is seen in figure 2.19 First
it is tested if the hull and deck fits together before they are glued together. Then the deck
is lifted again and glue is applied around the edges and then hull and deck is pressed
together. The hull and deck are also bolted together as seen in figure 2.20. Then all the
electrical systems and piping between the hull and deck are connected and some furniture
mounted that can’t be mounted before the hull and deck is put together.

Figure 2.20: Picture showing the hull and deck bolted together
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The last station is the test station where all the systems are tested in a pool as seen in
figure 2.21. Different areas of the boat are also checked for leakage. A final inspection
is made to check that everything that the customer has ordered are included and then the
boat is packed for delivery.
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Figure 2.21: Picture showing boat being tested in test tank

2.7.2 Nimbus approach to DFMA

Following paragraphs describe some of the aspects Nimbus Group consider when design-
ing for manufacturing and assembly. The information is gathered through and interview
with M.Jacobsson and J.Gustavsson (personal communication, 17 May 2022).

When designing a boat for efficient manufacturing it is important to not add too much
details since many detail increase the complexity and cost. The number of molds should
be minimized since it is a logistic problem to have many molds, the more molds that are
needed the more complex it makes the assembly and result in higher prices. The molds
also requires a lot of space when they are not in use. It is desired to add functions in the
laminate without increasing the cost, features that impacts the complexity and cost is for
example elevations, immersions and creases.
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It is important that there are draft angles on surfaces so that parts can be removed from
the mold. One design rule Nimbus follow is that the draft angles should be minimum 1.5
degrees for shiny surfaces and if the surface is rougher larger draft angles is required. It
is also important to take the aspect of removing the laminate from the mold into account.
It should be possible to lift the laminate out of the mold vertically with a traverse. Nar-
row laminate details should be designed after the criteria that something that has a certain
height should have a width of a third of the height. By keeping this criteria in mind it
facilitates the access of tools when laminating the surfaces.

Critical meetings between different laminate details which require tolerances should be
minimized. If it is possible to build in self fixation for different modules it is a way to
minimize complex meetings. One example is when the deck is put on the hull and every-
thing has to fit together.

It is desired to build furniture as modules outside the boat and then lift and place it inside
the hull. Wood details should be using same thickness for wooden plates to improve the
logistics.

2.8 Emission data for electric and diesel propulsion

Theoretical background for the data used in emissions calculations are presented in this
section.

2.8.1 Battery manufacturing emissions

A mean value for battery manufacturing emissions was estimated to be 75 kg CO2eq/kWh
during 2020 (Hoekstra, 2020). It is also seen that GHG emissions from battery manu-
facturing decreases since battery production is becoming more efficient and the use of
renewable energy is increasing in the production of batteries (Hoekstra, 2020).

2.8.2 Electricity mix over the lifetime of a vehicle

In the study by Hoekstra (2020) it is brought up that the electricity mix used over the
years a vehicle is driven should be used for calculating driving emissions. Furthermore
the upstream emissions, trading and losses are added to the emissions. It is estimated that
the electric emissions at the charger is 0,25g CO2eq/kWh over the lifetime of a vehicle
sold during 2020 (Hoekstra, 2020).

2.8.3 Fossil fuel production and consummation emissions

It is stated by Hoekstra (2020) that 24% should be added to the tailpipe emissions for the
production of diesel. The tail pipe emission for 1 kg of diesel from an marine engine is
around 3.15 kg CO2eq. One liter of diesel weighs 0.87kg (Zang et al., 2021) which result
in a tail pipe emission of 2.74 kg CO2eq per liter. The total emissions per liter are thus 3.4
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kg C02eq for running a marine engine on diesel when adding the 24% for fuel production
(Hoekstra, 2020).
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Methodology

In this chapter the methodological approach and methods used are described.

3.1 Methodological Approach

The methodological approach used to generate a concept is based on two different method-
ologies to generate products. The first methodology by Ulrich and Eppinger (2020) is fo-
cusing on methods for general product development. The second methodology by Larsson
et al. (2022) is focusing on the development and design of a boat. The two methodologies
have been merged and adapted to suit this specific project. In figure 3.1 a process flow
chart is seen showing the stages of concept development.

lPre\iminawconsiderat\ons |—><>—>| Cohceptdeve\.opment& |—>O~>{ Detailed design |—><>4>| Evaluation of concept ‘
screening

- Define intended use \ - Identify necessary functions - Decide on aesthetic - Environmental impact
appearance calculations

- Identify market segments - Combine sub-components

into concepts -Apply DFMA in design process - Economic calculations
- Collect information about
similar boats - Screen out infeasible -Generate 3D model - Localize design improvements
concepts
- Collect information about - Choose materials
propulsion systems - Evaluate concepts.

-Create visualizations of
- Gather user needs - Decide on concept based on concept
evaluation

- Decide on preliminary
requirements

- Collect information about
\ manufacturing /

Figure 3.1: Flow chart showing the development process

3.2 Market research

Market trend research was performed to understand how the market for day boats looks
like around the world and to identify electric boat manufacturers currently on the market.
Search engines was used to identify electric boat manufacturers which was concluded
in a list comparing technical data of each boat, including size, performance, propulsion
system and price. From the list of electric boat data some graphs where created to serve
as a visual aid when comparing the existing electric boats performance against each other.
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Market segmentation was conducted to identify potential markets and how markets differ
depending on location. It was done through interviews of sales persons representing Nim-
bus Group from different locations. Furthermore a customer survey was used to identify
usage patterns from different locations.

3.3 User needs study

One-to-one interviews were held with different distributors of Nimbus Group boats around
Europe to understand what users are demanding from their day boats, and how the boats
are used in the region. Nimbus Group has markets on other places around the world but
since the chosen interview objects from different locations cover most of the different
usage patterns of day boating there was little need to interview distributors from more
locations.

An online survey was created to identify usage patterns and user demands on day boats.
It also included questions related to electric boat interest and environmental aspects. The
survey was targeted at the end user of boats. To reach out to users from different locations
the survey was spread on different online platforms such as Facebook groups, LinkedIn
and web-based boating forums. To achieve a statistical representative sampling a target
of 500 respondents was aimed for.

The gathered data from the interviews together with complementary customer need state-
ments based in personal boating experience as well as input from the development team
at Nimbus was used to form a customer needs list. The customer need statements was
translated into a list with needs formulated to be as general as possible.

3.4 Technical study

Following sub chapters cover the technical study that was conducted.

3.4.1 Literature study

Literature were used to support the development process. The literature study cover prin-
ciples of yacht design, boat building materials and design for manufacturing and assembly
(DFMA). The book Principles of Yacht Design (Larsson et al., 2022) will cover the basics
of yacht design as well as boat building materials, other relevant sources might also be
used. Other literature used was found using search engines like Google scholar.

3.4.2 Marine electric propulsion and steering systems

A study of existing marine electric propulsion systems was conducted to find out which
subcontractors of propulsion systems that was suitable for the generated concepts. The
propulsion system in this case was focused on engine, battery, drive type and steering.
The research was done using search engines to identify potential propulsion systems and
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batteries. Interviews was held with some of the identified subcontractors to gather more
information.

3.4.3 Boat manufacturing at Nimbus Group

A visit to the Nimbus factory was made to gather insight in the boat building process and
to understand how the boat should be designed to fit into Nimbus Groups manufacturing
strategy. During the visit a walk trough tour was given showing all the stages of the
manufacturing process. The visit to the factory was complemented with a interview of
the CTO of Nimbus Group further explaining each process of the boat building process.

3.5 Requirement specification

Based on the information gathered during the user needs and technical study an initial
requirement specification was created that was updated as the project proceeded. The re-
quirement specification was used as a basis for criterions in the concept screening phase.

A requirement specification describes what a product has to do in precise and measurable
detail (Ulrich and Eppinger, 2020). In the case of a boat this can for example be “mini-
mum range at full speed greater than 20 nautical miles”, this can be divided into a metric
and a value. The metric in the example is “minimum range at full speed” and the value is
“greater than 20 nautical miles”.

3.6 Functional decomposition

A functional decomposition was conducted to identify all the necessary functions that
might be included in a boat, and how these functions should be solved. A functions-
means tree was used to decompose the functions related to boat use. It is a method based
on Hubka “s law where functions and means have a relation and where they are connected
on different levels. It is possible to use the function means tree to show possible solutions
(Robotham, 2001).

3.7 Concept development and screening

The concept development phase was in the beginning divided in two parallel concept
generations, one focused on performance and the other on functionality. The performance
concept generation included different hull types based on references gathered from the
market study, propulsion types and battery packs. The functionality concept generation
included layouts, weather protection and different types of enclosure.

3.7.1 Concept combination

For both the performance and function concepts a concept combination table was used to
combine the different components into concepts. It is a method that enables a systematic
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consideration of combining solution fragments (Ulrich and Eppinger, 2020). Each column
in the table corresponds to a solution for a subproblem. Usually one fragment from each
column are combined to form concepts, in this project there where some subproblems
that enabled more than one fragment from the same column to be combined. Depending
of the size of the table a large amount of combinations can be generated. However some
considerations where taken when combining concepts not to create unreasonable combi-
nations. This is done to keep the number of concept combinations down to a minimum. It
is also recommended to keep the columns in the table down to 4 to minimize the number
of combinations that has to be considered, otherwise the table might lose its usefulness
(Ulrich and Eppinger, 2020). Because of that the concept combination was split in two
parallel phases where combinations could be evaluated separately.

The performance concepts that had been generated through the concept combination ta-
ble was then evaluated by roughly calculating the range in cruising speed and maximum
speed, where speeds where estimated based on the references from the market research.
The calculations for the battery performance was done using a 80% depth of discharge.
The calculation for maximum speed was done trough dividing the full battery capacity in
kWh with the full engine power in kW to get how many hours that can be run with full
engine power. If you travel in 1 knot you reach a distance of one nautical mile during
one hour, and if you travel in 10 knots for one hour you reach 10 nautical miles. Then
it is possible to calculate how many hours you reach with the approximated maximum
speed. To determine the cruising speed range you need to know how much power that is
required to maintain cruising speed. This was determined by approximation based on the
references from the market research and by asking the propulsion suppliers for guidance.
The range in cruising speed is then calculated in the same way as for the maximum speed.

3.7.2 Concept elimination

The performance concepts was later screened out using an elimination matrix to eliminate
the concepts that doesn’t fulfill the requirements on performance. The elimination table
has different criterions for each column and each concept on separate rows. The concepts
are given a (+) if they fulfill the criterion or a (-) if they doesn’t fulfill it. If it is unsure it
can receive a ? for further evaluation.

The function concepts where not taken through an elimination matrix since there where
no specific requirements at that stage that could be used as a basis for elimination.

3.7.3 Concept screening using Pugh Matrix

For the function concepts and the remaining performance concepts a Pugh matrix was
used to further narrow down the amount of concepts. The Pugh matrix was introduced in
the 1980s by Stuart Pugh and is often refereed to as Pugh concept selection (Ulrich and
Eppinger, 2020). The inputs in the matrix are different criterions on the rows and different
concepts in each Column. A reference are chosen which all the concepts are rated against.
The reference could be both a concept developed from the project, or a product existing
on the market. In this case already existing electrical boats was use as reference, and
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three references where used for both the performance concept screening and the function
concept screening. The reason why three references instead of one where used is because
it is likely to generate a more robust outcome.

The Pugh matrix was done separately with different criterions for the performance con-
cepts and function concepts. The criterions used to screen out performance concepts was
similar to those used in the elimination matrix, with some more added such as maneuver-
ability. For the function concepts the criterions where based on the customer needs list
and the functional decomposition.

The concepts are rated against the reference and are given either a (+) for "better than", a
(0) for "same as", and a (-) for "worse than". The rating of the performance matrix was
done by rating the estimated performance for the performance concepts against the actual
performance of the reference boats, this was done by the master thesis student alone. For
the function concepts rating was done together with representatives from Nimbus Group
to reach objectiveness. The amounts of (+), (0) and (-) are summarized in the bottom of
the matrix. Then a score are calculated by subtracting the number of (+) with the numbers
of (-). After a score have been calculated for each concept the concepts are ranked based
on its score, where the ones with a higher score are ranked higher (Ulrich and Eppinger,
2020). Since three references were used it required that three matrices had to be done for
both the performance screening and the function screening. For each concept there where
three different ranks depending on which reference had been used. The total ranking score
where summarized and the concepts where then ranked again based on the total ranking
score, where the one with the lowest summarized rank where the ones receiving highest
rank.

After the Pugh matrix had been performed separately for the performance concepts and
function concepts some concepts with higher score where chosen to be taken in to next
step where the performance and function concepts where combined. Before the combi-
nation was done clusters were formed of concepts having close similarity, this was done
to avoid too many concepts being generated when combining the performance concepts
with the function concepts in a concept combination table.

The combined performance concepts and function concepts were then further developed
to test if the layouts fitted with the hull types and propulsion placement. This was done
through using 3D modeling in Rhino 3D to block up the basic surfaces including hull,
deck, superstructure and propulsion including batteries and engine. The reason why quick
and rough 3D modeling where used for evaluating was because it gives a better perspec-
tive for the available space than doing it in 2D.

3.7.4 Concept screening using Kesselring matrix

Kesselring matrix is a tool for screening concepts using criterions that are weighted. The
concepts are receiving a score that have been determined by the creation of a grading
scale such as 1 to 5. The value representing a grade can either be numeric or subjective.
Numeric values are used for criterions related to performance or other measurable vari-
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ables such as size and weight. Short range would receive a grade of (1) and long range
would receive a grade of (5). Subjective values are used for qualitative criterions such
as comfort or appearance, were for example "very bad" receive a score of (1) and "very
good" receive a score of (5).

The purpose of having weighted criterions is because some criterions have a higher impor-
tance than others. The weighted criterions were in this project generated using a matrix
that have each criterion both vertical and horizontal in the same following order. Then
the centred diagonal was grayed out where the criterions was the same both vertically and
horizontally. The criterions was given a score for each comparing criterion, score (1) for
"more important”, (0.5) for "same importance" and (0) for "less important". The scor-
ing was made together with two representatives from Nimbus Group to avoid personally
biased scoring that might be the case if grading activities are made single handed. The
scores for each criterion was then summarized horizontally and then divided by the total
sum of all summarized scores to generate the weight number.

The Kesselring matrix was done together with Nimbus Group representatives to reach a
more objective evaluation of the concepts when deciding grading scores for each criteria.
The grading scores (v) are multiplied with the weighted importance (t) for the criterions
and then summarized (T) in the bottom of the matrix. The summarized (T) are then di-
vided by the maximum (Tmax) to generate a percentage of total value. The maximum
(Tmax) are determined by implementing an fictive ideal concept which receive grading
score 5 for each criterion. The last step is to rank the concepts based on the (T) score.

3.7.5 Concept selection for further development

To make a decision of which concept to further develop for this specific project it was
decided to put the concepts in a graph based on the percentage of total value for each con-
cept and an estimated price for each concept. The price was roughly estimated by using
Nimbus Group references with similarities with the concepts. Then the combustion driv-
eline where subtracted from the price and the price of the electric driveline were added,
which gave a rough estimate of what would be the cost of each concept. The graph served
as a tool to aid the selection of a concept.

3.8 Detailed concept design

Detailed concept design were done by sketching and 3D modeling to generate renderings
and a 3D model for how to manufacture and assembling the boat.

3.8.1 Sketching

After a concept has been chosen further development the detailed design process took
place. The first step was to develop hand sketches of the exterior and the interior based
on the chosen layout. The sketches was both in profile and perspective.
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3.8.2 3D modeling and rendering

The sketches served as guidance when creating the 3D model of the boat. The 3D model
was created using the Rhinoceros 7 software, which is a common software for marine
design projects. The 3D model will be used to visualize the final concept through the
creation of realistic renderings (McNeel, 2022). Renderings were created using Enscape,
a plug in software for Rhino.

3.8.3 DFMA

The information gathered from DFMA research and the visit to Nimbus Group manufac-
turing plant served as a basis for designing the concept for manufacturing and assembly.
There was an exploded view of the 3D model created in Rhino to show how the boat are
to be divided into sub assemblies.

3.9 Evaluation of remaining concept

Evaluation of the remaining concept was done by environmental and economic calcula-
tions. Design evaluation was done using Virtual Reality.

3.9.1 Comparing GHG emissions of electric and combustion boat

A comparative environmental evaluation of the generated concept was conducted by cal-
culating the greenhouse gas emissions (GHG) for the electric concept boat and for an
equal boat equipped with a diesel engine. By doing this it is possible to identify if and
when the electric propulsion has environmental benefits compared to diesel propulsion.

A study made to compare the lifetime GHG emissions from electric cars with the emis-
sions from cars using gasoline or diesel was used as a reference for the calculations (Hoek-
stra, 2020). To adapt the calculations to marine vessels the distance in kilometers used in
the formula by (Hoekstra, 2020) was changed for nautical miles as seen in equation 3.1.

manu facturing emissions + driving emissions

NM driven

Regarding the manufacturing emissions the original formula summarize the emissions
from battery, drivetrain and vechicle manufacturing (Hoekstra, 2020). Since the boat
being evaluated is the same for electric and combustion propulsion the manufacturing
emissions for the boat is excluded from the calculations. To further simplify the calcula-
tions the manufacturing emissions from the drivetrain is excluded because of difficulties
in finding emission data of all drive train components.

emzissions per NM = 3.1

The formula for calculating driving emissions per nautical mile is seen in equation 3.2

- electricity emissions per kW h

(3.2)

driving emissions = boat energy use in
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To calculate the emissions for the diesel engine same formula seen in equation 3.1 is used.
Since the driveline and boat is excluded from the manufacturing emissions in this case,
it results in emissions per NM only being dependent on driving emissions and distance
travelled. Driving emissions from the diesel driven boat are calculated with the formula
seen in equation 3.3

. o . liter . o .
driving emissions = boat energy use in N -electricity emissions per liter (3.3)

3.9.2 Economic analysis

The economic analysis and comparison was done by simple calculations based on the
initial price of the concept boat and initial price for boats being compared. Then the
running costs are calculated by finding out the price at the charger for electricity and
price at the pump for diesel. The yearly service costs from the electric engines is not
included since service is minimal for electric propulsion. The yearly service cost for
diesel propulsion is found out by finding prices for standard service of diesel engines.
The usage of the boat is based on average day boat users.

3.9.3 Design analysis through virtual reality

The concept design was tested in virtual reality by using the 3D model of the concept
boat as an environment. The software used for renderings has a built in VR capability that
together with VR googles the test person is wearing allows the test person to experience
the model almost as in reality. This gives an awareness for the available space, ergonomics
and the available vision from for example a helm station.
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Results

This chapter contains the results from the methods used in the project. It includes the
results from the market research and customer needs study, the concept development stage
and finally a presentation and evaluation of the chosen concept.

4.1 Study of electric boats on the market

In this section some electrical boats currently in the market will be presented, together
with graphs to compare performance among the competitors.

4.1.1 Electric boat competitors

Several electric boats have been identified that already exists on the market or are in de-
velopment right now. A complete list including some technical data for the identified
boats can be found in Appendix A. The list is excluding electric boats that are out of the
scope for the project, such as electric boats not targeted at day use and low performing
or expensive high performance boats. Technical data has been found both in boat brand
web-pages and from articles in boating magazines.

The boats included in the list can be categorised in following categories depending on
the cruising speed:

* Slow cruising semi-displacement boats

* Intermediate cruising semi-displacement boats

* Fast cruising planing boats

* Fast cruising hydrofoil boats

To give examples from each category the slow cruising boats have a cruising speed of
around 5 to 7 knots and might reach top speeds of around 10 knots, slightly above the
hull speed. In this category Nimbus Groups electric Bella Zero 6.3 is found together with
other sloop like boats of similar character.

Among the boats with an intermediate cruising speed of between 8 to 15 knots and max-
imum speeds under 20 knots boats such as Strana by Orust E-boats seen in figure 4.1,
Pogo Loxo 32 4.2 and the Domani E32 4.3 are found. Common for all this boats are an
efficient hull that enable maintaining different speeds without facing a distinctive planing
threshold.
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The fast cruising planing boats have a cruising speed of above 15 knots and can reach
top speeds of above 30 knots. In this category the X Shore Eelex 8000 is found, seen in
figure 4.4. Common for all the boats in this category are that they use a traditional deep
V hull which allow them to cruise efficiently at higher cruising speeds but is limited by
the planing threshold which makes it inefficient to cruise at intermediate speeds.

The last category of hydrofoil boats can maintain cruising speeds of around 20 to 25
knots and reach maximum speeds of around 30 knots. Among the hydrofoil electric
leisure boats Candela, seen in figure 4.5 is the only established brand, but are accompa-
nied by some start ups. The hydrofoil boats are characterized by efficiency with little
power required to reach higher speeds.

4.1.2 Reference boats described

In this section some reference boats found through the competitor research are further de-
scribed. The reference boats are used both as references for hull design and as references
for concept evaluation.

4.1.2.1 Strana

Strana sen in figure 4.1 is a 7m open boat with a semi displacement hull. It is driven by
either a 7.5kW or a 15kW Sea drive steerable pod engine and has a battery capacity of
28.8 kWh (Strana boats, 2022).

Figure 4.1: Picture showing Strana

4.1.2.2 Pogo Loxo 32

Pogo Loxo 32 seen in figure 4.2 is a sailboat inspired motorboat with a semi displacement
hull and a walk around deck house layout. It is mainly sold with combustion engines but
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has the option of full electric drivetrain. The electric version is driven by twin Oceanvolt
15 kW engines and a 53 kWh battery pack (Oceanvolt, 2022).

Figure 4.2: Picture showing Pogo Loxo 32

4.1.2.3 Domani E32

Domani E32 seen in figure 4.3 has a semi displacement hull and a day cruiser layout. It
has a 50kW engine on shaft and a 75kWh battery pack (Domani).

_d”

Figure 4.3: Picture showing Domani E32
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4.1.2.4 X Shore Eelex 8000

X Shore Eelex 8000 seen in figure 4.4 has a planing hull and a centre console layout. It is
driven by a 225kW electric inboard engine on shaft and a 126kW battery pack (X Shore,
2022).

Figure 4.4: Picture showing X shore Eelex 8000

4.1.2.5 Candela

Candela C-7 seen in figure 4.5 is a hydrofoil boat with active control system of the foils.
it has a 55kW engine mounted on the aft foil and a 40kWh battery pack (Candela, 2022).
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Superimt & Lh eeping

p,Grfn__rM

Figure 4.5: Picture showing Candela C7

4.1.3 Performance of competitors compared

The electric boats found are here presented in different graphs to visualize and compare
the boats against each other. For some boats there are no technical data available which
means some boats from the list is not included in the graphs. The boats are also divided by
color representing the four cruising speed categories mentioned above. Yellow is repre-
senting the slow cruising semi-displacement boats, green is representing the Intermediate
cruising semi-displacement boats, orange is representing the fast cruising planing boats
and turquoise are representing the hydrofoil boats.

The first graph presented in figure 4.6 is presenting the range in cruising speed against
the cruising speed. Here it is seen that higher cruising speeds which is the case for the
fast planing boats results in lower range of around 25 nautical miles when maintaining
speeds between 20 to 25 knots. It is seen that the hydrofoil boat reach double the distance
in same cruising speed.

When looking at cruising speed and range it is also of interest to compare cruising speed
range with the available battery capacity which is presented in figure 4.7. It is seen that the
fast planing boats have relatively large battery packs in relation to the cruising range. The
hydrofoil boats in comparison have half the amount of battery capacity but has a range of
around twice as long as the planing boats. The intermediate cruising semi-displacement
boats both have small and large battery packs and the larger boats in this category with
battery packs above 75 kWh can reach ranges above 90 nautical miles in cruising speed.
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Figure 4.6: Graph showing cruising speed range against cruising speed in kts
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Figure 4.7: Graph showing crusing range against battery capacity

Another interesting comparison to make is the relation between battery pack size and the
cost of the boat. In figure 4.8 it is seen that the cost of some of the fast planing boats are
same as for the hydrofoil boats. The battery pack for the foiling boats are a third of the
size compared to some of the fast planing boats. The reason for the price being similar
for the hydrofoil boats even though less battery is used, is driven by other factors such as
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light weight expensive materials being used and technology related to the hydrofoils. The
prize are also driven by size of boat and what type of propulsion that are used.
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Figure 4.8: Graph showing cost in SEK (tkr) against battery capacity

The last graph seen in figure 4.9 show the range in maximum speed against the maximum

speed.
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Figure 4.9: Graph showing maximum speed range against maximum speed in kts
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4.2 Electric engine suppliers

A research of electric engine and battery suppliers were conducted to identify potential
drivelines that could be used for the generation of concepts. This section will present
the different engine and battery suppliers that were found relevant for the project. All of
the engine suppliers presented below were interviewed to gather information about their
different solutions. A conclusion from each interview are presented below and questions
asked in the interviews are found in Appendix B.

4.2.1 Evoy

Evoy is a Norweigan developer and manufacturer of electric marine engines for both
leisure and commercial boats. They deliver plug-and-play systems that should minimize
the work for the boat builders trough easy instalment. Evoy has both outboard and inboard
engines. The outboard engine that is available right now is a 90kW, but the are plans to
release outboards of 150, 225 and 300kW in the future. The inboard engines available
right now is either 300kW or 90kw, there will be a 150kW and a 225kW inboard engine
released in the future. The inboard engines can be connected to either a shaft, sterndrive
or water jet. The batteries Evoy use for their systems are 63kWh Kreisel batteries that can
be connected to allow battery packs ranging from 63 to 378kWh.

Evoy is striving to be the market leader when it come to deliver user friendly systems.
The systems are connected through software that deliver important information to the
user both trough screens on the dashboard or directly to a smart phone trough an app.
The system is key less and the boat is started through typing a code on the screen that is
decided by the owner.

To ensure customers receive excellent service all the propulsion systems that are installed
in boats and used are connected to Evoy head quarters and can be diagnosed remotely. If
it is impossible to fix the problem remotely Evoy sends service people to fix it.

4.2.2 Oceanvolt

Oceanvolt is an electric marine engine developer and manufacturer from Finland. Ocean-
volt deliver 48V systems to ensure a safe product since the low voltage will not cause any
severe harm if an accident would occur. The main market for Oceanvolt is slow going
boats and sailboats but they have systems for semi fast boats as well. The AXC shaft
drive system is a modular system in four different power configurations ranging from 10
to 40kW. The AXC system, due to its direct drive offers low noise and vibration levels.
Less space is required for the engine compared to traditional diesel engines. The systems
are plug-and play which allows for easy installment for the boat manufacturers.

Oceanvolt offers an robust software system to ensure user friendly products. Displays
provide the user with information regarding battery capacity, the available range and other
important information. The boat is easily started with either a digital switch, telephone or
a traditional key.
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The driveline from Oceanvolt requires minimal service and the systems are connected
to enable remote software service. The engines can be used for approximately 4000 hours
before service is required. Only small service such as changing glycol is required once in
a while.

4.2.3 SeaDrive

SeaDrive is a Norwegian developer an manufacturer that provides electrical propulsion
systems in form of pods that is either steerable or fixed. Since the engine is mounted
inside the pod the system required little space in the hull of the boat. There are three
different size of pods, the smallest is a 7.5 kW engine with a 48V system. The middle
size is a 15kW engine with a 96V system and lastly a 30kW engine with a 400V system.

The system is started throguh a main switch, traditional key or through an app. To ensure
a good user experience the information is provided through screens showing battery ca-
pacity and performance and the information can also be provided directly to your phone
trough the SeaDrive app. The propulsion system requires little maintenance and the pod
can be drive for 3000 hours before the oil needs to be changed.

4.2.4 Stream propulsion

Stream propulsion is a Swedish developer and manufacturer of electric outboard engines.
The goal for Stream propulsion is to deliver electrical engines at a reasonable price and
do so by utilizing standard outboard components to decrease the price. Stream propul-
sion deliver electric engines to a cost that are 30 to 50% lower than for the competitors.
Stream offers the complete driveline as a plug an play system were everything is included.
Currently it is only possible to have a single 26kWh battery, but it is planed to release a
modular system that allows for batteries to be connected in series.

The simplicity of the system makes it easy to use. A display provides the user with
information regarding battery capacity and performance. It show the available time that
you can drive in relation to the battery consummation.

4.2.5 Torgeedo

Torgeedo is the most established developer and manufacturer of electric marine engines
for leisure boats and was founded in Germany 2005. They provide propulsion system for
both the recreational and professional market. The products offered are small outboards
and pods and more powerful engines offered as inboard or outboard. The high-power
system known as Deep Blue comes in outboard and inboard configuration as either 50
or 100kW. The battery used in Torgeedos system is a 40kWh BMW i3 battery that has
been converted by Torgeedo for marine use. There is possibility to have multiple batteries
depending on the required need.

Torgeedo has developed a user friendly interface based on screens that show performance
and battery capacity. The system is modular to meet all the different requirements. A
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global service network ensure that the customers receive good service. The propulsion
systems are connected remotely to enable remote service and upgrades. The system re-
quires little maintenance and it is enough to do a yearly check which is easily done by the
owner.

4.2.6 Vision Marine

Vision marine is a Canadian developer and manufacturer of electric marine outboards and
other related technologies. Vision offers an electric outboard called E-motion which is a
134kW engine, currently the most powerful outboard on the market. The system is plug-
and-play which enables easy installment for the boat manufacturers.

Information about the system is received by the user on a display on the dashboard that
shows battery capacity and range. The propulsion system is started with a button and the
display is turned on separately. Vision marine are planing to have a call centre that are
available any time for trouble shooting remotely.

4.3 Customer needs study

Here are the result from the sales interviews and survey, regarding customer needs is pre-
sented together under categories. The gathered needs from the interview and survey are
presented in a customer needs list. The survey questions is seen in Appendix C.

4.3.1 Survey demographics

The survey reached out to 733 respondents from all around the world. The respondents
are mainly from the northern Europe region which is seen in figure 4.10. In figure 4.11 it
is seen that the largest group of respondent are between 45-54 years old followed by the
group of 55-64 and 35-44 years old. There are less respondents in the groups 25-34 years
old and 65+ and few in the ages 18 to 24 years old.

Figure 4.10: Graph showing the geographic distribution of respondents

46



4. Results

Figure 4.11: Graph showing the age distribution of respondents

In figure 4.12 the distribution of previous boat experience and from what types of boats
is shown. It is seen that most of the respondents have experience from fossil fuel driven
motor boats, 30% have experience from sailing, 6% of electric boats and 4% of other
boat types such as a kayak or other means of water transportation. It is only 3 of the
respondents (0,5%) that have never used a boat.

Figure 4.12: Graph showing the distribution of previous boat experience

4.3.2 Day boat usage

A common denominator for day boating is the focus on pleasure. To identify what main
activities that are taking place when day boating, questions where asked both in the in-
terviews and in the survey. In question 9 seen in Apeendix C it shows that 85% of the
respondents see their boating activities as a way of relaxation and 15% see their boat as a
means of transportation from point A to point B. The most common activity that is iden-
tified for day boating is going out in nice weather with some food and beverage brought
and then either just cruise around peacefully or finding a nice spot to anchor at. Then
you take a swim and enjoy the sun. Figure 4.13 show the result from the question "What
activities do you do with/on your day boat? around 70% use their day boat for sun bathing
and swimming activities very often or often. It is seen that 60% use their boat for dining
and 50% for cooking very often or often. Commuting, fishing and water sports each is
done around 30% very often or often. The answers varies a bit depending on location and
will be covered further down in the market segmentation section.
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Figure 4.13: Graph showing day boat activities

4.3.3 Day boat types and desired size

It is of interest to identify what boat types that are the most desired for day boating and
how it varies depending on location. The demographic differences of day boat types are
covered in the market segmentation section. The respondents are asked to choose which
boat type that best suit their day boating needs and choose between six different common
day boat types illustrated with pictures, each boat type are described in the theory chapter.
In figure 4.14 it is seen that the cabin boat is the most desired at 32% followed by day
cruisers at 28%. Walk around and centre console boats have 15% of the answers and
sidewalk and bowrider each have around 10%. The least desired boat type globally is the
slow speed sloop.

Figure 4.14: Graph showing desired day boat types

The desired size of day boats is seen in figure 4.15 where it is found that boats between
6-7m and 7-8m each got 25% of the answers, boats between 8-9m got 16% and the rest
got 10% each.
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Figure 4.15: Graph showing desired size of day boats

4.3.4 Performance demands of day boats

Through the interviews of sales persons of Nimbus Group brands it was found that a
common denominator for the different locations is that speed is of importance for day
boating. In the survey there are two questions related to speed, the first one focus on the
desired cruising speed and the second focus on the desired maximum speed for day boats.
It is seen in figure 4.16 that 29% desires a cruising speed of 20-25 kts, which is a common
cruising speed for planing boats. A cruising speed between 15-20 knots is desired by 20%
and 18% desires a cruising speed of more than 25 kts. It is 14% desiring a speed of 10-
15 kts, 13% a speed of 7-10 kts and 7% desires a cruising speed of 4-7 kts. A similar
distribution is seen in the desired maximum speed graph presented in figure 4.17.

Figure 4.16: Graph showing desired crusing speed for day boats
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Figure 4.17: Graph showing desired maximum speed for day boats

The desired range for one day of boating is seen in figure 4.18. The question was for-
mulated so that the respondents were to consider one day of use without charging for an
electric boat. It is seen that 26% demands a range of 30-40 NM, 24% a range of 40-50
NM and 21% a range of 20-30 NM. In the long range register it is seen that 14% demands
arange of 50-75 NM and 12% a range of 75-100 NM. It is 4% that desires shorter range of
10-20 NM. From the interview of different sales persons representing different locations
the most frequent answer is that motorboat is usually driven around 20 NM during a day
trip.

Figure 4.18: Graph showing desired range for one day of boating

4.3.5 Needs of amenities

It is of interest to find out what amenities customers desires on their day boats. In the
survey there is a question whether respondents find some common boat amenities very
important, important or not important which is seen in figure 4.19. Since it is difficult
to distinguish between important or very important it is chosen to read (very important)
and (important) together when looking at the results. It is seen that 67% find sleeping
possibility necessary for their day boating needs. It was also brought up in the the sales
interviews that many desires sleeping possibility even though it is rarely used for that.
When it comes to weather protection is is seen that 90% think it is important or very
important and 75% think sun shading is of importance. A sun bed is of importance for
50% of the respondents. 10% finds it important with an air conditioner. A toilet, fridge
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and water tank is of importance for around 65% of the respondents. A wet bar which
is a small counter equipped with a sink with running water is desired by 36% of the
respondents. A shower located at the stern transom is of importance for 39%), it is often
used to wash salt of the body after a swim. Anchor windlass at either bow or stern or both
is of importance for around 45% of the respondents.

Figure 4.19: Graph showing desired amenities for a day boat

4.3.6 Interest of electric boats

In both the interviews of sales persons and in the survey questions the interest of electric
boats have been asked. The sales persons where asked to describe what they see as key
factors for electric boats to succeed on the market. Common for most of the interviewees
is that charging infrastructure has to improve around marinas. Another factor the intervie-
wees brought up is the high price of electric boats that need to become cheaper to reach
a broader market. Other important aspects that is brought up in the interviews to succeed
with electric boats are the performance, sound levels, and reduced maintenance.

The questions in the survey are first asking what it takes to choose an electric boat in
front of a combustion engine boat, were the answers are presented in figure 4.20. It is

51



4. Results

seen that 41% are willing to compromise on performance if the price of the electric boat
is equal to the one of a combustion engine boat. 32% will only buy an electric boat if it is
equal or lower in price and has same or better performance compared to the combustion
engine boat. It is seen that 20% are willing to pay a higher amount of money to achieve
decent performance and decrease running costs. 5% would only buy a electric boat if
forced by regulations and 3% would never consider using an electric boat.

Figure 4.20: Graph showing what it take to choose an electric boat instead of a combus-
tion engine boat

Next question asked with the purpose to identify the interest of electric boats is which
reasons that describes why one would consider to buy an electric boat, were the answers
are presented in figure 4.21. The respondents could fill in multiple reasons. It is seen
that 62% would buy an electric boat to protect the environment, 55% because of the low
running costs, 49% for reduced fuel costs and 53% because they like to travel in silence.
29% would buy an electric boat because they want to use the latest technology and a few
didn’t see any of the presented reasons as a reason to consider buying an electric boat.

Figure 4.21: Graph showing why people would consider buying an electric boat

A similar question was asked but instead focused on reasons that describes why one would
not consider to buy an electric boat which is seen in figure 4.22. Here it is seen that 66% of
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the respondents would not consider buying an electric boat if there is not enough charging
infrastructure and 35% if the charging time is to long. 66% wouldn’t buy an electric boat
if the range is to short. 56% would not buy an electric boat if the initial cost is higher and
28% if the performance in terms of speed are too slow.

Figure 4.22: Graph showing why people would not consider buying an electric boat

4.3.7 Environmental awareness

The last question asked is a general environment awareness question to identify what
environmental aspects the customers sees as important or not important when buying a
boat. Because of the difficulty to distinguish between important or very important it is
chosen to read (very important) and (important) together when looking at the results. The
statements are following and presented in the same order as in figure 4.23, including how
many of the total respondents in % that find that statement of importance.

Boat is built in sustainable materials. (71%)

Boat has low impact on water environment. (86%)

Low production emissions from boat manufacturing. (75%)

The brand of the boat has a high environmental profile. (47%)

Material waste are limited and recycled in the production process. (73%)
Renewable energy is used in the manufacturing process.(64%)
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Figure 4.23: Graph showing the importance of some environmental statements

4.3.8 Customer needs list

The identified customer need statements from the interviews and complementary state-
ments gathered, is concluded in a customer needs list seen in table 4.1. The list is divided
into performance needs, general needs and usage needs.
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Table 4.1: Customer needs list

4.4 Market segmentation

The market segmentation describes the differences of day boating both geographically
and demographically. The information for the segmentation has been gathered through
interviews with sales offices from different regions and from applying filters to the cus-
tomer survey to determine demographic and geographic differences.

4.4.1 Day boating usage categories

Following usage categories for day boating have been identified and can roughly be di-
vided into following.

* Island hopping

* Coastal cruising

* Channel and inland waterway cruising
* Lake cruising

Island hopping is a common way of boating in areas that has an archipelago, which most

of the Swedish coast have. A usual day boat trip is then to go from your home harbour to
some island in the archipelago. It can be either a natural harbour were the boat is moored
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at a beach or to the cliffs, or a guest harbour on an island. Plenty of summer houses exists
on the islands in Sweden and therefore many use their boats for commuting. It is common
to bring some food and picnic to enjoy at the destination and many guest harbours have
restaurants. The waters are often sheltered by the islands which enables smaller day boats
to be used.

Coastal cruising is different in that there are no islands to shelter from weather and wind.
Destinations when coastal cruising is usually bays along the coast or guest harbours. This
type of boating is common in the Mediterranean. Day boats are usually also bigger in
such areas with open coasts to deal with larger waves. Similar to island hopping food and
beverages are often brought on the day trips. You drop the anchor in a bay and take a
swim and enjoy a nice day in the sun.

Lake cruising can have elements of both island hopping and coastal cruising depend-
ing om which lake you are boating on and the size of it. Channel and inland waterway
cruising is different in that it is often limited to slow speed. Central Europe has plenty of
inland waterway cruising on the rivers. Another example is Amsterdam with its channel
system where boats peacefully cruise around in slow speeds.

4.4.2 Geographic segmentation

In figure 4.10 the geographic distribution of respondents is shown. The usage categories
presented above is represented in either all or some of the locations. Northern Europe is
mostly focused on island hopping in archipelagos but there are also several big lakes in
Sweden and Finland were boating takes place. There are also plenty of unprotected coast
line which represent the coastal cruising category. Channel and inland waterway cruising
is also found in northern Europe for example in Gota Canal that stretches from coast to
coast through Sweden. Central Europe has coast line along the Baltic sea in northern
Germany and Poland which mostly is unprotected with a few exceptions of archipelago
like areas. In central Europe the categories of lake cruising and channel and inland wa-
terway cruising is very popular. Southern Europe is mostly focused on coastal cruising
but also have elements of island hopping in areas such as Croatia and Greece. There are
also elements of inland waterway cruising and lake cruising in southern Europe. In both
southern and northern US, and Canada all of the usage categories are found.

4.4.3 Survey answer differences depending on location

From the survey it is possible to compare the answers based on locations. It is chosen
to only compare the locations which generated more than 40 respondents to get a some-
what statistical significance on the comparison. Furthermore it is chosen to only show the
questions where clear location differences can be found even though a comparison of all
questions and locations have been made.

In figure 4.24 the desired cruising speed per location is presented. Here two distinc-

tive differences are showing compared to the graph presented in figure 4.16 showing the
combined responses of all regions. The first difference is a spike in cruising speed for
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central Europe were 30% desires a cruising speed of 7-10 kts compared to 13% which is
the case for the combined responses of all regions. It is also seen that more people desire
cruising speeds of 25+ kts in the northern American region compared to other regions.

Figure 4.24: Graph showing the desired cruising speed per location

When looking at which activities that are done with day boats depending on location it
is found that the occurrence of activities are very similar for all regions but with a clear
difference in the occurrence of fishing from your day boat in northern U.S./Canada and
Southern U.S. compared to the other regions, Which is seen in figure 4.25.

Figure 4.25: Graph showing the occurrence of fishing per location

The importance of some amenities required on day boats differ between regions. It is seen
in figure 4.26 that 80% see sleeping possibility as of importance in central Europe, 70%
in northern Europe, 55% in northern U.S./Canada and 34% in southern U.S..
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Figure 4.26: Graph showing the importance of sleeping possibility per location

Looking at figure 4.27 air condition is seen as of importance for 5% of the northern
European respondents. Looking at southern U.S. with a warmer climate, 30% see air
condition as of importance.

Figure 4.27: Graph showing the importance of air conditioner per location

Fridge is seen to be of higher importance in Europe than in northern America as seen in
figure 4.28
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Figure 4.28: Graph showing the importance of fridge per location

When it comes to anchor windlass at either bow or stern or both it is seen that northern
Europe differs from the rest in that they rather have an anchor windlass at the stern instead
of at the bow as seen in figure 4.29 and figure 4.30.

Figure 4.29: Graph showing the importance of anchor windlass at bow per location
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Figure 4.30: Graph showing the importance of anchor windlass at stern per location

4.5 Initial requirement specification
The initial requirement specification of technical data seen in table 4.2 includes data that
will be used in the concept elimination and screening phase. The input data of the re-

quirement specification is based in the competitor study and customer needs study.

Table 4.2: Initial requirement specification

4.6 Functional decomposition

The functional decomposition of the usage of a motor boat is shown in a function-means
tree. The many functions of a boat is divided into smaller subgroups to easier understand
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and analyse the functions of a boat as a whole. The subgroups included in the function-
means tree are seen in the list below, and an example from one of the subgroups is seen
in figure 4.31. The rest of the subgroups can be found in Appendix D.

* Generate buoyancy

* Maneuver boat

e Start boat

* Enter boat

* Provide shelter

* Provide comfort

* Provide storage

* Provide facilities

* Provide entertainment

| Key ‘ | Remote Key ‘ | Button ‘ ‘ App ‘ ‘ Watch ‘

| I ! ] )

Generate
propulsion

Electric engine

' : ' ' '
Control Provide engine
2 Deliver propulsion
propulsion access
l v l L v L]

| Throttle | | Joystick H Outboard ‘ Inboard shaft | Deck hatch ‘ ’ Battery ‘ Sound insulation

i L l

Provide battery ‘

Deliver energy

‘ Make silent

Steerable pod

Provide cooling
access

| Stern drive

‘ Water jet ‘ | Charge battery

{ : { I

‘ Deck hatch ‘ Sunbed hatch

‘ Generator

Charging station

Solar panel

Figure 4.31: Function-means tree from subgroup of "Start boat"

4.7 Concept generation, evaluation and selection

The initial concept generation phase is divided into two parallel generation groups, the
performance concepts consisting of driveline and hull type and the functionality concepts
consisting of layout, weather protection and different types of enclosure.

4.7.1 Systematic generation of performance concepts

The performance concepts is generated trough the morphological matrix seen in figure
4.32 by creating combinations of hull types, engines and battery packs.
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Figure 4.32: Morphological matrix for performance concepts

In column A hull types are placed starting with the semi displacement hull at position
Al using Strana by Orust E-boats as a reference. Next hull at position A2 is a long and
narrow semi displacement hull using the Loxo 32 by Pogo structures as a reference. At
position A3 is the efficient planing hull using Nautus 7-50 as a reference. Position A5
is a stepped planing hull for higher speed performance using Nimbus T8 as a reference.
Lastly there is the hydro foiling hull at position AS using Candela boats as a reference.

In column B the outboard engines are placed starting with Stream propulsion at posi-
tion B1 (22.5kW) and B2 (33kW). At position B3, Torgeedo’s 50 kW outboard engine is
placed. Followed by Evoy’s 90 and 150 kW engines at position B4 and BS5. Lastly Vision
Marines 134 kW engine is placed at position B6.

Column C are representing the steerable pod engines. Position C1 to C4 displays dif-
ferent variations of Sea drives 15 and 30 kW pod in either singe or twin configuration.
Position C5 is a hydrofoil steerable pod using the Candela’s C-pod as a reference.

In column D the inboard engines on shaft are located. At position D1 to position D5
Oceanvolt’s modular AXC engine is placed in different configurations either as single or
twin installation. Torgeedo’s 50 and 100kW engine is found at position D6 and D7. At
position D8 and D9 Evoy’s 90 and 150 kW engines are found. The Evoy inboard engines
are also compatible with stern drives and is found at position E1 and E2.

The battery packs are found in column F starting with the 26 kW Stream propulsion

battery at position F1. From position F2 to position F4 MG energy systems modular
LFP battery pack of 7.2 kW each are found in different configurations. Torgeedo’s 40 kW
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BMW i3 converted battery pack is found at position F5 and as twin battery pack of 80 kW
at position F6. At position F7 Kreisel electrics 63 kW battery is found and as twin pack
of 126kW at position F8. Lastly Vision Marine’s battery pack of three 33kW batteries is
located on FO.

4.7.1.1 Generated performance concepts

A total of 19 performance concept combinations were generated through the morpholog-
ical matrix. A concluding list with combinations and performance estimations is seen in
table 4.3. The estimated performance is based on the references performance and some
simple calculations from energy output and battery capacity and the relation between
speed in kts and range in NM, were you reach INm in 1 hour if traveling in 1kts.

Table 4.3: Combination table for performance concepts

4.7.2 Elimination of performance concepts

An elimination matrix is used to eliminate the concepts that is not fulfilling the perfor-
mance requirements from the initial requirement specification. The elimination matrix
is seen in figure 4.4. All concepts marked with green are concepts that is fulfilling the
requirements and concepts marked with yellow are concepts that is very close to fulfilling
the requirements.

63



4. Results

Table 4.4: Elimination matrix for performance concepts

4.7.3 Functional concepts

Similar to the performance concepts the functional concepts are generated through the
use of a Morphological matrix seen in table 4.33 to combine components into concepts.
The layouts in column A are rough with the purpose to analyse movement in the boat
which is illustrated with red arrows. In column B different types of windscreens are
located ranging from a soft sprayhood and small windscreens to fully enclosed cabins.
In column C different variations of T-top’s are located. Canvas solutions to provide both
sun protection and weather protection are located in column D. A total of 22 functional
concepts was generated were combinations can be seen in table 4.5 together with a short
description.
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Figure 4.33: Morphological matrix for function concepts

Table 4.5: Combination table for function concepts
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4.7.4 Pugh matrix of performance concepts

A Pugh matrix is used to evaluate and screen out the remaining performance concepts.
The matrix is iterated three times with different datum’s (references) that the generated
concepts are evaluated against. The first datum is the semi-displacement Strana by Orust
E-boats were the matrix and results is seen in table 4.6. The second datum is the long
semi-displacement Domani E32 were the matrix is seen in table 4.7. The last datum is
the hydrofoil Candela C7 with matrix seen in table 4.8. The ranking of concepts from the
three iterations are summarized and a final ranking generated which is seen in table 4.9.

Table 4.6: Pugh matrix for performance concepts (Strana as Datum)

Table 4.7: Pugh matrix for performance concepts (Domani E32 as Datum)

Table 4.8: Pugh matrix for performance concepts (Candela as Datum)
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Table 4.9: Total ranking of Pugh iterations for performance concepts

The concepts marked with green in table 4.9 are the performance concepts chosen for
further development. Even though performance concept 16 received a total ranking of 3 it
was chosen afterwards not to take it any further since it was deemed to be a bit unrealistic
to achieve the estimated performance after some further evaluation and internal discussion
with Nimbus group representatives.

4.7.5 Pugh matrix of function concepts

An initial screening and elimination of the functional concepts was conducted using the
Pugh matrix instead of priorly using the elimination matrix since none of the initial re-
quirements could be used as a basis for elimination in the elimination matrix.

The function concepts were also compared to three different datum’s, were the first one
is Nimbus Groups Bella Zero 6.3 shown in table 4.10, the second is X shore Eelex 8000
shown in table 4.11 and the last one is the Pogo Loxo 32 seen in table 4.12. Similar to
the performance Pugh matrix the ranking of the three Pugh iterations are summarized to
generate a total Pugh ranking.

Table 4.10: Pugh matrix for function concepts (Bella Zero as Datum)

Table 4.11: Pugh matrix for function concepts (X Shore Eelex as Datum)

67



4. Results

Table 4.12: Pugh matrix for function concepts (Pogo Loxo 32 as Datum)

Table 4.13: Total ranking of Pugh iterations for function concepts

The function concepts marked in green in table 4.13 are the concepts that are chosen to
take further in the concept generation process. The concepts marked in yellow received a
similar ranking score as some of the green marked concepts, however it was chosen not
to take these any further since there were similar concepts with walk around layout that
received a higher rank. The reason Concept 4 and 5 are chosen for further development
even though they received a rank of 5 are because some of the open layout concepts had
to be brought into the next phase, for pairing with performance concepts. Concept 4 and
5 were the open layout concepts which reached the highest rank.

4.7.6 Combination of remaining performance and layout concepts

The remaining performance and function concepts are combined using a Morphological
matrix seen in figure 4.34. To keep the amount of generations down to a manageable
number the concepts with close similarity from the performance and function concepts
are clustered.
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Figure 4.34: Morphological matrix of combined performance and function concepts

The result of the combination are 14 concepts refereed to as combined concepts which
can be seen as combinations in table 4.14.
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Table 4.14: Table showing combined performance and function concepts

4.7.7 Further development of remaining concepts

A further development of the combined concepts was done to determine whether the con-
cepts are reasonable and to distinguish them more from one and another. It is done by
the creation of 3D drawings of the combined concepts. Hull surfaces are created using
the existing reference boats for creating hull shapes. Then a boxy layout is created to
identify if the layout works on the designated hull or size of boat. Furthermore batteries
and engines are placed inside the hull to determine if the drive line is compatible for the
concept. From the further development of the combined concepts it resulted in 10 refined
basic concepts trough merging concepts with close similarity.

Basic concept 1 seen in figure 4.35 has the semi-displacement hull using Strana by Orust
E-boats as reference, with a 30 kW Sea drive steerable pod and a 63 kWh battery from
Kreisel. The layout is open with a small windscreen for the driver console. A T-top
provides sun shading and also enables full enclosure. The estimated performance is a
cruising speed of 8 knots enabling a range of 57 NM and a maximum speed of 20 kts that
can be maintained for 30 NM.
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Figure 4.35: Basic concept 1

Basic concept 2 seen in figure 4.36 has the long semi-displacement hull using Pogo Loxo
32 as a reference, with a 50 kW Torgeedo inboard engine on shaft and a 80 kWh BMW
i3 Torgeedo battery pack. It has a walk around layout with a sunbed astern were the bat-
teries are placed underneath. There are room for a bed and a toilet compartment under
the foredeck. A T-top provides shading from the sun and enables full enclosure. Esti-
mated performance is a cruising speed of 8 knots were a range of 96 NM can be reached.
Maximum speed is estimated to be 20 kts and enables a range of 25 NM.
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Figure 4.36: Basic concept 2

Basic concept 3 is seen in figure 4.37 and has same hull, layout and functions as basic
concept 2. The difference is the driveline were basic concept 3 has an outboard 90 kW
engine from Evoy together with a 126 kWh battery pack from Kreisel. The performance
is estimated to be 10 kts in cruising speed with a range of 100 NM and a maximum speed
of 28 ktsd and a range of 31 NM.

Figure 4.37: Basic concept 3

Basic concept 4 seen in figure 4.38 has same hull, layout and driveline as basic concept

72



4. Results

3. The difference is the windscreen and T-top were the windscreen is full height up to
the T-top. A full canvas enclosure can close of the outdoor space for weather protected
cruising.

Figure 4.38: Basic concept 4

Basic concept 5 seen in figure 4.39 are same as basic concept 4 apart from the driveline.
It has twin Sea drive 30 kW steerable pods and a 126 kWh battery pack from Kreisel. The
performance at cruising speed is estimated to be 10 kts reaching 100 NM and a maximum
speed of 20 kts reaching 33 NM.
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Figure 4.39: Basic concept 5

Basic concept 6 seen in figure 4.40 has the long semi-displacement hull and a walk around
cabin layout wind sliding doors on the sides. It has twin Sea drive 30 kW steerable pods
and a 126 kWh battery pack from Kreisel. The performance at cruising speed is estimated
to be 10 kts reaching 100 NM and a maximum speed of 20 kts reaching 33 NM.

Figure 4.40: Basic concept 6

Basic concept 7 seen in figure 4.41 has the same hull and driveline as basic concept 6.
The layout is a walk around cabin layout with the cabin open to the back. Inside the cabin
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there are sofas on both sides and the helm is located furthest back to enable a social driver
experience so that the driver is facing the passengers when driving the boat. A pantry is
located on the opposite side of the helm an enables food preparation and food storage.
Under the foredeck there is space for a bed and a toilet compartment.

Figure 4.41: Basic concept 7

Basic concept 8 seen in figure 4.42 has the efficient planing hull using Nautus 7-50 as
a reference. The layout is open with a centre console were a windscreen provides some
wind protection. A T-top provides sun shading and a full enclosure canvas can be mounted
for full weather protection. In the bow a toilet is placed under a hatch that when open
provides full sitting height. It has a Oceanvolt AXC 40kW engine and a 60kWh battery
pack from MG Energy Systems. The estimated performance were also refined and the
cruising speed set to 12 kts with a range of 40NM and a maximum speed of 18 knots and
arange of 22 NM.
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Figure 4.42: Basic concept 8

Basic concept 9 has the same hull, layout and functions as basic concept 8. The driveline
is different using twin Oceanvolt AXC 30kW engines with a 75kWh battery pack. The
performance is estimated to be 12 kts at cruising speed with a range of 40NM and a
maximum speed of 22kts with a range of 22NM
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Figure 4.43: Basic concept 9

Basic concept 10 has the same hull, driveline and performance as basic concept 9. The
layout is similar but has differences at the foredeck were the foredeck is raised to allow for
sleeping possibility. The toilet is placed under the centre console. You enter the forepeak
and toilet compartment from a hatch at the bow.
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Figure 4.44: Basic concept 10

4.7.8 Concept evaluation using Kesselring matrix

A Kesselring matrix is used to further evaluate the basic concepts. In difference from
the previous used evaluation and screening methods the Kesselring matrix introduces
weighted criterions.

4.7.8.1 Weighting requirements

In table 4.15 the results of the weighting of criterions is seen. The participants apart from
the master thesis student were representatives from Nimbus group. The marked green
and yellow field has been added as an example of how the table is to be read. For the
cruising speed criteria that is evaluated in the first row it is seen that cruising speed has
been grayed out in the first column. That is because the same criteria can’t be compared
against each other. In the second column cruising speed is seen as more important than
maximum speed and therefore receive a 1 which is more important (green field). At the
same time maximum speed receive a 0 against cruising speed (yellow filed). The sum for
each row are divided by the total sum to receive the weight of each criteria.

It is seen that safety has the highest importance among the criterions with a weight score

of 0.094 and that range in maximum speed has the lowest importance with a weight score
of 0.0048.
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Table 4.15: Criterion weighting table

4.7.8.2 Grading scales of criterions

In figure 4.45 the grading scales used for the Kesselring evaluation are seen. Each crite-
rion are divided into grades from 1 to 5 based on either numeric values such as knots or
subjective values ranging from very bad to very nice.

Figure 4.45: Grading scales of criterions

4.7.8.3 Evaluation of concepts using Kesselring matrix

The evaluation of basic concepts using Kesselring matrix is seen in table 4.16. The
weighted criterion score are displayed next to the criterions under (w). The concept named
Ideal is a reference that receives the highest score. Each concept are receiving a grading
(v) for each criteria that is multiplied with the weighted criterion (w) to generate (t). In the
bottom of the table the scores are summarized were (V) is the sum of the grading scores,
(T) is the sum of the weighted grading scores and (T/Tmax) is how much in percentage
the concept corresponds to the ideal. Lastly to concepts are ranked based on the (T) and
(T/Tmax) scores.
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Table 4.16: Kesselring matrix

4.7.9 Plotting Kesselring results against cost

Plotting Kesselring scores on a graph against cost is giving a sense for how much value
for the money an user receives for each concept. In figure 4.46 the concepts numbers are
placed in a position corresponding to its (T/Tmax) score and an roughly estimated cost
based on reference boats already in the market.

Value (% T/Tmax)

0.8

3/4/5
9/10 2

07 )

06

Cost tkr SEK

1000 2000 3000 4000

Figure 4.46: Graph showing value for money

4.7.10 Choosing concept for further development

It is seen in figure 4.46 that concept 1 delivers most value for the money based on the
criterions and weight of criterions that was set for this project. Even though concept 1
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delivers most value for the money, the other concepts are still valid concepts that can not
be eliminated on the single basis of cost. All the concepts have the potential to fulfill dif-
ferent market needs and could be further developed. To decide which of the 10 concepts
to further develop for this specific project the master thesis student together with Nimbus
Group representatives took other aspects in to account such as product novelty and survey
results to guide the decision.

It was then decided to take concept 7 into further development since it is the concept
that received the highest score in the Kesselring evaluation but also the concept that has
the highest product novelty among the 10 concepts. The product novelty is found in the
layout that combines elements of sailboats with a walk around cabin layout. It also fulfills
most of the customer needs seen as important from the market study. The concept is flexi-
ble, providing both good and social exterior and interior environments and the possibility
to operate the boat from both exterior and interior. Sleeping possibility together with a
pantry and toilet compartment enables comfortable longer stays if desired.

Furthermore it was decided to use the driveline from concept 9 and 10 with an increased
battery capacity of 100 kWh and combine it with concept 7. This decision was based in
creating a cheaper solution that has close to same maneuverability as twin pod drives. It
is because a twin shaft installation combined with a bow thruster and smart software can
achieve similar sideways and rotating maneuvers when connecting it to joystick steering.

4.8 Detailed concept design

To further develop concept 7 a detailed design phase was conducted by sketching ideas
on paper and creating a 3D model. Furthermore design for manufacturing were brought
in to the design process to create a concept boat that is realistic from the point of manu-
facturing.

4.8.1 Concept hull design

First step was to adjust the hull design that was created in the earlier steps of the basic
concept evaluation using 3D. The final design of the hull is seen in figure 4.47. The hull
can hydrodynamically be seen as a combination of the hull design used on Pogo Loxo 32
and the design used for Nautus 7-50. To extend the waterline length the hull is extending
to the end of the stern swimming platform. The bow is narrow at the waterline and has
a flare on the upper part to deflect water spray as seen in figure 4.48. The hull gradually
flattens out towards the stern to generate lift.
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Figure 4.47: Finalized concept design of hull in 3D (side view)

Figure 4.48: Finalized concept design of hull in 3D (bottom view)

4.8.2 Propulsion of concept

The propulsion consists of twin Oceanvolt AXC 30 kW engines on shafts. The engines
are placed centralized in the hull under the side couches in the cabin . The engines can
be reached from both hatches in the couch and from a deck hatch, allowing for easy
maintenance if required. The battery pack of 14, 7.2 kWh batteries are placed under the
aft deck at the sides and can be reached trough deck hatches for maintenance. Apart
from the main propulsion a bow thruster will be integrated at the bow to enable efficient
harbour maneuvers.
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Figure 4.49: Placement of driveline components (Red showing engine placement and
blue showing battery placement)

4.8.3 Determining the aesthetic design

To decide shapes and aesthetic design of the concept some sketches were generated. The
first decision was about the cabin design were some example were created with different
wind screen designs. In figure 4.50 a design with an angled windscreen is seen, the benefit
with this design is that it allows for an more airy interior and contributes to a more sleek
look. In figure 4.51 another cabin design example is seen with a vertical windscreen, this
design is similar to Nimbus commuter models and provide a more powerful work boat
look.

Figure 4.50: Sketch showing a design suggestion for cabin design with angled wind-
screen
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Figure 4.51: Sketch showing a design suggestion for cabin design with vertical wind-
screen

It was decided to go for the sleek look with an angled windscreen since it provided more
interior volume and also suited the sleek hull better. In figure 4.52 a developed design of
the cabin is seen together with the finalised concept hull design. Furthermore a developed
sketch of the roof was created seen in figure 4.53.

Figure 4.52: Sketch showing a developed design for a cabin with angled windscreen

Figure 4.53: Sketch showing roof design
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A sketch was also made for the design of the primary helm station located in the cabin
which is seen in figure 4.54. It includes the dashboard and the positioning of the chart
plotter joystick and throttle. The primary helm is further explained in the section of final
concept design.

Figure 4.54: Sketch showing the dashboard for the primary helm

The other items designed was created directly in CAD and some design elements were
brought directly from Nimbus existing models such as the radar mast, helm seat, anchor
windlass and pantry components.

4.9 Final design of concept

The idea was to create a design seen in figure 4.55 that can be identified and recognized
as a Nimbus while at the same time bringing some new design elements in. The bow can
be recognized by the flare and wider bow deck to enable spacious access to the bow. The
bow angle is straighter compared to current Nimbus models and this is made to achieve
a greater waterline length. An anchor windlass integrated in the bow comes as an option
depending on the customers desires. The foredeck is raised to achieve greater headroom
for the accommodations. To ensure a safe passage between the bow and stern the boat is
equipped with a generous railing along the foredeck as seen in figure 4.56. Hand rails can
also be found along the roof of the cabin.
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Figure 4.55: Render showing design of concept

Figure 4.56: Render showing a woman standing at the foredeck

The exterior cockpit seen in figure 4.57 is heavily inspired by sail boat cockpits with
benches along the side that offers plenty of storage and a centralized table enabling out-
door dining for up to 6 persons. There is a secondary helm located furthest aft of the
cockpit so that the skipper have the possibility to choose to maneuver the boat from the
exterior or from the interior. Having the secondary helm position located aft of the pas-
sengers enables interaction between skipper and passengers. Even though the skipper is
standing at the aft and driving and have the cabin in front, the field of vision is adequate
for a secondary driver position as seen in figure 4.58.
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Figure 4.57: Render showing exterior cockpit

Figure 4.58: Render showing view from exterior helm position

The cabin which is open to the back and easily closed of with a canvas has room for 6
persons sitting in the couches along the sides as seen in figure 4.59. The roof can be
opened up to provide ventilation since the canvas can be retracted. A pantry equipped
with running fresh water, a small stove, fridge and some storage is located on the port
side. Further down is the bed that has room for two adults and the toilet compartment
located to starboard as seen in figure 4.60.
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Figure 4.60: Render showing inner cabin interior

On the starboard side the primary helm is located seen in figure 4.61. Similar to the ex-
terior helm the primary helm is located aft of the passengers sitting inside the cabin to
enable a social environment. From this helm the boat is only steered with a joystick.
When cruising the speed is controlled with a throttle and the joystick is used for steer-
ing simultaneously with the autopilot. When changing the course the joystick is pushed
towards the desired direction and when release the autopilot keep the set course. For pre-
cision maneuvering in slow speed the joystick control both the engines rudders and bow
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thruster through a system to act simultaneously and cooperate to move the boat in any
desired direction. This allows for a clean dashboard since there are no need for a dual
throttle, bow thruster control or steering wheel at the primary helm.

Figure 4.61: Render showing primary helm position

4.10 Initial idea about concept manufacturing

This section covers the main materials used in the concept and how the structure is divided
into molds.

4.10.1 Materials used in concept

A delimitation was made early on in the project that the boat should fit into Nimbus
Groups manufacturing and assembly processes. Nimbus Group creates boats in both fi-
breglass and aluminium. Since a visit only was made to the Nimbus brand factory which
creates fibreglass boats and the generated concept was decided to suit better under the
Nimbus brand it was decided to design the boat using fibreglass for the structure.

Apart from the main structure there are other materials like stainless steel for grab rails
and other details. The idea is that the deck should be covered by synthetic teak in favor of
natural teak to limit the impact of deforestation. Wood panels are of teak veneer instead
of solid teak for the same reason.

4.10.2 Dividing concept into molds

Throughout the design process the aspects of manufacturability were considered. Since
the design is at a concept stage the idea is to show how the different main structure com-
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ponents are divided into molds and how they are connected. The components can be seen
in figure 4.62 and have different colors which are explained in the list below.
* Green - Hull
* Gray - Main Deck
Red - Hull Liner
Purple - Deck liner
Beige - Cabin deck
Black - Pillars
* Turquoise - Roof

Figure 4.62: 3D model of boat with colors showing how it is divided into components

Figure 4.63: Exploded view of main components
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An exploded view of the components can be seen in figure 4.63. Firstly the hull liner are
mounted to the hull and then the deck liner and cabin deck is mounted to the main deck.
Before assembling the hull and deck, installations of drive line, tanks and other items
which can be mounted before decking are done. Then the pillars are mounted and lastly
the roof.

4.11 Evaluation of concept

Some basic evaluations of the final concept has been conducted to identify if the electric
boat is a viable option both environmentally and economically for someone desiring a boat
for day use. Furthermore it is interesting to identify improvement areas in the design.

4.11.1 Environmental evaluation and comparison between electric
and combustion propulsion

The environmental calculations performed are based on the example by Hoekstra (2020)
for comparing the lifetime green house gas (GHG) emissions of electric vehicles with an
equal gasoline or diesel vehicle. The formula has been adapted for boats and some vari-
ables has been excluded because of lack of data.

The main formula seen in equation 4.1 show how the emissions per nautical mile are
calculated. Manufacturing emissions in this case relates to battery manufacturing were it
is found that the production generates 75kg CO2eq per kWh. The boat is excluded from
the calculations since it is the same boat being compared with either electric or diesel driv-
eline. Because of unavailable information about emissions from driveline manufacturing
the driveline has also been excluded from the calculations.

manu facturing emissions + driving emissions
NM driven

emissions per NM = “4.1)
The driving emissions for the electric propulsion are calculated with the formula seen in

equation 4.2. The emissions per kWh at the charger are found in Hoekstra (2020), which
is 0,25kg CO2eq per kWh.

driving emissions = boat energy use in - electricity emissions per kWh

4.2)
The energy in kWh required per NM is found by using the electric Pogo Loxo 32 as ref-
erence were it is known that it has a battery capacity of 53,2 kWh and a range of 28NM in
12 kts. The battery should have a depth of discharge at 80% meaning that the actual avail-
able battery capacity is 42,56 kWh. Then it is possible to calculate the required energy
per nautical mile which is 42365Wh that equals 1,52 kWh per NM. Driving emissions for

28 NM
the electric boat are then calculated to bee 0,38 kg CO2 per NM as seen in equation 4.3

NM

driving emissions = 1,52 - 0,25 = 0,38 kg CO2 per NM 4.3)

91



4. Results

The generated concept has a battery pack of 100 kWh which generates manufacturing
emissions of 7500 kg CO2eq which is added to the driving emissions for the first year of
use for the electric concept boat.

The driving emissions for the diesel propulsion is calculated using formula 4.4. The
fuel consummation for the reference boat, a Pogo Loxo 32 driving at 12 kts using diesel
propulsion is 0,5 liters per hour. Once liter of diesel consumed in a marine engine gener-
ates approximately a total of 3.4 kg CO2eq. The driving emissions calculated in equation
4.5 thus equals 1.7 kg CO2eq per NM for the diesel propulsion.

drivi o boat _ liter
riving emissions = boat enerqgy use in
g gy NM

-electricity emissions per liter (4.4)

driving emissions = 0.5-3.4=1,7 kg CO2 per NM 4.5)

The distance driven for a common day boater is around 20 NM per day. A average amount
of days a day boat is used in Sweden is 23,4 days per year based on a survey from the
Swedish transport administration (Lagerqvist, 2020). The lifetime of a boat is difficult to
determine so it is chosen to look at a 20 year period. Based on this data it is calculated that
a average boat driver would drive 468 NM per year and during a 20 year period would
drive 9360 NM. This is a very rough estimation since both the distance and amount of
days were the boat is used varies for a real case.

The amount of propulsion related GHG emissions that has been emitted for the elec-
tric concept and the same concept using diesel propulsion is presented in table 4.17. The
battery manufacturing emissions are displayed as abbreviation (BME), driving emissions
as (DE).
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Table 4.17: Table comparing GHG emissions for electric and diesel concept

From table 4.17 it is seen that the battery manufacturing emissions for a 100kW battery
pack has a big impact on the emissions from the first years of use. For an average day boat
user it will take 13 years for the electric boat to generate less GHG emissions compared
to the same boat but with a diesel engine using 0,5 liters per NM.

4.11.2 Comparing GHG emissions for the concept and existing boats

To evaluate the GHG emissions from the concept against existing boats, calculations us-
ing equation 4.1 were conducted on three existing boats representing different categories.
The boats included in the comparison seen in table 4.18 are the foiling Candela C8, plan-
ing X Shore Eelex 8000 and Bella Zero 6.1 which also is a planing boat but with a smaller
battery. A diesel boat consuming 1,5 liter per NM is also included since it represents a
planing boat with cruising speed around 25 kits.

93



4. Results

Since the cruising range and battery capacity is known for the existing boats, were data
can be seen in Appendix A, it is possible to calculate the required kWh per NM in cruising
speed for the different boats and put it into equation 4.2 to generate the driving emissions
(DE). The battery manufacturing emissions (BME) are calculated from the known battery
capacities and the known value of 75kg CO2eq per kWh.

Table 4.18: Table comparing GHG emissions for concept and existing boats

The concept boat and Bella Zero 6.1 is best compared to the diesel boat consuming 0,5
liter diesel per NM and X Shore and Candela is best compared to the diesel boat consum-
ing 1,5 liter diesel per NM, if comparing from the perspective of cruising speed. As above
the concept boat has a GHG emission pay off time of 13 years and Bella Zero a pay off
time of 4 years compared to the diesel consuming 0,5 liter per NM. X Shore has a pay off
time of 5 years and Candela a pay off time of 2 years compared to the diesel consuming
1,5 liter per NM. It is also seen that an effective diesel powered hull with a consummation
of 0,5 liter per NM which is the case for the Pogo Loxo 32 has lower GHG emissions over
the 20 year period than the X Shore. The foiling Candela which require a low kWh per
nautical mile in cruising speed together with a moderate size battery has the lowest GHG
emissions of all the boats compared.

4.11.3 Economic evaluation and comparison between electric and com-
bustion propulsion

The economic evaluation is done to identify when and if it pays off economically for an
average day boat user to own an electric boat, a table with the results is seen in table
4.19. The evaluation is done on the concept boat were a price has been estimated and then
it is compared to an equal boat using diesel propulsion. Furthermore the same existing
boats being compared in the GHG emission evaluation are compared from the economic
perspective, the arbitrary high performing diesel boat in the GHG emission evaluation is
replaced with a Nimbus W9 with a diesel consuming 1,2 liter per NM in cruising speed
since an initial price for the boat is required. The assumed amount of average nautical
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miles driven per year are based on the same data as for the GHG emission evaluation,
resulting in a yearly driven distance of 468 NM. The consummation in kWh per NM and
liter per NM are based on the consummation at cruising speed. Yearly service costs for
the diesel engine is included were the prices is based on standard service fee from a local
marine engine service. Since the service cost of electric engines are nearly zero it is not
included in the calculations.

Table 4.19: Table comparing costs over a 20 year period for electric and diesel driven
boats

It is seen in table 4.19 that neither of the electric boats pays off economically if taking the
initial cost of the boat into account, for the average day boat user. The concept electric
boat is compared to the same concept boat with a diesel consuming 0,5 liter. Over the 20
year period the electric concept boat’s running costs are 21 340 kr compared to the diesel
boat with a total running and service cost of 247 380 kr. If comparing the X Shore Eelex
against the Nimbus W9 the X Shore has a running cost of 46 753 kr and the Nimbus W9
a running and service cost of 469 568. Even though the running costs of the Nimbus W9
is 10 times higher the total cost of the boat plus running the boat is less than the initial
price of a X Shore Eelex 8000.

4.11.4 Design evaluation using virtual reality

Design evaluation using virtual reality was done in the 3D model with rendered materials.
Using VR googles, it is possible to get an understanding for how the concept feel in re-
ality since you get a perception of the available space. Through the VR environment it is
possible to walk around in the model with a 360 view as you rotate your head. The areas
that was evaluated are seen in the list below.

* Walk around the boat to test passages.
* Test the driver helm position for filed of vision and reachability.
* Sitting in couches and laying in bed
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The areas that has been identified for improvements are that there is room to create more
sleeping space if extending the bed under the couch on the port side. By doing this it
should be possible for three adults or two adults and two children to sleep aboard.

The aft support for the railing can be moved forward to generate more space for the hips
when acceding and descending the stairs from the sidewalk to the cockpit. It also gen-
erates an improved possibility to enter the boat from the side since the height difference
will be reduced.
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Discussion

This chapter brings up reflections about the development process, the methods used and
reflection of the results and evaluations.

5.1 Market study

The market study done on existing boats are based on data found in news articles and data
from the manufacturers. Some of the data might be theoretical approximations and some
data might not represent the true performance of the boat. The list with data comparing
performance of electric boats in appendix X should therefore not be seen as a 100% truth-
ful representation when it comes to performance.

The customer needs survey was open for world wide respondents. However it was mostly
northern Europeans that responded on the survey, consisting of 73% of the total respon-
dents. This lead to the global view of day boating and electric boats being skewed to a
northern European point of view. Southern Europe only had 12 respondents out of 733
and this might be due to the platforms used to reach out with the survey were more tar-
geted at northern Europeans.

The most desired day boat type according to the survey is the Cabin boat. If looking
at Sweden specifically cabin boats is not the most common day boat type from my per-
sonal experiences of boating at both the Swedish east and west coast. It is more common
with open console boats, daycruisers and bowriders for day boating. One reason for the
cabin boat being the most desired might be that the survey took place in February when
it is winter in northern Europe, if it would have been summer and nice weather the result
could have turned out differently.

It was found that 70% of the day boat users in northern Europe desired day boats with
sleeping possibility. However sleeping aboard is something which in reality rarely takes
place on a day boat. Many boat users with day boats that have sleeping possibility instead
use the sleeping compartment for storage. The user think they want to sleep and therefore
buy a boat with sleeping possibility, when in most cases in reality they go out for short
day trips and then go back to sleep comfortably at home.
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5.2 Development process

In the concept development and selection process some sessions were held to evaluate
and rank concepts based on criterions, and also ranking the criterions. This was done in a
group consisting of myself and three representatives from Nimbus Group, the CTO, chief
designer and a project manager. The reason for this was to take more objective decisions
in the process. However it is important to bring up that the representatives are all within
Nimbus Group and likely have principles of what makes good boats based in Nimbus
principles. To reach an even more objective decision it would have been better to include
independent persons with different experiences of what makes a good boat. Furthermore
everyone involved in the evaluation process were men, which also might have an impact
on the decisions.

The detailed design process after the basic concept had been chosen differs from the
early concept development process using combination matrices and tables for evaluation
to make decisions. Instead a quicker process were used were one or a few sketches were
made and then directly created in the 3D model after either a quick single handed decision
or after brief discussion with someone from Nimbus. In theory the same process as for
the early concept stage could have been used for some elements like the design of the
helm station or roof but that would have been very time consuming. In a project were you
are only focusing on for example creating the helm station a process using morphological
matrices and evaluation tables could have generated a helm station with higher inventive-
ness. Furthermore more design iterations of different design elements could have been
created to explore potential better forms. However the emphasis is not on creating the
best looking final design of a boat, it is more about showing the concept idea and the
functionality.

The selection of the final concept could have been further supported by GHG emission
calculations if these would have been conducted prior to the choosing of a single concept
for further development. If calculations had been made for each of the 10 basic concepts it
might have turned out with another choice since it was later identified that bigger batteries
has a large impact on the environmental pay off time. Choosing concept with the envi-
ronment as the highest priority would instead have resulted in either basic concept 1 or
basic concept 8, each with around 60kWh battery. However this only concerns the envi-
ronmental perspective, even though the environmental aspect is being of high importance
there are many other aspects that speaks for the chosen concept.

5.3 Reflections about final concept

The idea with the concept was to create a boat that users see as something more than a
transportation from point A to point B. Inspirations have been taken from sail boats were
passengers sits along the sides and the helm position is located aft. In this case there are
two helm positions, one inside and one outside, both located aft of the passengers position
to enable a social environment. The focus is then moved away from the driving itself to
enjoying the time spent onboard. This is likely to generate a less need for driving boats in
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high speeds, which is not optimal when having a limited amount of battery capacity. The
internal helm position has no wheel and the boat is only steered from here with a joystick.
Many traditional boaters might find that they will miss the steering wheel. However a
big steering wheel is included at the aft outdoor helm position to enhance the feeling of
driving a sailboat.

The layout should provide flexibility to enjoy the boat in any weather. The cabin open
to the back generates an indoor-outdoor feeling and is quickly enclosed with canvas if
cruising in rough weather or perhaps a cold autumn day. During nice hot summer days
the roof can be opened up for ventilation.

5.4 Environmental and economic evaluation

The environmental evaluation were GHG emissions were calculated for electric and diesel
boats showed that the electric boats pay off for the environment in the long term if com-
paring to equal diesel driven boats. It also shows that the manufacturing of the batteries
has a big impact of the overall GHG emissions caused by an electric boat over its lifetime.
The smaller battery, the quicker the environmental pay off for the electric boat compared
to diesel propulsion.

It is seen that a diesel driven boat that is efficient and consumes around 0,5 liter per NM
in cruising speed emits less green house gas than an electric planing performance boat in
cruising speed with a big battery pack and high energy consummation. This shows that
going electric does not necessarily mean going more environmentally friendly than diesel
propulsion, if diesel propulsion is used on efficient hulls with slower cruising speeds. This
assumption is based on the average day boat user driving around 468 NM per year and
would have a different outcome benefiting the electric performance boat for a user that
drive longer distances and more often.

It is also seen that the foiling boat has the lowest GHG emissions of all the boats be-
ing compared. This show that limiting battery size and required energy need to maintain
cruising speed is highly beneficial from an environmental perspective.

The generated concept boat has a GHG emission pay off time of 13 years for an aver-
age day boat user, compared to the equal boat with diesel propulsion consuming 0,5 liter
per NM. This is a rather long environmental pay off time for the initial buyer. This could
be lowered by decreasing the battery size to decrease the manufacturing emissions from
the battery. If decreasing the battery pack to 60 kWh the environmental pay of time would
be 7 years instead.

All the calculations are done assuming a boat usage of 20 NM per day and that day boats
is used in average 23,4 days per year in Sweden. It is also assumed that the boats are con-
stantly maintaining a cruising speed. This assumptions are not a realistic representation
of how boats actually are used, the speed often varies a lot as well as distances traveled.
Furthermore it is a simplified formula that is not including the manufacturing emissions
of boat and driveline, apart from the manufacturing emissions for the battery. Therefore
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the results should not be seen as a definite amount of emissions since the result will differ
a bit when everything is taken into account.

The economic calculations show that for an average day boat user it is not beneficial
to buy an electric boat if you want the long time pay off of cheap running cost to compen-
sate for the higher initial price. However, a boat being used for work related services such
as a taxi boat is being used considerably more than an average day boat and are likely to
generate economic benefits over the lifetime.
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Conclusion and further work

In this chapter some summarizing conclusions from this project are presented, followed
by recommendations for further work.

6.1 Conclusions

The generated concept design is based on well tested hull designs that has good perfor-
mance at most speed registers. Using these as references and further developing them
should result in a hydrodynamically efficient hull without any distinctive planing thresh-
old that meets the demand on both speed and range. Furthermore the social layout should
invite the users to spend more time one the boat and see the boat ride as more than just
a transportation from point A to point B. This are likely to lead to peaceful cruising in
slower speeds resulting in greater distances being reached.

For an average day boat user it is found that an electric boat is not benefiting econom-
ically over the lifetime due to the high initial price of the driveline. Even though the
running costs are considerably lower the low amount of boat usage for the average day
boat user is not enough to break even with the lower initial price and higher running costs
of the combustion boats. For an electric boat to pay off economically over the life time it
should be driven often and longer distances.

It is found that all electric boats are benefiting the environment compared to equal com-
bustion engine boats. The biggest environmental impact from the electric boat comes
from the battery manufacturing, which shows that small batteries and low energy con-
summation are preferable instead of large battery packs to compensate for the low energy
density compared to fossil fuel. It was also found that for the average boat user, a diesel
boat with low fuel consummation around 0,5 liters per NM emits less green house gas
over the lifetime compared to a boat with a large battery pack of over 100kWh. This also
show that the amount of usage has an impact on when to reach the break even point of
when the electric boat is better for the environment.
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6.2 Further work

The project is developed at a concept level and should serve as a guidance to Nimbus
Group to suggest how to further approach the electric boat market. To further develop
the concept hydrodynamic calculations and tests should be performed to verify and adapt
the hull design. A full scale mockup of the suggested design should be built to test the
space and ergonomics. If bringing the boat into production it needs to be engineered on
a detailed level. The material choices should be further evaluated to make sure that sus-
tainable materials are chosen.

The concept had a long environmental pay off time due to the large battery pack of
100kWh, compared to the efficient hull only consuming 0,5 liter diesel per NM in cruising
speed. Therefore it is recommended to decrease the battery size for an average day boat
user to around 60kW since it would still be enough for their day boating needs. A boat
owner that use the boat often and for long distances might still desire the bigger battery
pack since the environmental pay of time is decreased as a result of increased use. There-
fore it might be interesting to offer the boat with two different sizes of battery pack, since
the system is modular and could be configured differently depending on the user needs.
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Appendix: List of data of electric boats

The following pages present the list of data of electric boats
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Appendix: Interview questions for
electric propulsion suppliers

The following page present the questions asked in the interview of electric propulsion
suppliers.

I



Interview questions template (Sales)
Company name:
Interviewee name:
Question 1: Give a short introduction to the company
Answer:
Question 2: What do you offer (engine, complete drive line system)
Answer:
Question 3: What components are included in your system?
Answer:

Question 4: Is it possible to use other batteries than the ones you have as a standard with
your system?

Answer:

Question 5: How do you ensure user friendly products. Describe how your user interface
works?

Answer:

Question 6: How does the process of starting the boat look like?
Answer:

Question 7: What do you offer in term of service?

Answer:

Question 8: Are your system compatible with fast charging?
Answer:

Question 9: How does the price model look for a boat manufacturer that would series
production boats with your driveline?

Answer
Question 10: Is the system CE certified?
Answer

Question 11: Imagine a scenario where I’'m a customer that are considering buying a new
engine, and are considering whether to buy a combustion engine or electric engine, can
you give me some reasons why | should buy an electric engine, and why | should choose
(Name of company).

Answer:



C

Appendix: Customer survey

The following pages present the customer survey.



NIMBUS GROUP

ALUKIN A:@,M LELEZ  FAICON FLiPPER ....Ef..s e

Customer study for an electric day boat

Survey information

Following customer study is a part of a Master thesis project between Nimbus
Group and Chalmers University of Technology, aimed at developing a concept for
an electric day boat.

Definitions:
Dayboat: A boat used for cruising a few hours, up to a day.
Cruising speed: The speed which is comfortable and economical
* 1. Choose your location

O Northern Europe

O Central Europe

O Southern Europe

Q Northern U.S./Canada

() Southern U.S.

O Oceania

O Other (please specify)

* 2. Chose your age interval
() 1824
() 25-34
() 3544
() 45-54
() 55-64
() 65+

* 3. Do you use/own, or have previously used/owned a boat?

O Yes
O No



* 4. What type of boats do you use/own, or have previously used/owned?
Motorboat (Fossil fuel)
Electric boat
Sailboat

Other boat type (please specify)

I haven't used/owned a boat

* 5. What is for you a desired size of day boat
5-6m (16-20ft)
6-7m (20-23ft)
7-8m (23-26ft)
8-9m (26-29ft)
9-10m (29-32)

10m+ (32ft+)

* 6. What is for you a desired cruising speed for a day boat
4-7 (kts)
7-10 (kts)
10-15 (kts)
15-20 (kts)
20-25 (kts)

25+ (kts)

* 7. What do you see as a decent maximum speed for your day boating needs?
5-10 (kts)
10-15 (kts)
15-20 (kts)
20-25 (kts)
25-30 (kts)

35+ (kts)

* 8. What is a required range (Nautical Miles) for your day boating needs? (Consider an
electric boat with a whole day of use without charging)

10-20 NM
20-30 NM
30-40 NM
40-50 NM
50-75 NM

75-100 NM



* 9. Choose one of the following statements that best fit your way of boating
Q I mainly see boating as a mean of transportation and like going fast from point A to point B

O I mainly see boating as a way of relaxation and like spending time on the boat

10. What activities do you do with/on your day boat

Very often Often Rarely Never

Commuting
Sunbathing
Swimming
Water sports
Fishing

Cooking

O O0O000O0O0
O O000O0O0
O O0O000O0O0
O O0O000O0O0

Dining

*11. Choose which boat type that would suit your day boating needs the best. (Notice that
the focus is on boat type, and not the boat on the picture itself)

Walk Around/Center Console Side Walk

o,

é

Bow Rider Sloep/Snipa




* 12. Answer whether the following is very important, important or not important for your
day boat.

Very Important Important Not Important
Sleeping possibility
Weather protection
Sun shading
Sun bed
Air conditioner
Toilet
Water tank
Wet bar
Fridge

Shower on
stern/transom

Anchor windlass
Bow

Anchor windlass
Stern

* 13. In which case would you consider buying/using an electric boat instead of a fossil fuel
driven boat?

If the electric boat costs considerably more and has decent performance but running costs are less.
If the electric boat is equal in price but I have to compromise on performance.

Only if the electric boat is equal or lower in price and has same or better performance.

I would only consider buying an electric boat if forced by regulation.

I would never consider using an electric boat.

* 14. Which, if any, of the following reasons describe why you would consider buying an
electric boat?

To protect the environment

Low running costs

Reduced cost of fuel

I like to travel in silence

I like using the latest technology

Nothing of above



*15. Which, if any, of the following reasons describe why you would not consider
buying/using an electric boat?

Initial cost is higher

Not enough charging stations
Charging time too long

Low range at full charge

Low performance in terms of speed

Nothing of above

16. What importance do you see the following statements have when choosing a boat.

Very Important Important Not Important

Boat is built in
sustainable
materials.

Boat has low impact
on water
environment.

Low production
emissions from boat
manufacturing.

The brand of the
boat has a high
environmental
profile.

Material waste are
limited and recycled
in the production
process.

Renewable energy
is used in the
manufacturing
process.

Thank you for your time!



Appendix: Function means tree

The following pages present the function mean sub-trees
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D. Appendix: Function means tree

Enter boat
Bow Side Stern
Step onboard Climb onboard Step onboard Provide support Step onboard Climb onboard
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